'.\' frontiers

in Molecular Neuroscience

REVIEW
published: 22 March 2018
doi: 10.3389/fnmol.2018.00087

OPEN ACCESS

Edited by:

Wendy Noble,

King’s College London,
United Kingdom

Reviewed by:

Juan Antonio Rosado Dionisio,
Universidad de Extremadura, Spain
Sonal Srikanth,

University of California, Los Angeles,
United States

*Correspondence:
Agnese Secondo
secondo@unina.it

Diana Amantea
amantea@unical.it

Received: 08 January 2018
Accepted: 06 March 2018
Published: 22 March 2018

Citation:

Secondo A, Bagetta G and
Amantea D (2018) On the Role of
Store-Operated Calcium Entry in
Acute and Chronic
Neurodegenerative Diseases.
Front. Mol. Neurosci. 11:87.

doi: 10.3389/fnmol.2018.00087

Check for
updates

On the Role of Store-Operated
Calcium Entry in Acute and Chronic
Neurodegenerative Diseases

Agnese Secondo '*, Giacinto Bagetta? and Diana Amantea?*

"Division of Pharmacology, Department of Neuroscience, Reproductive and Odontostomatological Sciences, University of
Naples Federico Il, Napoli, Italy, ?Department of Pharmacy, Health and Nutritional Sciences, Section of Preclinical and
Translational Pharmacology, University of Calabria, Cosenza, Italy

In both excitable and non-excitable cells, calcium (Ca®*) signals are maintained by
a highly integrated process involving store-operated Ca®* entry (SOCE), namely the
opening of plasma membrane (PM) Ca* channels following the release of Ca?* from
intracellular stores. Upon depletion of Ca’t store, the stromal interaction molecule
(STIM) senses Ca®* level reduction and migrates from endoplasmic reticulum (ER)-like
sites to the PM where it activates the channel proteins Orai and/or the transient receptor
potential channels (TRPC) prompting Ca* refiling. Accumulating evidence suggests
that SOCE dysregulation may trigger perturbation of intracellular Ca®* signaling in
neurons, glia or hematopoietic cells, thus participating to the pathogenesis of diverse
neurodegenerative diseases. Under acute conditions, such as ischemic stroke, neuronal
SOCE can either re-establish Ca’t homeostasis or mediate Ca®* overload, thus
providing a non-excitotoxic mechanism of ischemic neuronal death. The dualistic role of
SOCE in brain ischemia is further underscored by the evidence that it also participates
to endothelial restoration and to the stabilization of intravascular thrombi. In Parkinson’s
disease (PD) models, loss of SOCE triggers ER stress and dysfunction/degeneration of
dopaminergic neurons. Disruption of neuronal SOCE also underlies Alzheimer’s disease
(AD) pathogenesis, since both in genetic mouse models and in human sporadic AD
brain samples, reduced SOCE contributes to synaptic loss and cognitive decline.
Unlike the AD setting, in the striatum from Huntington’s disease (HD) transgenic mice,
an increased STIM2 expression causes elevated synaptic SOCE that was suggested
to underlie synaptic loss in medium spiny neurons. Thus, pharmacological inhibition
of SOCE is beneficial to synapse maintenance in HD models, whereas the same
approach may be anticipated to be detrimental to cortical and hippocampal pyramidal
neurons. On the other hand, up-regulation of SOCE may be beneficial during AD. These
intriguing findings highlight the importance of further mechanistic studies to dissect the
molecular pathways, and their corresponding targets, involved in synaptic dysfunction
and neuronal loss during aging and neurodegenerative diseases.
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INTRODUCTION

Calcium (Ca®*) is a ubiquitous second messenger involved
in a number of cellular functions. Ca** ions are extruded
from the cell or sequestered in intracellular compartments
(stores) by energy-driven pumps that maintain cytosolic Ca®*
concentrations approximately 100,000-fold the extracellular
space. As a consequence of this large concentration gradient,
a rapid influx of Ca?" occurs upon opening of ion channels
located on the plasma membrane (PM) or on the membranes
of intracellular stores, including the endoplasmic reticulum
(ER) that is considered the major intracellular store. In both
excitable and non-excitable cells, including those involved in
the immune response, Ca** signals are generated by store-
operated Ca**entry (SOCE), namely the opening of PM Ca?*
channels following the release of Ca?* from intracellular
stores. Upon ER leak, SOCE determines ER Ca’" refilling
through the activation of two currents: the Ca’" release-
activated Ca?T current (Icrac), a non-voltage activated and
inwardly rectifying current, highly selective for Ca?", and the
store-operated Ca’* current (Isoc), a non-selective outward
current with different biophysical features (Golovina et al,
2001; Trepakova et al., 2001; Striibing et al.,, 2003; Ma et al,
2015; Lopez et al., 2016). Although the electrophysiological
properties of Icrac are known since decades (Hoth and Penner,
1993; Lewis and Cahalan, 1995), the molecular components
underlying SOCE have been discovered more recently, with
the identification of stromal interaction molecule (STIM)
and Orai proteins (Liou et al, 2005; Roos et al, 2005;
Zhang et al., 2005; Feske et al, 2006; Peinelt et al., 2006).
In vertebrates, two different STIM-related genes have been
described (Williams et al., 2001). STIM1 and STIM2 homologous
are broadly and ubiquitously expressed in murine and human
brain tissue, with a predominant expression of STIM2 (Kraft,
2015). More precisely, while STIM1 is most prominent in
the cerebellum, STIM2 expression dominates in hippocampus
and cortex (Lein et al., 2007; Uhlén et al., 2015). Upon
depletion of Ca’* store, STIM senses Ca’* level reduction
and migrates from ER-like sites to the PM where it activates
Orai (Zhang et al., 2005), a tetraspanning protein forming a
ion-conducting pore highly selective for Ca?t (Feske et al,
2006; Peinelt et al, 2006; Prakriya et al., 2006). This PM
channel exists in three different forms, Orail, Orai2 and
Orai3 exhibiting distinct inactivation and permeability properties
(DeHaven et al, 2007; Lis et al, 2007). All three forms
interact with STIM1 to produce SOCE, although Orail mediates
a quantitatively much higher current than the other two
forms (Putney, 2017). In particular, upon dissociation of
Ca** from its EF-hand domains, STIM oligomerizes and
translocates to ER-PM, where it forms large protein clusters
referred to as puncta (Luik et al., 2006). Then, Orail is
recruited to these puncta and promotes Ca?t influx. Like
its homolog, STIM2 mediates SOCE, although with slower
activation kinetics and requiring a weaker depletion of ER Ca?"
stores to be activated (Brandman et al., 2007; Stathopulos et al.,
2009). Despite the focus on STIM-regulated Orai channels for
Icrac-mediated SOCE, evidence is growing for STIM-operated

