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Abstract
Rationale—Through largely unknown mechanisms, Ca2+ signaling plays important roles in
vascular smooth muscle cell (VSMC) remodeling. Orai1-encoded store-operated Ca2+ entry
(SOCE) has recently emerged as an important player in VSMC remodeling. However, the role of
the exclusively mammalian Orai3 protein in native VSMC Ca2+ entry pathways, its upregulation
during VSMC remodeling and its contribution to neointima formation remain unknown.

Objective—The goal of this study was to determine the agonist-evoked Ca2+ entry pathway
contributed by Orai3; Orai3 potential upregulation and role during neointima formation after
balloon-injury of rat carotid arteries.

Methods and Results—Ca2+ imaging and patch clamp recordings showed that while the
platelet-derived growth factor (PDGF) activates the canonical Ca2+ release-activated Ca2+

(CRAC) channels via store depletion in VSMC, the pathophysiological agonist thrombin activates
a distinct Ca2+-selective channel contributed by Orai1, Orai3 and STIM1 in the same cells.
Unexpectedly, Ca2+ store depletion is not required for activation of Orai1/3 channel by thrombin.
Rather, the signal for Orai1/3 channel activation is cytosolic leukotrieneC4 produced downstream
thrombin receptor stimulation through the catalytic activity of leukotrieneC4 synthase.
Importantly, Orai3 is upregulated in an animal model of VSMC neointimal remodeling and in vivo
Orai3 knockdown inhibits neointima formation.

Conclusions—These results demonstrate that distinct native Ca2+-selective Orai channels are
activated by different agonists/pathways and uncover a mechanism whereby leukotrieneC4 acts
through hitherto unknown intracrine mode to elicit store-independent Ca2+ signaling that promotes
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vascular occlusive disease. Orai3 and Orai3-containing channels provide novel targets for control
of VSMC remodeling during vascular injury or disease.
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INTRODUCTION
Ca2+ is a universal signal that controls a variety of cell functions of major importance in
health and disease. Stimulation of specific phospholipase C (PLC)-coupled receptors
generates spatio-temporal Ca2+ signals pivotal for control of cellular responses such as gene
transcription, contraction, secretion, migration, proliferation and apoptosis1, 2. These
receptor-activated Ca2+ entry pathways comprise: i) store-operated Ca2+ entry (SOCE)
channels activated by inositol 1,4,5-trisphosphate (IP3)-mediated depletion of Ca2+ from the
endoplasmic reticulum (ER) stores3 and ii) store-independent Ca2+ entry (non-SOCE)
channels activated by largely unknown mechanisms that do not depend on the state of filling
of ER stores4. Whether store-operated and store-independent Ca2+ channels are
concomitantly activated by the same agonist or whether specific agonists selectively activate
specific Ca2+ channels remain unknown.

SOCE channels mediate the highly Ca2+-selective, Ca2+ release-activated Ca2+ (CRAC)
current5. The past several years have brought about remarkable advances in our
understanding of the SOCE pathway with the identification of STIM1 as the ER Ca2+

sensor6, 7 and Orai1 as the pore-forming unit of CRAC channels at the plasma membrane
(PM)8–10. Depletion of ER Ca2+ stores causes oligomerization of STIM1 and its
accumulation into punctuate structures within regions of close contacts (10–25 nm) between
the ER and PM11. Direct STIM1-Orai1 interaction involving the binding of a minimal C-
terminal 100 amino acid domain of STIM1 (called SOAR/CAD/OASF/CCb, spanning the
coil-coiled region) to the C-and N-termini of Orai1, activates local Ca2+ entry through
CRAC channels12–15. CRAC currents were originally measured in cell lines such as RBL
mast cells and Jurkat T cells; In RBL cells for example, CRAC current density is 1–2 pA/pF
at −100mV5. The paucity of electrophysiological recordings of native store-operated Ca2+-
selective conductances in response to physiological agonists in primary cell types such as
vascular smooth muscle cells (VSMCs) is largely due to the tiny single-channel conductance
of CRAC channels (~15femto-Siemens) 2 coupled to the low expression levels of STIM1
and Orai1 proteins in these primary cells; CRAC current density is 0.1–0.3 pA/pF at
−100mV in cultured VSMCs16.

