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Store-operated calcium channels (SOCs) are widely expressed in excitatory and non-
excitatory cells where they mediate significant store-operated calcium entry (SOCE),
an important pathway for calcium signaling throughout the body. While the activity of
SOCs has been well studied in non-excitable cells, attention has turned to their role in
neurons and glia in recent years. In particular, the role of SOCs in the nervous system has
been extensively investigated, with links to their dysregulation found in a wide variety of
neurological diseases from Alzheimer’s disease (AD) to pain. In this review, we provide
an overview of their molecular components, expression, and physiological role in the
nervous system and describe how the dysregulation of those roles could potentially lead
to various neurological disorders. Although further studies are still needed to understand
how SOCs are activated under physiological conditions and how they are linked to
pathological states, growing evidence indicates that SOCs are important players in
neurological disorders and could be potential new targets for therapies. While the role of
SOCE in the nervous system continues to be multifaceted and controversial, the study
of SOCs provides a potentially fruitful avenue into better understanding the nervous
system and its pathologies.

Keywords: store-operated calcium channels, STIM, Orai1, nervous system, neuron, glia, Alzheimer’s disease,
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INTRODUCTION

Store-operated calcium channels (SOCs) are calcium-selective cation channels that represent a
major pathway for calcium signaling throughout the body. Due to their physical and functional
connection to the endoplasmic reticulum (ER), SOCs play an important role in maintaining
calcium homeostasis by inducing calcium entry after Ca2+ store depletion in the ER (Putney, 1986).
This store-operated calcium entry (SOCE) drives a multitude of biological processes, including
gene transcription, exocytosis, cell metabolism, and motility (Lewis, 2007). SOCs are composed of
stromal interaction molecules (STIM1/2 proteins), which act as ER Ca2+ sensors, and Orai1/2/3
proteins, which form the structure of calcium release-activated calcium (CRAC) channels in the
plasma membrane (Liou et al., 2005; Zhang et al., 2005; Gross et al., 2007; Wissenbach et al., 2007).
Upon depletion of Ca2+ stores, STIM and Orai proteins migrate from their positions in the ER and
PM, respectively, to form ER-PM junctions (Baba et al., 2003; Mercer et al., 2006). These junctions
allow STIMs to bind to Orais, opening the channel to permit calcium entry. Reuptake of Ca2+ by
sarco/ER Ca2+ ATPase (SERCA) leads to the end of SOCE, and STIMs and Orais return to their
original locations (Alonso et al., 2012; Prakriya and Lewis, 2015). STIM2 also acts as a regulator in
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this mechanism, sensing a small drop of Ca2+ concentration
in the cell and regulating basal cytosol and ER calcium level
(Berna-Erro et al., 2009).

Neurons possess a variety of ion channels, receptors,
transporters, and plasma membrane Ca2+ ATPase that work
together to maintain Ca2+ homeostasis. In neurons, voltage-
gated calcium channels (VGCCs) and ligand-gated cation
channels were thought to be the primary channels involved
in Ca2+ homeostasis. While SOCs are well recognized as the
principal route of Ca2+ entry in non-excitable cells, SOCE
was considered as a residual calcium entry in neurons and its
function was neglected. Some early studies show that SOCs are
not involved in [Ca2+]i homeostasis/oscillations (Friel and Tsien,
1992; Nuñez et al., 1996). However, a growing body of evidence
indicates that SOCs are also important in mediating Ca2+ influx
in neurons from different brain regions, spinal cord, and dorsal
root ganglion neurons (Emptage et al., 2001; Klejman et al., 2009;
Gruszczynska-Biegala et al., 2011; Gao et al., 2013; Gruszczynska-
Biegala and Kuznicki, 2013; Xia et al., 2014; Wei et al., 2017).

While Orais have been identified as key components of CRAC
channels, the transient receptor potential (TRP) channels have
also been suggested to be constituents of CRAC channels, in
particular canonical TRP channel 1 (TRPC1) (Zhu et al., 1996;
Zitt et al., 1996; Brough et al., 2001; Kim et al., 2009). TRPC1 has
been shown to complex with STIM1 and Orai1 and have a role in
the activation of SOCE (Ong et al., 2007; Cheng et al., 2008; Jardin
et al., 2008; Nascimento Da Conceicao et al., 2019). However,
TRPC channels’ role in calcium entry is controversial. For
example, while some studies show TRPC1 contributing to SOCE,
the TRPC1 mediated currents did not resemble ICRAC and did not
reproduce the biophysical properties of ICRAC (Ambudkar et al.,
2017; Lopez et al., 2020). As such, while much of the research
focusing on SOCE studies the interaction between STIM1, Orai1,
and TRPC isoforms, the true contribution of these channels to
calcium entry remains contested. Furthermore, the closely related
subfamilies TRPV (vanilloid) and TRPM (melastatin) have also
recently been shown to have involvement in calcium influx via
SOCE (Authi, 2007; Ma et al., 2011; Harisseh et al., 2013; Liu X.
et al., 2017; Bastián-Eugenio et al., 2019). Interestingly, a recent
study showed TRPM7 channel kinase modulated SOCE, which
suggests that while the activity of the channels helps maintain
calcium homeostasis at rest, it is smaller domains within the
channel that truly control calcium flux (Faouzi et al., 2017).

STIM and Orai proteins are widely expressed throughout the
body, having important roles in various physiological processes
and involvement in the pathological conditions of the major
organ systems (McCarl et al., 2009; Kiviluoto et al., 2011;
Selvaraj et al., 2012; Collins et al., 2013; Sun S. et al., 2014;
Lacruz and Feske, 2015; Avila-Medina et al., 2018; Zhang et al.,
2020). SOCs have been well studied in non-excitable cells. In
recent years, attention has turned to their role in neurons and
glia. All homologs of STIM and Orai are present in murine and
human brain tissues (Gross et al., 2007; Berna-Erro et al., 2009;
Skibinska-Kijek et al., 2009; Gruszczynska-Biegala et al., 2011).
STIM1 and STIM2 are differentially expressed among mouse and
human brain regions (Lein et al., 2007). Regional distribution
of Orai mRNAs in the brain has only been done in mice. In

whole murine brain tissue, all three Orai family members are
expressed, and Orai1 mRNA is less abundant than Orai2 and
Orai3 mRNA (Gross et al., 2007; Lein et al., 2007; Takahashi
et al., 2007). Orai2 is highly expressed in the spinal cord and
DRG while Orai1 and Orai3 are expressed at a moderate and low
level in the spinal cord and DRG, respectively (Xia et al., 2014;
Wei et al., 2017; Dou et al., 2018). Orai1 protein is uniformly
distributed throughout the human and rodent brain (Guzman
et al., 2014). SOCs are functional in neurons and glia from
different regions in the nervous system (Hartmann et al., 2014;
Gao et al., 2016; Korkotian et al., 2017; Dou et al., 2018; Chen-
Engerer et al., 2019; Stegner et al., 2019). Growing evidence
shows that SOCs play an important role in neuronal signaling
and plasticity, and have been implicated in neurological disorders
(Kraft, 2015; Majewski and Kuznicki, 2015; Lu and Fivaz, 2016;
Bollimuntha et al., 2017; Wu H. E. et al., 2018; Alvarez et al.,
2020). In this review, we summarize the current understanding
of the physiological role of SOCs in the nervous system by
outlining their expression, molecular components, and functions
in neurons from different brain regions and glial cells. We will
also describe the multitude of pathologies that have been linked
to dysregulation of SOCE in different types of nervous cells and
discuss future directions of research.

SOCS IN THE CEREBRAL CORTEX

SOC Components and Functions in
Cortical Neurons
The mouse cortex and cortical neurons express both STIM
mRNAs with STIM2 being the predominant isoform (Lein et al.,
2007; Chauvet et al., 2016). In the human cortex, STIM1 protein
was found in medium level in the cerebral cortex (Uhlén et al.,
2015). The mRNA expression of Orais is controversial. Chauvet
et al. (2016) have reported that Orai2 is highly expressed in
the mouse cortical neurons while Orai1 and Orai3 mRNA
levels are low or undetectable. Conversely, González-Sánchez
et al. (2017) have shown that all three Orai isoforms are
expressed in cortical neurons with Orai1 being the predominant
isoform. Orai1 mRNA and protein expression in cortical neurons
was also demonstrated in cortical neurons by other groups
(Gruszczynska-Biegala and Kuznicki, 2013; Secondo et al., 2019).
A recent study has further confirmed the expression of three
Orai genes (Bouron, 2020). Orai3 is the major isoform expressed
at the embryonic days 11 (E11) stage and remains constant
during corticogenesis. Going from E11 to post-natal day 1 (PN1),
Orai2 is upregulated the most, becoming the most expressed Orai
gene at the end of corticogenesis and postnatally. Interestingly,
Orai1 has the lowest rate of expression throughout corticogenesis
(Bouron, 2020).