transient receptor potential channel (TRPC)1 activity in
mediating Isoc. Indeed, TRPCI is recruited to the PM
upon Orai/STIM complex formation from Rab4-vescicles (Liu
et al, 2003; Ambudkar et al, 2007). Therefore, TRPCI-
mediated outward current is subordinated to Icrac. There
are six TRPC proteins in humans (TRPC1, TRPC3-TRPC7),
divided into two subfamilies, TRPC1/TRPC4/TRPC5 and
TRPC3/TRPC6/TRPC7, based on biochemical and functional
similarities. Search for SOCE partners led to the identification
of several TRPCs, including TRPC1, TRPC3 and TRPC4 that are
differently involved in this phenomenon. TRPC3 and TRPC4 can
be activated by store depletion, while activation of TRPC5,
TRPC6 and TRPC7 occurs via store-independent mechanisms
(Ambudkar et al., 2007; Liu et al, 2007; Venkatachalam
and Montell, 2007). Interestingly, TRPC form heteromeric
structures involved in SOCE (Goel et al, 2002; Hofmann
et al, 2002; Strubing et al., 2003), including endogenous
TRPC1/TRPC3 in human parotid gland ductal cells (Liu et al.,
2005) and rat hippocampal cell lines (Wu et al., 2004),
TRPC1/TRPC5 in vascular smooth muscle (Wu et al., 2004),
TRPC1/TRPC4 in endothelial cells (Sundivakkam et al., 2012)
and TRPC1/TRPC3/TRPC7 in HEK293 cells (Zagranichnaya
et al., 2005).

Both in vitro and in vivo studies, as well as evidence
in human subjects with defects in SOCE have disclosed the
pivotal involvement of Orai and STIM in several physiological
and pathological conditions, including platelet function and
hemeostasis (Varga-Szabo et al., 2008; Braun et al., 2009; Ahmad
et al, 2011; Berna-Erro et al, 2016), neuronal excitability
(Moccia et al., 2015), hypoxic/ischemic neuronal injury (Berna-
Erro et al, 2009; Zhang et al, 2014), cardiac hypetrophy
(Hulot et al., 2011; Saliba et al., 2015; Bénard et al., 2016),
proliferation of vascular smooth muscle cells (Potier et al.,
2009; Zhang et al, 2011; Jia et al, 2017), carcinogenesis
(Yang et al, 2009; Chen et al, 2011; White, 2017). Of
particular interest is the role of SOCE in the modulation of
innate and adaptive immunity (Feske et al,, 2006; Oh-Hora
et al., 2008; Demaurex and Nunes, 2016; Vaeth et al., 2017).
Indeed, store-operated Ca’*™ current, Icrac, was for the first
time observed in mast cells and T lymphocytes (Parekh and
Penner, 1997), whose activation is controlled by SOCE (Feske
et al, 2001, 2005). In fact, recurrent infections take place
in patients with mutations in Orail and Stiml genes that
abolish SOCE (Feske, 2011; Lacruz and Feske, 2015). Although
immunodeficiency was mainly ascribed to T-cell dysregulation
and the original initial work was focused on adaptive immunity,
subsequent evidence demonstrated that SOCE also represents
a major pathway for generating calcium signals in innate
immune cells (Feske, 2011). Accordingly, calcium signaling
has been implicated in numerous functions performed by
phagocytes (e.g., macrophages, neutrophils and dendritic cells),
including differentiation, maturation, migration, secretion and
phagocytosis (Demaurex and Nunes, 2016). Although the present
review mainly focusses on experimental data documenting the
role of neuronal SOCE in neurodegenerative diseases, given the
close interaction between the immune system and the brain
during diverse pathological conditions (Amantea, 2016), the
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contribution of SOCE in immune cells could be envisaged and
should deserve further investigation.

SOCE IN STROKE

Stroke is a major cause of death and long-term disability
worldwide. Occlusion of a cerebral artery is the most common
cause of brain ischemia, characterized by reduced cerebral
blood flow, oxygen deprivation and activation of a cascade
of events that ultimately lead to tissue damage. Over the
past three decades, crucial findings from animal models have
improved our understanding of the pathobiological mechanisms
contributing to ischemic brain damage (Dirnagl and Endres,
2014). The blockade of cerebral circulation leads within seconds
to cessation of neuronal electrical activity and within few minutes
to disruption of energy state and ion homeostasis. It is widely
accepted that a critical factor in determining neuronal death in
stroke is the progressive accumulation of intracellular Ca** that,
together with Na™ ions, can precipitate necrosis and apoptosis of
vulnerable neurons (Kumar et al., 2014).