While it is generally accepted that Orai1 homologs, Orai2 and Orai3 mediate SOCE and
CRAC currents when co-expressed with STIM1 in HEK293 cells, a very interesting finding
from a large number of mammalian cell types and tissues studied so far is that native SOCE
is exclusively mediated by Orai1, despite concomitant and abundant expression of Orai2 and
Orai3 proteins in these systems17; the exception is an instance where Orai3 encodes SOCE
in breast cancer cell lines that expresses estrogen receptors18, 19. This raises the interesting
possibility that homo- and hetero-multimers contributed by Orai2 and Orai3 might encode
Ca2+ selective channels distinct from CRAC that are activated by alternative store-
independent mechanisms that would enhance the diversity of cellular Ca2+-selective
conductances. In fact, while a great deal of attention has focused on the SOCE pathway,
there is increasing evidence for a number of non-SOCE pathways in various cell types4. The
likely signal for activation of store-independent Ca2+ entry pathways are second messengers
generated downstream PLC activity. However, i) the molecular identity, ii) the exact
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mechanisms of second messenger action, iii) the specific agonist requirement, iv) the ionic
currents mediating these pathways, and v) the physiological and pathophysiological
functions controlled by these pathways remain largely obscure. One exception is the store-
independent Ca2+ selective channel mediating the Arachidonic Acid (AA)-regulated Ca2+

(ARC) current20. ARC channels have been shown to be activated by AA in HEK293 cells
and to be contributed by both Orai1 and Orai3 subunits21 and regulated by a specific pool of
PM-resident STIM22. Members of the transient receptor potential canonical (TRPC) family
are either activated by diacylglycerol (DAG) produced downstream of PLC (TRPC3/6/7) 23

or by store depletion through STIM1 (TRPC1/3/4/5/6)24. However, TRPCs are non-selective
cation channels carrying mainly Na+ ions and have protein structures that are different from
Orai channels, suggesting that TRPCs and Orais contributions to native Ca2+ entry pathways
and cell functions are likely non redundant.

VSMCs are one of the major cell types in blood vessels and play major roles in vessel
integrity and control of blood pressure25. Unlike cardiac and skeletal muscles that are
terminally differentiated, VSMCs are plastic in nature and retain the ability to switch in vivo
from a contractile excitable phenotype to a proliferative migratory non-excitable phenotype
(also called synthetic25), a condition that can be recapitulated in culture. This VSMC
phenotype modulation is essential for vascular development, angiogenesis and repair.
However, its dysfunction contributes to vascular diseases such as atherosclerosis,
hypertension, restenosis and leiomyosarcomas. VSMC phenotypic modulation is
characterized by downregulation of L-type Ca2+ channels and upregulation of STIM1 and
Orai116, 25, 26. STIM1 and Orai1 were shown to be required for VSMC phenotypic switch in
vitro and neointima formation in animal models of vascular injury16, 26–30, supporting a role
for agonist-activated Ca2+ entry pathways in driving VSMC phenotypic modulation during
disease. Indeed, mitogenic migratory and inflammatory agonists such as the platelet-derived
growth factor (PDGF) and thrombin are major contributors to vascular remodeling that are
heavily produced and see the expression of their receptors increased during vascular
injury31–33.

In this study, we apply improved low noise high resistance (>16GΩ) whole-cell patch clamp
recordings, amplify and measure reliably tiny highly Ca2+ selective SOCE and non-SOCE
currents from primary synthetic VSMCs in response to PDGF and thrombin. We show that
PDGF and thrombin, two established VSMC pathophysiological agonists, activate distinct
Ca2+-selective channels involving distinct mechanisms; while PDGF activates classical
store-dependent CRAC currents mediated by Orai1, thrombin activates a store-independent
current encoded by both Orai1 and Orai3 that requires intracellular leukotrienceC4 (LTC4)
produced downstream receptor activation. Finally, VSMC Orai3 and LTC4-activated
currents are upregulated in vivo in an animal model of carotid vessel injury and Orai3
knockdown using specific shRNA-encoding lentiviruses inhibits these currents as well as
VSMC remodeling and neointima formation.

METHODS
List of reagents used throughout the study methods and detailed experimental procedures on
VSMC dispersion and culture, cell transfections, Ca2+ measurements, patch clamp
electrophysiology, FRET microscopy and balloon injury of rat carotid arteries are provided
in the Online Supplement.
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RESULTS
Thrombin-activated Ca2+ entry and currents are distinct from SOCE and CRAC currents

Previous studies from our group showed that the pro-proliferative agonist PDGF activates
Ca2+ entry through classical SOCE in rat synthetic VSMCs30. Interestingly, Fura2 Ca2+

imaging protocols with agonist stimulation in a nominally Ca2+-free solution followed by
restoration of Ca2+ (2mM) to the extracellular milieu revealed that thrombin (at maximal
concentrations, 100nM) activates a Ca2+ entry pathway in primary synthetic rat aortic
VSMCs that is additive to the Ca2+ entry activated by PDGF (100ng/ml; Figure 1a),
suggesting that these two Ca2+ entry pathways are distinct. Whole-cell patch clamp
recordings using a pipette solution containing 20 mM of the chelator BAPTA (to cause
maximal store depletion) demonstrated the activation of an inwardly rectifying Ca2+-
selective CRAC current (sampled at −100mV; Figure 1b). Subsequent addition of thrombin
(100nM) to the same cells consistently activated an additional current (Figure 1b),
suggesting that thrombin mediates Ca2+ entry through a CRAC-independent pathway.
CRAC and thrombin-activated currents were recorded in Ca2+-containing (20mM) bath
solutions and amplified in divalent-free (DVF; Na+ is the charge carrier) solutions. Both
these currents have reversal potentials of around +60mV (Online Table I). Figure 1c shows
the current/voltage (I/V) relationships of CRAC and thrombin-activated currents and their
additivity. Positions on traces where I/V curves for currents are taken in this figure and all
subsequent figures are indicated by the color-coded signs (e.g. asterisks). Statistics on
whole-cell current densities measured in DVF solutions upon store depletion (1st) and
subsequent addition of thrombin (2nd) are shown in Figure 1d. Statistical analyses of patch
clamp data (mean ± range; n) and p values for comparisons done from this figure and all
subsequent figures are reported in Table 1.