Both STIM proteins are involved in calcium homeostasis
in cortical neurons, STIM1 mainly activates SOCE, whereas
STIM2 regulates resting Ca2+ levels (Gruszczynska-Biegala and
Kuznicki, 2013). Cortical SOCE induced by thapsigargin (TG),
a Ca2+-ATPase inhibitor, is sensitive to Orai blockers, but not
TRPC inhibitors (Chauvet et al., 2016), suggesting Orais mediate
cortical SOCE. A recent study further confirmed that Orai2 is
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a major contributor to neuronal SOCE in the cortex (Stegner
et al., 2019). STIM2 and Orai1 form hetero-complexes in rat
cortical neurons in response to a low extracellular calcium level,
which implies that these proteins regulate basal intracellular
calcium levels in these neurons (Gruszczynska-Biegala and
Kuznicki, 2013). Furthermore, calcium homeostasis is key to
normal cortical neuron functions (Ma et al., 2016; Wegierski
and Kuznicki, 2018). SOCE has been found to regulate neuronal
calcium homeostasis during cortical development (Guner et al.,
2017). Moreover, previous studies have shown that STIM1 is
engaged by metabotropic glutamate receptors (mGluR) and is
a key regulator of mGluR1 related Ca2+ signaling (Hou et al.,
2015; González-Sánchez et al., 2017). As such, the regulation of
long term depression of cortical neurons has been linked to SOCE
(González-Sánchez et al., 2017).

SOCs in Acquired Brain Injury
Ca2+ homeostasis alteration has been shown to contribute
to secondary neuronal damage and altered physiology after
traumatic brain injury (Weber, 2012). Given that cortical
SOCs mediate Ca2+ entry and regulate calcium homeostasis,
they may play a role in brain injury. A previous study has
reported that STIM1 expression is significantly increased at
both mRNA and protein levels following traumatic brain injury,
and downregulation of STIM1 leads to increased preservation
of neuronal viability and inhibition of apoptosis (Hou et al.,
2015). Furthermore, STIM1 expression is increased in neurons
in the early stages post diffuse axonal injury, indicating that
abnormal SOCE may participate in Ca2+ overload of neurons
(Li Y. et al., 2013). However, Rao et al. (2015) found that the
expression of STIM2 but not STIM1 is increased in traumatic
neuronal injury, and that downregulation of STIM2 but not
STIM1 improved neuronal survival and preserved neurological
function both in vitro and in vivo. The latter is consistent with
a previous study that STIM2-deficient mice are protected from
cerebral damage after ischemic stroke (Berna-Erro et al., 2009).
More research into roles of STIMs in traumatic brain injury is
therefore warranted.

Interestingly, in a rat model of ischemic stroke, Secondo
et al. reported that STIM1 and Orai1 proteins were significantly
decreased in the ipsilesional cortex. Similarly, STIM1 and Orai1
transcripts and proteins were also reduced after exposure of
rat cortical neurons to oxygen and glucose deprivation for 3 h,
leading to decreases in SOCE and CRAC currents (Secondo
et al., 2019; La Russa et al., 2020). Silencing of STIM1 or
Orai1 negated the effect of ischemic preconditioning, which
would normally induce increased tolerance for ischemia, and
lead to ER stress and increased neuronal death (Secondo et al.,
2019), suggesting that Orai1-mediated SOCE is required for
ischemic preconditioning. As such, STIM1 and Orai1 play a
neuroprotective role post neural ischemic injury. In contrast to
these findings, Stegner et al. (2019) found that Orai2 deficiency
reduces Ca2+ accumulation and neuron death after exposure to
oxygen and glucose deprivation and had a protective effect in
a mouse model of ischemic stroke, indicating that disruption
of this normal calcium response lowers calcium overload and
thereby reduces neuronal damage in ischemic stroke. Although

both Orai1 and Orai2 contribute to SOCE, they play distinct roles
in ischemic stroke. As such, further research into the mechanisms
and effects of calcium flux in cortical neurons is essential in
understanding their roles in stroke.

SOCS IN THE HIPPOCAMPUS

SOC Components and Functions in
Hippocampal Neurons
The hippocampus has high STIM2 expression and low STIM1
level Both STIM1 and STIM2 mediate SOCE in hippocampal
neurons (Zhang et al., 2014, 2015; Ryazantseva et al., 2018). In
hippocampal CA1 tissue, all three Orai homologs are expressed
while Orai2 is expressed at the highest level (Chen-Engerer
et al., 2019). Orai2 is selectively involved in IP3 sensitive calcium
stores in the soma of CA1 pyramidal neurons (Chen-Engerer
et al., 2019), suggesting an important role of Orai2 in neuronal
SOCE in the CA1 region. Interestingly, Orai1 was found in a
large proportion of dendritic spines while Orai2 was detected
mainly in dendritic shafts but to a lesser extent in spines
(Korkotian et al., 2017; Tshuva et al., 2017). The different spatial
distribution of Orai1 and Orai2 may indicate distinct roles in
hippocampal function.

Store-operated calcium entry is an important Ca2+ influx
pathway and plays an important role in basic neuronal functions
and Ca2+ homeostasis in hippocampal neurons (Emptage et al.,
2001; Baba et al., 2003). Samtleben et al. (2015) found that
free ER and cytosolic calcium in hippocampal neurons was lost
continuously across the plasma membrane under transiently
calcium-free conditions. Interestingly, when SOCE was inhibited,
an immediate decline in ER calcium was observed, suggesting
that SOCs counteract continuous loss of ER and cytosolic
calcium and maintain basal Ca2+ levels in hippocampal neurons
(Samtleben et al., 2015). In addition, Orai1 is preferentially
localized in spines and helps regulate spine plasticity (Korkotian
et al., 2014; Segal and Korkotian, 2016). This finding aligns
with data that Orai1 plays a key role in synapse formation,
maturation, and plasticity (Korkotian et al., 2017; Tshuva
et al., 2017). Furthermore, STIM2 facilitates synaptic delivery
and regulates activity-dependent changes in synaptic strength
(Yap et al., 2017).

SOCs in Epilepsy and Alzheimer’s
Disease
Due to their important role in Ca2+ signaling and neuronal
plasticity, SOCs have been implicated in diseases related to
hippocampal dysfunction. Steinbeck et al. (2011) found that
STIM1 and STIM2 expression was increased in a rat model
of chronic epilepsy. In hippocampal specimens from medial
temporal lobe epilepsy patients, STIM1 and STIM2 were also
elevated (Steinbeck et al., 2011). Pharmacologic inhibition of
SOCE suppressed interictal spikes and rhythmizing epileptic
burst activity (Steinbeck et al., 2011). Interestingly, Orai1
overexpression has also been found to cause seizure like events
in aged female mice, suggesting that SOC dysfunction on its own
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is a potential etiology for seizure and epilepsy (Maciąg et al., 2019;
Majewski et al., 2019).

Alzheimer’s disease (AD) is a chronic neurodegenerative
disease and the most common cause of dementia worldwide
(Lane et al., 2018). AD has been linked to dysregulation of SOCs
in hippocampal neurons (Raza et al., 2007; Popugaeva et al.,
2015b). In long-term cultures reflecting aging neurons, there is
remodeling of Ca2+ influx and efflux with downregulation of
STIM1 and Orai1, increased expression of the mitochondrial
Ca2+ uniporter and Ca2+ stores in these neurons, and enhanced
Ca2+ release (Calvo-Rodríguez et al., 2016; Calvo-Rodriguez
et al., 2020). Reduction in STIM1 expression has also been
found in brain tissues of pathologically confirmed AD patients
(Pascual-Caro et al., 2018). Furthermore, neuronal SOCE in
postsynaptic spines plays a key role in stability of mushroom
shaped “memory spines,” the loss of which are indicative of
a deficiency in synaptic communication (Sun S. et al., 2014;
Ryskamp et al., 2019). This aligns with data that show in
a murine model of AD, overexpression of STIM2 attenuates
Aβ42 oligomers-induced mushroom spine loss in vitro and
in vivo through maintenance of normal SOCE (Popugaeva
et al., 2015a; Zhang et al., 2015, 2016). Presenilin 1 and
presenilin 2 have been associated with Familial AD, another
form of AD (Lanoiselée et al., 2017). Interestingly, in the
PSEN11E9 mutation model of Familial AD, there is an
increase in SOCE in postsynaptic spines in primary hippocampal
cultures. Pharmacologic inhibition of SOCE rescued mushroom
spine loss in hippocampal neurons (Chernyuk et al., 2019).
These studies suggest that SOCs play a distinct role in
different forms of AD.