Despite this evidence, the mechanisms of Ca** cytotoxicity
remain partially uncharacterized. In fact, Ca?* seems to play
a controversial role in this process since its increase or leak
could assume different meanings. Accordingly, together with
a detrimental role played by intracellular Ca?* overload, it
has been shown that Ca*™ leak from intracellular organelles

can precipitate cell death (Pinton and Rizzuto, 2006). Thus,
during brain ischemia, the complete depletion of Ca’** from
ER leads to neuronal death via ER stress (Ferri and Kroemer,
2001; Sirabella et al., 2009). Molecularly, the engagement
of Gq-linked receptors results in a significant depletion of
ER and in a robust influx of Ca?* from the extracellular
space that refills the organelle in order to reestablish Ca?*
homeostasis. This influx is specifically due to SOCE mediated
by SOC channels and should protect neurons against ischemia-
induced ER stress (Sirabella et al, 2009; Parekh, 2010). By
contrast, in the hippocampus of rats exposed to global cerebral
ischemia, the increased expression of STIM1 and Orai has been
suggested to be the source of excessive calcium influx, whereby
SOCE represents an important non-excitotoxic mechanism of
ischemic neuronal death (Zhang et al, 2014). Thus, SOCE
dysfunction is involved in stroke pathogenesis, but, to date,
its exact role in brain ischemia is still controversial, since
distinct mechanisms participating to either cell death or survival
have been reported (Figure 1). Interestingly, SOCE has been
widely investigated at the level of several components of the
neurovascular unit, including astrocytes, endothelial cells and
platelets, where it represents the major mechanism supporting
agonist-induced Ca?* signals (Rosado, 2016). By contrast, little
is known about the functional importance of SOCE and its
components at the neuronal level under both normoxic and
hypoxic conditions.

ORAI/TRPC Extracellular

b e e

A Ak

stabilization

Endothelial Platelet
progenitor cells aggregation
Repair of injured
vessel in stroke

Intravascular thrombi
Cell Survival

in stroke

Cell Death

hypoxia/ischemia insult.

FIGURE 1 | Schematic representation of the beneficial and/or detrimental effects of store-operated Ca?* entry (SOCE) activation in different cell types involved in
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Role of STIM in Hypoxic/lschemic Damage
Numerous in vitro studies have demonstrated that STIM2 is
involved in ischemia-induced neuronal Ca’** accumulation
(Soboloff et al., 2006; Vig et al, 2006; Berna-Erro et al.,
2009). In fact, hippocampal neurons both in culture and in
acute hippocampal slices from Stim2~/~ mice show significantly
reduced Ca?t accumulation into ER during hypoxia and
increased survival under hypoxic conditions compared to
wild-type neurons (Berna-Erro et al, 2009). Accordingly,
deficiency of STIM2 confers protection against stroke in mice
(Berna-Erro et al., 2009). This is possibly due to the stabilization
of cholesterol content at the level of neuronal PM (Sodero et al.,
2012). In fact, the lack of STIM2 abolishes variations in synaptic
cholesterol content in neurons in response to high excitatory
neurotransmission (Sodero et al., 2012), a conditions occurring
in stroke as well as in epilepsy and brain trauma (Miller and
Connor, 1991).

Interestingly, wild-type mice reconstituted with Stim2~/~
bone marrow developed infarcts like those of control
wild-type mice, whereas infarcts were smaller in Stim2~/~
mice transplanted with wild-type bone marrow (Berna-Erro
et al,, 2009). This highlights that the neuroprotective effects
exerted by STIM2 deficiency in mice are independent of
functional alterations within the hematopoietic system. This
is of interest since, in various immune cell types, such as T
cells and phagocytes, SOCE controls a number of functions,
including the release of cytokines, the production of reactive
oxygen species, migration and polarization (Feske, 2007,
2011; Demaurex and Nunes, 2016). Regarding the immune
cells of the brain, there is evidence that STIM1 and STIM2,
modulating Orail, regulate SOCE and purinergic activation
of microglia (Ikeda et al, 2013; Michaelis et al., 2015). In
fact, pharmacological inhibition of SOC channels reduces
proinflammatory and neurotoxic responses of microglia (Lee
et al., 2011). Given the crucial role of purinergic signaling in
microglia activation following an ischemic insult (Pedata et al.,
2016), it is intriguing to speculate that STIM and Orai may
have a role in this process. Since activation of the innate and
adaptive immune systems has been demonstrated to play a
major role in the progression of cerebral damage (Amantea
et al., 2014, 2015), investigating the relevance of SOCE in the
modulation of immune cells following stroke is of pivotal
importance.