Thrombin-activated Ca2+ entry and currents are store-independent
Since thrombin-activated Ca2+ entry and membrane currents are additive to SOCE and
CRAC currents activated by either passive store depletion or physiologically by PDGF, two
major questions arise: 1) does thrombin, by virtue of activating PLCβ and producing IP3,
cause store-depletion? And 2) is store depletion required for activation of Ca2+ entry and
currents in response to thrombin? Surprisingly, using three different approaches, detailed
below, we found that i) thrombin does not cause sustained store depletion, only reversible
Ca2+ release and ii) the Ca2+ entry and currents it activates do not require store depletion:

1. Ca2+ imaging experiments with sequential addition of PDGF followed by thrombin
and vice versa at maximally saturating concentrations (500nM thrombin and
500ng/ml PDGF) in nominally Ca2+ free solutions showed that while PDGF caused
store depletion, thrombin did not. Using the following protocol: “PDGF was added
first in nominally Ca2+ free followed by extracellular Ca2+ restoration for 6min (to
prevent excessive Ca2+ leak from ER) in the continuous presence of PDGF (to
maintain IP3 production), followed by thrombin addition in nominally Ca2+ free”,
thrombin failed to cause Ca2+ release. However, when thrombin was added first
followed by PDGF using the same protocol, PDGF, though added second, caused
comparable Ca2+ release to when it was added first (Online Figure I a–d).

2. The use of the ER-targeted Ca2+ dye Cameleon D1ER coupled to Förster resonance
energy transfer (FRET) fluorescence microscopy showed that while thapsigargin
was very effective at causing ER Ca2+ store depletion, maximal concentrations of
thrombin had only a small and transient effect (Figure 1e). Similar experiments
showed that PDGF also caused store depletion but at a faster rate and to a lesser
extent than thapsigargin (Online Figure Ie).
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3. Whole-cell patch clamp recordings using a pipette solution where free Ca2+ was
buffered to 150nM with BAPTA showed that PDGF activated a Ca2+-selective
current reminiscent of CRAC that showed the typical depotentiation in DVF
solutions34 (Figure 1f). Inclusion of heparin in the patch pipette, destined to inhibit
IP3 receptors, completely abrogated CRAC currents activated by PDGF as would
be expected for a store-dependent current (Figure 1g). However, thrombin-
activated currents did not depotentiate in DVF solutions and were normally
activated in the presence of heparin (Figure 1i). The I/V curves taken where
indicated in traces by color-coded asterisks are represented in Figure 1j and
statistics for PDGF and thrombin are shown in Figure 1h and 1k respectively.
Statistical analyses of patch clamp data from each figure (mean ± range; n) and p
values for group comparisons to control are reported in Table 1.

Thrombin activates a Ca2+-selective entry pathway mediated by STIM1, Orai1 and Orai3
To determine the molecular identity of thrombin-activated Ca2+ entry pathway, we used an
unbiased molecular knockdown approach targeting all Orai and TRPC isoforms expressed in
synthetic VSMCs. We used the following: i) infection with specific short hairpin (shRNA)-
encoding lentiviruses; ii) transfection with specific small interference RNA (siRNA)
sequences (Online Table III) and iii) transfection with dominant negative (DN) Orai
constructs (Figure 2d, image 1) showed that thrombin-mediated Ca2+ entry requires STIM1,
Orai1 and Orai3 but was independent of Orai2 and the three TRPC1/4/6 isoforms found
expressed in rat synthetic VSMCs16 (Figure 2b, c, d). Knockdown of STIM1, Orai1 and
Orai3 is shown in Figure 2a while knockdown of Orai2 is documented in Online Figure IIa.
Statistical analyses on the extent of Ca2+ entry is shown in Figure 2d. Please note throughout
that the representative Ca2+ imaging traces represent averages from several cells on the
same coverslip as indicated by n. For statistical analysis, the numbers between parentheses
next to each column of bar graphs (x, y) represent: x= number of independent runs and
y=total number of cells from all these runs. All p values for comparisons are listed in Online
Table II. The unexpected involvement of Orai3 in this pathway prompted us to use yet an
additional siRNA sequence against Orai3 and demonstrate that Orai3 protein knockdown
inhibits thrombin-activated Ca2+ entry without effecting Orai1 and STIM1 protein
expression (Online Figure II b–d).