SOCS IN THE STRIATUM

SOC Components and Functions in
Striatal Medium Spiny Neurons (MSNs)
Western blot analysis revealed that the SOC proteins are
expressed in medium spiny neurons (MSNs) (Wu J. et al., 2018).
The molecular composition of SOCs in MSNs has not been
well established. Kikuta et al. (2019) found strong expression of
Orai2, moderate expression of Orai3, and sparse expression of
Orai1 in striatal GABAergic neurons with strong expression of
both STIM1 and STIM2. Interestingly, knockdown of STIM1,
Orai1, or TRPC1 proteins leads to dramatic reduction of
SOCE in MSNs (Vigont et al., 2015), indicating STIM1, Orai1,
and TRPC1 mediate SOCE in MSNs. Additionally, a recent
study demonstrates that deletion of TRPC1 largely reduced
SOCE in MSNs (Wu J. et al., 2018), further indicating an
important role of TRPC1 in MSN SOCE. In addition, SKF96365,
a SOC and TRPC channel inhibitor, was found to reduce
the frequency of spontaneous slow Ca2+ oscillations in these
neurons, indicating the SOCE has a role in Ca2+ signaling in
MSNs (Kikuta et al., 2019).

SOCs in Huntington’s Disease (HD)
Huntington’s disease (HD) is the most common monogenic
neurodegenerative disease (Ghosh and Tabrizi, 2018). Patients

develop motor, cognitive, and psychiatric symptoms in middle
age, with continuous neurodegeneration until the end of
their lives (Ghosh and Tabrizi, 2018; McColgan and Tabrizi,
2018). Mutant Huntingtin (mHtt) protein causes striatal neuron
dysfunction, synaptic loss, and ultimately neurodegeneration in
HD (McColgan and Tabrizi, 2018). Neuronal cells expressing
mHtt show inhibition of the SOC pathway through binding
of mHtt to the type 1 inositol (1,4,5)-trisphosphate receptor
(InsP3R1), which increases the receptor’s sensitivity to activation
by InsP3 (Wu et al., 2011; Vigont et al., 2014). The overactivity
of this pathway is also in part because STIM2 expression is
elevated in these neurons, which leads to further dysregulation
of SOCE and spine loss in MSNs (Wu et al., 2016). Additionally,
knockdown of TRPC1, TRPC6, Orai1, or Orai2 also shows
protective effects on medium spiny neuron spines in HD model
mice (Wu J. et al., 2018). As such, SOCs have been studied
as a potential therapeutic target for HD, with the effect of the
potential anti-HD drug EVP4593 on calcium regulation via these
channels being investigated in recent years (Wu et al., 2016;
Vigont et al., 2018).

SOCS IN THE SUBSTANTIA NIGRA

SOC Components and Functions in
Dopaminergic (DA) Neurons
The protein expression of STIM1, Orai1, and several TRPC
channels was observed and robust SOCE and SOC currents were
recorded in dopaminergic (DA) neurons (Selvaraj et al., 2012; Sun
et al., 2018). While the molecular identity of SOCE has not been
conclusively identified in DA neurons, it has been reported that
downregulation of STIM1 or TRPC1 leads to the loss of SOCE
(Selvaraj et al., 2012; Sun et al., 2018), suggesting that SOCE is
mediated by STIM1 and TRPC1 in DA neurons in the substantia
nigra (Selvaraj et al., 2012).

SOCs in Parkinson’s Disease
Parkinson’s disease is defined by death of DA neurons in
the substantia nigra, which leads to the degeneration of
motor skills and memory that is characteristic of the disease
(Reich and Savitt, 2019). Ca2+ entry is crucial in regulation
of mitochondrial oxidative phosphorylation in DA neurons
(Surmeier et al., 2017). Interestingly, Ca2+ entry also drives basal
mitochondrial oxidant stress in these neurons (Surmeier et al.,
2017). SOCE in DA neurons regulates Ca2+ entry and activates
the AKT/mTOR pathway, a known neuroprotective pathway
in Parkinson’s disease (Selvaraj et al., 2012). Additionally, in
normal conditions, pacemaking activity in DA neurons is
inhibited by the TRPC1-STIM1 complex (Sun et al., 2017). When
neurotoxins mimicking Parkinson’s disease were introduced
in DA neurons, TRPC1 expression was targeted, increasing
activity of L-type Ca2+ channels and caspases, leading to
neurodegeneration (Sun et al., 2017). Furthermore, postmortem
substania nigra samples from Parkinson’s disease individuals
also showed decreased TRPC1 expression in the substantia
nigra pars compacta region compared to non-Parkinson’s disease
individuals (Selvaraj et al., 2012).
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SOCS IN THE CEREBELLUM

SOC Components and Functions in
Purkinje and Granule Neurons
The mouse cerebellum expresses the highest level of STIM1
among all brain regions (Lein et al., 2007; Hartmann et al.,
2014). In a human brain tissue study, STIM1 protein expression
was found to be relatively high in the cerebellum (Uhlén et al.,
2015). In mouse Purkinje neurons, STIM1 expression was more
robust than that of STIM2 (Hartmann et al., 2014). All three
Orai isoforms are detectable in the cerebellum and in Purkinje
neurons, with Orai2 as the dominant isoform in Purkinje
neurons (Hartmann et al., 2014). Interestingly, research has
focused on STIM1 and Orai1 proteins, which appear to mediate
SOCE in Purkinje neurons (Klejman et al., 2009). In Purkinje
neurons, STIM1 controls glutamate receptor-dependent synaptic
transmission and motor learning in mice (Hartmann et al., 2014).
Ryu et al. (2017) found deletion of STIM1 delayed clearance of
cytosolic Ca2+ during ongoing neuronal firing, reduced Purkinje
neuronal excitability, and impaired intrinsic plasticity without
affecting long term synaptic plasticity. Cerebellar granule cells
also express STIM1 and SOCs are functional in these neurons
(Singaravelu et al., 2008; Klejman et al., 2009). Although essential
components of the SOCE pathway are not well characterized in
granule cells, expression and pharmacological studies suggest that
STIM1 and Orai1 may mediate granule SOCE (Singaravelu et al.,
2008; Klejman et al., 2009).

SOC in Motor Memory Consolidation
As discussed above, SOCs are important for maintaining cellular
function in Purkinje cells. Defects in intrinsic plasticity of
Purkinje neurons can lead to formation of aberrant neural
plasticity in vestibular nucleus neurons, and thereby inhibition
of SOCE can affect long-term storage of motor memory and
lead to deficits in motor skills (Jang et al., 2020). Furthermore,
STIM1 knockout mice showed severe memory consolidation
deficiency in vestibule-ocular reflex memory (Ryu et al., 2017).
As intrinsic plasticity emerges as an important factor in
information processing and memory formation, especially in
Purkinje neurons, SOCE and its modulation of intrinsic plasticity
may elucidate potential etiologies for motor abnormalities and
memory loss (Shim et al., 2018). For example, given that
impaired intrinsic plasticity or degeneration of Purkinje neurons
is associated with ataxia and STIM1 knockdown is linked to
impaired intrinsic plasticity (Ryu et al., 2017; Ady et al., 2018;
Hoxha et al., 2018), deficiency of STIM1-mediated SOCE could
be a potential cause of ataxia.

SOCS IN THE DRG AND SPINAL CORD

SOC Components and Functions in
Spinal Cord Dorsal Horn and DRG
Neurons
The spinal cord dorsal horn and dorsal root ganglia (DRG)
act together to relay sensory information from the periphery to

the CNS (Cho, 2015). We and others have demonstrated that
Orai1/2/3 and STIM1/2 are expressed in dorsal horn neurons,
with STIM1, STIM2, and Orai1 acting as key mediators of SOCE
(Guzman et al., 2014; Xia et al., 2014). In addition, we have
shown that activation of Orai1 increases neuronal excitability
and reduces A-type potassium channels in dorsal horn neurons
(Dou et al., 2018).

We and others have also shown that the SOC proteins are also
expressed in DRG (Gemes et al., 2011; Wei et al., 2017). STIM1,
STIM2, Orai1, and Orai3 mediate SOCE in DRG neurons,
with small and medium sized DRG neurons exhibiting more
robust SOCE after Ca2+ depletion by TG (Wei et al., 2017). In
particular, nociceptors including TRPV1-, TRPA1-, TRPM8-, and
IB4-positive DRG neurons displayed greater SOCE than non-
nociceptive neurons. In addition, in nociceptive DRG neurons,
activation of SOCs by TG increases neuronal excitability while
Orai1 and Orai3 double knock down abolished such effect (Wei
et al., 2017), suggesting SOCE is an important Ca2+ influx
pathway for nociceptors.

