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In the furnaces of the stars the elements evolved from hydrogen.
When oxygen and neon captured successive o particles, the element

calcium was born. "
David E. Clapham



Summary

Ca® ions are critically involved in a broad range of cellular functions and are indispensably linked to
cellular signaling events. Once a plasma-membrane bound receptor is activated to elicit a Ca®* signal,
Ca®™ is quickly released from the endoplasmic reticulum (ER) to trigger a cytosolic Ca®* increase. The
thereby lowered ER-Ca® content has to be refilled to permit the next Ca®* signal and to preserve the
physiologic activity of the ER. This refilling process, termed store-operated Ca®* entry (SOCE), is
facilitated through the ER resident Ca®* binding protein STIM1 (stromal interaction molecule 1) and the
Ca®* channel ORAII. So far, SOCE was mainly investigated in non-excitable cells of the immune system
although expression of STIM1 was also reported for excitable cells like neurons.

In the course of this thesis, we investigated the expression pattern of STIM1 and the closely related
STIM2 in murine and human tissues and different cell types of the brain. Since we clearly detected
STIMI1 and 2 in neurons, we set out to investigate the role of SOCE on neuronal network activity and on
pathological hyperexcitability as observed during epilepsy. We observed a clear participation of SOCE to
neuronal excitability in these experiments and next decided to investigate the role of SOCE in cellular
resistance against oxidative stress which plays a role in neurological diseases like epilepsy, Parkinson’s or
Alzheimer’s disease as well as ischemia-reperfusion injuries observed after stroke.

First we studied resistance against oxidative stress in STIM1 wild type (WT) and knock out (KO)
fibroblasts as a model for reduced SOCE capacity. STIM1 KO cells exhibited increased sensitivity
towards endogenous oxidative stress which was diminished by expression of STIM1-YFP. We explained
the enhanced sensitivity of STIM1 KO fibroblasts to oxidative stress by impaired adaption of
mitochondrial metabolism and morphology to energy needs resulting in a pronounced basal oxidative
stress level due to the absence of STIMI.

In the third study presented here, we switched to a more neuronal model, the murine hippocampal HT22
cell line. Unexpectedly, we observed a different effect of reduced SOCE activity in these cells compared
to the results obtained in fibroblasts. HT22 cells do not rely on STIM1 for the regulation of oxidative
stress resistance. Instead we observed a protective effect of reduced ORAIl expression and disclosed
ORAII to be the Ca** channel facilitating detrimental Ca®* influx in the final phase of the cell death
induced by oxidative stress.

We conclude that STIM1 and physiologic SOCE function are essential for neuronal excitability and
impact on mitochondrial morphology and cellular energy production in fibroblasts but not in hippocampal
HT22 cells. Instead we discovered ORAII to be the main Ca® entry channel in the course of the

oxidative-stress induced cell death program in HT22 cells.



Zusammenfassung

Ca’* Tonen sind an einer Vielzahl zellulidrer Prozesse beteiligt und sind unverzichtbar fiir die zellulire
Signaliibertragung. Nach Aktivierung vieler plasmamembrangebundener Rezeptoren wird Ca** aus dem
Endoplasmatischen Retikulum (ER) freigesetzt, was die zytosolire Ca**-Konzentration erhdht. Es ist
wichtig, den dadurch verringerte Ca**-Gehalt des ERs wieder aufzufiillen, um die nichsten Ca**-Signale
zu ermoglichen und die physiologische Funktion des ERs zu bewahren. Dieser Auffiillungsprozess wird
als speichergesteuerter Ca**-Einstrom (store-operated Ca”* entry, SOCE) bezeichnet und durch ein im
ER lokalisiertes, Ca**-bindendes Protein namens STIM1 (stromal interaction molecule 1) und einen Ca**-
Kanal namens ORAIl ermoglicht. SOCE ist bisher in nicht-erregbaren Zellen des Immunsystems am
besten untersucht, obwohl STIM1 Expression auch in erregbaren Zellen des Nervensystems beobachtet
wurde.

In dieser Arbeit untersuchten wir das Expressionsmuster von STIM1 und dem nahe verwandten STIM2 in
verschiedenen Geweben der Maus und des Menschen, sowie in verschiedenen Zelltypen des Hirns. Da
STIM1 und 2 in Neuronen nachweisbar waren, untersuchten wir die Rolle von SOCE in neuronaler
Netzwerkaktivitit und in pathologischer Uber-Erregbarkeit, wie sie in Epilepsie zu beobachten ist. Wir
konnten eine klare Beteiligung von SOCE an neuronaler Erregbarkeit beobachten und entschlossen uns,
im weiteren Verlauf dieser Arbeit, die Wirkung von SOCE auf das Zelliiberleben wéhrend oxidativem
Stress zu untersuchen, da dieser hdufig beteiligt ist an neurologischen Erkrankungen wie z.B. Epilepsie,
Alzheimer oder Parkinson und Schlaganfillen.

Als Model fiir reduzierte SOCE Aktivitdt untersuchten wir zunéchst die Resistenz von STIM1 wildtyp
(WT) und knockout (KO) Fibroblasten gegeniiber oxidativem Stress. KO-Zellen zeigten eine erhohte
Sensitivitdt gegeniiber endogenem oxidativen Stress, was durch die Expression von STIMI-YFP
gemindert werden konnte. Diese erhohte Sensitivitdt lie sich dadurch erkldren, dass die Anpassung von
mitochondrialem Metabolismus und Morphologie an den Energiebedarf der Zelle in STIM1 KO
Fibroblasten gestort ist, was zu einem erhohten Maf} an basalem oxidativen Stress durch Abwesenheit von
STIM1 fiihrt.

In der dritten, hier présentierten Arbeit wechselten wir zu der murinen hippokampalen HT22 Zelllinie.
Hier beobachteten wir durch reduzierte SOCE Aktivitit einen von den Ergebnissen aus Fibroblasten
abweichenden Effekt. HT22 sind fiir die Regulation der Resistenz gegeniiber oxidativem Stress nicht auf
STIM1 angewiesen. Stattdessen war ein protektiver Effekt durch verringerte ORAI1 Expression zu
beobachten. Wir konnten ORAIl als den entscheidenden Ca”**-Kanal identifizieren, der fiir den
verhingnisvollen Ca**-Einstrom im Zelltodprogramm, induziert durch oxidativen Stress, verantwortlich
ist.

Zusammenfassend schlieBen wir, dass STIM1 und physiologische SOCE Aktivitdt fiir neuronale
Erregbarkeit essentiell sind und die mitochondriale Morphologie sowie die zelluldre Energieproduktion in
Fibroblasten aber nicht in HT22 beeinflussen. Stattdessen ist ORAII in HT22 der wichtigste Ca**-Kanal

im Verlauf des durch oxidativen Stress induzierten Zelltodprogrammes.
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Introduction

Introduction

Ca** signaling

Ca™ jons are extremely important mediators of signaling in all kind of cells. Retaining the cytoplasmic
Ca®™ concentration in the nanomolar range while high Ca®* amounts are stored in the endoplasmic
reticulum (ER) or located in the extracellular space enables the cell to quickly respond with elevations of
the cytosolic-Ca>* concentration in a spatiotemporal tightly controlled way to different stimuli like
receptor activation or changes in plasma membrane potential. To render this possible, a considerable
amount of energy in form of adenosine triphosphate (ATP) needs to be produced to tightly regulate the
distribution of Ca®* ions within the cell. Once a Ca®* signal is triggered, the cytosol is flooded with Ca**
within seconds, facilitating further downstream effects as diverse as muscle contraction, secretion,

proliferation, apoptosis or even embryonic development of fertilized egg cells (1) (2).

Neuronal Ca** signaling

Besides Na* and K*, Ca® ions are indispensable for the physiological activity of excitable cells like
neurons. Ca®* signaling is critically involved in synaptic transmitter release and modifies the
responsiveness of the neuron to prolonged stimulation through activation of Ca**-activated K* channels, a
process called adaptation. Also the hippocampal effects of long-term potentiation and depression
underlying the processes of learning and memory are critically dependent on Ca** signaling events (3).

In order to generate cytosolic Ca>* signals, a neuron can allow Ca®* influx from the extracellular space
through different types of plasma-membrane Ca™" channels, classified by their mode of activation into
voltage-dependent Ca** channels (VDCC) and ligand-gated Ca®* channels (LGCC). VDCC are further
subdivided into L-, N-, P-, Q, R- and T-type Ca** channels, depending on channel conductance, activation
voltage, speed of inactivation and sensitivity to different drugs and toxins (4) (5) and their activation
during an action potential for example induces pre-synaptic neurotransmitter release (3). LGCCs instead
are largely independent from membrane potential but are gated by binding of their specific ligand.
Prominent examples for LGCC are NMDA (N-Methyl-D-aspartate) and some types of AMPA (2-amino-
3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid) receptors which are located at the postsynaptic
membrane and open in response to binding of the neurotransmitter glutamate (6) (7). Alternatively,
through activation of Gg-protein coupled receptors like metabotropic glutamate receptors 1 and 5
(mGluR1 and mGluRS5), Ca* can also be released from internal stores either through the generation of
inositol 1,4,5-triphosphate (IP3), which binds and opens IP3 receptors 1-3 (IP3R1-3) in the ER membrane
(8) (9) or through opening of ryanodine receptors, what can occur dependently or independently from a

small IP3-induced cytosolic Ca”" increase (10).
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Considering these complex mechanisms for Ca® signaling in neurons it is not surprising that a
dysfunction of one of these signaling modulators critically disturbs neuronal physiology leading to
different neurological diseases like Parkinson’s or Alzheimer’s disease, stroke, amyotrophic lateral

sclerosis, epilepsy or even schizophrenia (11).

Store-operated Ca** entry

Cytosolic Ca®* signals can be evoked by Gq-coupled surface receptors, e.g. mGluR1 and mGluRS, or
tyrosin-kinase-coupled receptors like B- and T-cell receptors, through the generation of IP3 and
diacylglycerol (DAG) from phosphatidylinositol 4,5-bisphosphate (PIP2) by phospholipase C (PLC). IP3
quickly diffuses from its spot of generation at the plasma membrane to the ER membrane to bind and
open IP3R1-3 thereby inducing Ca”" release from the ER lumen and a sudden increase in cytosolic Ca**
concentration. The depletion of the ER-Ca®* content in turn activates plasma membrane channels called
Ca**-release activated Ca** (CRAC) channels leading to store-operated Ca* entry (SOCE) (12) (13).

The mechanism of activation of these CRAC channels has been a subject of long lasting debates and
discussions (14). One model explained the activation of CRAC channels in the plasma membrane in
response to ER-Ca**-store depletion by direct coupling through the IP3R receptors (15). In contrast to this
model, Randriamampita and Tsien described the existence of a diffusible messenger, called Ca>* influx
factor (CIF), which was released from the ER in response to store depletion and able to induce Ca** influx
when applied to macrophages, astrocytoma cells and fibroblasts (16). This CIF was shown to activate
Ca**-independent phospholipase A, (iPLA,) which then in turn activated CRAC channels through
generation of lysophospholipids (17).