Thrombin-activated Ca2+ entry and currents require cytosolic LTC4

Since store depletion is not required for thrombin-activated Ca2+ entry and currents, we
systematically evaluated the role of second messengers produced downstream thrombin
receptor in the activation of this pathway. IP3 dialysis through the patch pipette exclusively
activated CRAC currents recognized by their pharmacology and their depotentiation in DVF
solutions and addition of a DAG analog (1-oleoyl-2-acetyl-sn-glycerol; OAG) to the bath
solution activated non-selective currents mediated by TRPC6 in VSMCs (not shown). Given
the molecular similarity between the thrombin-activated Ca2+ entry and ARC channels
(dependence on STIM1, Orai1 and Orai3), we applied exogenous arachidonic acid (AA;
8μM) to VSMCs which consistently activated a Ca2+ selective current that did not
depotentiate in DVF solutions and was not additive to currents activated by thrombin
(Figure 2e–g). The addition of thrombin first followed by AA confirmed this lack of
additivity (Online Figure IIe–g).

The use of pharmacological reagents targeting the downstream AA metabolism pathway
ruled out the requirement of cyclooxygenases (COX1/2) and leukotrieneA4 hydrolase but
suggested requirement of leukotrieneC4 synthase (LTC4S) in thrombin-mediated Ca2+ entry
(not shown). Therefore, we tested whether introduction of LTC4 directly into the cytosol
through the patch pipette could activate a current reminiscent of thrombin and AA-activated
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currents. We used a concentration of LTC4 (100nM) shown to be physiologically relevant35.
LTC4 dialyzed through the patch pipette activated a Ca2+-selective current in VSMCs under
Ca2+-containing and DVF solutions and this current had a reversal potential of +60mV
(Online Table I), did not depotentiate in DVF solutions and more importantly was not
additive to thrombin-activated currents (Figure 3a–c). However, a closer leukotriene, LTB4
failed to activate whole-cell currents when dialyzed through the patch pipette, while
subsequent addition of thrombin to the same cells consistently activated Ca2+ selective
currents (Online Figure IIIa–c). Furthermore, addition of LTC4 to the bath solution did not
activate any current, suggesting that LTC4 acts from the inside and not via its specific PM
G-protein-coupled receptors (GPCRs; Online Figure IIId, e). Stimulation of VSMCs with
thrombin lead to an increase of LTC4 production after either 5 or 15 min in presence of
thrombin as measured using competitive ELISA (Figure 3d; p values for comparisons are
provided in Online Table II). Molecular knockdown of LTC4S with either siRNA
transfection (with 2 independent siRNA sequences) or shRNA infection (encoding a third
sequence) reduced LTC4S protein expression (Figure 3e) and inhibited thrombin-activated
Ca2+ entry (Figure 3f, g) and membrane currents (Online Figure IIIh-k for siRNA and S3l-o
for shRNA). Control experiments showed that SOCE activated by thapsigargin was
insensitive to LTC4S knockdown (Online Figure IIIf, g). Significantly, currents activated by
direct introduction of LTC4 into cells were insensitive to LTC4S protein knockdown (Figure
3h–k).

LTC4-activated currents require STIM1, Orai1 and Orai3
Knockdown experiments using shRNA-encoding lentiviruses showed that STIM1 was
required for current activation by direct application of LTC4 in the patch pipette (Figure 4a–
d), arguing that STIM1 is downstream of LTC4 action. Control experiments demonstrating
that STIM1 knockdown also abrogates CRAC currents in the same cells are shown (Online
Figure IV). We showed that Orai1 and Orai3 are both required for thrombin-activated Ca2+

entry (Figure 2). Here we show that LTC4 delivered through the patch pipette into VSMCs
also requires both Orai1 (Figure 5a–d) and Orai3 (Figure 5i–l) as demonstrated with
knockdown using shRNA-encoding lentiviruses; these results further strengthen the idea that
LTC4 and thrombin activate the same Ca2+ entry pathway in VSMC. Control experiments
showed that, in the same cells, store-dependent CRAC currents require Orai1 (Online Figure
Va–d) but not Orai3 (Online Figure Ve–h). Infection with shRNA-encoding lentiviruses
against Orai3 (shOrai3) caused downregulation of Orai3 protein levels with no effect on its
closest homologue, Orai1 (Figure 5e–h), thus establishing the specificity of shOrai3 for
subsequent in vivo studies.