SOCs in Pain
While the role of SOCs in pain is not completely understood,
there is strong evidence that SOCs play an important role in
modulating nociception and chronic pain (Gao et al., 2013,
2015; Qi et al., 2016). We have reported that pretreatment
with YM-58483, a potent SOC inhibitor, reduced acute
pain and prevented the development of CFA- or collagen-
induced inflammatory pain. YM-58483 also attenuated thermal
and mechanical hypersensitivity after inflammatory pain was
established (Gao et al., 2013, 2015). Moreover, administration
of YM-58483 diminished neuropathic pain induced by spared
nerve injury, a well-established neuropathic pain model (Gao
et al., 2013). Consistent with the pharmacological results,
Orai1 deficiency significantly decreased acute pain induced by
noxious stimuli, reduced intraplantar carrageenan injection-
induced pain, and abolished the increase in neuronal excitability
induced by TG (in vitro) and intraplantar carrageenan injection
(recorded in spinal cord slices) (Dou et al., 2018). These data
suggest that SOCE is an important player in nociception and
inflammatory pain, and could potentially be used as a novel target
for chronic pain.

SOCS IN GLIAL CELLS

Glial cells play essential roles in brain homeostasis. There are
three main types of glia in the CNS: astrocytes, microglia,
and oligodendrocytes; all play distinct roles supporting neurons
and their interconnections (Jessen, 2004). For astrocytes and
microglia, the regulation of their activities is in part controlled by
Ca2+ signaling and their own calcium homeostasis (Kettenmann
et al., 2011; Shigetomi et al., 2019). The various immune
pathways mediated by SOCE in astrocytes and microglia
point to the importance of SOCs in modulating inflammation
and CNS defense, as well as identify dysfunction of SOCs
as potential causes for diseases of abnormal immunity and
inflammation in the CNS.
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SOC Components and Functions in
Astrocytes
The expression of STIM1/2 and Orai1/2/3 in astrocytes has been
demonstrated by multiple groups (Jung et al., 2000; Lo et al.,
2002; Singaravelu et al., 2006; Moreno et al., 2012; Gao et al.,
2016; Kwon et al., 2017). It is well documented that SOCE
can be induced in astrocytes in the central nervous system.
In hippocampal astrocytes, CRAC channels regulate astrocyte
Ca2+ signaling, gliotransmitter release, and astrocyte-mediated
tonic inhibition of CA1 pyramidal neurons (Toth et al., 2019).
In cortical astrocytes, STIM1 in combination with Orai1 and
Orai3 mediates SOCE in a majority of cells (Moreno et al., 2012;
Kwon et al., 2017). Similarly, in spinal astrocytes, STIM1, STIM2,
and Orai1 were identified as primary mediators of SOCE (Gao
et al., 2016). Retinal Müller glia also express STIMs and Orais
(Molnar et al., 2016). Double labeling results show that STIM1
(not STIM2) is predominantly found in Müller glia. Interestingly,
SOCE is mediated by synergistic activation of TRPC and Orai
channels in these cells (Molnar et al., 2016). Furthermore, a group
developed a mathematical model for calcium flux in astrocytes,
and reported that while Ca2+ influx levels through SOCs in
astrocytes are low, sustained calcium oscillations require SOC
activation (Handy et al., 2017). As the intrinsic frequency of
calcium oscillations is theorized to be important in regulating
activities such as gliotransmission, SOCs could be used as a
potential modulator of these activities (De Pittà et al., 2009;
Handy et al., 2017).

SOC Components and Functions in
Microglia
Microglial SOCE was first reported in mice (Toescu et al.,
1998). Later studies have reported that SOCE is present in
human microglia (Wang et al., 1999; McLarnon et al., 2000;
Khoo et al., 2001; Hong et al., 2006). Multiple studies have
demonstrated STIM1/2 and Orai1/2/3 are expressed and SOCE
occurs in these cells (Kraft, 2015; Michaelis et al., 2015; Gilbert
et al., 2016). STIM1 and Orai1 play a major role in microglial
SOCE and SOC currents while STIM2 is less effective to activate
SOCE than STIM1 (Michaelis et al., 2015; Lim et al., 2017).
Functionally, SOC inhibition or ablation of STIM1, STIM2,
or Orai1 has been shown to inhibit migration, phagocytosis,
cytokine secretion, and NFAT1 activity (Ikeda et al., 2013;
Heo et al., 2015; Michaelis et al., 2015; Lim et al., 2017).

Glial SOCs in CNS Diseases
Reactive astrocytes have been implicated in many CNS disorders,
such as epilepsy, Alzheimer disease, Parkinson’s disease, and
multiple sclerosis (Glass et al., 2010; Brambilla et al., 2013;
Devinsky et al., 2013). Spinal astrocytes have been recognized
as active participants in chronic pain conditions (Ji et al.,
2006; McMahon and Malcangio, 2009). We have shown that
activation of SOCs increases TNF-α and IL-6 production, while
knockdown of STIM1 or Orai1 greatly attenuates cytokine
production (Gao et al., 2016). Furthermore, knockdown of
STIM2 and Orai1 decreases lipopolysaccharide-induced TNF-
α and IL-6 production without altering viability of astrocytes

(Gao et al., 2016). These data suggest that SOCs may represent
potential therapeutic targets for neuroinflammation.

Store-operated calcium entry has been linked to the
pathogenesis of glioblastoma multiforme (GBM), the highest
grade glioma and most malignant astrocytoma (Motiani et al.,
2013). In human glioblastoma cells, SOC function is largely
enhanced compared to normal astrocytes (Kovacs et al., 2005).
Multiple groups have found STIM1 and Orai1 knockdown lead
to a dramatic decrease in cell invasion in GBM, as such STIM1
has been proposed as a potential target in GBM treatment (Liu
et al., 2011; Li G. et al., 2013; Motiani et al., 2013). Interestingly,
in a recent study, induction of SOCE suppressed GBM growth
via inhibition of Hippo pathway transcriptional coactivators
YAP/TAZ (Liu et al., 2019). Hence, more research is warranted to
establish the role of SOCs in GBM. Astrocyte Ca2+ activity also
plays an important role in Rett syndrome disease progression.
Dong et al. (2018) reported that spontaneous calcium activity
is abnormal in RTT astrocytes in vitro and in vivo, which is
caused by abnormal SOCE partially associated with elevated
expression of TRPC4.

Microglial SOCE has been implicated in a variety of nervous
system disorders as well. For example, AD microglia have
significantly higher basal Ca2+ relative to microglia from non-
AD people, and ATP- and PAF-induced SOCE is markedly
reduced (McLarnon et al., 2005), indicating that microglia from
AD patients have significant abnormalities in Ca2+ mediated
signal transduction. Microglial SOCs may also play a role in
PD. Lu et al. (2019) used 1-methyl4-phenylpyridinium (MPP),
a metabolite of 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, a mouse model of PD), to induce microgliosis and
neuroinflammation and observed time-dependent upregulation
of Orai1 and an increase of SOCE. A recent report suggests that
microglial SOCs are also involved in brain trauma. In a mouse
model of brain trauma, inhibition of SOCs decreases lesion size,
brain hemorrhage, and improves neurological deficits associated
with decreased microglial activation, and expression levels of
iNOS, Orai1 and STIM1 (Mizuma et al., 2019). Moreover, in a
model of helminth infection, there was negative regulation of
TRPC1 and Orai1 mediated SOCE, which lead to inhibition of
NF-κB and MAPK pathways in microglia (Sun Y. et al., 2014).

DEVELOPMENT OF POTENTIAL
THERAPIES

Store-operated calcium channels have been proposed as
therapeutic drug targets for cancer, autoimmune, and
inflammatory disorders (Stauderman, 2018; Feske, 2019;
Khan et al., 2020). Great efforts have been made to identify
potent and selective Orai1 inhibitors. Several compounds have
entered clinical trials (Stauderman, 2018). However, challenges
have been encountered in developing CRAC channel blockers
that have high selectivity and low side effects due to their
expression profile across major organ systems (Liu S. et al.,
2017). While preclinical studies continue to identify more
potent and selective compounds, new chemical scaffolds that
target different components or new pharmacophores in the
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SOC complex may offer great opportunities to develop better
therapeutics. Drug development is even more challenging for
treatments of CNS diseases because of the nervous system’s
complex and poor translation from animal models to human
disease. As such, drug discovery of SOC inhibitors for CNS
disorders is still in the early phase of target validation. To validate
SOCs as therapeutic targets for these diseases, we should also
consider whether existing therapies modulate SOCs. It has been
reported that non-steroidal anti-inflammatory drugs (NSAIDs)
sulindac, salicylate, and other NSAIDs including ibuprofen and
indomethacin have been found to inhibit SOCE in colon cancer
cells and in vascular smooth muscle cells (Muñoz et al., 2011;
Hernández-Morales et al., 2017; Villalobos et al., 2019). It would
be worthy to investigate whether these existing drugs can treat
CNS disorders associated with neuroinflammation. Elucidating
how these treatments interact with SOCs can lend evidence to
SOC modulators as potential treatments in these pathologies.