The discussion about the different CRAC-activation models was suddenly interrupted in 2005, when
stromal interaction molecule 1 (STIM1) was identified in an RNA interference (RNAIi) screen as the main
sensor of ER-Ca** content which activated Ca®" influx via the plasma membrane in response to store
depletion (18) (19). STIMI is a single-transmembrane protein located in the ER membrane with a luminal
EF hand sensing the Ca®* content of the ER. Upon store depletion STIMI clusters into punctae near the
plasma membrane (20) and activates ORAII channels by direct binding to their N- and C-termini via its
CRAC-activation domain (21). Mutation of the luminal EF-hand motif generates a constitutively active
STIM1 that is located in punctae within close proximity to the plasma membrane, independently from
ER-Ca®* concentration (22) (23). In overexpression experiments ORAIl alone remarkably inhibited
SOCE whereas expression of STIMI slightly increased Ca>* entry induced by store depletion. Only co-
expression of ORAIl and STIMI highly increased SOCE pointing out the importance of the correct
stoichiometry between STIM1 and ORAIl (24). Manjarres et al. identified the optimal ORAI1:STIM1
ratio showing the largest increase in SOCE being 1:1, a ratio of 4:1 still increased SOCE but less strongly
than the 1:1 did and further increasing the ratio up to 10:1 inhibited SOCE. In addition to STIM1 and
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ORAII also the sarcoplasmic/endoplasmic reticulum Ca** ATPase (SERCA) co-assembles into punctae
induced by store depletion to permit quick shuttling of entering Ca>* into the ER (25) (26).

Interestingly a regulatory function of STIM1 also on VDCC was described. Whereas STIM1 activates
ORAII channels in response to store depletion it simultaneously binds the C-terminus of the L-type
VDCC Cayl.2, which results in acute inhibition of depolarization-induced channel opening and
subsequent internalization of the Cay1.2 (27) (28). Cay1.2 is widely expressed in excitable cells, amongst
others in cells of the cortex, hippocampus and cerebellum (29). Thus, this interconnection between
different Ca**-signaling pathways has to be kept in mind especially for the interpretation of Ca** signaling

in neurons, where SOCE and VDCC-signaling co-exist.

Ca®* and cell death

The link between Ca®* and cell death is complex. One needs to distinguish the spontaneous and
uncontrolled death of a cell induced by traumatic injury called necrosis from the programed cell death
known as apoptosis which is dependent on the availability of ATP and proceeds in a very controlled way
not only in response to irreversible stress or damage but also during normal development (30) (31). The
main characteristics of apoptosis include cytosolic and nuclear condensation together with DNA
fragmentation and membrane blebbing resulting in the formation of apoptotic bodies which can be
eliminated by macrophages (32) (33). Two different ways to induce apoptosis are known, the extrinsic
pathway, which is mediated by surface receptors and activated for example by cytotoxic lymphocytes,
and the so called intrinsic pathway which is regulated by mitochondria and activated from within the cell
in response to damage to cellular organelles (34).

During commitment of the extrinsic apoptosis pathway, CD95/FAS-receptor signaling provokes sustained
Ca™ release from the ER which is necessary for the induction of apoptosis (35). Typical for the intrinsic
apoptosis pathway is an excess of mitochondrial Ca*, which induces swelling and subsequent rupture of
the outer mitochondrial membrane followed by release of cytochrome c, a well-known mediator of
apoptosis (34) (36). Also in the cytosol, Ca** can trigger or inhibit apoptosis by Ca**-dependent enzymes
like the calpains, a family of cysteine proteases that include pro- and anti-apoptotic members (37) (38).
Next to its role during induction of apoptosis, Ca®* can also be recruited as a messenger during
commitment of programmed cell death. The plasma membrane Ca®* ATPase (PMCA) (39) (40) or the
Na*/Ca®* transporter type 1 (NCX) (34) can both serve as substrates for caspases and cleavage results in
inactivation and subsequent increase of cytosolic Ca** further accelerating the execution of cell death.
Furthermore different studies suggest regulatory functions on cellular Ca** homeostasis for B-cell
lymphoma 2 (BCL-2), an extensively studied inhibitor of apoptosis, and other pro- and antiapoptotic
members of the BCL-2 family, e.g. BAX (Bcl-2—associated X protein), BAK (Bcl-2 homologous
antagonist killer) and BCL-XL (BCL2-like 1) (41) (42) (43) (44).
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As STIM1 and ORAII are important players in Ca®" signaling, a link of these molecules to apoptosis
appears possible and was demonstrated in different scenarios. First Chiu et al. observed an activation of
STIM1 and concomitant SOCE in cervical epithelial cells in response to planting on soft substrate
resulting in calpain activation and subsequent apoptosis. Inhibition of SOCE by siRNA mediated knock
down of STIM1 increased survival of these cells on soft substrate (45). Also in different cancer cell lines,
reduction of SOCE by downregulation of either ORAIl or STIM1 transcripts resulted in increased
resistance to apoptosis (46) (47). Contrarily, malignant melanoma cells were dependent on an intact
SOCE machinery to sustain activation of protein kinase B, which phosphorylates AKT, a pro-survival
factor. Disturbance of SOCE by knock down of STIMI reduced the phosphorylation state of AKT
underlining the importance of Ca** signaling for survival of these tumor cells (48). Also in glioblastoma
cells SOCE was demonstrated to be important for cell survival and proliferation and reduction of SOCE
induced apoptosis (49). Hawkins et al. identified a glutathionylation site at cysteine 56 of STIM1 which
was glutathionylated in response to oxidative stress leading to constitutive activation of STIMI1
independently from ER-Ca®* store filling, what finally caused cell death (50). In contrast to this
publication, Berna-Erro et al. observed no change in viability of cultured hippocampal neurons derived

from STIM1 KO mice in comparison to WT controls after exposure to hypoxia (51).

Oxidative stress

In respiring cells, a continuous production of reactive oxygen species (ROS) at complex I (52) (53) and
III (54) (55) of the mitochondrial electron transport chain together with minor sources of ROS like
peroxisomes or nicotinamide-adenine dinucleotide phosphate (NADPH) oxidases (56) need to be
balanced by detoxifying antioxidative mechanisms. An imbalance between the production and
detoxification of ROS inevitably leads to the occurrence of a phenomenon called oxidative stress which is
well known to be responsible for the process of aging and furthermore involved in development and
progression of various diseases e.g. Parkinson’s or Alzheimer’s disease, myocardial infarction, stroke,
rheumatoid arthritis, diabetes, amyotrophic lateral sclerosis or even schizophrenia (56) (57) (58).

The primary reactive oxygen species directly produced at the mitochondria is the superoxide anion (02")
from which other kinds of ROS like H,O, or hydroxyl radicals ('OH) can be generated (59). These highly
reactive compounds have the tendency to quickly oxidize other molecules like nucleic acids, proteins or
lipids and can thereby cause serious damage in the worst case leading to cell death.

In order to detoxify these continuously produced ROS, a variety of antioxidative-defense mechanisms
have evolved, including non-enzymatic antioxidants e.g. ascorbic acid, a-tocopherol or glutathione (GSH)
or antioxidative enzymes like superoxide dismutase (SOD), which dismutates superoxide anions to H,O,
that subsequently is converted to O, and H,O by catalase, or glutathione peroxidase, that detoxifies H,O,,

with participation of GSH, to H,O (60).
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If these basal antioxidative-defense mechanisms are not sufficient to neutralize the endogenously
produced ROS or additional oxidative stress is triggered by exposure to reactive chemicals, a signaling
cascade is activated which induces expression of additional antioxidative-defense genes transcriptionally
controlled by a cis-acting element termed ARE (antioxidant-response element) (61). The transcription
factor which regulates ARE-dependent transcription is nuclear factor (erythroid-derived 2)-like 2 (NRF2).
In resting conditions NRF2 is located in the cytosol and bound by kelch like-ECH-associated protein 1
(KEAP1) and Cullin 3, which mark NRF2 for degradation by the proteasomal system resulting in a very
short half-life of NRF2 (62). If the level of oxidative stress increases, KEAP1 dissociates from NRF2,
allowing translocation of NRF2 to the nucleus, where it binds AREs and initiates transcription of

antioxidative-defense genes (63).

GSH system

GSH, a tripeptide composed of glutamate, cysteine and glycine, is one of the major antioxidants and the
most abundant thiol of low molecular weight not only in animal but also in plant cells (64). It is
synthesized in an ATP-dependent two-step reaction, with the first step being the rate-limiting reaction.
First, glutamate is ligated to cysteine by the enzyme y-glutamylcysteine ligase (GCL) and the emerging
dipeptide y-glutamylcysteine is then fused to glycine by the enzyme glutathione synthase resulting in the
tripeptide GSH (64). Once generated in the cytosol, GSH can either be secreted to the extracellular space,
transported into different cellular organelles like mitochondria or the nucleus, or fulfill its role as an
antioxidant directly in the cytoplasm (65).

GSH can either directly detoxify ROS or act as a cofactor of ROS-scavenging enzymes, the glutathione
peroxidases. In both reactions, the enzymatic or non-enzymatic detoxification of ROS, two GSH
molecules are oxidized, building a covalent disulfide bond, resulting in a GSH disulfide molecule
(GSSG). GSSG is continuously regenerated to GSH by the NADPH-dependent enzyme GSH reductase
keeping the GSH/GSSG ratio as high as possible (64). Small changes in the redox status of the cell can
significantly alter the GSH/GSSG ratio which influences cell fate into either a proliferating (reducing
environment with higher GSH/GSSG ratio) or more differentiating (oxidizing environment with lower
GSH/GSSG ratio) condition (66).

Next to its function as an antioxidant GSH is also involved in the regulation of protein activity.
Dependent on the oxidation state of a cell, protein sulfthydryl groups can be activated by oxidation and
serve as a target for GSH which forms a mixed disulfide. The resulting glutathionylation influences the
activity of proteins like chaperones or cell cycle regulators (67). Recently, also STIM1 was shown to be
glutathionylated in response to the redox state of the cell, what lead to Ca** entry independently of the

ER- Ca™ filling state (50).
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Oxidative glutamate toxicity

The rate-limiting step during the synthesis of GSH is the ligation of glutamate to cysteine to form y-
glutamylcysteine. The substrate cysteine is the reduced form of cystine which is imported into the cell by
system X., a cystine/glutamate antiporter. By application of millimolar amounts of glutamate to the
culture medium this antiporter is blocked, cystine import is stopped and the cell runs short in cysteine
which in turn leads to oxidative stress induced by GSH depletion (68).