Another component of the neurovascular unit that rapidly
senses the reduction of blood flow is represented by astrocytes,
whose function is critically affected by Ca?t signaling. In
these cells, hypoxia triggers Ca2" release from ER stores,
efficiently buffered by mitochondria (Smith et al, 2005).
Such release of Ca?" is sufficient to trigger capacitative
Ca*™ entry. These findings indicate that the local O, level
is a key determinant of astrocyte Ca’™ signaling, likely
modulating their Ca*"-dependent functions. Playing a pivotal
role in neurovascular signaling in the brain (Haydon and
Carmignoto, 2006; Viscomi et al, 2008; Mishra et al,
2016; Lu et al, 2017; Lind et al, 2018), astrocytes have
also been implicated in the pathogenesis of hypertension in
stroke-prone spontaneously hypertensive rat (SHRSP) via a

sympatho-excitation mechanism (Allen et al, 2006; Isegawa
et al, 2014). In particular, the reduction of glial STIMI in
SHRSP has been identified as a candidate pathogenic mechanism
responsible for this exaggerated sympathetic response leading to
stroke. In fact, truncated STIM1 expressed in SHRSP astrocytes
fails to interact with the PM Ca®' channel TRPC1 and
impairs SOCE function (Ohara and Nabika, 2016). Since
the interaction with the C-terminus of STIMI is required
for TRPC1 activation (Huang et al., 2006), SOCE activity is
decreased in astrocytes from SHRSP resulting in perturbation
of downstream gene and neuronal network dysfunction. In
the same direction are also the new strategies against the
de-endothelialization of blood vessels, considered an early event
of severe vascular disorders, including stroke. For instance,
restoration of the endothelial lining may be accomplished by
circulating endothelial progenitor cells (EPCs). In this context,
SOCE activation favoring EPCs homing to the injured vessel is
now considered the most appropriate route to therapeutically
induce the regrowth of denuded vessels (Moccia et al,
2014).

Role of Orai in Hypoxic/lschemic Damage
It has been shown that the increased expression of ORAIl and
STIM1, occurring in the rat hippocampus after global ischemia,
underlies detrimental intracellular Ca?* accumulation, thus
leading to neuronal death (Zhang et al., 2014). Moreover,
deletion of Orail in platelets results in resistance to ischemic
brain infarction of mice subjected to transient middle
cerebral artery occlusion (Braun et al, 2009). Analysis of
global neurological function and of motor function and
coordination revealed that Orail ™/~ mouse chimeras develop
fewer neurological deficits compared with controls (Braun et al,,
2009). This is consistent with the evidence that SOCE in platelets
plays a crucial role in the stabilization of intravascular thrombi
(Varga-Szabo et al, 2008). Besides, studies involving Orail
gain-of-function mutants in platelets indicate that SOCE might
play a prominent role in thrombus formation, thus suggesting
that the inhibition of platelet activation through pharmacological
modulation of SOCE may represent an important strategy to
prevent or treat acute ischemic events (Bhatt and Topol, 2003;
van Kruchten et al., 2012). However, the role of Orai and its
relationship with the other partners contributing to SOCE in
stroke pathogenesis remains obscure; therefore, further work
should be undertaken to clarify their specific function at the level
of neurons, glia and hematopoietic cells.

SOCE IN ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is a neurodegenerative disorder that
causes progressive memory loss, impairment of other cognitive
functions and psychosis (Hort et al, 2010; McKhann et al,
2011). It represents the major cause of dementia worldwide
and, in most cases, it appears sporadically after the age
of 65 years (late-onset AD). The etiology of sporadic AD
has not been clarified and its progression results from the
combination of multiple factors (genetics, nutrition, lifestyle
and chronic metabolic disorders), with aging being the major
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risk factor (Fjell et al., 2014; Scheltens et al., 2016). Less than
5% of cases correspond to early-onset AD, a familial form of
the disease caused by genetic alterations, including mutations
in genes encoding the amyloid-B precursor protein (APP),
presenilin 1 (PSEN1) and presenilin 2 (PSEN2; Karch and
Goate, 2015). PSEN1 and PSEN2 provide the catalytic subunit
to the y-secretase protease complex that, together with the
p-secretase, catalyzes the sequential cleavage of APP to produce
amyloid-B. The neuropathological features of both forms of AD
comprise extraneuronal neuritic plaques mainly composed of
insoluble amyloid-B(40,42), intraneuronal neurofibrillary tangles
consisting of hyperphosphorylated and misfolded tau, and
synaptic/neuronal loss leading to brain atrophy (Serrano-Pozo
et al,, 2011). It was initially hypothesized that accumulation
of insoluble amyloid-B in mature fibrils was an upstream
contributor to the other pathological features; nevertheless,
more recent findings have demonstrated that soluble amyloid-
B(1-42) oligomers play a more important role in neurotoxicity
(Wang et al., 2017). Thus, inhibiting amyloid-p generation,
facilitating its clearance and blocking oligomerization might
represent promising strategies to block AD progression (Selkoe
and Hardy, 2016). Nevertheless, the majority of these strategies
failed in recent Phase III clinical trials (Godyn et al., 2016;
Chen et al, 2017), supporting a poor association between
brain amyloid-f levels and cognitive function (Doody et al,
2013; Briggs et al., 2017). Therefore, several key issues need
to be reconsidered, most notably the pivotal role of amyloid-
f in the upstream events that lead to neurodegeneration and
the opportunity to target alternative pathways for clinical
success.

Intriguingly, the earliest disclosed abnormality in AD
pathogenesis, namely dysfunctional calcium signaling, is
attracting renewed interest on the basis of its pivotal role
in driving the synaptic defects occurring during memory
loss (Khachaturian, 1989; Alzheimer’s Association Calcium
Hypothesis Workgroup, 2017; Briggs et al., 2017). Accordingly,
there is evidence that PSEN mutations, identified in familial
AD, correlate with neuronal dysfunction and apoptosis through
early dysregulation of Ca?t homeostasis, that may occur before
the appearance of amyloid-f or tau aggregation (Zeiger et al.,
2013; Del Prete et al., 2014; Duggan and McCarthy, 2016).
Therefore, the “calcium hypothesis of AD” strongly supports
the concept that restoration of calcium homeostasis represents
a valid alternative to targeting amyloid-p for the successful
development of novel therapies.

