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Elevation in cytosolic Ca2+ is fundamental to most platelet 
responses to physiological agonists, including pseudo-

pod formation, integrin αα
IIb

β
3
 activation, secretion, procoagu-

lant activity, and formation of platelet aggregates.1,2 Hence, 
elevated Ca2+ is a central signaling event in regulating the 
formation of a multiplatelet thrombus after arterial damage. 
Surprisingly, attempts to pharmacologically attack platelet 
Ca2+ signaling to suppress thrombus formation and, hence, 
arterial thrombosis have so far been unsuccessful. This is 
attributable to a lack of knowledge of the molecular mecha-
nism implicated in platelet Ca2+ signaling and to the absence 
of suitable Ca2+ signal inhibitors.

Most platelet agonists raise cytosolic Ca2+ via inositol 
1,4,5-trisphosphate (InsP

3
)–mediated mobilization of Ca2+ 

from internal stores in the endoplasmic reticulum, which is 
dramatically enhanced by Ca2+ influx from the extracellu-
lar medium.1–3 Recent work has shown that, in both human 
and mouse platelets, the Ca2+ channel Orai1 (also indicated 
as CRACM1) is responsible for the majority of Ca2+ entry 

into activated platelets through the pathway of store-operated 
Ca2+ entry (SOCE).4–6 The permeability of the Orai1 chan-
nel appears to be strictly regulated by the interaction with 
the Ca2+-sensing endoplasmic protein, stromal-interacting 
molecule 1 (STIM1).7 Platelets also express other channels 
implicated in Ca2+ influx, particularly isoforms of the transient 
receptor potential channels, transient receptor potential chan-
nel 1 and transient receptor potential channel 6, of which only 
the latter plays a modest role in platelet activation via the path-
way of receptor-operated Ca2+ entry.8,9 In other (nonexcitable) 
cell types, however, these non-Orai Ca2+ channels can have a 
more important role.

Recent data using mice deficient in Orai1 or STIM1 
have shown that both proteins in platelets play key roles in 
arterial thrombus formation, as determined in various in 
vivo thrombosis models.4,5 In addition, deficiency in platelet 
Orai1 or STIM1 appeared to suppress experimental induction 
of ischemic brain infarction but did not result in a bleeding 
phenotype. In agreement with this, deficiency in platelet Orai1 
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Antithrombotic Potential of SOCE Blockers

Objective—Platelet Orai1 channels mediate store-operated Ca2+ entry (SOCE), which is required for procoagulant activity 
and arterial thrombus formation. Pharmacological blockage of these channels may provide a novel way of antithrombotic 
therapy. Therefore, the thromboprotective effect of SOCE blockers directed against platelet Orai1 is determined.

Methods and Results—Candidate inhibitors were screened for their effects on SOCE in washed human platelets. Tested 
antagonists included the known compounds, SKF96365, 2-aminoethyl diphenylborate, and MRS1845 and the novel 
compounds, Synta66 and GSK-7975A. The potency of SOCE inhibition was in the order of Synta66>2-aminoethyl 
diphenylborate>GSK-7975A>SKF96365>MRS1845. The specificity of the first 3 compounds was verified with platelets 
from Orai1-deficient mice. Inhibitory activity on procoagulant activity and high-shear thrombus formation was assessed 
in plasma and whole blood. In the presence of plasma, all 3 compounds suppressed platelet responses and restrained 
thrombus formation under flow. Using a murine stroke model, arterial thrombus formation was provoked in vivo by 
transient middle cerebral artery occlusion. Postoperative administration of 2-aminoethyl diphenylborate markedly 
diminished brain infarct size.

Conclusion—Plasma-soluble SOCE blockers such as 2-aminoethyl diphenylborate suppress platelet-dependent coagulation 
and thrombus formation. The platelet Orai1 channel is a novel target for preventing thrombotic events causing brain 
infarction. (Arterioscler Thromb Vasc Biol. 2012;32:1717–1723.)
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or STIM1 reduced the buildup of platelet thrombi during 
high-shear blood flow over a collagen surface.5,6,10 These 
studies indicated that the Ca2+ entry process via Orai1 and 
STIM1 enhanced the formation of platelet aggregates, but was 
essential for platelet procoagulant activity.6,10

Platelet procoagulant activity is induced by strong Ca2+-
mobilizing agonists such as collagen, activating the glycoprotein 
VI (GPVI) receptor, in combination with thrombin, activating 
the protease-activated receptors (PAR). This response requires a 
sustained rise in intracellular Ca2+, surpassing a threshold level 
of ≈400 nmol/L.1,11 This causes surface exposure of the nega-
tively charged phospholipid, phosphatidylserine (PS), which 
serves as a binding site for coagulation factors.12–14 By providing 
a key link between platelet and coagulation activation, the plate-
let procoagulant response was found to regulate arterial throm-
bus formation in vivo in various experimental mouse models.15,16

Considering the relevant role of Orai1 in arterial thrombo-
sis, we hypothesized that pharmacological blockage of the 
Orai1 channels may provide a novel way of antithrombotic 
therapy by suppressing platelet aggregate formation and par-
ticularly platelet procoagulant activity. In this article, we first 
screened established and novel pharmacological inhibitors of 
SOCE for their suppressive effects on platelet Ca2+ responses 
and thrombus formation. Using Orai1-deficient platelets, we 
verified this channel as the target of the most potent inhibitors. 
We furthermore determined the efficacy of inhibitors to sup-
press arterial thrombus formation in an established model of 
ischemic brain infarction.