The mouse hippocampal cell line HT22 serves as an excellent model for this oxidative glutamate toxicity
as it lacks ionotropic glutamate receptors and remains therefore unaffected from excitotoxicity, a form of
programmed cell death also induced by glutamate. Application of glutamate to the culture medium of
HT?22 induces a very well defined sequence of events which, after about 16 hours, results in cell death
caused by oxidative stress. In the first hours, the level of GSH is continuously reduced, while the load of
ROS slowly increases. When the GSH level drops below a certain threshold, 12-lipoxygenase (12-LOX)
is activated which strongly enhances ROS production (69). In the final phase, soluble guanylyl cyclase
(sGC) is activated which leads to the production of cyclic guanosinmonophosphate (¢cGMP) and opening
of so far unknown Ca®* channels. The resulting strong cytosolic Ca** rise eventually finalizes the cell

death program (70).

Aims of the thesis

In the course of this study the role of store-operated Ca®* entry for neuronal function was characterized.
As nerve cells are particularly prone to oxidative stress-induced injury, and Ca** ions fulfill important
functions herein, an effect of STIM1 and ORAIl expression on oxidative stress resistance was

hypothesized and investigated.
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Store-operated Ca®* entry (SOCE) over the plasma membrane is activated by depletion of intracellular Ca®*
stores and has only recently been shown to play a role in CNS processes like synaptic plasticity. However, the di-
rect effect of SOCE on the excitability of neuronal networks in vitro and in vivo has never been determined. We
confirmed the presence of SOCE and the expression of the calcium sensors STIM1 and STIM2, which convey infor-
mation about the calcium load of the stores to channel proteins at the plasma membrane, in neurons and astro-
cytes. Inhibition of SOCE by pharmacological agents 2-APB and ML-9 reduced the steady-state neuronal Ca®*
concentration, reduced network activity, and increased synchrony of primary neuronal cultures grown on
multi-electrode arrays, which prompted us to elucidate the relative expression of STIM proteins in conditions
of pathologic excitability. Both proteins were increased in brains of chronic epileptic rodents and strongly
expressed in hippocampal specimens from medial temporal lobe epilepsy patients. Pharmacologic inhibition of
SOCE in chronic epileptic hippocampal slices suppressed interictal spikes and rhythmized epileptic burst activity.
Our results indicate that SOCE modulates the activity of neuronal networks in vitro and in vivo and delineates
SOCE as a potential drug target.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Ca®* transients control a vast array of cellular functions from short-
term responses such as contraction and secretion to long-term
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regulation of cell growth and proliferation. Cytosolic Ca>* increases in
response to activation of cell-surface receptors and subsequent genera-
tion of the second messenger inositol 1,4,5-trisphosphate (IP3), which
interacts with its receptors (IP3R1-3) on the membrane of the endoplas-
mic reticulum (ER). Opening of these IP3R Ca?* channels releases lumin-
ally-stored Ca®™ from the ER. Depletion of ER Ca®" stores results in
activation of store-operated channels (SOCs) at the plasma membrane,
mediating capacitative or store-operated Ca®™ entry (SOCE) from the ex-
tracellular space followed by removal of cytosolic Ca®™ and replenish-
ment of luminal Ca?* through sarcoplasmic/endoplasmic reticulum
Ca?*-ATPases (SERCA). Based on electrophysiological and molecular
properties, two main types of SOCs were proposed: the highly Ca%*-se-
lective Icrac currents mediated by the ORAI family of proteins carrying
the highly Ca®*-selective Icrac currents (Feske et al., 2006; Vig et al,,
2006), and non-selective Ca?* permeable TRPC (C-type transient recep-
tor potential) channels (Huang et al., 2006). The Ca* sensor that con-
veys information about the Ca®* load of the ER lumen to SOCs is
stromal interaction molecule 1 (STIM1). STIM1 senses luminal Ca* con-
centration via an amino-terminal EF hand Ca?"-binding domain and in
response to store depletion rearranges into punctate structures close to
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the plasma membrane while still remaining in the ER. STIM1 then acti-
vates members of the ORAI family of Ca?*-influx channels through direct
interaction (Liou et al., 2005; Park et al., 2009; Roos et al., 2005), resulting
in Ca2™ entry by Icrac into the cell. As a third element SERCA was shown
to co-assemble into STIM1-ORAI1 punctae facilitating the quick shuttling
of entering Ca®" into the ER (Manjarrés et al., 2010). In contrast to
STIMT1, the function of STIM2 is still less clear. STIM2 has been proposed
to act as an important sensor of basal ER Ca?™ levels and was claimed
to be the main regulator of resting ER Ca®™ levels in non-excitable HeLa
cells (Brandman et al., 2007) and in neurons (Gruszczynska-Biegala et
al,, 2011).

The role of SOCE and specifically the ER Ca®* sensor STIM1 is best
defined in non-excitable cells like immune cells, where it mediates
rapid responses such as mast cell degranulation as well as long-term re-
sponses that involve new gene transcription (Feske, 2007). However,
some effort has been made to elucidate the role of STIM proteins and
SOCE also in excitable cells, especially neurons. STIM1 is expressed in
cultured neurons and in brain sections with the most prominent ex-
pression in cell bodies and dendrites of pyramidal neurons and in Pur-
kinje and granule neurons of the cerebellum (Klejman et al., 2009).
STIM1 expression increases during in vitro differentiation to relatively
high and stable levels in mature neuronal cultures and was found to
be present in fractions enriched for postsynaptic densities, suggesting
that it may function at or near synapses (Keil et al.,, 2010). STIM1 and
Orail were also confirmed in sensory neurons at both the transcript
and protein levels (Gemes et al., 2011). Others hardly detected any
STIM1 mRNA in pure primary hippocampal neurons of mice isolated
by laser capture microscopy and obtained only very weak STIM1 signal
from brain lysates in immunoblot analyses (Berna-Erro et al., 2009) and
suggested that STIM2 is the main regulator of SOCE in the brain. Howev-
er, in a parallel work, we compared absolute copy numbers of STIM1
and STIM2 mRNA in hippocampal neurons and showed that STIM2
transcripts are only about twofold more abundant than STIM1 in
laser-dissected hippocampal neurons (Gruszczynska-Biegala et al.,
2011).

In summary, it appears clear that STIM proteins are present in the
brain whereas their role in neuronal function is still uncertain. Blocking
of SOCE with Lanthanum attenuated spontaneous Ca>* transients in
synaptic boutons, which are important for short-term synaptic plasticity
and may also contribute to long-term plasticity (Emptage et al., 2001).
Inhibition of SOCE with 2-aminoethoxydiphenyl borate (2-APB) and
SKF-96365 in hippocampal slice preparations accelerated the decay of
NMDA-induced Ca®* transients without affecting their peak amplitude,
and attenuated tetanus-induced dendritic Ca®* accumulation and long-
term potentiation at Schaffer collateral-CA1 synapses (Baba et al., 2003)
suggesting a link between SOCE and neuroplasticity. Finally, a SOCE in-
flux pathway was also demonstrated in bag cell neurons of Aplysia
(Kachoei et al., 2006) and in flight neurons of Drosophila melanogaster
(Agrawal et al., 2010). Blockade of SOCE increased neuronal excitability
in dorsal root ganglion neurons (Gemes et al.,, 2011). Recently, STIM1
was shown to directly suppress depolarization-induced opening of the
voltage-gated Ca®" channel Cay1.2 by binding to the C terminus of
this channel, which led to acute inhibition of gating and long-term inter-
nalization of the channel from the membrane (Park et al., 2010; Wang et
al, 2010).

In this contribution, we tried to pharmacologically elucidate the func-
tion of SOCE in the nervous system by the use of dissociated cortical cul-
tures grown on multi-electrode arrays (Otto et al., 2003), which allows a
highly sensitive and reproducible assessment of network activity. These
data hinted to a role of SOCE in network activity, which is an important
determinant of epilepsy. We therefore studied the expression of STIM1
and STIM2 in tissues from chronic epileptic rats and humans and the
function of SOCE in a model of chronic epileptiform activity in organoty-
pic hippocampal slice cultures. These experiments showed that STIM
proteins are upregulated in conditions of chronic excitability and sug-
gested that SOCE modulates the activity of neuronal networks, which

delineates SOCE as a potential drug target in the treatment of chronic
epilepsy.

Materials and methods
Cell culture

For the analysis of network activity, cryopreserved primary dissoci-
ated cortical cultures of the embryonic rat (embryonic day 18, E18, QBM
Cell Science) were employed (Otto et al., 2003). After thawing, the cells
were plated at a final density of 10> cells on PDL-/laminin-precoated
MEAs or coverslips. Neuronal cultures were incubated in a humidified
atmosphere (5% C0O,/95% air) at 37 °C. For analysis of STIM1 expression,
freshly prepared pure primary embryonic cortical neurons (embryonic
day 18, E18) and postnatal astrocytes (postnatal day 0/1, PO/1) were
plated on PDL-/laminin-coated or PDL only-coated coverslips. For prep-
aration of astrocytes, PO-1 Wistar rat pups were anesthetized and de-
capitated, the brain was removed and the neocortex dissected for
each brain hemisphere sparing the hippocampi. Meninges were re-
moved and tissue fragments were crudely fragmented. Cell separation
was achieved by trituration and by filtration through sterile nylon
gauze with a pore size of 60 um. Astrocytes were cultivated in presence
of DMEM supplemented with 10% FBS in a humidified atmosphere (10%
C0,/95% air) at 37 °C with medium renewal every 2-4 days. For remov-
al of non-astroglial contaminations, confluent astrocyte cultures were
incubated on a shaker over night, followed by medium renewal. Pure
astrocyte cultures were cultivated in the presence of serum-free, chem-
ically defined medium for the generation of astrocyte-conditioned me-
dium. For the preparation of cortical neurons, E18 Wistar rat pups were
decapitated, the brain removed, and neocortex tissue prepared as de-
scribed for the preparation of astrocytes. Cell separation was achieved
by trypsinizing the tissue, followed by trituration and by filtration
through sterile nylon gauze with a pore size of 30 um. Cortical neurons
were cultivated in the presence of astrocyte-conditioned medium in a
humidified atmosphere (10% C0O,/95% air) at 37 °C.

Extracellular microelectrode recordings and signal analysis

Extracellular microelectrode recordings and signal analysis were
performed as described (Otto et al, 2003). Network activity was
recorded on MEAs (Multi Channel Systems) with 64 titanium nitride
electrodes (30 um diameter and 200 pm spacing) at 37 °C using sterile
conditions. Signals from all 64 electrodes were simultaneously sampled
at 25 kHz, visualized and stored using the standard software MC-Rack
(Multi Channel Systems). Spike and burst detection was performed off-
line using a specialized software (SPANNER 2.0, Result, Germany).