Both in experimental models of AD and in patients, an excess
release of Ca>™ from intracellular stores such as the ER was
described (Pannaccione et al., 2012). In fact, in addition to
y-secretase function, PSENs also display a low conductance ER
Ca*" leak function through their hydrophilic catalytic cavity,
and many familial AD PSEN mutations impair this function
(Nelson et al., 2007, 2011). Regulation of Ca?* levels by PSENs
also involves their ability to interact with and activate Ca?"
channels: sarco/ER Ca**-ATPase (SERCA) pump (Green et al,
2008), the inositol triphosphate receptor (IP3R; Cheung et al.,
2008; Shilling et al., 2014) and the Ryanodine receptor (RyR;
Stutzmann et al., 2007; Hayrapetyan et al., 2008). These effects of

PSEN on Ca** may occur upstream of amyloid-p production and
recent evidence also demonstrates that amyloid-p production
is regulated by post-translational modifications of the RyR2
(Bussiere et al., 2017; Lacampagne et al., 2017). Accordingly,
the RyR-mediated Ca?t upregulation observed in synaptic
compartments is associated with altered synaptic homeostasis
and network depression at early, presymptomatic AD stages
(Stutzmann et al., 2006; Chakroborty et al., 2009, 2012).
Dysregulated RyR Ca?" signaling disrupts synaptic function
at both pre- and post-synaptic levels, thus affecting neuronal
excitability and short and long term plasticity mechanisms
implicated in learning and memory (Llano et al, 2000;
Kuchibhotla et al., 2008; Chakroborty et al., 2012; Zhang et al,,
2015a; Briggs et al., 2017).

The magnitude of Ca?t signaling through TP3R and RyR
channels is affected by the concentration of Ca?* in the ER.
Accordingly, it has been suggested that familial AD PSEN
mutations may increase IP3R and RyR Ca’" signaling through
elevated ER Ca?t stores. Although this hypothesis has been
disputed (Bezprozvanny et al., 2012; Shilling et al., 2012), there
is evidence that knockdown of PSEN2 elevates ER Ca’" stores
corroborating the concept that unprocessed forms of PSEN
function as ER Ca?T leak channels (Nelson et al., 2007, 2011;
Bandara et al., 2013). In addition, PSEN-1 M146V knockin
(PSEN1KI) mutation disrupts ER Ca?* leak functions of PSEN1,
leading to ER Ca* elevation (Zhang et al., 2010; Sun et al., 2014),
enhanced Ca*t-induced Ca?* -release from ER (Stutzmann et al.,
2007; Zhang et al., 2010), increased activation of Ca**-activated
potassium channels and supranormal afterhyperpolarization
(Stutzmann et al., 2006; Zhang et al., 2015a). These latter
mechanisms lead to reduced excitability, synaptic depotentiation
and impaired plasticity in KI neurons and may underlie memory
defects (Zhang et al., 2015a).

The movement of Ca?" from the cytosol to the ER is
controlled by SOCE and by SERCA pumps. In mice, both
STIM1 and STIM2 are key regulators of synaptic plasticity
in neural circuits encoding spatial learning and memory
(Garcia-Alvarez et al,, 2015). Moreover, a recent study has
demonstrated that the maturation of dendritic spines and the
formation of functional synapses in immature hippocampal
neurons is facilitated by the influx of calcium through
Orail (Korkotian et al, 2017). In hippocampal neurons
from the PSENIKI or the APP-knockin (APPKI) mouse
models of AD and in human sporadic AD cortical samples,
downregulation of STIM2 protein disrupts neuronal SOCE
thus inhibiting the continuous Ca?* influx necessary for
sustained calmodulin kinase II (CaMKII) activation that is,
in turn, essential for the stability of mushroom spines (Sun
et al, 2014). In APPKI hippocampal neurons, extracellular
amyloid-p42 over-activates mGIuR5 receptor leading to
elevated ER Ca’* levels, compensatory downregulation
of STIM2 expression, impairment of synaptic SOCE, and
reduced CaMKII activity (Zhang et al., 2015b). Conversely,
overexpression of STIM2 rescues neuronal SOCE and
mushroom spine defects in hippocampal neurons from PS1KI
and APPKI mouse models of familial AD (Sun et al., 2014;
Zhang et al., 2015b) and protects mushroom spines from
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synaptotoxic effects of amyloid-B42 oligomers (Popugaeva et al.,
2015). Thus, disturbance of STIM2-SOCE-CaMKII pathway
contributes to synaptic loss and cognitive decline; conversely,
upregulation of STIM2 expression levels or activation of synaptic
neuronal SOCE pathway may yield therapeutic benefits for
the treatment of AD and other age-related memory disorders
(Figure 2).

Although in these latter studies the expression of STIM1 was
not affected by aging or AD (Sun et al, 2014; Zhang et al,
2015b), recent studies identified STIM1 as a target of PSEN1-
containing y-secretase activity. In particular, PSEN1 mutations,
associated with familial AD, enhanced y-secretase cleavage of
STIMI, reducing activation of Orail and attenuating SOCE
(Tong et al., 2016). As a consequence of the inhibition of SOCE
in hippocampal neurons, dendritic spine deformity was observed
(Tongetal., 2016). Thus, PSEN-mediated cleavage of STIM1 may
contribute to memory loss through SOCE dysregulation, and
it has been hypothesized that STIM2 could also represent a
target for y-secretase, given the sequence similarities of the
transmembrane domains of STIM1 and STIM2 (Tong et al,
2016). It is therefore intriguing to speculate that cleavage of
STIM2 may account for the previously reported reduction of
protein expression in AD (Sun et al., 2014; Zhang et al., 2015b).