Methods
For extended information, see the online-only Data Supplement.

Mice
Experiments with mice were approved by the local animal care and 
use committees. Wild-type C57BL/6, bone marrow chimeras of 
C57BL/6 mice with Orai1+/+ or Orai1−/− platelets have been described 
before.10

Ca2+ Entry Inhibitors
SKF96365, MRS1845, and 2-aminoethyl diphenylborinate (2APB) 
were from Sigma (St. Louis, MO). LOE-908Cl was kindly provided 
by Boehringer Ingelheim Pharma. The novel inhibitors, Synta66, 
3-fluoropyridine-4-carboxylic acid (2′,5′-dimethoxybiphenyl-4-yl)
amide (compound 66 from patent WO 2005/009954 A2), and GSK-
7975A, 2,6-difluoro-N-(1-{[4-hydroxy-2-(trifluoromethyl)phenyl]
methyl}-1H-pyrazol-3-yl)benzamide (compound 36 from patent WO 
2010/122089 A1), were kindly provided by GlaxoSmithKline (UK). 
The latter 2 compounds were selected by their ability to suppress 
I

CRAC
 in Jurkat or basophilic leukemia cells (see patents). Synta66 

and GSK-7975A were >99% pure, as determined by proton nuclear 
magnetic resonance spectroscopy, liquid chromatography-mass spec-
trometry, and high-performance liquid chromatography.

Platelet Responses in Suspension
Details on platelet responses in suspension are given in the online-
only Data Supplement.

Thrombus Formation and Platelet Ca2+ Responses 
Under Flow
Glass coverslips were coated with 10 μL of 50 μg/mL Horm collagen 
(1 cm2) for 1 hour in a humid box, and subsequently blocked with 
1% BSA in HEPES buffer, pH 7.45. Collagen-coated coverslips were 

perfused with whole blood that was anticoagulated with phenylanalyl-
prolyl-arginine chroromethyl ketone/fragmin (human)17 or phenyl-
analyl-prolyl-arginine chroromethyl ketone/heparin (mouse).10,18 
Platelets in thrombi were postlabeled with fluorescein isothiocya-
nate-annexin A5. To measure single-cell Ca2+ responses under flow, 
platelets were loaded with fluo-4 acetoxymethyl ester and re-added 
to autologous blood at an amount of 10% fluo-4–loaded platelets.19 
Inhibitor or vehicle was added 10 minutes before perfusion.

In Vivo Thrombosis
Wild-type or chimeric Orai1−/− mice were injected with vehicle solution 
or 2APB (3 mg/kg) as indicated. In blood samples isolated 60 minutes 
after injection, collagen-induced thrombus formation was measured, 
as described above. To induce focal cerebral ischemia in mice, the 
middle cerebral artery (MCA) was transiently occluded for 60 minutes 
using an intraluminal filament as described elsewhere (transient MCA 
occlusion model).20 Immediately after reperfusion of the MCA terri-
tory, vehicle solution or 2APB (3 mg/kg) was injected postoperatively. 
Animals were euthanized on day 1 after transient MCA occlusion, and 
brain sections were stained with 2% 2,3,5-triphenyltetrazolium chlo-
ride to quantify the ischemic brain volume (corrected for edema).20

Results
Pharmacological Inhibition of Platelet Ca2+ and 
Procoagulant Responses
Several compounds known to affect agonist-evoked influx of 
extracellular Ca2+ were screened for their potency to block 
SOCE and exposure of procoagulant PS in washed human 
platelets. The platelets were stimulated with a combination 
of strong agonists, convulxin (activating GPVI) and throm-
bin (activating protease-activated receptors), that is, a condi-
tion known to maximally trigger Ca2+ signaling.1,21 Platelet 
stimulation in the presence of low EGTA (baseline Ca2+  
≈15 nmol/L) resulted in full mobilization of Ca2+ from intra-
cellular stores, which was detected as a transient Ca2+ rise 
peaking at 400 nmol/L (Figure 1A). Subsequent addition of 
a surplus of CaCl

2
 induced massive Ca2+ influx attributable 

to SOCE, resulting in Ca2+ peak levels up to 1300 nmol/L. 
Candidate compounds tested included the known SOCE 
inhibitor, bimethoxyphenyl imidazole, SKF9636522; the less 
well-studied lipophilic biaromates, Synta66 and GSK-7975A 
(Figure I in the online-only Data Supplement)23; and fur-
thermore the diphenylborate 2APB, initially used as InsP