Whole body panel

For relative quantitation of STIM1 and STIM2 mRNA levels in human
tissues, a TagMan™ real-time PCR assay was employed on a 7900 HT Se-
quence Detection system (Applied Biosystems) according to the manu-
facturer's protocols. For first strand cDNA synthesis, 85 g of total RNA
was incubated for 1.5 h at 37 °C with 2 U/ul Omniscript reverse transcrip-
tase (Qiagen) in the supplied buffer plus 9.5 pM random hexamer primer,
0.5 mM per dNTP, and 3000 U RnaseOut (Invitrogen) in a final volume of
680 pl. The resulting cDNA was diluted 1:10 with water and directly used
in PCR (5 pl per reaction). PCR primers and probes were: STIM1 forward:
5’-CTGACGGAGCCACAGCAT; reverse: 5'-CACTCATGTGGAGGGAGGAC,
FAM™/TAMRA™-labeled probe 5’-TCTCAGAGGGATTTGACCCATTCCG,
and STIM2 forward: 5-ACTGGCTCTGCCGCAACT; reverse: 5'-GCATGGTG-
GACTCAGTGACA, probe 5'-ATAGCCCGGCGCTCATGACAGAT. The real-
time PCR thermal protocol was set to 2 min at 50 °C, followed by
10 min at 95 °C, followed by 40 cycles of 15s at 95°C and 1 min at
60 °C. To normalize the amount of cDNA per assay, the expression of ref-
erence genes hypoxanthine phosphoribosyltransferase, gapdh, and
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[>-actin was measured in parallel assays. Relative expression was calculat-
ed using normalized expression values.

Immunoblotting

For immunoblot analysis, cells were harvested and directly lysed in
RIPA buffer containing Complete Mini Protease Inhibitor Cocktail
(ROCHE). Protein concentrations were determined using the bicincho-
ninic acid assay protein quantitation kit from Interchim and for each
sample 50 pg of total protein were loaded into the wells of a NuPAGE
Novex 4-12% Bis-Tris Mini Gel (Invitrogen). Proteins were blotted
onto a nitrocellulose membrane using the iBlot Gel Transfer device
(Invitrogen) and successful blotting was verified by staining with Pon-
ceau S. The membrane was blocked with 3% milk in phosphate buffered
saline with 0.5% Tween-20 (PBS-T) for 1 h at room temperature with
gentle shaking. Primary antibodies were diluted in 3% milk in PBS-T
for incubation on the membrane at 4 °C with light shaking over night.
Antibodies were used as follows: mouse anti-GOK/STIM1 (#G7210)
from BD Bioscience was diluted 1:250, rabbit anti-GAPDH (#2118)
from Cell Signaling 1:2500 and rabbit anti-STIM2 (#4123) from ProSci
1:1000. After washing with PBS-T three times the membrane was
placed into secondary antibody solution and incubated at room temper-
ature for 1 hin the dark. IRDye 800CW Goat Anti-Mouse IgG and IRDye
680 Goat Anti-Rabbit IgG were diluted 1:20000 in 3% milk in PBS-T. Af-
terwards the membrane was washed in PBS-T three times and scanned
on a Licor Odyssey Infrared Imaging System.

Real-time PCR analysis

Total RNA of primary astrocytes and neurons was isolated with the
RNeasy Mini Kit (Qiagen) and transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kit from Applied Biosystems.
Quantitative PCR was performed on an ABI 7500 real time cycler
using TagMan universal PCR Mastermix (ABI) and different primer-
probe sets in a final reaction volume of 20 pl. As endogenous control
served the hypoxanthin-phosphoribosyltransferase (HPRT) gene am-
plified with individually designed primers and a FAM/TAMRA probe
all synthesized by MWG-Biotech. All the other transcripts were am-
plified by primer-probe sets of the Universal probe library from
Roche. Probes were FAM/dark-quencher labeled and obtained from
Roche and primers were also synthesized by MWG-Biotech.

SOCE and agents

Pure primary cortical astrocytes or neurons, grown on cover-slips
coated with poly-p-lysine or poly-p-lysine with laminin, were incu-
bated for 30 min with 1 uM Fura-2 acetoxymethyl ester (Molecular
Probes) in HBSS (Gibco) at 37 °C in an atmosphere of 5% CO,. Cover
slips were washed twice with HBSS and placed into a flow chamber.
Calcium imaging was done on an Olympus IX81 fluorescence micro-
scope with the cell*R imaging software. Every 5 s two pictures were
taken (excitation wavelength 340 and 380 nm) and the ratio of both
was calculated for each single cell. During measurement the HBSS
buffer was changed to EGTA buffer (HBSS containing 1 uM Thapsigar-
gin (Molecular Probes), 0.5 mM EGTA, 2 g/l Glucose and 20 mM
HEPES (Gibco) without Ca?*) after 6 min and back to HBSS buffer
containing Ca®" again after another 6 min. If not indicated differently,
chemicals were obtained from Sigma.

In vivo experimental epilepsy

C57BI6 mice were subjected to a pilocarpine-induced status epilepti-
cus (SE), terminated with diazepam after 40 min. After the development
of chronic seizures (4 weeks after SE) animals were transcardially per-
fused using 4% PFA, the brain removed, cryopreserved in 30% sucrose
and cut into 30 um cryosections.

In vitro experimental epilepsy

Horizontal hippocampal slices (400 um) containing the hippocam-
pus, entorhinal cortex, and adjacent areas of the temporal cortex were
prepared from 9-day-old Wistar rats (Charles River) and cultured in in-
terphase conditions in a humidified 5% CO, atmosphere at 35 °C. Cul-
tures were started in horse serum-containing medium, which was
gradually replaced until day 5 in culture by a serum-free, defined solu-
tion based on DMEM-F12 and including the N2 and B27 supplements
(Cytogen) (Benninger et al., 2003; Opitz et al., 2007). On day 6 in culture
3 UM kainic acid (Sigma-Aldrich) was added for 48 h. More than 90% of
slices cultured under these conditions revealed a remarkable preserva-
tion of the hippocampal architecture including the preservation of the
major neuronal subpopulations. The application of kainic acid induced
a mild gliosis as well as mossy fiber sprouting as a neuropathological
hallmark of epilepsy (data not shown).

Electrophysiology

For extracellular recordings one slice at a time was transferred
to a recording chamber and continuously superfused with aCSF at
1-2 ml/min. This aCSF contained (in mM) 125 NaCl, 5 KCl, 1.25
NaH,PO,, 2 CaCl,, 1 MgCl,, 25 NaHCOs, and 25 D-glucose (gassed
with 95% 02/5% CO,, pH 7.4, 300-305 mosmol/kg). Recordings were
performed at ambient temperature. The dentate gyrus was visualized
using an upright microscope equipped with infrared differential inter-
ference contrast and 5x objective (Zeiss). For recordings an aCSF-filled
glass microelectrode was placed into the granule cell layer of the
dentate gyrus at a depth of 40-100 pm. Signals were amplified
100x and filtered at 2 kHz (EXT 10-2F, NPI), digitized at 20 kHz
and recorded using pClamp 10 software (Molecular Devices). Field
excitatory postsynaptic potentials could be recorded in the dentate
gyrus for at least 3 weeks after the application of kainic acid, con-
firming the functional integrity of the preparation. All electrophysio-
logical recordings were analyzed using Clampfit 9 (Axon Instruments)
and Microsoft Excel.

Medial temporal lobe epilepsy specimen

Three specimens from patients suffering from medial temporal lobe
epilepsy were obtained from Albert Becker (Dept. of Neuropathology,
University of Bonn) after routine selective hippocampectomy diag-
nosed as hippocampal sclerosis Wyler IV. The local ethics committee
approved the use of the material; all patients provided written in-
formed consent. Samples of human hippocampi were fixed for 30 min
in 4% PFA and cut into 20 pm cryosections.

Immunohistochemistry

Sections were digested for antigen retrieval with pepsin (Dako,
100 mg/ml in 0.2 N HCl) and incubated with primary and secondary
antibodies in blocking solution containing 8% FCS, 0.3% Triton X-100
in PBS for 16 and 4 h, respectively. We applied mouse IgG monoclonal
antibodies to Stim1, (1:75 Abnova #H00006786-M01) and neuronal
nuclei (1:50, Chemicon) as well as rabbit polyclonal antibodies to
Stim2 (1:100 Cell Signaling #4917) and GFAP (DAKO; 1:800). All of
the antigens were visualized using corresponding Cy3- and Cy5-con-
jugated goat secondary antibodies (Jackson). All immunohistochemi-
cal stainings were observed on a Zeiss Axioimager upright fluorescence
microscope equipped with the apotome technology to reconstruct opti-
cal sections. For comparison of fluorescence intensities chronic epileptic
and control hippocampi were always stained in parallel and imaged
using identical exposure times and post acquisition image processing.



188
Statistical analysis

Data were summarized as mean 4 S.E.M. and the statistical signifi-
cance assessed using two-tailed t-tests or analysis of variance
(ANOVA) with Tukey's Multiple Comparison Test as indicated.

Results

STIM1 and STIM2 are expressed in the murine and human nervous
system

We first set out to investigate the relative expression of STIM1 and
STIM2 in the murine nervous system by comparing the protein abun-
dance in mouse tissues using immunoblotting with specific antibodies
and normalization to the expression of glycerin-aldehyde-3-phosphate
dehydrogenase (GAPDH). The specificity of the antibodies was shown
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by the use of mouse embryonic fibroblasts derived from STIM1 respec-
tively STIM2-deficient mice. This quantification revealed a prominent
expression of both STIM1 and STIM2 at intermediate levels in the cere-
brum and to a lesser extent in cerebellum and even lower in the spinal
cord (Fig. 1A). Both proteins were most prominently expressed in liver
and lung, STIM1 also showed a strong expression in the spleen, which
harbors a large amount of immune cells where STIM1 expression and
function is best described. These data suggest that STIM1 and STIM2
are to a significant amount expressed in the murine nervous system.
We then analyzed STIM1 and STIM2 expression in a variety of human
tissues using quantitative RT-PCR. In contrast to mouse tissue, STIM1
turned out to be most prominently expressed in the excitatory tissues
of CNS and skeletal muscle and not in spleen (Fig. 1B). Within the
human brain, we observed the highest expression level in the cortex
and hippocampus, both regions where a large amount of neurons pre-
vail (Fig. 1C). STIM2 expression, in contrast, was highest in the ovary
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Fig. 1. STIM1 and STIM2 are expressed in the murine and human nervous system. A) Relative abundance of STIM1 and STIM2 protein in mouse tissues as quantified by immunoblotting
using specific antisera demonstrated by lack of signal in KO MEFs. GAPDH served as loading control; size is indicated. Bar graphs represent the mean 4- SEM from densitometric analysis of
three independent blots. B-D) Relative amount of STIM1 and STIM2 mRNA in human tissues measured by quantitative real-time PCR normalized to the expression of housekeeping genes

hypoxanthine phosphoribosyltransferase (HPRT), GAPDH, and [3-actin.
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and spleen with brain showing a rather low expression level (Fig. 1D).
Within the human brain, the highest expression level was found in
the cortex and hippocampus, similar to STIM1 (Fig. 1E). These data sug-
gest significant differences between mice and humans in regard to the
relative expression levels of STIM1 and STIM2.