DISCUSSION

Store-operated calcium channels are functional throughout the
nervous system and regulate a wide variety of physiological
processes (Table 1). While STIMs and Orais have been shown
to have significant expression in many regions of the nervous
system, interestingly their expression levels and distribution
patterns vary during developmental phases and in different

regions of the nervous system. Stim1 is robustly expressed
in Purkinje neurons (Hartmann et al., 2014), but Stim2 is
more abundant in hippocampal neurons (Berna-Erro et al.,
2009). STIM1 mainly activates SOCE, whereas STIM2 is more
involved in regulation of basal intracellular calcium levels
(Gruszczynska-Biegala and Kuznicki, 2013; Xia et al., 2014).
Orais are differentially expressed in different cell types from
the nervous system with Orai2 being the predominant isoform.
Orai2 has been reported to contribute to neuronal SOCE in the
cortex and hippocampus while Orai1 is the major functional
components responsible for SOCE in most cell types. In contrast,
Orai3 appears to play a less important role. Furthermore, the
various interplays of the TRP family with STIM and Orai
proteins complicate the picture. As such, it is not surprising that
while SOCE has been implicated in many neuronal processes
from developmental signaling to pain transmission, its role in
each of these actions is not consistent. Thus, it is also not
surprising that loss- and gain-of-SOCE and thereby disruption
of calcium homeostasis is implicated in such a wide range
of neurological diseases (Figure 1). Further research into the
specific expression and factors influencing SOCE in each of the
aforementioned nervous system cells is warranted to elucidate
their true roles in these physiological and pathological processes
and to clarify whether their putative potential as treatments in
these pathologies is valid.

As the field of SOCs in neurological diseases is relatively
nascent, data are limited and understanding of the role of

TABLE 1 | A summary table of the various nervous cells demonstrating SOCE and their SOCE-related physiological functions.

Cell SOCE-related physiological functions References

Cortical neurons Ca2+ homeostasis during cortical development and in developed
neurons
Long term depression
Long term potentiation

Gruszczynska-Biegala and Kuznicki, 2013;
Garcia-Alvarez et al., 2015; Hou et al., 2015;
González-Sánchez et al., 2017; Guner et al., 2017;
Bouron, 2020

Hippocampal neurons Counteract continuous loss of Ca2+ across the plasma membrane to
maintain basal Ca2+ homeostasis
Synapse formation, maturation, and plasticity

Samtleben et al., 2015; Segal and Korkotian, 2016;
Korkotian et al., 2017; Yap et al., 2017

Striatal medium spiny neurons Involvement in spontaneous slow Ca2+ oscillations Kikuta et al., 2019

Dopaminergic neurons Regulation of mitochondrial oxidative phosphorylation
Activation of AKT/mTOR pathway

Selvaraj et al., 2012; Sun et al., 2017; Surmeier
et al., 2017

Purkinje neurons Clearance of cytosolic Ca2+ during neuronal firing
Modulation of neuronal excitability and intrinsic plasticity
Refilling of calcium stores required for TRPC3 function
Regulation of mGluR1/TRPC3-dependent slow excitatory synaptic
potentials
Cerebellar motor function

Hartmann et al., 2014; Ryu et al., 2017;
Shim et al., 2018; Jang et al., 2020

Cerebellar granule cells Involvement in spontaneous Ca2+ oscillations Singaravelu et al., 2008

Spinal cord dorsal horn Regulation of resting calcium homeostasis, A type potassium channels,
and neuronal excitability

Xia et al., 2014

Dorsal root ganglion neurons Modulation of neuronal excitability Wei et al., 2017

Astrocytes Gliotransmitter release/gliotransmission
Tonic inhibition of CA1 pyramidal neurons
Cytokine secretion

Handy et al., 2017; Toth et al., 2019

Muller glia Depletion dependent Ca2+ homeostasis Molnar et al., 2016

Microglia Cellular migration
Phagocytosis
Cytokine secretion
NFAT1 activity

Ikeda et al., 2013; Heo et al., 2015;
Michaelis et al., 2015; Lim et al., 2017
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FIGURE 1 | Schematic showing the different regions and cells of the nervous system where store-operated calcium entry (SOCE) has been shown to regulated
cellular processes and the related pathologies linked to dysfunction of SOCE in these regions.

SOCs in excitable cells is continuously evolving. While there
are data exhibiting SOC function and activation, many of these
experiments have employed the use of exogenous chemicals to
activate or inhibit these channels (Chen et al., 2013; Gao et al.,
2015; Qi et al., 2016; González-Sánchez et al., 2017; Domenichini
et al., 2018). Moreover, these channels are often studied in vitro.
When placed in a physiologic setting without these exogenous
chemicals, SOCs may not act as expected, which could complicate
our understanding of their physiological role. As there is limited
data on how SOCs are activated under physiological conditions
and how they affect pathological conditions in vivo, further
studies must be done to address these questions using animal
models and genetic tools.

Given the importance of Ca2+ homeostasis and Ca2+

signaling throughout the nervous system, it is understandable
that SOCs show connections to the wide variety of neurological

disorders discussed throughout this review. Again, as data on
SOCs in neurons and glial cells are limited, our understanding
of where SOCs fit into the pathophysiology of dementia, pain,
and other neurological disorders is ever evolving. In addition,
SOCs are often discussed as potential novel targets for these
neurological diseases (Wu et al., 2011; Gao et al., 2013; Cui
et al., 2017; Stegner et al., 2019; Waldron et al., 2019). While
data of modulating SOC function in animal models of diseases
are promising, they cannot be taken in isolation. With STIM1/2
and Orai1/2/3 expressed widely throughout all body systems,
potential therapies based on SOCE modulation must take into
account systemic effects when evaluating efficacy and safety.
Furthermore, with data showing upregulation or maintenance
is beneficial in certain disease states but deleterious or even
causative in others, it is important to consider potential therapies
in context of other diseases during development.
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In short, the study of SOCs has yielded a new perspective
by which researchers can examine the nervous system
and its pathologies. Although the molecular components
of SOCE and their functional significance in the nervous
system are still controversial and multifaceted, it is clear
that SOCs play an important role in neuronal development,
homeostasis, signaling, neuronal excitability, and synapse
formation. Increasing evidence indicates that dysfunction
of SOCs is linked to brain injury, epilepsy, AD, HD, and
pain. Furthermore, by elucidating new modalities by which
neurological pathologies arise, the study of SOCs will provide
additional avenues for developing therapies for difficult to
treat or incurable neurological disorders. While understanding
of SOCs is still developing, there is tremendous potential for

discovery and advancement of neuroscience through continued
research in SOCs.
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Majewski, L., Wojtas, B., Maciąg, F., and Kuznicki, J. (2019). Changes in calcium
homeostasis and gene expression im1plicated in epilepsy in hippocampi of mice
overexpressing ORAI1. Int. J. Mol. Sci. 20:5539. doi: 10.3390/ijms20225539

McCarl, C.-A., Picard, C., Khalil, S., Kawasaki, T., Röther, J., and Papolos,
A. (2009). ORAI1 deficiency and lack of store-operated Ca2+ entry cause
immunodeficiency, myopathy, and ectodermal dysplasia. J. Allergy Clin.
Immunol. 124, 1311–1318.e7.

McColgan, P., and Tabrizi, S. J. (2018). Huntington’s disease: a clinical review. Eur.
J. Neurol. 25, 24–34.

McLarnon, J. G., Choi, H. B., Lue, L. F., Walker, D. G., and Kim, S. U. (2005).
Perturbations in calcium-mediated signal transduction in microglia from
Alzheimer’s disease patients. J. Neurosci. Res. 81, 426–435. doi: 10.1002/jnr.
20487

McLarnon, J. G., Helm, J., Goghari, V., Franciosi, S., Choi, H. B., Nagai, A.,
et al. (2000). Anion channels modulate store-operated calcium influx in human
microglia. Cell Calcium 28, 261–268. doi: 10.1054/ceca.2000.0150

McMahon, S. B., and Malcangio, M. (2009). Current challenges in glia-pain biology.
Neuron 64, 46–54. doi: 10.1016/j.neuron.2009.09.033

Mercer, J. C., Dehaven, W. I, Smyth, J. T., Wedel, B., Boyles, R. R., Bird, G. S., et al.
(2006). Large store-operated calcium selective currents due to co-expression of
Orai1 or Orai2 with the intracellular calcium sensor, Stim1. J. Biol. Chem. 281,
24979–24990. doi: 10.1074/jbc.m604589200

Michaelis, M., Nieswandt, B., Stegner, D., Eilers, J., and Kraft, R. (2015). STIM1,
STIM2, and Orai1 regulate store-operated calcium entry and purinergic
activation of microglia. Glia 63, 652–663. doi: 10.1002/glia.22775

Mizuma, A., Kim, J. Y., Kacimi, R., Stauderman, K., Dunn, M., Hebbar, S.,
et al. (2019). Microglial calcium release-activated calcium channel inhibition
improves outcome from experimental traumatic brain injury and microglia-
induced neuronal death. J. Neurotrauma 36, 996–1007. doi: 10.1089/neu.2018.
5856