3
 

receptor inhibitor at high concentrations but now recognized 
as a more potent antagonist of Ca2+ entry.24,25 Other tested 
compounds were LOE-908Cl and the nitrophenyl pyridine, 
MRS1845, both of which block Ca2+ entry in HL-60 cells.26,27 
Because platelets lack voltage-dependent Ca2+ channels,3 
specific inhibitors of these were not tested. At maximally 
effective concentrations, Synta66 and 2APB (10 μmol/L) 
as well as SKF96365 and GSK-7975A (100 μmol/L) nearly 
completely blocked the Ca2+ entry signal evoked by CaCl

2
 

addition, whereas they moderately reduced Ca2+ mobiliza-
tion from stores with 10% to 30% (Figure 1A and 1B). In 
contrast, MRS1845 up to 100 μmol/L did not suppress the 
Ca2+ entry. The compound LOE-908Cl strongly interfered 
with the fura-2 fluorescence signal and, hence, was not 
used for experiments. Dose–response curves for all inhibi-
tors showed that the IC

50
 concentration for SOCE in washed 

platelets increased in the order of Synta66<2APB<GSK-
7975A<SKF96365<MRS1845 (Figure 1C).
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Platelet procoagulant activity resulting from surface expo-
sure of PS is known to be greatly impaired by deficiency or 
mutations of the SOCE channel, Orai1.6,10 Using fluorescent-
labeled annexin A5, we investigated the ability of all inhibitors 
to affect PS exposure in platelets stimulated with convulxin 
and thrombin. Flow cytometric analysis showed that Synta66  
(10 μmol/L), 2APB (10 μmol/L), GSK-7975A (30 μmol/L), 
and SKF96365 (100 μmol/L) each potently suppressed the 
fractions of PS-exposing platelets (Figure II in the online-only 
Data Supplement). Quantitative analysis indicated that among 
these, at a maximally effective concentration, 2APB was the 
most potent inhibitor. These results thus show that all tested 
SOCE inhibitors restrain platelet procoagulant activity.

SOCE Blockers Suppress Human Platelet Activation 
in Plasma and Whole-Blood Thrombus Formation
In plasma or whole blood systems, lipophilic inhibitors often 
need to be added at 10× to 50× higher concentrations than in 

nonplasma-based buffer systems to affect platelet function.28 
This also appeared to be the case for the SOCE inhibitors. When 
added to platelet-rich plasma, concentrations of 100 μmol/L 
Synta66, 2APB, or GSK-7975A were required for inhibition 
of convulxin-induced Ca2+ rises and PS exposure with 41% to 
49% (data not shown). To verify that these inhibitors influenced 
platelet procoagulant activity, the effects of Synta66, 2APB, or 
GSK-7975A (100 μmol/L) in platelet-rich plasma were mea-
sured on thrombin generation. Upon triggering with 1 pmol/L 
tissue factor, peak heights of thrombin generation were reduced 
with Synta66, 2APB, and GSK-7975A to 29±2%, 58±2%, and 
28±2% of control, respectively. SKF96365 (100 μmol/L) was 
inactive in platelet-rich plasma (not shown).

Because Synta66, 2APB, or GSK-7975A retained their inhibi-
tory activity in plasma, the compounds were tested in whole-blood 
thrombus formation. Therefore, phenylanalyl-prolyl-arginine 
chroromethyl ketone-anticoagulated human blood was flowed at 
high shear rate over collagen (ie, a condition where the thrombus-
forming process is regulated via Orai1-mediated platelet activa-
tion).5 In this flow perfusion assay, collagen-adhered platelets 
are activated in a GPVI-dependent way by elevating intracellular 
Ca2+ and aggregating and exposing PS.15,17 With all 3 inhibitors, 
the deposition of platelets on the collagen surface was markedly 
reduced in comparison with the vehicle control, as was the num-
ber of platelets exposing PS (Figure 2A and 2B). Subsequent 
experiments with fluo-4–loaded platelets indicated that, at the 
same flow conditions, all 3 SOCE inhibitors did reduce the Ca2+ 
rises of collagen-adhered platelets by 25% (Figure 3).

In control flow experiments, the effect of chelation of extra-
cellular Ca2+ by EGTA was examined. This resulted in the for-
mation of small aggregates on the collagen surface, while PS 
exposure (measured with fluorescein isothiocyanate–labeled 
lactadherin) was also reduced by >90%. With EGTA pres-
ent, the extra addition of 2APB, Synta66, or GSK-7975A  
(100 μmol/L) was without further effect on PS exposure and 
platelet deposition (surface area coverage: vehicle 7.8%; 
2APB 7.8%; Synta66 8.3%; GSK-7975A 7.5%). Together, 
these data demonstrate that the tested compounds reduce Ca2+ 
signaling and markedly suppress collagen-dependent throm-
bus formation of flowing human blood.