STIM1 is predominantly expressed in primary astrocytes and STIM2 in
neurons

We then determined the relative expression of STIM proteins in the
two main cell types present in the central nervous system by investigat-
ing their abundance in primary cultures containing only astrocytes or
neurons. Cortical neurons were generated from embryonic day 18 rats
and astrocytes from postnatal rats and were characterized by immuno-
cytochemistry using B-tubulin III for neurons and GFAP (glial fibrillary
acidic protein) for astrocytes (not shown). Both cultures contained
STIM1 and STIM2 as shown by immunoblotting (Fig. 2A). To quantitate
the relative expression, we used quantitative RT-PCR using GFAP and
p-tubulin IIT as controls showing an approximately 1.7-fold increased
expression of STIM1 in astrocytes over neurons, whereas STIM2 was in-
creased 1.9-fold in neurons (Fig. 2C) in line with a recent report
(Gruszczynska-Biegala et al., 2011).

Inhibition of SOCE decreases steady-state intracellular Ca®™ in primary
neurons but not in astrocytes

We next studied the effect of ML-9, which was shown to inhibit
SOCE and the Icrac current through inhibition of punctae formation
(Smyth et al., 2008) on steady-state intracellular Ca?>* and SOCE using
Fura-2AM Ca®* imaging of single cortical rat neurons or astrocytes.
ML-9 is effective in cells of the nervous system as it was previously
shown to inhibit thapsigargin-mediated translocation of STIM1 and
STIM2 to membrane fractions in neurons (Gruszczynska-Biegala et al.,
2011). Our analysis demonstrated several profound differences be-
tween the two cell types. Resting Ca%™ levels were much higher in neu-
rons than in astrocytes. In neurons, removal of extracellular Ca®* with
EGTA and addition of the SERCA inhibitor thapsigargin led to an
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Fig. 2. STIM1 is predominantly expressed in primary astrocytes and STIM2 in neurons.
A) STIM1 and STIM2 immunoblots showing expression in pure astrocytic and pure neuro-
nal cultures. GAPDH served as loading control; size is indicated. B) Relative expression of
STIM1 and STIM2 mRNA in these cultures shown by quantitative real-time PCR using the
ACT method and HPRT as housekeeping control. Fold differences are shown below. Ex-
pression of GFAP and 3-tubulin III served as controls to demonstrate the purity of the cul-
tured cells.

immediate reduction in intracellular [Ca®*] followed by a small tran-
sient increase. Astrocytes, in contrast, reacted with a Ca>* peak and a
subsequent increase in cytosolic [Ca®*] in response to thapsigargin in
EGTA (Fig. 3A black lines). The application of ML-9 resulted in a strong
decrease in cytosolic [Ca®*] in the neurons, whereas astrocytes showed
an increase in cytosolic [Ca®™]. Such an increase in intracellular [Ca®*]
was observed in previous reports (Norwood et al., 2000; Smyth et al.,
2008) and attributed to release of Ca®™ from intracellular stores by
ML-9. In neurons, ML-9 greatly attenuated the thapsigargin-releasable
Ca* increase, which was not evident in astrocytes. Only in astrocytes,
ML-9 led to a sharp decline in intracellular [Ca®*], when extracellular
Ca?* was removed with EGTA and SERCA pumps inhibited with thapsi-
gargin (Fig. 3A). Also after re-addition of extracellular Ca®™, astrocytes
exhibited a much stronger store-operated Ca%>* entry as compared to
neurons. ML-9 had a much stronger effect on this Ca?>* influx, where
it blocked 76% of Ca®™ influx in astrocytes and 36% in neurons, indicat-
ing that some Ca®* entry may occur through ML-9 insensitive channels
particularly in neurons (Fig. 3B).

In summary, these results suggest that neurons and astrocytes differ
dramatically in the regulation of the intracellular Ca?* homeostasis and
particularly SOCE. In neurons, SOCE (or rather ML-9-inhibitable Ca?™
influx) seems to be involved in the maintenance of steady-state Ca®™,
whereas astrocytes rather behave like non-excitable cells.

Inhibition of SOCE dampens network activity of primary dissociated cor-
tical cultures grown on multi-electrode arrays

Multi-electrode arrays (MEAs) allow a highly sensitive and repro-
ducible assessment of network activity by culturing dissociated cortical
cells directly “on chip” (Fig. 4A). In these cultures, spontaneous electrical
activity and signal propagation of evolving neuronal networks can be
observed non-invasively in real time at 64 electrodes embedded into
the chip. After 3 weeks in vitro, networks exhibit regular bursting
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Fig. 3. Inhibition of SOCE decreases steady-state intracellular Ca®* in primary neurons but
not in astrocytes. Pure primary neurons or astrocytes were obtained from embryonic rats
at E18 and cultured in vitro for 10 days. Cytosolic Ca** was measured as Fura-2 ratio in re-
sponse to A) 50 uM ML-9 and 1 pM thapsigargin (TG) in the absence of extracellular Ca®*
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Fig. 4. Inhibition of SOCE dampens network activity of primary dissociated cortical cultures grown on multi-electrode arrays. A) Dissociated cortical cultures were grown on multi-
electrode arrays and visualized by phase-contrast microscopy. Black discs correspond to electrodes. B) Typical trace recorded from one MEA-electrode showing the parameters used
for statistical analysis. C) Spike raster plot of spontaneously active cryopreserved cortical neurons on one MEA in artificial CSF (aCSF) or 50 uM ML-9. Each bar represents one spike;
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D) Concentration- and time-dependent effect of ML-9 and E) 2-APB on the amount of spikes and bursts per minute as well as the network activity using Cohen's kappa as measure
of synchrony of the activity on all 64 electrodes on the chip. Each data point corresponds to the mean 4- SEM of at least three independent experiments. The horizontal bar indicates

washout after 18 min.

activity consisting of single spikes or bursts, which can be measured
quantitatively by the spike and burst rate per minute and the inter-
burst interval (Fig. 4B). This technique allows highly sensitive and repro-
ducible measurements of concentration-dependent effects on neuronal
network activity (Gramowski et al., 2004; Johnstone et al., 2010).
Mature neuronal cultures derived from dissociated cortical cells
exhibited highly synchronous network activity on MEAs (Fig. 4C left
panel). ML-9 reversibly reduced spike and burst rate in a concentra-
tion-dependent manner, however retaining the burst structure of net-
work activity at increased inter-burst intervals. Reduced network
activity induced by ML-9 occurred in fewer but more regular, shorter
bursts with fewer spikes per burst and fewer irregular spikes between
bursts, thus leading to increased synchrony shown by an increased
kappa value (Figs. 4C and D). We repeated these measurements with
2-APB, probably the most extensively utilized SOCE inhibitor, which
was first described as a membrane-permeable inhibitor of the inositol
1,4,5-trisphosphate receptor. A low concentration of 5uM 2-APB had
no significant effect on neuronal network activity, but addition of
75 UM 2-APB reversibly reduced spike and burst rate similar to ML-9.
However, 75 M of 2-APB effectively suppressed nearly all neuronal
bursting activity and rather induced a transition to sparse single spike
firing—a network state with reduced synchrony suggesting insufficient
excitatory synaptic transmission for bursting induced by 2-APB at this
concentration (Fig. 4E). For both substances, all effects were quickly

reversed after washout of the applied substances. We conclude that in-
hibition of SOCE with two independent and different well-characterized
agents resulted in a profound reduction of neuronal network activity, al-
beit with different network burst behavior.

STIM1 and STIM2 levels are increased in the chronic epileptic
hippocampus

The effect of SOCE inhibition by 2-APB and ML-9, which both reduced
and partly synchronized network activity of primary cultures grown on
multi-electrode arrays, suggested a role for SOCE in neuronal network
activity. This prompted us to investigate the abundance of both proteins
in pilocarpine-induced chronic epilepsy, an in-vivo model for increased
neuronal network activity. Pilocarpine induces a single episode of status
epilepticus, which then triggers a progressive structural and functional
neuronal reorganization associated with the emergence of recurrent
unprovoked seizures. This is accompanied by the conversion of hippo-
campal pyramidal neurons from regular firing, which is the predomi-
nant spiking mode in normal conditions (Azouz et al., 1996), to burst
firing a few days after status epilepticus (Sanabria et al., 2001). Sponta-
neously bursting pyramidal cells can recruit the entire CA1 population of
pyramidal cells into synchronized discharges (Sanabria et al., 2001). The
role of SOCE and STIM1 in particular has not been studied in this model
before.
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We examined the expression of STIM1 and STIM2 in the hippocam-
pal subfields of chronic epileptic mice and controls using immunohisto-
chemistry. We observed a considerable upregulation of mainly
perinuclear STIM1 in all three major hippocampal neuronal layers (den-
tate gyrus, CA1 and CA3, Fig. 5A). The upregulation of STIM1 was also
evident in immunoblots at least for the dentate gyrus, whereas only
very little STIM1 was present in the CA1 and CA3 regions rendering
quantification impossible (Fig. 5A insert). The same upregulation was
evident for perinuclear and nuclear STIM2, which was expressed in all
hippocampal neuronal layers and upregulated in the chronic epileptic
hippocampus as compared to control tissue (Fig. 5B).

STIM1 and STIM2 are highly expressed in a hippocampal specimen from
a patient with medial temporal lobe epilepsy

To verify the expression of STIM1 and STIM2 in the human hippocam-
pus under conditions of pathologic hyperexcitability, we then examined
hippocampal specimen from patients undergoing hippocampectomy, di-
agnosed as Ammon's horn sclerosis °IV according to Wyler. Immunohis-
tochemical analysis revealed a strong expression of STIM1 and STIM2 by
neuronal cells in the human epileptic dentate gyrus and CA1 (Fig. 6). Im-
portantly, STIM1 immunoreactivity extended far into neuronal processes
compatible with a juxta-membranous localization of the protein, which is
necessary for Ca®* influx. Unfortunately, immunohistochemistry per-
formed on an autopsy specimen of control patients did not show any
specific staining, possibly due to rapid protein turnover (Klosen et al.,
1993).

Inhibition of store-operated Ca®” entry rhythmizes burst activity in
epileptic hippocampal slice cultures

Based on this potential role of STIMs and SOCE in epileptic activity, we
then set out to directly test the effect of pharmacologic SOCE inhibition on
epileptiform activity. We used a model of chronic epileptiform activity,

created by transient application of kainic acid (KA, 3 uM, 48 h) to organo-
typic hippocampal slice cultures. KA treatment induced epileptiform
burst activity, which was recorded in the granule cell layer of the dentate
gyrus in all experiments described here. It was, however, it was also
detectable in the CA3 and CAT1 region. This burst activity showed a consid-
erable degree of inter-slice variation with regard to burst duration, fre-
quency and amplitudes, however individual slice activity was stable for
several hours during extracellular field potential recordings (data not
shown). For pharmacological SOCE inhibition only slices with a baseline
burst frequency of four to eight bursts (defined as >5 spikes per second
with at least two consecutive spikes exhibiting high-frequency activity
>50 Hz) per minute were chosen. Baseline activity was recorded for at
least 20 min followed by the application of 100 uM ML-9 or 75 uM
2-APB for 10 min and subsequent wash out of the drug for at least
30 min (Fig. 7A).