The molecular identity of STIM-regulated neuronal SOCE
in the spines is under investigation and recent findings have
suggested that TRPCs may play a role. In fact, in addition
to their classical individual effects, TRPC can complex with
STIM or STIM/Orai to form SOCE (Ong et al, 2016). Of

the seven members of the TRPC family, TRPC1 is the most
extensively studied and has been involved in SOCE. However,
in the settings where downregulation of STIM2 was detected,
expression of TRPC1 was unaffected as no difference was found
when comparing protein levels in brain samples from AD mice
models or patients with controls (Sun et al., 2014). However,
downregulation of TRPC1 and Orail proteins was suggested to
underlie the reduction of SOCE in astrocytes from APP knockout
mice (Linde et al., 2011; but also see, Ronco et al., 2014). Another
member of the family that may also contribute to neuronal
SOCE (Alkhani et al., 2014; Ong et al, 2016), TRPC3, was
found to be negatively correlated with memory performance in
mice (Neuner et al.,, 2015, 2017). By contrast, TRPC6 displays
memory-preserving functions by promoting excitatory synapse
formation through Ca?"-dependent pathways (Zhou et al,
2008) and/or by specifically interacting with APP thus leading
to inhibition of its cleavage by vy-secretase and reduced
amyloid-B production independently from its ion channel
activity (Wang et al., 2015). Conversely, familial AD PSEN2
mutations abolish agonist-induced TRPC6 activation and thus
its Ca®" entry function (Lessard et al., 2005). TRPC6 physically
interacts with Orai (Liao et al, 2007) and TRPC6 and
Orai2 channels form a STIM2-regulated neuronal SOCE channel
complex in hippocampal mushroom spines (Zhang et al,
2016). Pharmacological activation of TRPC6 stimulates the
activity of neuronal SOCE pathway in the spines and rescues
mushroom spine loss and long-term potentiation impairment
in the APP knockin mouse model of AD (Zhang et al,
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2016). Thus, STIM2-regulated TRPC6/Orai2 SOCE channel
complex in dendritic mushroom spines represents a promising
therapeutic target for the treatment of memory loss in
aging and AD.

An important point that needs to be addressed regards the
evidence that downregulation of SOCE does not exclusively
occur in neurons from different models of familial AD, but
is also observed in astrocytes (Linde et al, 2011; Ronco
et al, 2014), human microglia (Ronco et al, 2014) and in
lymphoblasts obtained from familial AD patients (Bojarski et al.,
2009). FAD mutations in endogenous PSEN1 in human B
lymphocytes resulted in a decreased expression of STIM2 in
parallel to an attenuation of capacitative Ca>* entry (Bojarski
et al, 2009). Thus, PSENs mutations may disrupt calcium
homeostasis in various cell types and this may contribute to
the multifactorial cascade that leads to neuronal dysfunction.
Moreover, calcium signaling is also modified in peripheral
cells obtained from sporadic AD patients (Ito et al., 1994;
Gibson et al., 1996; Sulger et al., 1999). Lymphocytes from
patients with mild cognitive impairment or sporadic AD
exhibit an enhanced magnitude of calcium influx during SOCE,
whereas, only the former were characterized by higher basal
cellular calcium levels as compared to cells from non-demented
subjects (Jaworska et al., 2013). Therefore, peripheral cells
can be considered useful material for diagnosis and for drug
screening.

The current treatment for AD relies on acetylcholinesterase
inhibition (with donepezil, rivastigmine and galantamine) or
blockade of NMDA receptor overstimulation (with memantine)
that provide some symptomatic benefits for a limited period
of time, followed by a steep cognitive decline due to the fact
that these are not disease modifying drugs and do not prevent
cell death. The current drug development pipeline is largely
based on the amyloid hypothesis; however, despite efficacy
at reducing amyloid levels in patients, all the clinical trials
to date have generated disappointing results with respect
to cognition function. Given the compelling evidence that
aberrant calcium signaling, particularly in the ER, is associated
with familial AD mutations and sporadic AD risk factors,
modulation of calcium channels or calcium regulating proteins
is in varying stages of therapeutic validation (Chakroborty
and Stutzmann, 2014). In addition to targeting voltage-gated
calcium channels, inhibition of RyR or restoration of SOCE
have been suggested to represent promising approaches
for drug development. Short-term treatment with the RyR
inhibitor dantrolene stabilizes Ca?* signals, ameliorates
cognitive decline and reduces neuropathology, amyloid load
and memory impairments in various AD mouse models
(Chakroborty et al., 2012; Oulés et al., 2012; Peng et al., 2012).
Regarding SOCE, its positive modulator NSN21778 rescues
mushroom spine loss in both PSENKI and APPKI mouse
models of AD (Zhang et al, 2016); while, its induction
through overexpression of STIM2 or following pharmacological
stimulation of TRPC6 is beneficial in AD animal models
(Sun et al, 2014; Zhang et al, 2015b, 2016). Moreover, it
is also noteworthy to highlight that, in addition to block
NMDA receptor overstimulation, memantine increases SOCE

in HEK cells (Blanchard et al., 2008). Thus, either through
repositioned drugs or originally developed new molecular
entities, therapeutic strategies aimed at promoting SOCE may
represent promising ways for the development of effective AD
therapies.