SOCE Blockers Suppress Murine Platelet 
Responses and Thrombus Formation
Considering that Orai1 forms the main SOCE channel in 
mouse platelets,2,5,10 we used platelets from wild-type and 
Orai1-deficient mice to verify the selectivity of the inhibi-
tory compounds for this Ca2+ channel. In fura-2–loaded plate-
lets from wild-type mice, the GPVI agonist CRP caused a 
prominent Ca2+ rise in the presence of CaCl

2
 attributable to 

SOCE (Figure III in the online-only Data Supplement). This 
Ca2+ rise with CRP was inhibited by >50% with Synta66  
(10 μmol/L), 2APB (100 μmol/L), or GSK-7975A (100 
μmol/L). In fura-2–loaded Orai1−/− platelets, CRP evoked a 
much lower Ca2+ response because of the absence of SOCE, 
which is in confirmation with earlier results.5,10 The Ca2+ signal 
in knockout platelets was not affected by Synta66 or 2APB, 
whereas GSK-7975A was slightly inhibitory (Figure III in the 
online-only Data Supplement). In wild-type platelets, all 3 
inhibitors markedly suppressed thrombin-evoked Ca2+ rises, 

Figure 1. Effects of pharmacological inhibitors on platelet Ca2+ 
responses. A, Human, fura-2–loaded platelets (1×108/mL) in 
HEPES buffer plus 0.1 mmol/L EGTA were preincubated 10 
minutes with vehicle (dimethyl sulfoxide), Synta66 (10 μmol/L), 
SKF96365 (100 μmol/L), 2APB (10 μmol/L), or GSK-7975A  
(30 μmol/L). Platelets were stimulated with convulxin and thrombin 
(CT, 50 ng/mL and 4 nmol/L), after which CaCl2 (Ca, 2 mmol/L) 
was added to determine store-operated Ca2+ entry (SOCE).  
B, Effects of inhibitors on SOCE; data are compared with vehicle 
control. C, Dose–response curves of inhibitor effects. Mean±SEM 
(n=3–5), *P<0.05 vs control.
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whereas Synta66 and GSK-7975A but not 2APB had a limited 
reducing effect on the already impaired thrombin-evoked Ca2+ 
rise in Orai1−/− platelets. Together, these data point to 2APB as 
a most specific inhibitor of murine Orai1.

We then examined the efficacy of the compounds to sup-
press murine thrombus formation in flow experiments over 
collagen with isolated wild-type blood. In comparison with 
the vehicle condition, all 3 compounds (100 μmol/L) signifi-
cantly lowered platelet deposition by ≈30% (leaving small 
aggregates) and PS exposure by 50% (Figure 4A and 4B). 
This was again accompanied by a marked reduction in Ca2+ 
responses of the collagen-adherent platelets (Figure 4C). The 
relatively high reduction in PS exposure in comparison with 
platelet aggregate formation is compatible with the results of 
flow studies using Orai1−/− blood.5,10 Earlier data have indi-
cated that platelet adhesion and aggregation are less depen-
dent on the Ca2+ signal than PS exposure, which requires a 
prolonged elevation in cytosolic Ca2+.1

Flow experiments were also performed with Orai1−/− blood 
to check for potential non-Orai effects of 2APB, Synta66, and 
GSK-7975A (Figure IV in the online-only Data Supplement). 
However, in the absence of Orai1 none of these compounds 
(100 μmol/L) caused a further reduction in platelet deposi-
tion or PS exposure. Together, this points to Orai1 as principal 
target of these inhibitors in whole-blood thrombus formation.

Given the marked effects of 2APB in flow experiments, 
this compound was used to examine the consequences of 

SOCE inhibition on arterial thrombus formation in vivo. Wild-
type mice were injected with a bolus of 2APB (3 mg/kg) or 
vehicle solution, and blood was taken after 60 minutes to assess 
collagen-dependent thrombus formation under flow. The in vivo 
2APB treatment resulted in the formation of smaller platelet 
aggregates and in a marked decrease in platelet deposition by 
≈35% (Figure 5A and 5B). This resembled the diminished 
thrombus formation after in vitro addition of 2APB (Figure 4).