Application of ML-9 (n=5) acutely increased the frequency of
epileptiform bursts from 6.6 4 2.5 bursts to 10.6 & 2.5 bursts per minute
2 min after application of the drug. However, with a latency of 5-10 min
during drug application and most prominent after the application
of ML-9, burst frequencies decreased again to pre-treatment levels
(6.340.5 bursts per minute, 2 min after drug application, Fig. 7B).
This effect was accompanied by qualitative changes of the bursts them-
selves. Before drug application single bursts consisted of 6.9 4+ 1.9 indi-
vidual spikes per burst, which did not change during drug application
(6.7 £ 1.8) but increased markedly after drug application to 20.8 +-3.9
(Fig. 7C). Before and during drug application, interictal spikes were a
frequent phenomenon but were completely absent in the rhythmic
phase following ML-9 wash-out, indicated by the sharp decline of the
inter-burst interval variability (Fig. 7D, 20 intervals per condition and
slice, note decrease in variability). In these experiments, 2-APB showed
the same but less pronounced effects (Figs. 7B-D right panels). These
results indicate that inhibition of SOCE suppresses interictal spikes
and rhythmizes epileptic burst activity in chronic epileptic hippocampal
slice cultures.

STIM1

STIM2

Control Status epilepticus

Control Status epilepticus

Fig. 5. STIM1 and STIM2 levels are increased in chronic epileptic mice. Immunohistochemical analysis of A) STIM1 and B) STIM2 expression in the hippocampus (dentate gyrus, DG and
CA1/3) 4 weeks after sham-control or pilocarpine-induced status epilepticus in mice. Inserts in A) show STIM1 western blots of respective regions after hippocampal microdissections
from individual animals after control (CTRL) or status epilepticus (SE) treatment as well as embryonic fibroblasts from wild type (WT) or STIM1 knock out (KO) animals. Scale bar, 30 pm.
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Fig. 6. STIM1 and STIM2 are highly expressed in a hippocampal specimen from a patient with medial temporal lobe epilepsy. Immunohistochemical analysis STIM1 (upper row) and
STIM2 (lower row) expression in hippocampal specimen (DG and CA1) from medial temporal lobe epilepsy patients.
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Fig. 7. Inhibition of store-operated Ca%* entry rhythmizes burst activity in epileptic hippocampal slice cultures. A) Epileptiform spike and burst activities were recorded from all
hippocampal subfields (shown is a typical recording from the dentate gyrus) during field potential recordings before, during, and after (5-10 min) application of 100 uM ML-9.
Note the absence of interictal spike activity in the inter-burst interval after wash out of the drug. B-D) Quantification (n=>5) of B) burst per min, C) spikes per min, and D) the
inter-burst interval before, during, and after application of 100 pM ML-9 and 75 puM 2-APB.
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Discussion

Our results confirm the presence of SOCE and the expression of the
calcium sensors STIM1 and STIM2 in neurons and astrocytes. Several
studies have reported expression of STIM1 and STIM2 in the brain and
in cultured neurons to different extends (Keil et al., 2010; Klejman et
al., 2009; Park et al., 2010; Skibinska-Kijek et al., 2009; Wang et al.,
2010). Our results are in line with a previous report that suggested
that STIM1 expression is stronger in astrocytes and STIM2 in neurons
(Gruszczynska-Biegala et al., 2011). STIM1 is however clearly detect-
able in neurons, which is in contrast to a previous report by Berna-
Erro et al., who detected almost no STIM1 expression at the RNA and
protein level in primary hippocampal neurons (Berna-Erro et al.,
2009). We also, for the first time, evaluated the expression levels of
STIM1 and STIM2 in human tissue, which showed a very prominent ex-
pression of STIM1 mRNA in the human brain. It is well possible that the
high expression of STIM1 mRNA in human brain stems from a higher
expression in astrocytes as the human brain contains approximately
tenfold more astrocytes then the rodent brain. However, the pro-
nounced expression in the remaining dentate gyrus and CA1 neurons
in the mesial temporal lobe epilepsy specimen argues against a pre-
dominantly astrocytic expression of STIM1 in the human brain at least
in this condition.

The analysis of the cytosolic Ca>* content in neurons and astrocytes
revealed a higher cytosolic Ca?™ concentration in neurons compared to
astrocytes, which is in line with the increased STIM2 expression in neu-
rons as STIM2 not only increases the Ca?* concentration in the ER,
but also in the cytosol via activation of the plasma membrane Ca®*
channel Orail (Brandman et al, 2007). ML-9-sensitive and thus
most probably STIM2-mediated Ca®>* entry contributes to the neuronal
baseline [Ca®™], which suggest a role for SOCE in the maintenance
of steady-state cytosolic Ca%* levels in neurons. This is in line with pre-
vious results, which showed a decline in resting [Ca?™"] after inhibition
of Ca®™ entry into sympathetic neurons by Lanthanum (Wanaverbecq
etal.,, 2003). Also, dorsal root ganglion neurons displayed a fall in resting
cytoplasmic [Ca% "] after bath Ca?* withdrawal and a subsequent eleva-
tion of cytoplasmic [Ca% ] after Ca®* reintroduction. This was amplified
by store depletion with thapsigargin, significantly reduced by blockers
of SOCE, and unaffected by antagonists of voltage-gated membrane
Ca™ channels (Gemes et al., 2011).

Not much is known about the role of SOCE in the brain. Our results
suggest an involvement of SOCE in neuronal network activity. Pharma-
cological inhibition of SOCE resulted in a remarkable decrease in neuro-
nal network activity measured with MEAs concomitantly with a
decrease of the intracellular Ca®>* concentration measured by Fura-2
single cell imaging. It appears likely that this reduction in cytosolic
Ca* concentration has a direct impact on membrane potential thereby
impeding depolarization and generation of action potentials. Missing
Ca?™ might also indirectly alter neuronal membrane potential by inac-
tivation of Ca®"-sensitive potassium channels and thereby increase the
threshold for the generation of action potentials. Also synaptic trans-
mitter release is a highly Ca?"-dependent process. Therefore, the low-
ered cytosolic Ca®™ concentration might lead to a reduced neuronal
network activity by inhibiting synaptic signal transduction.

The inhibitory and synchronizing effect of SOCE inhibition in the
MEA experiments prompted us to examine the expression profiles of
STIM1 and STIM2 in conditions of pathologic hyperexcitability. Interest-
ingly, we found increased protein levels in the chronic epileptic hippo-
campus after pilocarpine-induced status epilepticus as compared to
control tissue. We also found a strong expression of STIM1 and STIM2
in human hippocampal specimens after resection for Ammon's horn
sclerosis. Despite the lack of adequate control tissue especially STIM1
showed a pronounced punctate and membraneous staining pattern as-
sociated with the SOCE activating state and localization of the protein,
which is in line with recent reports showing elevated SOCE and Icrac
after axonal injury by spinal nerve ligation (Gemes et al., 2011). We

then used an in vitro model to directly assess the effects of SOCE inhibi-
tion in epileptic tissue. The addition of kainic acid to explanted juvenile
rat hippocampal slice preparations initiates in vitro epileptogenesis. At
the morphological level, this process is reflected by mossy fiber sprout-
ing, a hallmark of hippocampal epilepsy (Sharma et al., 2007). At the
functional level, spontaneous epileptic bursts develop within 1 week
after kainic acid exposure and may be recorded for several weeks. The
defined concentration, local extent and duration of the kainic acid treat-
ment contributes to the relatively low inter-slice variability of epileptic
discharges, as compared to in vivo kainic acid or other status epilepticus
models (Bragin et al., 1999; Curia et al.,, 2008; Sharma et al., 2007).

Functional assessment of SOCE inhibiting drugs 2-APB and ML-9 de-
pressed inter-burst activity and rhythmized epileptic burst activity in
this model, which might be the correlate of synchrony seen in the
MEA experiments. However, the increase in burst intensity and the ab-
sence of interictal spikes after drug application resemble a sustained en-
hancement of epileptic activity. These findings are compatible with a
recent report showing that pharmacological blockade of SOCE elevated
neuronal burst firing in dorsal root ganglion neurons (Gemes et al.,
2011). Similar to the effect in epileptic slice models, SOCE inhibition
by ML-9 application to mature dissociated neuronal cultures on MEAs
reduced network activity, simultaneously sharpening burst structure
and increasing synchrony by abolishing inter-burst activity. In contrast
to its effect in slices, inhibiting SOCE by an effective dose of 2-APB al-
most completely suppressed network bursting in dissociated cultures,
possibly suggesting an enhanced mechanism of reduced excitatory syn-
aptic transmission, which plays a pivotal role in burst generation. Com-
pared to organotypic slices, dissociated cultures may provide better
accessibility to 2-APB, allowing for the observed stronger effect in
these. Furthermore, 2-APB also has direct effects on Orai3 and to a lesser
extent on Orail, which it directly activates independently of internal
Ca* stores and STIM1 (Dehaven et al., 2008). Therefore, 2-APB may
suppress neuronal network activity along several pathways.

We can conclude from the presented data that STIM proteins and
SOCE contribute in a noteworthy manner to cellular ion homeostasis
and neuronal network activity under physiological and pathological
conditions. Our results also delineate SOCE as a potential drug target.
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Background: Store-operated Ca®" entry is regulated by the sensor STIM1 and the channel ORAIL.

Results: Deficiency alters mitochondrial shape and increases mitochondrial activity resulting in increased susceptibility to
oxidative stress and cell death by nuclear translocation of apoptosis-inducing factor.

Conclusion: Store-operated Ca>" entry regulates mitochondrial function and vulnerability.

Significance: STIM1 plays a role in oxidative stress by regulating mitochondrial function.

Calcium ions are involved in a plethora of cellular functions
including cell death and mitochondrial energy metabolism.
Store-operated Ca>* entry over the plasma membrane is acti-
vated by depletion of intracellular Ca®* stores and is mediated
by the sensor STIM1 and the channel ORAI1. We compared cell
death susceptibility to oxidative stress in STIM1 knock-out and
ORAI1 knockdown mouse embryonic fibroblasts and in knock-
out cells with reconstituted wild type and dominant active
STIM1. We show that STIM1 and ORAI1 deficiency renders
cells more susceptible to oxidative stress, which can be rescued
by STIM1 and ORAI1 overexpression. STIM1 knock-out mito-
chondria are tubular, have a higher Ca>* concentration, and are
metabolically more active, resulting in constitutive oxidative
stress causing increased nuclear translocation of the antioxidant
transcription factor NRF2 triggered by increased phosphorylation
of the translation initiation factor elF2a and the protein kinase-
like endoplasmic reticulum kinase PERK. This leads to increased
transcription of antioxidant genes and a high basal glutathione in
STIM1 knock-out cells, which is, however, more rapidly expended
upon additional stress, resulting in increased release and nuclear
translocation of apoptosis-inducing factor with subsequent cell
death. Our data suggest that store-operated Ca>* entryand STIM1
are involved in the regulation of mitochondrial shape and bioener-
getics and play a role in oxidative stress.