Molnar, T., Yarishkin, O., Iuso, A., Barabas, P., Jones, B., Marc, R. E., et al.
(2016). Store-Operated calcium entry in muller glia is controlled by synergistic
activation of TRPC and Orai channels. J. Neurosci. 36, 3184–3198. doi: 10.1523/
jneurosci.4069-15.2016

Moreno, C., Sampieri, A., Vivas, O., Peña-Segura, C., and Vaca, L. (2012). STIM1
and Orai1 mediate thrombin-induced Ca(2+) influx in rat cortical astrocytes.
Cell Calcium 52, 457–467. doi: 10.1016/j.ceca.2012.08.004

Motiani, R. K., Hyzinski-García, M. C., Zhang, X., Henkel, M. M., Abdullaev, I. F.,
Kuo, Y. H., et al. (2013). STIM1 and Orai1 mediate CRAC channel activity and
are essential for human glioblastoma invasion. Pflugers. Arch. 465, 1249–1260.
doi: 10.1007/s00424-013-1254-8

Muñoz, E., Valero, R. A., Quintana, A., Hoth, M., Núñez, L., and Villalobos, C.
(2011). Nonsteroidal anti-inflammatory drugs inhibit vascular smooth muscle
cell proliferation by enabling the Ca2+-dependent inactivation of calcium
release-activated calcium/orai channels normally prevented by mitochondria.
J. Biol. Chem. 286, 16186–16196. doi: 10.1074/jbc.m110.198952

Nascimento Da Conceicao, V., Sun, Y., Zboril, E. K., De la Chapa, J. J., and
Singh, B. B. (2019). Loss of Ca(2+) entry via Orai-TRPC1 induces ER stress,
initiating immune activation in macrophages. J. Cell Sci. 133:jcs237610. doi:
10.1242/jcs.237610

Nuñez, L., Sanchez, A., Fonteriz, R. I., and Garcia-Sancho, J. (1996). Mechanisms
for synchronous calcium oscillations in cultured rat cerebellar neurons. Eur. J.
Neurosci. 8, 192–201. doi: 10.1111/j.1460-9568.1996.tb01180.x

Ong, H. L., Cheng, K. T., Liu, X., Bandyopadhyay, B. C., Paria, B. C., Soboloff,
J., et al. (2007). Dynamic assembly of TRPC1-STIM1-Orai1 ternary complex

Frontiers in Cellular Neuroscience | www.frontiersin.org 11 November 2020 | Volume 14 | Article 600758

https://doi.org/10.1113/jp272645
https://doi.org/10.1113/jp272645
https://doi.org/10.1080/19336950.2015.1071747
https://doi.org/10.5607/en.2017.26.1.42
https://doi.org/10.1016/j.neuroscience.2020.06.014
https://doi.org/10.1016/j.neuroscience.2020.06.014
https://doi.org/10.1371/journal.pmed.1002270
https://doi.org/10.1038/nature05637
https://doi.org/10.1186/1756-9966-32-20
https://doi.org/10.1016/j.brainres.2012.12.005
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.yexmp.2011.09.005
https://doi.org/10.4049/jimmunol.1700192
https://doi.org/10.4049/jimmunol.1700192
https://doi.org/10.1126/scisignal.aal4064
https://doi.org/10.1038/s41388-018-0425-7
https://doi.org/10.1038/sj.bjp.0704594
https://doi.org/10.3390/cells9010126
https://doi.org/10.3390/cells9010126
https://doi.org/10.1016/j.tcb.2016.09.008
https://doi.org/10.1016/j.ceca.2011.08.006
https://doi.org/10.1016/j.ceca.2011.08.006
https://doi.org/10.1007/s00424-015-1757-6
https://doi.org/10.1007/s00424-015-1757-6
https://doi.org/10.1016/j.bbamcr.2019.01.007
https://doi.org/10.3390/ijms20225539
https://doi.org/10.1002/jnr.20487
https://doi.org/10.1002/jnr.20487
https://doi.org/10.1054/ceca.2000.0150
https://doi.org/10.1016/j.neuron.2009.09.033
https://doi.org/10.1074/jbc.m604589200
https://doi.org/10.1002/glia.22775
https://doi.org/10.1089/neu.2018.5856
https://doi.org/10.1089/neu.2018.5856
https://doi.org/10.1523/jneurosci.4069-15.2016
https://doi.org/10.1523/jneurosci.4069-15.2016
https://doi.org/10.1016/j.ceca.2012.08.004
https://doi.org/10.1007/s00424-013-1254-8
https://doi.org/10.1074/jbc.m110.198952
https://doi.org/10.1242/jcs.237610
https://doi.org/10.1242/jcs.237610
https://doi.org/10.1111/j.1460-9568.1996.tb01180.x
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-600758 November 20, 2020 Time: 16:39 # 12

Zhang and Hu Store-Operated Calcium Channels in the CNS

is involved in store-operated calcium influx. evidence for similarities in store-
operated and calcium release-activated calcium channel components. J. Biol.
Chem. 282, 9105–9116. doi: 10.1074/jbc.m608942200

Pascual-Caro, C., Berrocal, M., Lopez-Guerrero, A. M., Alvarez-Barrientos, A., and
Pozo-Guisado, E. (2018). STIM1 deficiency is linked to Alzheimer’s disease and
triggers cell death in SH-SY5Y cells by upregulation of L-type voltage-operated
Ca(2+) entry. J. Mol. Med. 96, 1061–1079. doi: 10.1007/s00109-018-1677-y

Popugaeva, E., Pchitskaya, E., Speshilova, A., Alexandrov, S., Zhang, H., Vlasova,
O., et al. (2015a). STIM2 protects hippocampal mushroom spines from amyloid
synaptotoxicity. Mol. Neurodegener. 10:37.

Popugaeva, E., Vlasova, O. L., and Bezprozvanny, I. (2015b). Restoring calcium
homeostasis to treat Alzheimer’s disease: a future perspective. Neurodegener Dis.
Manag. 5, 395–398. doi: 10.2217/nmt.15.36

Prakriya, M., and Lewis, R. S. (2015). Store-operated calcium channels. Physiol. Rev.
95, 1383–1436.

Putney, J. W. Jr. (1986). A model for receptor-regulated calcium entry. Cell Calcium
7, 1–12. doi: 10.1016/0143-4160(86)90026-6

Qi, Z., Wang, Y., Zhou, H., Liang, N., Yang, L., Liu, L., et al. (2016). The central
analgesic mechanism of YM-58483 in attenuating neuropathic pain in rats. Cell
Mol. Neurobiol. 36, 1035–1043. doi: 10.1007/s10571-015-0292-5

Rao, W., Zhang, L., Peng, C., Hui, H., Wang, K., and Su, N. (2015). Downregulation
of STIM2 improves neuronal survival after traumatic brain injury by alleviating
calcium overload and mitochondrial dysfunction. Biochim. Biophys. Acta 1852,
2402–2413. doi: 10.1016/j.bbadis.2015.08.014

Raza, M., Deshpande, L. S., Blair, R. E., Carter, D. S., Sombati, S., and DeLorenzo,
R. J. (2007). Aging is associated with elevated intracellular calcium levels and
altered calcium homeostatic mechanisms in hippocampal neurons. Neurosci.
Lett. 418, 77–81. doi: 10.1016/j.neulet.2007.03.005

Reich, S. G., and Savitt, J. M. (2019). Parkinson’s disease. Med. Clin. North Am. 103,
337–350.

Ryazantseva, M., Goncharova, A., Skobeleva, K., Erokhin, M., Methner, A.,
Georgiev, P., et al. (2018). Presenilin-1 Delta E9 mutant induces STIM1-driven
store-operated calcium channel hyperactivation in hippocampal neurons. Mol.
Neurobiol. 55, 4667–4680. doi: 10.1007/s12035-017-0674-4

Ryskamp, D., Wu, L., Wu, J., Kim, D., Rammes, G., Geva, M., et al. (2019).
Pridopidine stabilizes mushroom spines in mouse models of Alzheimer’s disease
by acting on the sigma-1 receptor. Neurobiol. Dis. 124, 489–504. doi: 10.1016/j.
nbd.2018.12.022

Ryu, C., Jang, D. C., Jung, D., Kim, Y. G., Shim, H. G., and Ryu, H.-H. (2017).
STIM1 regulates somatic Ca(2+) signals and intrinsic firing properties of
cerebellar purkinje neurons. J. Neurosci. 37, 8876–8894. doi: 10.1523/jneurosci.
3973-16.2017

Samtleben, S., Wachter, B., and Blum, R. (2015). Store-operated calcium entry
compensates fast ER calcium loss in resting hippocampal neurons. Cell Calcium
58, 147–159. doi: 10.1016/j.ceca.2015.04.002

Secondo, A., Petrozziello, T., Tedeschi, V., Boscia, F., Vinciguerra, A., and
Ciccone, R. (2019). ORAI1/STIM1 interaction intervenes in stroke and in
neuroprotection induced by ischemic preconditioning through store-operated
calcium entry. Stroke 50, 1240–1249. doi: 10.1161/strokeaha.118.024115