Because platelet activation via glycoprotein Ib, GPVI, and 
Orai1 significantly contributes to the development of brain 
infarction after thrombus formation in the cerebral arteries,5,20 
we tested the efficacy of 2APB on this process using an estab-
lished experimental stroke model. Herein, ischemic stroke 
is evoked by transient MCA occlusion, and the brain infarct 
volume is assessed after 1 day. Administration of 2APB to 
wild-type mice significantly reduced the infarction volume 
by ≈30% compared with the vehicle control (Figure 5C). In 

Figure 2. Store-operated Ca2+ entry (SOCE) blockers sup-
press whole-blood thrombus formation. Human phenylanalyl-
prolyl-arginine chroromethyl ketone-anticoagulated blood was 
perfused 4 minutes over collagen at a shear rate of 1000/s. 
Samples were preincubated for 10 minutes with vehicle, 
Synta66, 2APB, or GSK-7975A (each 100 μmol/L). Plate-
let deposition (phase-contrast) and procoagulant platelets 
(fluorescein isothiocyanate [FITC]-annexin A5 fluorescence) 
were assessed by quantitative microscopy. A, Representative 
images (bars, 20 μm). B, Surface area coverage (SAC) of total 
platelets and FITC-annexin A5-labeled platelets. Mean±SEM 
(n=6–7), *P<0.05, #P<0.1.

Figure 3. Store-operated Ca2+ entry (SOCE) blockers attenuate 
Ca2+ signals during thrombus formation. Human phenylanalyl-
prolyl-arginine chroromethyl ketone-anticoagulated blood was 
supplemented with 10% autologous fluo-4–loaded platelets and 
preincubated as described in Figure 2. Blood was perfused 4 min-
utes over collagen at a shear rate of 1000/s, while fluorescence 
video images were recorded to determine rises in Ca2+. A, Repre-
sentative Ca2+ traces from single, adhered platelets, represented 
as pseudo-ratio F/F0. B, Averaged Ca2+ traces from >40 platelets 
per condition. C, Quantification of mean Ca2+ rises during 90 to 
150 s after initial adhesion. Mean±SEM, *P<0.05, **P<0.01.
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Orai1−/− mice, transient MCA occlusion caused a smaller 
infarction volume, which is in agreement with previous 
results.5 Importantly, administration of 2APB to Orai1−/− mice 
did not result in a further decrease in infarction size (Figure 
5C and 5D). Altogether, these results indicate that the block-
age of platelet SOCE via Orai1 has a thromboprotective effect.

Discussion
In the present study, we show for the first time that pharma-
cological blockage of platelet SOCE channels has a thrombo-
protective potential by suppressing thrombus formation and 
reducing platelet procoagulant activity. In both human and 
mouse platelets, the novel compounds Synta66, GSK-7975A, 
and 2APB, at concentrations that inhibited SOCE, effectively 

antagonized whole-blood thrombus formation and PS expo-
sure. These results are in agreement with the earlier reported 
impaired thrombus formation and platelet procoagulant activ-
ity in mice with Orai1-deficient platelets5,10 and in human 
platelets with a dysfunctional Orai1R91Wmutation.6 In contrast, 
we found that the compound SKF96365, earlier identified as 
blocker of Ca2+ influx in platelets, was ineffective in the pres-
ence of blood plasma.

We find that in suspensions of washed human platelets, 
2APB, Synta66, and GSK-7975A effectively suppressed 
agonist-induced Ca2+ influx via SOCE (>85%), at concentra-
tions where Ca2+ mobilization from stores was only moder-
ately affected (10%–25%). The mechanism of this moderate 
reduction of Ca2+ mobilization is unclear. Similar to 2ABP, 
both inhibitors may modulate InsP

3
 receptor function (eg, by 

affecting Ca2+-induced Ca2+ release). Alternatively, they may 
interfere in a proposed interaction of InsP

3
 receptors with 

Orai1 channels.29

Both 2APB and Synta66 abrogated GPVI-induced Ca2+ 
signaling in wild-type but not in Orai1−/− mouse platelets, 
whereas GSK-7975A caused limited additional inhibition in 
Orai1−/− platelets. Furthermore, 2APB did not affect thrombin-
induced Ca2+ signaling in Orai1−/− mouse platelets, thus point-
ing to this compound as a more selective inhibitor of the Orai1 
channels. Synta66 has been shown to block I

CRAC
 currents in  

Figure 4. Store-operated Ca2+ entry (SOCE) blockers sup-
press thrombus formation in wild-type but not Orai1-deficient 
mice in vitro. Phenylanalyl-prolyl-arginine chroromethyl 
ketone-anticoagulated wild-type or Orai1−/− mouse blood was 
perfused 4 minutes over collagen at a shear rate of 1000/s. 
Samples were preincubated with vehicle (control), Synta66, 
2APB, or GSK-7975A (100 μmol/L). A, Microscopic images 
of phase-contrast and fluorescein isothiocyanate-annexin A5 
fluorescence (bars, 20 μm). B, Surface area coverage (SAC) of 
total and annexin A5–binding platelets. Mean±SEM (n=4–6), 
*P<0.05, #P<0.1. C, Averaged Ca2+ traces of fluo-4–loaded 
wild-type platelets supplemented to wild-type blood; >40 
platelets per condition.