Calcium ions are involved in a plethora of cellular functions
ranging from short term responses such as contraction and
secretion to long term regulation of cell growth and prolifera-
tion. Within the cell, Ca>* is mainly stored in the endoplasmic
reticulum (ER)? from where it is released upon activation of cell
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surface receptors and subsequent generation of the second
messenger inositol 1,4,5-triphosphate, which binds and opens
inositol 1,4,5-triphosphate receptors 1-3 at the ER membrane
triggering Ca®>" release from the ER lumen. The following
decrease in [Ca®"]g induces a strong Ca®* influx from the
extracellular space named store-operated Ca*>* entry (SOCE)
(1, 2), which is followed by removal of cytosolic Ca®>" and
replenishment of luminal Ca®* through sarcoplasmic/endo-
plasmic reticulum Ca®"-ATPases (SERCA). To ensure that the
entering Ca>" is promptly removed from the cytosol, subplas-
malemmal mitochondria sequester parts of the entering Ca®"
ions and shuttle them to domains of the ER further apart from
the membrane (3-5). As different enzymes of the Krebs cycle
are activated by Ca®>" ions, mitochondrial Ca>" uptake during
activated SOCE increases matrix [Ca>"] and accelerates energy
metabolism (6).

The Ca®>" sensor that conveys information about the Ca®"
load of the ER lumen to store-operated Ca®>* channels is stro-
mal interaction molecule 1 (STIM1) (7, 8), a single transmem-
brane protein located in the ER membrane with a luminal EF
hand and a cytosolic domain, which activates Ca®" release-
activated Ca>* channels (7, 8). Upon store depletion, STIM1
clusters into punctae near the plasma membrane (9) and acti-
vates Ca>* release-activated Ca”>* channels, mainly ORAI1
(10-12), resulting in a strong Ca>* influx. Mutation of the
luminal EF hand motif of STIM1 generates a constitutively
active STIM1, which is located in punctae in close proximity to
the plasma membrane and activates Ca®>* entry independently
from ER Ca®" stores (13, 14). In human embryonic kidney 293
cells, overexpression of ORAI1 alone inhibits SOCE, whereas
expression of STIMI alone just slightly increases Ca®>" entry
during Ca®" readdition after thapsigargin-induced store deple-

ATPases; STIM1, stromal interaction molecule 1; MEF, mouse embryonic
fibroblast; DA, dominant active; HBSS, Hanks’ balanced salt solution; EYFP,
enhanced yellow fluorescent protein; TMRE, tetramethylrhodamine ethyl
ester; ANOVA, analysis of variance; BSO, L-buthionine-(S,R)-sulfoximine;
ROS, reactive oxygen species; NRF, nuclear factor erythroid 2-related fac-
tor; KEAP, Kelch-like ECH-associated protein; PERK, protein kinase-like
endoplasmic reticulum kinase; AIF, apoptosis-inducing factor.
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tion. Only co-expression of ORAII and STIM1 increases SOCE
pointing out the importance of the correct stoichiometry
between STIM1 and ORAI1 (15). In addition to STIM1 and
ORAI1, SERCA also co-assembles into punctae induced by
store depletion and supposedly permits quick shuttling of
entering Ca®" into the ER (5, 16).

The link between Ca®>" and cell death is complex and has
been extensively reviewed (17). Because STIM1 and ORAI1 are
important players of SOCE, a link of these molecules to cell
death appears possible and was investigated in different scenar-
ios, yielding inconsistent results. STIM1 was first thought to be
a tumor suppressor gene based on its genomic localization. In
line with this hypothesis, transfection of STIM1 into cell lines
derived from a rhabdoid tumor and a rhabdomyosarcoma-in-
duced cell death (18). Similarly, inhibition of SOCE by
siRNA-mediated knockdown of STIM1 increased survival of
cervical epithelial cells on soft substrates (19). These reports
suggested a negative effect of STIM1 and SOCE on cell survival.
Malignant melanoma cells on the other hand were shown to
depend on the intact SOCE machinery to sustain activation of
the pro-survival factor protein kinase B/Akt (20) and silencing
of STIM1-increased apoptosis of C6 glioma cells (21). Recently,
Hawkins et al. (22) discovered that STIM1 can be glutathiony-
lated in response to oxidative stress, which results in its consti-
tutive activation and subsequent cell death.

In summary, the role of STIM1 in cell death still appears to be
ambiguous. We therefore decided to compare cell death sus-
ceptibility to oxidative stress in STIM1 KO and WT mouse
embryonic fibroblasts (MEFs) and in KO cells with reconsti-
tuted STIM1 and dominant-active STIM1 (DA-STIM1). Our
data suggest that store-operated Ca®" entry and STIM1 are
involved in the regulation of mitochondrial shape and bioener-
getics and play a role in oxidative stress.

EXPERIMENTAL PROCEDURES

Cell Culture—STIM1 KO and WT MEFs were a kind gift
from Masatsugu Oh-Hora (Harvard University) and were cul-
tured in DMEM high glucose with L-glutamine (PAA) contain-
ing 10% FCS (Thermo Fisher) and 100 units/ml penicillin and
100 pg/ml streptomycin (Invitrogen) and incubated in a
humidified incubator with 5% CO, and 95% air. Stable cell
lines were continuously selected using 1.5 mg/ml geneticin
(Invitrogen).

Plasmids, siRNA, and Transfections—High purity plasmids
pEYFP, STIM1-EYEP (8), STIM1-D76N/D78N-EYFP (14), and
ORAI1-EYFP (a kind gift from Christoph Romanin, University
of Linz, Linz, Austria) were prepared using Nucleobond AX 500
columns (Machery-Nagel). Flexitube siRNAs against ORAI1
were purchased from Qiagen (SI00972251 and SI00972258).
Cells were grown to 70—80% confluency in 6-well plates and
transfected with Attractene (Qiagen) in the case of plasmids or
Lipofectamine RNAIMAX (Invitrogen) for siRNAs. Stable cell
lines were generated by selection with geneticin and repeated
fluorescence-activated cell sorting of EYFP positive cells on a
MoFlo XDP (Beckman-Coulter).

Immunoblotting—The cells were lysed in ice-cold radioim-
mune precipitation assay buffer (Thermo Fisher Scientific)
containing the mini complete protease inhibitor mixture
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(Roche Applied Science) and centrifuged for 30 min at 16,000 X
g The supernatants were separated on 8 —16% polyacrylamide
gels (Thermo Scientific), transferred onto nitrocellulose mem-
branes using the iBlot System (Invitrogen), and blocked in 3%
nonfat dry milk in phosphate-buffered saline or Tris-buffered
saline for phosphorylation-sensitive antibodies containing
0.5% Tween 20 (PBS-T/TBS-T) for 1 h at room temperature.
The membranes were incubated overnight with primary anti-
bodies against STIM1 (Abnova, H00006786-M01, 1:1000),
STIM2 (Cell Signaling, 4917, 1:1000), elF2« (Cell Signaling,
9722, 1:1000), phospho-elF2« (Cell Signaling, 9721, 1:1000),
phospho-PERK (Cell Signaling, 3179, 1:1000), GAPDH (Cell
Signaling, 2118, 1:5000), or actin (Millipore, MAB1501, 1:5000)
followed by anti-mouse (rabbit) IgG (Fc) infrared fluorescence-
conjugated (Licor, 1:30,000) secondary antibody. The mem-
branes were scanned for infrared fluorescence at 680 or 800 nm
using the Odyssey system (Licor). Intensity was quantitated
with the image-processing software Image].

Ca®" Imaging—The cells were seeded in 24-well plates at a
density of 100,000 cells per well and loaded 24 h later with
Fura2-AM (Invitrogen) in HBSS (Invitrogen) at a concentration
of 2 uM for 30 min at 37 °C. The cells were measured in HBSS or
EGTA buffer (Ca®>"-free HBSS supplemented with 0.5 mm
EGTA, 20 mm HEPES, 1 mm MgCl,, and 1 g/liter glucose).
Imaging was performed on an Olympus IX81 fluorescence
microscope with cell 'R imaging software. Images were taken at
340- and 380-nm excitation, and the ratio was calculated every
5 s for a period of 5 min for every single cell. The indicated
substances were added 1 min after onset of the measurement.

For SOCE experiments, the cells were seeded on coverslips,
loaded with Fura2, and placed into a flow chamber. Measure-
ments were performed as described above. Base-line Ca>" was
recorded in HBSS for 2 min and then replaced by EGTA buffer
with 2 puM thapsigargin to deplete ER Ca®" stores. After 8 min,
Ca®>* was readded by changing the buffer to HBSS again. In
experiments with transfected cells, only EYFP-positive cells
were analyzed.

Cell Survival Assays—The cells were seeded in 96-well plates
at a density of 5000 cells/well in quintuplicate. Transiently
transfected cells were seeded 24 h after transfection. Pharma-
cological agents were added the day after plating, and cell sur-
vival was quantified again 24 h later using the cell titer blue
reagent (Promega). Either absorbance at 562 nm together with
areference value at 612 nm or fluorescence emission at 590 nm
after exciting at 562 nm was measured using a GENios Pro
microplate reader (Tecan). Alternatively, the cells were stained
in DMEM without phenol red (PAA) with Hoechst 33342 (0.5
pg/ml; Sigma Aldrich) as a marker for all cells and Sytox
Orange (0.5 uM; Molecular Probes) as a marker for dead cells
and analyzed in a BD Pathway 855 high content imaging system
(BD Bioscience). Regions of interest around the nuclei were
defined by Hoechst signal, and double-positive cells were
counted as dead cells.

GSH Assay—Total cellular GSH content was measured enzy-
matically recording NADPH consumption by GSH reductase.
The cells, seeded in 6-well plates in duplicates on the day before
the assay, were detached in 200 ul of PBS with EDTA, trans-
ferred into 100 ul of 10% sulfosalicylic acid, vortexed vigor-
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ously, and incubated on ice for 10 min. After centrifugation for
10 min at 16,000 X g, the supernatants were transferred into 24
pl of 50% triethanolamine. The samples were diluted in an assay
buffer containing 100 mm Na,PO,, 1 mm EDTA, pH 7.5, 0.6 mm
5,5'-dithiobis-(2-nitro-benzoic acid) and 0.8 mm NADPH.
After addition of 1 unit/ml glutathione reductase, NADPH con-
tent was monitored at 390 nm using GENios Pro microplate
reader (Tecan). Total cellular GSH was normalized to cellular
protein amounts obtained from pellets after centrifugation sol-
ubilized in 100 ul of 0.2 N NaOH at 37 °C overnight analyzed
with a BC assay protein quantification kit (Interchim).