Orai3 and LRC currents are upregulated in medial and neointima VSMC after vascular
injury

Cultured synthetic VSMCs reminiscent of vascular occlusive disease used so far in this
study have upregulated protein levels of Orai3 by comparison with quiescent freshly isolated
VSMCs that are reminiscent of healthy vessels (Online Figure VIa; please note that β-actin
is also known to be upregulated in proliferative VSMCs in vitro and in vivo). Given the
established importance of thrombin in vascular injury and vascular occlusive disease31, 33, 36

and the specific involvement of Orai3 in the thrombin-activated Ca2+ entry pathway, we
tested whether Orai3 is also upregulated in vivo in a model of vascular remodeling and
neointima formation after balloon injury of rat carotids. The validated shOrai3 lentiviruses
along with lentiviruses encoding non targeting control shRNA (shNT) were used in vivo in
this injury model to determine whether preventing Orai3 upregulation after injury could
have inhibitory effects on vascular remodeling and neointima formation. ShOrai3 achieved
significant Orai3 knockdown in cultured VSMCs (Figure 5g, h) and infection with shOrai3
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and shNT lentiviruses led to essentially 100% infection of VSMCs in vitro as visualized
using green fluorescent protein (GFP) encoded by the lentiviruses (Online Figure VIb).

Injury of rat left carotid arteries lead to the apparition of LTC4-regulated Ca2+ (LRC)
currents in medial and neointimal VSMC acutely isolated from injured arteries; medial
VSMC from non-injured arteries showed no significant LRC currents upon dialysis of LTC4
into the cells (Figure 6a–c). The I/V relationships of whole-cell LRC currents from all these
different types of cells are shown in Figure 6d and summary of data is shown in Figure 6e;
statistical analyses of data (mean ± range; n) are depicted in Table 1. Similarly, we found
that CRAC currents, activated by store depletion with dialysis of 20mM BAPTA through the
patch pipette, were evident in medial and neointimal VSMC acutely isolated from injured
carotid arteries, while medial VSMC from non-injured vessels showed no detectable CRAC
currents (Online Figure VII). These results are consistent with previous data from our lab
reporting upregulation of Orai1 and SOCE upon vascular injury.16, 29, 30

Injury of left rat carotid arteries also caused a significant upregulation of Orai3 proteins in
lysates of medial and neointimal VSMCs at day 14 post-injury (Figure 6f) as well as that of
Orai1 proteins as previously shown29. Efficient vessel infection by shOrai3 or shNT-
encoding lentiviruses was documented by the expression of lentivirus-encoded GFP (driven
by a separate promoter) in medial and neointimal VSMCs from injured and infected left
carotids 14 days post injury (Figure 6f).

Orai3 is required for LRC currents and neointima formation in vivo
Survival surgery involving transduction of injured carotid arteries of anesthetized animals
with shOrai3 lentiviruses caused a significant attenuation of Orai3 protein upregulation at
day 14 post injury with no significant effect on Orai1 expression (Figure 6f–h) by
comparison to control shNT. This in vivo Orai3 knockdown corresponded functionally to a
decrease in whole-cell LRC current densities in medial (by ~55%) and neointimal VSMC
(by ~48%) from injured carotids 14 day post-injury (Figure 7a–d). The I/V relationships of
whole-cell LRC currents from different experimental conditions are shown in Figure 7e, f
and summary of data is shown in Figure 7g; statistical analyses of data (mean ± range; n) are
shown in Table 1.

Upon vascular injury, increased in neointimal thickening was evident in injured vessels 14
days post-injury compared to normal control vessel from sham-operated rats (Figure 7h).
Importantly, Orai3 in vivo knockdown caused a significant reduction in neointima size
compared to shNT control as observed on Hematoxylin-eosin sections (Figure 7h). Both the
neointimal size (N) and the ratio of neointima/media (N/M) were reduced upon Orai3
knockdown compared to control (Figure 7i, j).

DISCUSSION
Our data reveal a store-independent mechanism of Orai channel activation via PLC-coupled
receptors and support a model whereby Orai1/3 channel activation by thrombin requires
cytosolic LTC4 produced upon thrombin receptor ligation. We show that these LTC4-
Regulated Ca2+ (LRC) channels do not require store depletion for activation. We also show
that unlike PDGF, thrombin does not cause sustained store depletion. The fact that thrombin
does not deplete stores despite the presence of a Ca2+ spike in nominally Ca2+ free solutions
is likely due to transient IP3 production since the protease-activated receptor 1 (PAR1),
which is the major thrombin receptor in VSMC is used once and then discarded. However,
In other cell types such as fibroblasts and endothelial cells, signaling by thrombin is
maintained by delivery of new PAR1 receptors to the plasma membrane from a preformed
intracellular pool37. Interestingly, previous data in cultured endothelial cells showed that
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thrombin activates SOCE and CRAC currents that are dependent on store depletion and
classical STIM1/Orai1 pathway38. The implications of all these results are that not only do
different agonists activate distinct Ca2+ entry pathways in a given cell type but the same
agonist could activate a different Ca2+ entry route depending on the cell type in question.
Our work introduces a novel paradigm whereby specific PLC-coupled agonists activate
specific Ca2+-selective entry pathways in the same cells. This implies that PM receptors
ensure the specificity of the Ca2+-selective channel activated and likely the downstream
Ca2+-responsive transcription factors and corresponding physiological functions. This
diversity of Ca2+-selective conductances through Orai subunit heteromultimerization and
alternative activation mechanisms would presumably help increase the repertoire of spatial
cellular Ca2+ microdomains for the purpose of selective Ca2+ signaling in complex
mammalian organisms.