Figure 5. Suppressive effect of 2-aminoethyl diphenylborinate 
(2APB) on murine thrombus formation and experimental stroke in 
vivo. A and B, Wild-type mice were injected with vehicle or 2APB 
(3 mg/kg). Thrombus formation on collagen surface was assessed 
in blood samples collected 60 minutes after injection, as in Figure 
4. Shown are representative phase-contrast images (bars, 20 μm) 
and surface area coverage (SAC) of deposited platelets (n=6). C 
and D, Wild-type and Orai1−/− chimeric mice were injected with 
vehicle or 2APB (3 mg/kg) and subjected to transient middle 
cerebral artery occlusion, resulting in thrombosis and subsequent 
brain infarction. C, Infarct volumes in brains of mice injected with 
vehicle or 2APB after 1 day tMCAO. Mean ± SD (n=8–10, *P<0.05 
compared with vehicle control). D, Representative 2,3,5-triphen-
yltetrazolium chloride (TTC) stainings of brains from wild-type and 
Orai1−/− mice treated with vehicle or 2APB.
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mast cells,23 whereas the structural analog GSK-7975A has not 
been tested before. The compound 2APB was previously con-
sidered to be an antagonist of InsP

3
 receptors but later identi-

fied as a much more potent Ca2+ influx blocker,24,25,30 which is 
confirmed by the current data. Other tested compounds were 
much less effective in inhibiting SOCE and could not be used 
in the presence of blood plasma (ie, MRS1845 and SKF96365, 
the first described antagonist of Ca2+ influx in isolated platelets 
and leukocytes).22

In GPVI-stimulated platelets, Synta66, GSK-7975A, and 
2APB markedly inhibited the procoagulant response (ie, PS 
exposure) at concentrations that also affected Ca2+ responses. 
This inhibition was observed in washed platelets with 
thrombin as coagonist and in collagen-adhered platelets after 
blood perfusion. Previous studies suggested a role of Ca2+ 
influx in PS exposure of human platelets,31,32 and the present 
data are the first to demonstrate that pharmacological blockage 
of SOCE suppresses this process in whole blood. However, 
the moderate reduction in Ca2+ responses in collagen-adhered 
platelets points to partial inhibition of SOCE in whole blood 
despite the presence of high concentrations (10−4 mol/L) of 
blockers, which is compatible with their incomplete inhibition 
of PS exposure. Given the limited water solubility of all tested 
compounds, next generation Orai1 antagonists preferably 
combine reduced hydrophobicity with increased affinity to 
the Ca2+ channel.

Injection of a single bolus of 2APB into wild-type mice 
effectively reduced whole-blood thrombus formation ex vivo 
in mouse and significantly diminished brain infarct volume 
after middle cerebral artery occlusion (ie, an arterial throm-
bosis model known to rely on platelet Orai1 activity).5 Given 
the fact that this model of brain infarction relies on glycopro-
tein Ib- and GPVI-dependent platelet activation and on factor 
XII–dependent thrombin generation,20,33 the protective effect 
of 2APB can rely on the inhibition of both thrombus forma-
tion and platelet procoagulant activity.

In conclusion, we have shown that SOCE inhibitors 
including 2APB, directed against Orai1, have a high potential 
in reducing platelet-dependent coagulation and thrombus 
formation. The relatively high doses needed for the presently 
available SOCE (Orai1) inhibitors, however, urge for a search 
to higher affinity channel blockers before starting preclinical 
studies. Given the reported immune deficiency of patients 
with missense Orai1 mutations,34 total or long-term blockage 
of SOCE may not be desirable in the treatment of patients 
with thrombosis. Hence, possible toxic side effects after 
administration of Orai1 channel blockers need to be monitored 
thoroughly. With such compounds available, our data indicate 
that the platelet Orai1 channel is a novel target for attacking 
arterial thrombosis to brain infarction.

Acknowledgments
We thank Drs M. Begg and D. House (GlaxoSmithKline, Stevenage, 
UK) for their stimulating discussions.

Sources of Funding
We acknowledge support from the Cardiovascular Centre (HVC), 
Maastricht; the Center for Translational Molecular Medicine 

(CTMM) INCOAG; and the Deutsche Forschungsgemeinschaft 
(DFG), SFB 688 (TP A13 to C.K.).

Disclosures
None.

References
 1. Heemskerk JW, Bevers EM, Lindhout T. Platelet activation and blood 

coagulation. Thromb Haemost. 2002;88:186–193.
 2. Varga-Szabo D, Braun A, Nieswandt B. Calcium signaling in platelets. 

 J Thromb Haemost. 2009;7:1057–1066.
 3. Sage SO. The Wellcome Prize Lecture. Calcium entry mechanisms in 

human platelets. Exp Physiol. 1997;82:807–823.
 4. Varga-Szabo D, Braun A, Kleinschnitz C, Bender M, Pleines I, Pham M, 

Renné T, Stoll G, Nieswandt B. The calcium sensor STIM1 is an essen-
tial mediator of arterial thrombosis and ischemic brain infarction. J Exp 
Med. 2008;205:1583–1591.