Segal, M., and Korkotian, E. (2016). Roles of calcium stores and store-operated
channels in plasticity of dendritic spines. Neuroscientist 22, 477–485. doi:
10.1177/1073858415613277

Selvaraj, S., Sun, Y., Watt, J. A., Wang, S., Lei, S., Birnbaumer, L., et al.
(2012). Neurotoxin-induced ER stress in mouse dopaminergic neurons involves
downregulation of TRPC1 and inhibition of AKT/mTOR signaling. J. Clin.
Invest. 122, 1354–1367. doi: 10.1172/jci61332

Shigetomi, E., Saito, K., Sano, F., and Koizumi, S. (2019). Aberrant calcium signals
in reactive astrocytes: a key process in neurological disorders. Int. J. Mol. Sci.
20:996. doi: 10.3390/ijms20040996

Shim, H. G., Lee, Y. S., and Kim, S. J. (2018). The emerging concept of intrinsic
plasticity: activity-dependent modulation of intrinsic excitability in cerebellar
purkinje cells and motor learning. Exp. Neurobiol. 27, 139–154. doi: 10.5607/
en.2018.27.3.139

Singaravelu, K., Lohr, C., and Deitmer, J. W. (2006). Regulation of store-operated
calcium entry by calcium-independent phospholipase A2 in rat cerebellar
astrocytes. J. Soc. Neurosci. 26, 9579–9592. doi: 10.1523/jneurosci.2604-06.2006

Singaravelu, K., Lohr, C., and Deitmer, J. W. (2008). Calcium-independent
phospholipase A2 mediates store-operated calcium entry in rat cerebellar
granule cells. Cerebellum 7, 467–481. doi: 10.1007/s12311-008-0050-z

Skibinska-Kijek, A., Wisniewska, M. B., Gruszczynska-Biegala, J., Methner, A., and
Kuznicki, J. (2009). Immunolocalization of STIM1 in the mouse brain. Acta
Neurobiol. Exp. 69, 413–428.

Stauderman, K. A. (2018). CRAC channels as targets for drug discovery
and development. Cell Calcium 74, 147–159. doi: 10.1016/j.ceca.2018.
07.005

Stegner, D., Hofmann, S., Schuhmann, M. K., Kraft, P., Herrmann, A. M.,
and Popp, S. (2019). Loss of Orai2-mediated capacitative Ca(2+) entry is
neuroprotective in acute ischemic stroke. Stroke 50, 3238–3245. doi: 10.1161/
strokeaha.119.025357

Steinbeck, J. A., Henke, N., Opatz, J., Gruszczynska-Biegala, J., Schneider, L., and
Theiss, S. (2011). Store-operated calcium entry modulates neuronal network
activity in a model of chronic epilepsy. Exp. Neurol. 232, 185–194. doi: 10.1016/
j.expneurol.2011.08.022

Sun, S., Zhang, H., Liu, J., Popugaeva, E., Xu, N.-J., Feske, S., et al. (2014). Reduced
synaptic STIM2 expression and impaired store-operated calcium entry cause
destabilization of mature spines in mutant presenilin mice. Neuron 82, 79–93.
doi: 10.1016/j.neuron.2014.02.019

Sun, Y., Chauhan, A., Sukumaran, P., Sharma, J., Singh, B. B., and Mishra,
B. B. (2014). Inhibition of store-operated calcium entry in microglia by
helminth factors: implications for immune suppression in neurocysticercosis.
J Neuroinflammation 11:210.

Sun, Y., Selvaraj, S., Pandey, S., Humphrey, K. M., Foster, J. D., Wu, M.,
et al. (2018). MPP(+) decreases store-operated calcium entry and TRPC1
expression in Mesenchymal Stem Cell derived dopaminergic neurons. Sci. Rep.
8:11715.

Sun, Y., Zhang, H., Selvaraj, S., Sukumaran, P., Lei, S., Birnbaumer, L., et al. (2017).
Inhibition of L-Type Ca(2+) channels by TRPC1-STIM1 complex is essential
for the protection of dopaminergic neurons. J. Neurosci. 37, 3364–3377. doi:
10.1523/jneurosci.3010-16.2017

Surmeier, D. J., Schumacker, P. T., Guzman, J. D., Ilijic, E., Yang, B., and Zampese,
E. (2017). Calcium and Parkinson’s disease. Biochem. Biophys. Res. Commun.
483, 1013–1019.

Takahashi, Y., Murakami, M., Watanabe, H., Hasegawa, H., Ohba, T., and
Munehisa, Y. (2007). Essential role of the N-terminus of murine Orai1 in
store-operated Ca2+ entry. Biochem. Biophys. Res. Commun. 356, 45–52. doi:
10.1016/j.bbrc.2007.02.107

Toescu, E. C., Möller, T., Kettenmann, H., and Verkhratsky, A. (1998). Long-term
activation of capacitative Ca2+ entry in mouse microglial cells. Neuroscience 86,
925–935. doi: 10.1016/s0306-4522(98)00123-7

Toth, A. B., Hori, K., Novakovic, M. M., Bernstein, N. G., Lambot, L., and
Prakriya, M. (2019). CRAC channels regulate astrocyte Ca(2+) signaling and
gliotransmitter release to modulate hippocampal GABAergic transmission. Sci.
Signal. 12:eaaw5450. doi: 10.1126/scisignal.aaw5450

Tshuva, R. Y., Korkotian, E., and Segal, M. (2017). ORAI1-dependent synaptic
plasticity in rat hippocampal neurons. Neurobiol. Learn. Mem. 140, 1–10. doi:
10.1016/j.nlm.2016.12.024

Uhlén, M., Fagerberg, L., Hallström, B. M., Lindskog, C., Oksvold, P., and
Mardinoglu, A. (2015). Proteomics. Tissue-based map of the human proteome.
Science 347:1260419.

Vigont, V. A., Zimina, O. A., Glushankova, L. N., Kolobkova, J. A., Ryazantseva,
M. A., Mozhayeva, G. N., et al. (2014). STIM1 protein activates store-operated
calcium channels in cellular model of huntington’s disease. Acta Nat. 6, 40–47.
doi: 10.32607/20758251-2014-6-4-40-47

Vigont, V., Kolobkova, Y., Skopin, A., Zimina, O., Zenin, V., Glushankova, L., et al.
(2015). Both orai1 and TRPC1 are involved in excessive store-operated calcium
entry in striatal neurons expressing mutant huntingtin exon 1. Front. Physiol.
6:337.

Vigont, V., Nekrasov, E., Shalygin, A., Gusev, K., Klushnikov, S., Illarioshkin, S.,
et al. (2018). Patient-specific iPSC-based models of huntington’s disease as a
tool to study store-operated calcium entry drug targeting. Front. Pharmacol.
9:696.

Villalobos, C., Hernández-Morales, M., Gutiérrez, L. G., and Núñez, L. (2019).
TRPC1 and ORAI1 channels in colon cancer. Cell Calcium 81, 59–66. doi:
10.1016/j.ceca.2019.06.003

Waldron, R. T., Chen, Y., Pham, H., Go, A., Su, H. Y., and Hu, C. (2019). The
Orai Ca(2+) channel inhibitor CM4620 targets both parenchymal and immune
cells to reduce inflammation in experimental acute pancreatitis. J. Physiol. 597,
3085–3105. doi: 10.1113/jp277856

Frontiers in Cellular Neuroscience | www.frontiersin.org 12 November 2020 | Volume 14 | Article 600758

https://doi.org/10.1074/jbc.m608942200
https://doi.org/10.1007/s00109-018-1677-y
https://doi.org/10.2217/nmt.15.36
https://doi.org/10.1016/0143-4160(86)90026-6
https://doi.org/10.1007/s10571-015-0292-5
https://doi.org/10.1016/j.bbadis.2015.08.014
https://doi.org/10.1016/j.neulet.2007.03.005
https://doi.org/10.1007/s12035-017-0674-4
https://doi.org/10.1016/j.nbd.2018.12.022
https://doi.org/10.1016/j.nbd.2018.12.022
https://doi.org/10.1523/jneurosci.3973-16.2017
https://doi.org/10.1523/jneurosci.3973-16.2017
https://doi.org/10.1016/j.ceca.2015.04.002
https://doi.org/10.1161/strokeaha.118.024115
https://doi.org/10.1177/1073858415613277
https://doi.org/10.1177/1073858415613277
https://doi.org/10.1172/jci61332
https://doi.org/10.3390/ijms20040996
https://doi.org/10.5607/en.2018.27.3.139
https://doi.org/10.5607/en.2018.27.3.139
https://doi.org/10.1523/jneurosci.2604-06.2006
https://doi.org/10.1007/s12311-008-0050-z
https://doi.org/10.1016/j.ceca.2018.07.005
https://doi.org/10.1016/j.ceca.2018.07.005
https://doi.org/10.1161/strokeaha.119.025357
https://doi.org/10.1161/strokeaha.119.025357
https://doi.org/10.1016/j.expneurol.2011.08.022
https://doi.org/10.1016/j.expneurol.2011.08.022
https://doi.org/10.1016/j.neuron.2014.02.019
https://doi.org/10.1523/jneurosci.3010-16.2017
https://doi.org/10.1523/jneurosci.3010-16.2017
https://doi.org/10.1016/j.bbrc.2007.02.107
https://doi.org/10.1016/j.bbrc.2007.02.107
https://doi.org/10.1016/s0306-4522(98)00123-7
https://doi.org/10.1126/scisignal.aaw5450
https://doi.org/10.1016/j.nlm.2016.12.024
https://doi.org/10.1016/j.nlm.2016.12.024
https://doi.org/10.32607/20758251-2014-6-4-40-47
https://doi.org/10.1016/j.ceca.2019.06.003
https://doi.org/10.1016/j.ceca.2019.06.003
https://doi.org/10.1113/jp277856
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-14-600758 November 20, 2020 Time: 16:39 # 13