Thrombin has been shown to have multiple pleiotropic effects: it impacts on VSMC
contractility and proliferation and is a major contributor to vascular remodeling. Thrombin is
produced massively after vascular injury and during development of atherosclerosis39. The
thrombin receptors PARs are also upregulated in VSMCs during injury. In this study, we
showed that Orai3, the unique component of thrombin-activated Orai1/3 channels, is
upregulated in synthetic VSMCs in vitro and in medial and neointimal VSMCs in vivo in a
rat model of vascular injury. We also show that preventing Orai3 upregulation during
carotid injury using lentiviral particles encoding shRNA reverses the increase in Orai3
protein levels 14 days post injury, inhibits LRC channel activation in medial and neointimal
VSMC and inhibits neointima formation. We and others previously showed that STIM1 and
Orai1 are important mediators in neointima formation16, 26–29. Orai3 or Orai3-containing
channels could represent a potential target for treatment of VSMC remodeling during
vascular occlusive diseases and might represent a better target than Orai1 or STIM1 since
STIM1/Orai1-mediated CRAC is ubiquitous and prominently functional in many tissues,
including immune cells and skeletal muscle; the major defect in Orai1-deficient patients and
mice is severe immunodeficiency and skeletal muscle hypotonia40.

We show that STIM1 is required downstream of LTC4 action during the activation of this
novel LRC channel. This fact, along with the high Ca2+ selectivity of this channel, suggests
that STIM1 might be a component of the Orai1/3 channel complex. Indeed, recent data from
the Prakriya group showed that STIM1endows -otherwise non-selective- Orai Ca2+ channels
with high Ca2+ selectivity41. Several questions remain to be answered by future structural
studies: how LTC4 triggers Orai1/3 channel activation and whether this is a direct action? If
it is through direct action, what are the domains in STIM/Orai that are involved in this
interaction? What is the exact stoichiometry of LTC4-activated channels in VSMC? The
answer to these questions and others will likely help in the targeting of this channel for the
purpose of therapy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations

CRAC calcium release-activated calcium

STIM1 Stromal interacting molecule1

SOAR/CAD STIM Orai activating region/CRAC activating domain

PLC Phospholipase C

VSMC vascular smooth muscle cell

SOCE store-operated calcium entry

TRPC channels transient receptor potential canonical channels

AA Arachidonic Acid

LTC4 leukotrieneC4

PDGF platelet-derived growth factor
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Novelty and Significance

What Is Known?

• The ubiquitous store-operated Orai1 Ca2+ channels show low expression in
healthy quiescent vascular smooth muscle cells (VSMC) but their expression is
increased during VSMC remodeling into a proliferative migratory phenotype.

• Activation of VSMC with the platelet-derived growth factor (PDGF), a VSMC
mitogen, activates Orai1-mediated Ca2+ entry through a mechanism involving
endoplasmic reticulum (ER) Ca2+ store depletion and subsequent interaction of
the Ca2+ sensor STIM1 with Orai1.

• Molecular knockdown of Orai1 inhibits neointima formation in response to
balloon injury in rat carotid arteries.

What New Information Does This Article Contribute?

• VSMC activation by thrombin activates a novel Ca2+ entry pathway that
requires both Orai1 and its homolog Orai3. This pathway requires STIM1, but
does not depend on ER Ca2+ store depletion.

• This novel Ca2+ entry pathway in VSMC is mediated by the intracrine actions of
leukotriene C4 (LTC4) produced downstream of thrombin receptor stimulation.

• Balloon injury of rat carotid arteries increased Orai3 expression and
manifestation of Ca2+ currents activated by LTC4 dialysis in medial and
neointimal VSMC; healthy medial VSMC show no LTC4-activated currents.

• Knockdown of Orai3 in balloon-injured carotid arteries using lentivirus-
encoding shRNA prevents Orai3 upregulation, inhibits LTC4-activated currents
and decreases neointima formation.