 5. Braun A, Varga-Szabo D, Kleinschnitz C, Pleines I, Bender M, Austinat 
M, Bösl M, Stoll G, Nieswandt B. Orai1 (CRACM1) is the platelet 
SOC channel and essential for pathological thrombus formation. Blood. 
2009;113:2056–2063.

 6. Bergmeier W, Oh-Hora M, McCarl CA, Roden RC, Bray PF, Feske S. 
R93W mutation in Orai1 causes impaired calcium influx in platelets. 
Blood. 2009;113:675–678.

 7. Zhang SL, Yu Y, Roos J, Kozak JA, Deerinck TJ, Ellisman MH, 
Stauderman KA, Cahalan MD. STIM1 is a Ca2+ sensor that activates 
CRAC channels and migrates from the Ca2+ store to the plasma mem-
brane. Nature. 2005;437:902–905.

 8. Hassock SR, Zhu MX, Trost C, Flockerzi V, Authi KS. Expression and 
role of TRPC proteins in human platelets: evidence that TRPC6 forms the 
store-independent calcium entry channel. Blood. 2002;100:2801–2811.

 9. Ramanathan G, Gupta S, Thielmann I, Pleines I, Varga-Szabo D, May 
F, Mannhalter C, Dietrich A, Nieswandt B, Braun A. Defective diac-
ylglycerol-induced Ca2+ entry but normal agonist-induced activation 
responses in TRPC6-deficient mouse platelets. J Thromb Haemost. 
2012;10:419–429.

 10. Gilio K, van Kruchten R, Braun A, Berna-Erro A, Feijge MA, Stegner D,  
van der Meijden PE, Kuijpers MJ, Varga-Szabo D, Heemskerk JW, 
Nieswandt B. Roles of platelet STIM1 and Orai1 in glycoprotein  
VI- and thrombin-dependent procoagulant activity and thrombus formation. 
J Biol Chem. 2010;285:23629–23638.

 11. Keuren JF, Wielders SJ, Ulrichts H, Hackeng T, Heemskerk JW, Deckmyn 
H, Bevers EM, Lindhout T. Synergistic effect of thrombin on collagen-
induced platelet procoagulant activity is mediated through protease-acti-
vated receptor-1. Arterioscler Thromb Vasc Biol. 2005;25:1499–1505.

 12. Bevers EM, Comfurius P, van Rijn JL, Hemker HC, Zwaal RF. Generation 
of prothrombin-converting activity and the exposure of phosphatidylser-
ine at the outer surface of platelets. Eur J Biochem. 1982;122:429–436.

 13. Heemskerk JW, Kuijpers MJ, Munnix IC, Siljander PR. Platelet col-
lagen receptors and coagulation. A characteristic platelet response as 
possible target for antithrombotic treatment. Trends Cardiovasc Med. 
2005;15:86–92.

 14. Berny MA, Munnix IC, Auger JM, Schols SE, Cosemans JM, Panizzi 
P, Bock PE, Watson SP, McCarty OJ, Heemskerk JW. Spatial distribu-
tion of factor Xa, thrombin, and fibrin(ogen) on thrombi at venous shear. 
PLoS ONE. 2010;5:e10415.

 15. Munnix IC, Strehl A, Kuijpers MJ, Auger JM, van der Meijden PE, van 
Zandvoort MA, oude Egbrink MG, Nieswandt B, Heemskerk JW. The 
glycoprotein VI-phospholipase Cgamma2 signaling pathway controls 
thrombus formation induced by collagen and tissue factor in vitro and in 
vivo. Arterioscler Thromb Vasc Biol. 2005;25:2673–2678.

 16. Kuijpers MJ, Gilio K, Reitsma S, Nergiz-Unal R, Prinzen L, Heeneman S,  
Lutgens E, van Zandvoort MA, Nieswandt B, Egbrink MG, Heemskerk 
JW. Complementary roles of platelets and coagulation in thrombus for-
mation on plaques acutely ruptured by targeted ultrasound treatment: a 
novel intravital model. J Thromb Haemost. 2009;7:152–161.

 17. Siljander PR, Munnix IC, Smethurst PA, Deckmyn H, Lindhout T, 
Ouwehand WH, Farndale RW, Heemskerk JW. Platelet receptor inter-
play regulates collagen-induced thrombus formation in flowing human 
blood. Blood. 2004;103:1333–1341.

 18. Nieswandt B, Brakebusch C, Bergmeier W, Schulte V, Bouvard D, 
Mokhtari-Nejad R, Lindhout T, Heemskerk JW, Zirngibl H, Fässler R. 

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 15, 2021



van Kruchten et al  Antithrombotic Potential of SOCE Blockers  1723

Glycoprotein VI but not alpha2beta1 integrin is essential for platelet 
interaction with collagen. EMBO J. 2001;20:2120–2130.

 19. Auger JM, Kuijpers MJ, Senis YA, Watson SP, Heemskerk JW. Adhesion 
of human and mouse platelets to collagen under shear: a unifying model. 
FASEB J. 2005;19:825–827.