Zhang and Hu Store-Operated Calcium Channels in the CNS

Wang, X., Bae, J. H., Kim, S. U., and McLarnon, J. G. (1999). Platelet-activating
factor induced Ca(2+) signaling in human microglia. Brain Res. 842, 159–165.
doi: 10.1016/s0006-8993(99)01849-1

Weber, J. T. (2012). Altered calcium signaling following traumatic brain injury.
Front. Pharmacol. 3:60.

Wegierski, T., and Kuznicki, J. (2018). Neuronal calcium signaling via store-
operated channels in health and disease. Cell Calcium 74, 102–111. doi: 10.
1016/j.ceca.2018.07.001

Wei, D., Mei, Y., Xia, J., and Hu, H. (2017). Orai1 and Orai3 mediate store-operated
calcium entry contributing to neuronal excitability in dorsal root ganglion
neurons. Front. Cell Neurosci. 11:400.

Wissenbach, U., Philipp, S. E., Gross, S. A., Cavalié, A., and Flockerzi, V. (2007).
Primary structure, chromosomal localization and expression in immune cells
of the murine ORAI and STIM genes. Cell Calcium 42, 439–446. doi: 10.1016/
j.ceca.2007.05.014

Wu, H. E., Gemes, G., and Hogan, Q. H. (2018). Recording SOCE activity
in neurons by patch-clamp electrophysiology and microfluorometric calcium
imaging. Methods Mol. Biol. 1843, 41–53. doi: 10.1007/978-1-4939-8704-7_3

Wu, J., Ryskamp, D. A., Liang, X., Egorova, P., Zakharova, O., Hung, G., et al.
(2016). Enhanced store-operated calcium entry leads to striatal synaptic loss in
a huntington&#039;s disease mouse model. J. Neurosci. 36:125.

Wu, J., Ryskamp, D., Birnbaumer, L., and Bezprozvanny, I. (2018). Inhibition
of TRPC1-dependent store-operated calcium entry improves synaptic stability
and motor performance in a mouse model of huntington’s disease.
J. Huntingtons Dis. 7, 35–50. doi: 10.3233/jhd-170266

Wu, J., Shih, H. P., Vigont, V., Hrdlicka, L., Diggins, L., and Singh, C. (2011).
Neuronal store-operated calcium entry pathway as a novel therapeutic target
for Huntington’s disease treatment. Chem. Biol. 18, 777–793. doi: 10.1016/j.
chembiol.2011.04.012

Xia, J., Pan, R., Gao, X., Meucci, O., and Hu, H. (2014). Native store-operated
calcium channels are functionally expressed in mouse spinal cord dorsal horn
neurons and regulate resting calcium homeostasis. J. Physiol. 592, 3443–3461.
doi: 10.1113/jphysiol.2014.275065

Yap, K. A., Shetty, M. S., Garcia-Alvarez, G., Lu, B., Alagappan, D., Oh-Hora,
M., et al. (2017). STIM2 regulates AMPA receptor trafficking and plasticity at
hippocampal synapses. Neurobiol. Learn. Mem. 138, 54–61. doi: 10.1016/j.nlm.
2016.08.007

Zhang, H., Bryson, V., Luo, N., Sun, A. Y., and Rosenberg, P. (2020). STIM1-
Ca(2+) signaling in coronary sinus cardiomyocytes contributes to interatrial
conduction. Cell Calcium 87:102163. doi: 10.1016/j.ceca.2020.102163

Zhang, H., Sun, S., Wu, L., Pchitskaya, E., Zakharova, O., Fon Tacer, K., et al.
(2016). Store-operated calcium channel complex in postsynaptic spines: a new
therapeutic target for alzheimer’s disease treatment. J. Neurosci. 36, 11837–
11850. doi: 10.1523/jneurosci.1188-16.2016

Zhang, H., Wu, L., Pchitskaya, E., Zakharova, O., Saito, T., Saido, T., et al.
(2015). Neuronal store-operated calcium entry and mushroom spine loss in
amyloid precursor protein knock-in mouse model of alzheimer&#039;s disease.
J. Neurosci. 35:13275.

Zhang, M., Song, J. N., Wu, Y., Zhao, Y. L., Pang, H. G., Fu, Z. F., et al. (2014).
Suppression of STIM1 in the early stage after global ischemia attenuates the
injury of delayed neuronal death by inhibiting store-operated calcium entry-
induced apoptosis in rats. Neuroreport 25, 507–513.

Zhang, S. L., Yu, Y., Roos, J., Kozak, J. A., Deerinck, T. J., Ellisman, M. H., et al.
(2005). STIM1 is a Ca2+ sensor that activates CRAC channels and migrates
from the Ca2+ store to the plasma membrane. Nature 437, 902–905. doi:
10.1038/nature04147

Zhu, X., Jiang, M., Peyton, M., Boulay, G., Hurst, R., Stefani, E., et al. (1996). trp, a
novel mammalian gene family essential for agonist-activated capacitative Ca2+
entry. Cell 85, 661–671. doi: 10.1016/s0092-8674(00)81233-7

Zitt, C., Zobel, A., Obukhov, A. G., Harteneck, C., Kalkbrenner, F., Lückhoff, A.,
et al. (1996). Cloning and functional expression of a human Ca2+-permeable
cation channel activated by calcium store depletion. Neuron 16, 1189–1196.
doi: 10.1016/s0896-6273(00)80145-2

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhang and Hu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 November 2020 | Volume 14 | Article 600758

https://doi.org/10.1016/s0006-8993(99)01849-1
https://doi.org/10.1016/j.ceca.2018.07.001
https://doi.org/10.1016/j.ceca.2018.07.001
https://doi.org/10.1016/j.ceca.2007.05.014
https://doi.org/10.1016/j.ceca.2007.05.014
https://doi.org/10.1007/978-1-4939-8704-7_3
https://doi.org/10.3233/jhd-170266
https://doi.org/10.1016/j.chembiol.2011.04.012
https://doi.org/10.1016/j.chembiol.2011.04.012
https://doi.org/10.1113/jphysiol.2014.275065
https://doi.org/10.1016/j.nlm.2016.08.007
https://doi.org/10.1016/j.nlm.2016.08.007
https://doi.org/10.1016/j.ceca.2020.102163
https://doi.org/10.1523/jneurosci.1188-16.2016
https://doi.org/10.1038/nature04147
https://doi.org/10.1038/nature04147
https://doi.org/10.1016/s0092-8674(00)81233-7
https://doi.org/10.1016/s0896-6273(00)80145-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Store-Operated Calcium Channels in Physiological and Pathological States of the Nervous System
	Introduction
	Socs in the Cerebral Cortex
	SOC Components and Functions in Cortical Neurons
	SOCs in Acquired Brain Injury

	Socs in the Hippocampus
	SOC Components and Functions in Hippocampal Neurons
	SOCs in Epilepsy and Alzheimer's Disease

	Socs in the Striatum
	SOC Components and Functions in Striatal Medium Spiny Neurons (MSNs)
	SOCs in Huntington's Disease (HD)

	Socs in the Substantia Nigra
	SOC Components and Functions in Dopaminergic (DA) Neurons
	SOCs in Parkinson's Disease

	Socs in the Cerebellum
	SOC Components and Functions in Purkinje and Granule Neurons
	SOC in Motor Memory Consolidation

	Socs in the Drg and Spinal Cord
	SOC Components and Functions in Spinal Cord Dorsal Horn and DRG Neurons
	SOCs in Pain

	Socs in Glial Cells
	SOC Components and Functions in Astrocytes
	SOC Components and Functions in Microglia
	Glial SOCs in CNS Diseases

	Development of Potential Therapies
	Discussion
	Author Contributions
	Funding
	References