Orai1, a store-operated Ca2+ channel activated by ligation of phospholipase C (PLC)-
coupled receptors, is required for neointima formation upon vascular injury. However,
Orai1 is functional in many cell types and tissues which could complicate its use as a
specific target in VSMC-related pathologies. Orai1 has two homologs Orai2 and Orai3;
Orai2 is expressed exclusively in vertebrates while Orai3 is expressed exclusively in
mammals. The role of Orai2 and Orai3 in the vascular system remained unknown. We
describe a new role of Orai3 in VSMC Ca2+ signaling and remodeling. We show that
Orai3 contributes to a novel heteromeric Orai1/3 Ca2+ entry channel in thrombin-
activated VSMC. We found that Orai1/3 channel activation is store-independent and
mediated by cytosolic LTC4 produced downstream thrombin receptor. Furthermore,
Orai3 expression and LTC4-activated channel activity increase in VSMC upon rat carotid
artery injury while knockdown of Orai3 in injured carotids inhibits Orai3 upregulation,
LTC4-activated channels and neointima formation. These findings suggest that Orai3
represents a novel drug target for controlling VSMC remodeling during vascular injury or
disease, and that Orai3 may be a better target than the ubiquitous Orai1 channel.
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Figure 1. Thrombin-activated Ca2+ entry and currents are additive to SOCE and CRAC, and
are store-independent
a; Ca2+ imaging experiments showing addivity between thrombin- (100nM) and PDGF-
(100ng/mL) activated Ca2+ entry pathways. b; Whole- cell patch clamp electrophysiology
shows additivity of CRAC currents (activated by dialysis of 20mM BAPTA through the
patch pipette for 6min) and thrombin-activated currents (Na+ I/V depicted in c and statistics
in d). e; ER-Ca2+ levels were measured using the ER-targeted FRET sensor Cameleon-
D1ER, before and after stimulation with maximal concentrations of thapsigargin (TG 4μM;
n=12) and Thrombin (Th 500nM; n=9); only thapsigargin caused a significant decrease in
ER Ca2+ levels. Whole-cell patch clamp electrophysiology showing the development of
PDGF-activated CRAC currents with typical depotentiation in DVF solutions (PDGF
100ng/mL; f). Heparin (3mg/mL) dialysis through the patch pipette for 6 minutes
completely abrogated PDGF-activated CRAC (g, h). Heparin dialysis failed to inhibit the
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development of thrombin-activated currents (i, k). Na+ I/V relationships taken from traces
(f, g, i) where indicated by the color-coded asterisks are depicted in j.
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Figure 2. Thrombin-activated Ca2+ entry is mediated by STIM1, Orai1 and Orai3
Efficiency of STIM1, Orai1 and Orai3 protein knockdown after shRNA infection was
documented by western blot (a). Representative Ca2+ imaging traces in response to 100nM
thrombin in VSMCs infected for 7days with lentivirus-encoding a non-targeting shRNA
(shNT, control for shOrai3) or an shRNA targeting fly luciferase (shLuc, control for
shSTIM1 and shOrai1; see online methods for details), or shRNA targeting either Orai1,
Orai3 or STIM1 (b); VSMCs were also transfected (and assayed after 36 hours) with either
pore mutants of Orai1 (O1-E106Q), Orai3 (O3-E81Q) or GFP vectors (control) (b). All
control traces (shNT, shLuc, GFP) show comparable Ca2+ entry to wild type cells and only
one trace, shLuc is shown. A representative image showing membrane expression of Orai1-
E106Q construct is shown in inset d1. Representative Ca2+ imaging traces in response to
100nM thrombin in VSMCs transfected with siRNA sequences targeting Orai2, Orai3 and
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STIM1 and non-targeting control siRNA (c). d; Statistical summary on several independent
Ca2+ imaging experiments, including experiments described in b and c. Statistics on Ca2+

imaging experiments evaluating the contributions of TRPC1/4/6 channels (the only isoforms
expressed in rat VSMCs) to thrombin-activated Ca2+ entry are also shown (d). Whole-cell
patch clamp electrophysiological recordings showing no additivity between arachidonic acid
(AA; 8μM) and thrombin (100nM; e–g). For experiments depicted in e, I/V relationships are
also shown (f). Origins of I/V curves on the current traces are indicated by the color-coded
asterisks. The statistical summary is also included in g.
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Figure 3. Thrombin-activated Ca2+ entry and currents are mediated through LTC4 production
Whole-cell patch clamp electrophysiological recordings testing for additivity between LTC4
and thrombin (a–c). I/V relationships and statistical summary are shown in b and c
respectively. d; Competitive ELISA measurements of LTC4 concentrations from VSMC
cultures of either control cells (t=0) or cells stimulated with 500nM thrombin for a duration
of 5 or 15 minutes. e; Cells transfected with siRNA against LTC4S show significant
knockdown of LTC4S protein and abrogation of thrombin-activated Ca2+ entry (f, g). f;
Representative Ca2+ imaging traces and statistical analysis (g) from cells transfected with
either control siRNA or LTC4S siRNA and stimulated with thrombin. Whole-cell patch
clamp electrophysiology in VSMCs infected with lentivirus carrying either non targeting
control (shNT) or LTC4S shRNA (shLTC4S) showed that dialysis of LTC4 (100nM) through
the pipette was able to activate currents indistinguishable from thrombin-activated currents
in control cells and LTC4S-depleted cells (h, i). Na+ I/V relationships (j) and statistical
analysis (k) are shown for LTC4-activated currents. Origins of I/V curves on the current
traces are indicated by the color-coded asterisks.