SOCE IN PARKINSON’S DISEASE

Parkinson’s disease (PD) is a neurodegenerative disorder
characterized by the selective loss of dopaminergic (DA) neurons
in the substantia nigra pars compacta. PD is mostly sporadic,
but approximately 10-15% of cases are familial (Fleming, 2017).
The major symptoms of PD involve motor dysfunctions, such as
asymmetric bradykinesia, resting tremor, rigidity and postural
instability (Ali and Morris, 2015). Pathogenic mechanisms
of sporadic and familial PD are still elusive. However, the
dysregulation of ER Ca?* homeostasis is one of the mechanisms
affecting the selective loss of DA neurons of the substantia
nigra pars compacta (Stefani et al., 2012; Cali et al, 2014).
Unlike other neurons, rhythmic activity of DA neurons
depends on L-type Cavl.3 channels. Pharmacological inhibition
of these currents by izradipine restores Ca®t—independent
“juvenile” pacemaking activity and protects DA neurons in
animal models of the disease (Chan et al., 2007). In normal
conditions, the pacemaking activity of DA neurons is inhibited
by the TRPC1-STIM1 complex. Accordingly, increased L-type
Cavl.3 currents were observed upon StimI or TRPCI silencing.
Interestingly, the neurotoxin 1-methyl-4-phenylpyridinium ion
(MPP+)—that mimics PD—decreases the level of TRPC1 and
its interaction with STIMI, thus increasing neuronal death
both in vitro and in vivo (Bollimuntha et al., 2005; Selvaraj
et al., 2012). Molecularly, the decrease of TRPC1 expression
leads to an abnormal increase in Cavl.3 activity, thereby
causing degeneration of DA neurons (Sun et al, 2017
Figure 2). Despite the abnormal increase in L-type activity,
downregulation of TRPC1 also leads to the loss of SOCE,
thus triggering ER stress and initiation of the unfolded
protein response (UPR) in DA neurons (Selvaraj et al., 2012).
Conversely, in PC12 cell lines, StimI knockdown significantly
attenuated 6-hydroxydopamine (6-OHDA)- and MPP+-induced
toxicity through inhibition of SOCE-mediated Ca?*-overload
(Li et al, 2013, 2014); while, pharmacological inhibition of
SOCE by SKF-96365 was protective against MPP+ cytotoxicity
(Chen et al, 2013). The effect on SOCE was related to
Orail and L-type Ca?t channels, but not to TRPC1 (Li et al.,
2014). Moreover, Stiml knockdown attenuated 6-OHDA- and
MMP+-induced mitochondrial Ca** uptake and dysfunction
in PC12 cells (Li et al., 2013, 2014). This further underscores
that STIM1, through SOCE, may be responsible for neuronal
oxidative stress induced by ER stress and mitochondrial
dysfunction in PD.

In support of the important role of SOCE for DA neurons
survival, the mutant dominant-negative form of Orail channel
leads to tyrosine hydroxylase downregulation in Drosophila thus
affecting dopamine synthesis and release (Pathak et al., 2015).
Furthermore, skin fibroblasts from idiopathic PD patients and
patients bearing familial R747W mutation in PLA2g6 gene, that
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encodes for a Ca*"- independent phospholipase A2, exhibit
depleted stores and reduced SOCE (Zhou et al., 2016). Overall,
these findings indicate that SOCE pathway in DA neurons
represents an attractive target for PD drug discovery (Pchitskaya
et al., 2018).

SOCE IN HUNTINGTON’S DISEASE

HD is a fully penetrant neurodegenerative disorder,
characterized by cognitive, motor and psychiatric disturbances,
and caused by a dominantly inherited CAG trinucleotide
repeat expansion in the huntingtin gene on chromosome 4
(McColgan and Tabrizi, 2018). Mutant huntingtin (mHtt)
causes defective striatal neuron function, reduction of synaptic
contacts, disruption of immune cell function and eventual
neurodegeneration through a number of mechanisms (Kim and
Fung, 2014; Andre et al., 2016).

Accumulating evidence indicates that dysregulation of
intracellular neuronal Ca*" signaling by mHTT plays a role
in HD progression (Pchitskaya et al., 2018; Raymond, 2017).
Unlike the AD setting, in the striatum from HD transgenic
mice, an increased STIM2 expression causes elevated synaptic
SOCE, that was suggested to underlie synaptic loss in medium
spiny neurons (MSNs; Wu et al,, 2011, 2016). After binding
IP3R1, mHtt increases its sensitivity to activation by IP3,
thus producing a reduction of ER Ca?* levels that, in turn,
promotes sustained and synaptotoxic SOCE in the spines of
MSNs from YACI128 transgenic HD mice (Tang et al., 2005,
2009; Wu et al, 2016). In this context, STIM2 expression is
elevated, as documented both in aged YACI128 striatal cultures
and in YACI28 mouse striatum. In human neuroblastoma
cells, the expression of the N-terminal fragment of mHtt
(Htt138Q-1exon) is sufficient to cause a HD pathological
phenotype, as it induces an increase of SOCE that requires
STIM1 in this in vitro model (Vigont et al., 2014). Similar
findings were obtained in mouse neuroblastoma cells and in
primary culture of mouse MSNs, where lentiviral expression
of Htt138Q-lexon results in enhanced SOCE through the
involvement of the sensor STIMI and of both TRPC1- and
Orail subunits forming a heteromeric channel (Vigont et al,,
2015). A key role of TRPC1 channels in supporting SOCE was
also demonstrated in YAC128 MSNs primary cultures, where
TRPC1 suppression by a short interfering RNA has a significant
protective effect against glutamate-induced apoptosis (Wu et al.,
2011).