 20. Kleinschnitz C, Pozgajova M, Pham M, Bendszus M, Nieswandt B,  
Stoll G. Targeting platelets in acute experimental stroke: impact of gly-
coprotein Ib, VI, and IIb/IIIa blockade on infarct size, functional out-
come, and intracranial bleeding. Circulation. 2007;115: 2323–2330.

 21. Munnix IC, Kuijpers MJ, Auger J, Thomassen CM, Panizzi P, van 
Zandvoort MA, Rosing J, Bock PE, Watson SP, Heemskerk JW. 
Segregation of platelet aggregatory and procoagulant microdomains 
in thrombus formation: regulation by transient integrin activation. 
Arterioscler Thromb Vasc Biol. 2007;27:2484–2490.

 22. Merritt JE, Armstrong WP, Benham CD, Hallam TJ, Jacob R, Jaxa-
Chamiec A, Leigh BK, McCarthy SA, Moores KE, Rink TJ. SK&F 
96365, a novel inhibitor of receptor-mediated calcium entry. Biochem J. 
1990;271:515–522.

 23. Ng SW, di Capite J, Singaravelu K, Parekh AB. Sustained activa-
tion of the tyrosine kinase Syk by antigen in mast cells requires local 
Ca2+ influx through Ca2+ release-activated Ca2+ channels. J Biol Chem. 
2008;283:31348–31355.

 24. Bootman MD, Collins TJ, Mackenzie L, Roderick HL, Berridge MJ, 
Peppiatt CM. 2-aminoethoxydiphenyl borate (2-APB) is a reliable 
blocker of store-operated Ca2+ entry but an inconsistent inhibitor of 
InsP3-induced Ca2+ release. FASEB J. 2002;16:1145–1150.

 25. Dobrydneva Y, Abelt CJ, Dovel B, Thadigiri CM, Williams RL, 
Blackmore PF. 2-aminoethoxydiphenyl borate as a prototype drug for a 
group of structurally related calcium channel blockers in human plate-
lets. Mol Pharmacol. 2006;69:247–256.

 26. Harper JL, Camerini-Otero CS, Li AH, Kim SA, Jacobson KA, Daly JW. 
Dihydropyridines as inhibitors of capacitative calcium entry in leukemic 
HL-60 cells. Biochem Pharmacol. 2003;65:329–338.

 27. Krautwurst D, Hescheler J, Arndts D, Lösel W, Hammer R, Schultz G. 
Novel potent inhibitor of receptor-activated nonselective cation currents 
in HL-60 cells. Mol Pharmacol. 1993;43:655–659.

 28. Strehl A, Munnix IC, Kuijpers MJ, van der Meijden PE, Cosemans JM, 
Feijge MA, Nieswandt B, Heemskerk JW. Dual role of platelet pro-
tein kinase C in thrombus formation: stimulation of pro-aggregatory 
and suppression of procoagulant activity in platelets. J Biol Chem. 
2007;282:7046–7055.

 29. Lur G, Sherwood MW, Ebisui E, Haynes L, Feske S, Sutton R, Burgoyne 
RD, Mikoshiba K, Petersen OH, Tepikin AV. InsP3receptors and Orai 
channels in pancreatic acinar cells: co-localization and its consequences. 
Biochem J. 2011;436:231–239.

 30. Diver JM, Sage SO, Rosado JA. The inositol trisphosphate receptor 
antagonist 2-aminoethoxydiphenylborate (2-APB) blocks Ca2+ entry 
channels in human platelets: cautions for its use in studying Ca2+ influx. 
Cell Calcium. 2001;30:323–329.

 31. Williamson P, Bevers EM, Smeets EF, Comfurius P, Schlegel RA, Zwaal 
RF. Continuous analysis of the mechanism of activated transbilayer lipid 
movement in platelets. Biochemistry. 1995;34:10448–10455.

 32. Siljander P, Farndale RW, Feijge MA, Comfurius P, Kos S, Bevers 
EM, Heemskerk JW. Platelet adhesion enhances the glyco-
protein VI-dependent procoagulant response: Involvement of 
p38 MAP kinase and calpain. Arterioscler Thromb Vasc Biol. 
2001;21:618–627.

 33. Kleinschnitz C, Stoll G, Bendszus M, Schuh K, Pauer HU, Burfeind 
P, Renné C, Gailani D, Nieswandt B, Renné T. Targeting coagula-
tion factor XII provides protection from pathological thrombosis in 
cerebral ischemia without interfering with hemostasis. J Exp Med. 
2006;203:513–518.

 34. Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel SH, Tanasa B, 
Hogan PG, Lewis RS, Daly M, Rao A. A mutation in Orai1 causes 
immune deficiency by abrogating CRAC channel function. Nature. 
2006;441:179–185.

D
ow

nloaded from
 http://ahajournals.org by on Septem

ber 15, 2021