González-Cobos et al. Page 17

Circ Res. Author manuscript; available in PMC 2014 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. STIM1 is required for LTC4-activated currents
Whole-cell patch clamp recordings of LTC4- activated currents (a–d) in VSMCs infected
with lentiviral vectors encoding either control shRNA against luciferase (shLuc) or STIM1
shRNA (shSTIM1). Depletion of STIM1 completely abrogated currents activated by
inclusion of LTC4 in the patch pipette (b). Na+ I/V relationships are shown for LTC4-
activated currents (c). Statistics on current data are shown in d. Na+ I/V relationships are
taken from current traces where indicated by the color-coded asterisks.
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Figure 5. Orai1 and Orai3 are required for LTC4-activated currents
Whole-cell patch clamp electrophysiology in VSMCs infected with lentivirus carrying either
shRNA against luciferase (shLuc), or shRNA targeting Orai1 (shOrai1). Orai1 knockdown
completely abrogated LTC4-activated Na+ currents (b) as compared to control (a). Na+ I/V
relationships (c) confirm the requirement of Orai1 for LTC4-activated currents in VSMCs.
Statistical analysis is shown in d. Representative western blots showing that shRNA
targeting Orai3 does not affect Orai1 protein levels (e, f) while significantly abrogating
Orai3 protein expression (g, h). Whole-cell patch clamp electrophysiology in VSMCs
infected with lentivirus-encoding either non-targeting control shRNA (shNT) or shRNA
targeting Orai3 (shOrai3). Orai3 knockdown completely abrogated LTC4-activated currents
(j) as compared to control (i). The I/V relationships are shown in k. Statistical analysis of
patch clamp data is shown in l. Values for current densities represented as mean± range and
number of independent recordings for shRNA Control, shRNA Orai1 and shRNA Orai3 are
reported in Table 1.

González-Cobos et al. Page 19

Circ Res. Author manuscript; available in PMC 2014 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Orai3 and LRC currents are upregulated in VSMC after vascular injury
Whole-cell patch clamp electrophysiological recordings on VSMCs freshly isolated from
media of non-injured carotids (a, n=4) or from either media or neointima of injured carotid
arteries. Dialysis of LTC4 through the patch pipette activated Ca2+ selective LRC currents
only in VSMC isolated from either media (b) or neontima (c) of injured vessels 14 days
post-injury. Na+ I/V relationships are taken from data points where indicated by asterisks
and shown in d. Statistical summary for this experiment is also shown in (e). Lentiviral
infection with shRNA targeting Orai3 (shOrai3) after balloon injury prevented up-regulation
of Orai3 in injured carotid artery with no significant effect on Orai1 (f–h; n=5). Control non-
targeting shRNA (shNT) and Orai3 shRNA (shOrai3) lentiviruses efficiently infected
carotid arteries as evidenced by GFP expression in the protein lysate of media and neointima
from left (injured) carotid arteries 14 days after injury and infection (f); no GFP signal was
detected in the protein lysate from the right (non-injured and non-infected) carotid artery.
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Figure 7. In vivo knockdown of Orai3 inhibits LRC currents and neointima formation
Whole-cell patch clamp electrophysiological recordings of VSMCs freshly isolated from the
media (a, b) or neointima (c, d) of injured carotid arteries two weeks post injury and
transduction treatment with viral particles carrying either a control shRNA sequence (shNT)
or a sequence targeting Orai3 (shOrai3). As shown in figure 6 for injured vessels, carotid
vessels injured and treated with shNT are characterized by the emergence of a Ca2+-
selective LRC current activated by intracytoplasmic LTC4 in both medial (a; n=4) and
neontimal VSMCs (c; n=4). This Ca2+ selective LRC current was reduced upon Orai3
knockdown with shRNA by ~55% in medial cells (b; n=5) and ~48% in neointimal cells (d;
n=5). Na+ I/V relationships are taken from traces where indicated by the color-coded signs
and are shown in (e, f). Statistical summary is shown in (g). h; H&E staining on vessel
cross-sections from control left carotid isolated from a sham-operated rat, and from injured
left carotid arteries infected with either control shNT or shOrai3 (scale bar = 200μm).
Fourteen days after injury, neointimal growth was evident in left carotids injured and
infected with shNT compared to left control non-injured vessels from sham-operated
animals. This neointima (N) was visibly inhibited by shOrai3 as compared to shNT. i; The
neointimal (N), intimal (I) and medial (M) areas of the carotid cross sections were measured
from left injured and virus-treated carotids and from right non-injured and non-infected
carotids from the same animals using Image J software and statistical analyses on areas
(mm2) are shown. The media/neointima (N/M) ratios for left-injured and virus-treated
carotids or intima/media (I/M) ratios of right non-injured and non-infected right carotids
from the same animals (j) from 5 independent rats per condition are shown. Statistics on
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Western blots of medial and neointimal VSMCs and quantification of neointima were
performed on 5 rats per condition.
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