Notably, pharmacological inhibition of neuronal SOCE by
EVP4593 rescues striatal spine loss in both in vitro and in vivo
transgenic HD models (Vigont et al., 2015; Wu et al., 2016);
analogously, stabilization of SOCE by tetrahydrocarbazoles was
associated with beneficial effects on the function of mitochondria
from YAC128 MSNs (Czeredys et al., 2017).

Another mechanism that contributes to the dysregulation
of SOCE during HD progression involves the sigma-1
receptor (S1R), an ER resident transmembrane protein that is
regulated by ER Ca?* homeostasis. Consistent with ER calcium
dysregulation in HD, striatal upregulation of SIR occurs in aged
YACI128 transgenic HD mice and in patients. Pharmacological

activation of SIR with pridopidine prevents MSN spine loss in
aging YAC128 co-cultures through suppression of supranormal
ER Ca** release, restored ER calcium levels and reduced
excessive SOCE in spines (Ryskamp et al., 2017).

Thus, pharmacological inhibition of SOCE is beneficial
to synapse maintenance in HD models, whereas the same
approach may be anticipated to be detrimental to cortical and
hippocampal pyramidal neurons (Figure 2). Conversely, while
up-regulation of SOCE may be beneficial for pyramidal neurons
during AD, it may be detrimental for other CNS synapses.
These intriguing findings highlight the importance of further
mechanistic studies to dissect the molecular pathways, and their
corresponding targets, involved in synaptic loss during aging and
neurodegenerative diseases.

SOCE IN MOTOR AND SENSORY
PERIPHERAL NERVE DEGENERATION

Amyotrophic lateral sclerosis (ALS) is a severe human
progressive neurodegenerative disease affecting lower and
upper motor neurons whose specific etiology is incompletely
understood. Familial ALS (fALS) patients with known genetic
mutations are relatively rare, and over 90% of cases occur
sporadically. However, mutations in superoxide dismutase-1
(SOD1), TAR DNA-binding protein 43 (TARDBP/TDP-43)
and CY9orf72 have been identified in subsets of familial and
sporadic patients (Rosen et al., 1993; DeJesus-Hernandez et al.,
2011; Renton et al,, 2011). In these ALS forms, dysregulation
of calcium homeostasis, oxidative stress, ER stress and UPR
have been identified as molecular and neuropathological
features (Kaus and Sareen, 2015). Beside the evidence that
perturbations in ER Ca’™ homeostasis are implicated in
ALS pathology, data on the involvement of SOCE and its
molecular components are currently limited. Some evidence
on SOCE dysregulation in ALS was provided only in glial cells
that actively participate to the neurodegenerative process of
the disease. In particular, astrocytes obtained from animal
models of ALS or from human familial or sporadic ALS
patients are able to release toxic factors that induce cell
death in primary motor neurons (Di Giorgio et al, 2007;
Nagai et al, 2007; Haidet-Phillips et al., 2011). However,
the mechanisms underlying this pathological release remain
unclear. In this respect, it has been reported that mutant
SODI1GY3A astrocytes display aberrant ER calcium filling that
involves enhanced S-glutathionylation of STIM1. This reversible
posttranslational modification occurs in response to oxidative
stress in a number of neurodegenerative diseases (Mieyal et al.,
2008), including ALS (Poon et al., 2005; Cassina et al., 2008).
STIM1 glutathionylation in the ER promotes its interaction
with PM Orail in a calcium-independent manner thus inducing
constitutive calcium entry (Hawkins et al., 2010). Increased
STIMI1 glutathionylation may, indeed, underlie continuous
SOCE and ER calcium overload in SODIG93A astrocytes
(Kawamata et al., 2014).

SOCE dysfunction is also implicated in Charcot-Marie-
Tooth (CMT) disease, one of the most frequent inherited
neurological disorders characterized by either demyelinating
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or axonal neuropathy of motor and sensory peripheral nerves
(Pareyson et al, 2013). Mutations in ganglioside-induced
differentiation-associated protein-1 (GDAP1), which maps at
human chromosome 8q21.1, are causative for autosomal
recessive demyelinating CMT4A (Baxter et al., 2002). The
severe recessive form of GDAPl-related CMT starts early
in infancy or childhood with weakness and wasting of
the feet followed by involvement of the hands leading
to pronounced disability. In the animal models of CMT,
mutations in the GDAP1 gene recapitulates pathological
features of the disease causing a peripheral neuropathy
with a loss of motor neurons and abnormal neuromuscular
junctions. GDAP1 is located in the mitochondrial outer
membrane where it participates in the mitochondrial network
dynamics and in the mitochondria/ER coupling. Importantly,
GDAP1 silencing significantly reduces Ca’" inflow through
SOCE upon mobilization of ER Ca?". This causes a partial
depletion of intracellular Ca** stores and/or release defects
(Barneo-Munoz et al., 2015). This suggests that GDAP1-related
CMT neuropathy may be associated with a decrease in SOCE
activity and impaired SOCE-driven Ca®>* uptake in intracellular
storing organelles with a consequent abnormal distribution and
movement of mitochondria throughout cytoskeleton towards
the ER and subplasmalemmal microdomains (Pla-Martin et al.,
2013).

CONCLUSION

The experimental evidence reviewed in the present work
clearly demonstrates that Ca** homeostasis and, most notably,
SOCE components are dysregulated in both acute and chronic
neurodegenerative diseases. Thus, SOCE is not only involved
in Ca’" refilling of ER, but also provides an influx of Ca?"
that performs signaling functions and may (positively or
negatively) contribute to the progression of neurodegenerative
diseases (Majewski and Kuznicki, 2015). In fact, SOCE and
its components, namely STIM, Orai and TRPC, have a
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