Quantitative Real Time PCR—For expression analysis of
antioxidant response genes, whole RNA was isolated using the
ZR RNA MiniPrep Kit (Zymo) and subjected to cDNA synthe-
sis with a high capacity cDNA reverse transcription kit (ABI).
Real time analysis was performed on a 7500 Fast cycler (ABI)
with FAST BLUE qPCR MasterMix (Eurogentec) running the
7500 standard program for TaqMan assays. Primers and probes
for antioxidant response genes were designed by the universal
probe library assay design center (Roche Applied Science). The
hypoxanthine-phosphoribosyltransferase gene (/iprt) served as
endogenous control. Primers and hprt probe were purchased
from MWG.

Mitochondrial Membrane Potential, Ca®" Content, and
Superoxide Production—Mitochondrial membrane potential,
matrix Ca®>" content, and superoxide production were deter-
mined by flow cytometry using tetramethylrhodamine ethyl
ester (TMRE) (Sigma), Rhod2-AM (ABD Bioquest), or dihy-
drorhodamine 6G (Invitrogen). The cells were seeded in 6-well
plates in triplicate the day before the experiment. Staining was
carried out at 37 °C in HBSS with 10 um TMRE or 2 um
Rhod2-AM for 30 min or 1 uMm dihydrorhodamine 6G for 15
min. After two wash steps, mean red fluorescence was analyzed
on a FACSCalibur flow cytometer (BD Biosciences).

Immunofluorescence Staining and Nuclear Translocation
Assay—The cells were seeded in 96-well imaging plates (BD
Biosciences) coated with 0.1% gelatin and for AIF translocation
assays subjected to glutamate treatment overnight 24 h later.
For NRF2 staining, the cells were left untreated. After fixation
in 4% paraformaldehyde for 10 min at 37 °C, the cells were
permeabilized in 1X blocking solution (Roti-Block diluted in
PBS; Carl Roth) supplemented with 0.1% Triton X-100 and sub-
sequently incubated overnight in primary antibody solution
(goat anti-AIF (D-20) sc-9416 from Santa Cruz or rabbit anti-
NRF2 (H-300) sc-13032 from Santa Cruz both diluted 1:100 in
blocking solution). After incubation with Cy3-labeled second-
ary antibody (Millipore) and nuclear staining with Hoechst
33342, nuclear translocation of AIF or NRF2 was measured on
a BD Pathway 855 high content imaging system (BD Biosci-
ence). Nuclear regions of interest were identified by Hoechst
signal, and a concentric region around the nuclear region of
interest was assessed as cytoplasm. The ratio of the nuclear and
cytoplasmic Cy3 signal was calculated as the measure of
translocation.

TEM Imaging— After trypsinization, the cells were pelleted,
first fixed in 2.5% glutaraldehyde, 2% paraformaldehyde, and
0.05% tannic acid and afterward treated with 2% osmium
tetroxide. After staining with 1.5% uranylacetate and 1.5%
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phosphotungstic acid, the pellets were embedded in epoxide
resin (Spurr) and dissected in 70 —80-nm-thick slices on an
ultramicrotome (Reichert Ultracut, Vienna, Austria). Images
(30 KO and 32 WT) were taken on a Hitachi H 600 transmission
electron microscope in 15,000X magnification. Distances
between mitochondria and ER membranes, as well as the length
of the mitochondrial cut surface, were measured with the image
analysis software Axiovision (Zeiss). In total, 523 mitochondria
were analyzed for each cell type.

Analysis of Mitochondrial Shape—T o visualize mitochondria
of STIM1 WT and KO fibroblasts, the cells were transfected
with mitochondrially targeted dsRed2 (kind gift of Axel
Niemann, Ziirich, Switzerland) and transferred to coverslips
24 h post-transfection. Again, 24 h later, 2.5 mM of glutamate or
vehicle was added to the cell culture medium. After 16 h cells
were fixed in 4% paraformaldehyde, stained with Hoechst
33342, and mounted in fluorescence mounting medium
(Dako). Analysis of mitochondrial morphology was performed
on an Olympus IX81 fluorescence microscope with a 60X oil
immersion objective. For each condition, 100 cells were
counted and categorized dependent on their mitochondrial
morphology.

Statistical Analysis—The data were summarized as the
means * S.E., and the statistical significance was calculated
using two-tailed ¢ tests or analysis of variance (ANOVA) with
Tukey’s multiple comparison post hoc test as indicated using
Graphpad Prism software. p values <0.05 were considered
significant.

RESULTS

SOCE Deficiency Renders Cells More Susceptible to Oxidative
Stress—To evaluate our model for SOCE deficiency, we first
confirmed that mouse embryonic fibroblasts derived from
STIM1 KO mice indeed did not express STIM1 (Fig. 1A4). These
cells showed no compensatory up-regulation of the STIM1
homologue STIM2 (Fig. 1B) and exhibited a remarkable reduc-
tion of Ca®>* re-entry after store depletion with the SERCA
inhibitor thapsigargin compared with wild type control cells
generated and passaged in parallel (Fig. 1C). We concluded that
these cells constitute an adequate model of chronic SOCE defi-
ciency and studied their susceptibility to oxidative stress using
the model of oxidative glutamate toxicity, which is an excellent
model of endogenous oxidative stress (23). In this paradigm,
large amounts of extracellular glutamate block the glutamate-
cystine antiporter system Xc ™. This leads to deprivation of cys-
tine and its reduced form cysteine, the rate-limiting substrate
for the synthesis of GSH, the most important intracellular anti-
oxidant. The subsequent GSH depletion leads to accumulation
of reactive oxygen species and cell death by oxidative stress
(recently reviewed in Ref. 23). We also blocked GSH synthesis
directly by using the glutamate-cysteine ligase inhibitor BSO
(L-buthionine-(S,R)-sulfoximine). In all assays, cell viability was
quantitated by survival assays utilizing reduction of resazurin to
resorufin through metabolic activity of healthy cells. Using
these paradigms, we observed an increased sensitivity of
STIM1 KO MEFs to oxidative stress compared with WT
MEFs (Fig. 1D). To rule out artifacts brought about by the
resazurin method, we confirmed the results with an inde-
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FIGURE 1. SOCE deficiency renders cells more susceptible to oxidative
stress. A and B, immunoblots of STIM1 WT and KO cell lysates show lack of
STIM1 (A) and no compensatory up-regulation of STIM2 (B). GAPDH and actin
served as loading controls. Size is indicated. C, reduction of SOCE in STIM1 KO
cells was quantitated by single cell microscopy using fura2-AM. Graphs show
mean fura2 ratio of 164 (WT) and 170 (KO) cells. ER Ca®>* stores were emptied
with 2 um thapsigargin in Ca?*-free conditions before readdition of HBSS
containing 1.26 mm Ca?*. Traces show only Ca®* readdition. D, viability of
STIM1 WT and KO cells treated for 16 h with the indicated concentrations of
oxidative stress inductors glutamate or BSO. E, survival of WT cells transfected
48 h before oxidative stress induction with two independent siRNAs against
ORAI1 or control siRNA. D and E, viability was quantitated by the cell titer blue
assay. The graphs show mean = S.E. absorbance values of 15 replicates for
each condition obtained in three independent experiments. ¥, p < 0.05, Stu-
dent’s t test (D) or ANOVA with Tukey’s post hoc test (E).

pendent method using high content imaging of live and dead
cells stained with the dead cell marker Sytox Orange and
Hoechst 33342 as a marker for all cells (not shown). We also
reproduced these results by knocking down the other essen-
tial component of SOCE, ORAII, the pore-forming subunit
of store-operated Ca®>* channels. Consistent with the results
obtained in the STIM1 knock-out condition, siRNA-
mediated knockdown of ORAI1 in WT MEFs resulted in an
increased susceptibility to oxidative stress induced by gluta-
mate or BSO (Fig. 1E).

For a complete characterization of these cells, we also exam-
ined the thapsigargin-releasable Ca®>* pool in the presence and
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FIGURE 2. Effects of STIM1 deficiency on the intracellular Ca>* home-
ostasis. fura2 single-cell imaging of WT and STIM1 KO cells. After 1 min of
base-line recording, 2 um thapsigargin (A) or 5 um ionomycin (C) was
added as indicated, and the fura2 signal was recorded for an additional 4
min. The graphs show mean fura2 ratio of >150 cells for each condition.
For all experiments, the area under the curve (A and C) and the base-line
fura2 ratio (B) of the first minute of measurement was calculated
and plotted as the means = S.E. n.s., not significant; *, p < 0.05, Student’s
t test.

absence of extracellular Ca®>* as a measure of the ER [Ca®*] and
the total cellular Ca®>" content by treatment with the Ca®*
ionophore ionomycin (Fig. 2). These experiments showed that
STIM1 deficiency decreases slightly the cytosolic base-line
Ca®>* and increases the total cellular Ca®>* content. We con-
cluded that the intact SOCE machinery is important for cell
survival under oxidative stress conditions and tried to rescue
the phenotype by overexpressing wild type or dominant active
STIM1 in STIM1 KO cells.

JOURNAL OF BIOLOGICAL CHEMISTRY 42045

€102 ‘¥ Aenige uo ‘Jopjassang %eylol|qIgsapue] pun -SleeNsIsAlun 1e B0 0gl- MMM WOl PaPROjUMOQ


http://www.jbc.org/

STIM1 Oxidative Stress

A a—actin B TG/EGTA Ca2+
1.2 1 -~
401—&\—1_—“‘—" " \\\‘-
o—STIM1 9 1.0 - I Ty,
= I
~ 1
© ]
S 0.8+
80| s L
0.6 1
T T T T 1
WT KO YFP ST DA 0 1 2 3 4 5
C 5 O YFP+YFP
B YFP+STIM1
o ® STIM1+ORAI1
e 204 Mg
[0
(&}
[%]
o
S 104
T
0 T T T 1 o 1 1 1 1 1
0 25 5 75 10 0 025 05 075 1.0
Glutamate (mM) BSO (mM)
D 4 O YFP+YFP
x A YFP+DA-STIM1
o * O DA-STIM1+ORAI1
2 204
[0}
[&]
(%]
o
S 10-
o
0 T T T 1 O 1 T T T 1
0 25 5 75 10 0 025 05 075 1.0

Glutamate (mM) BSO (mM)

FIGURE 3. STIM1 expression in STIM1 KO cells restores SOCE and protects
from oxidative stress. A, STIM1 KO MEFs were stably transfected with STIM1-
EYFP (ST), dominant active DA-STIM1-EYFP (DA), or YFP, and the expression
was verified by immunoblotting. Actin served as loading control. Size is indi-
cated. B, reconstitution of SOCE quantitated by single cell microscopy using
fura2-AM after ER Ca®" stores were emptied with 2 um thapsigargin in Ca®*-
free conditions. Graphs show mean fura2 ratio of 78 (YFP), 70 (STIM1-EYFP,
ST), or 63 (DA-STIM1-EYFP, DA) cells. Traces show only Ca?* readdition. Cand
D, survival of stably STIM1-EYFP (C) or DA-STIM1-EYFP (D) expressing STIM1
KO MEFs, additionally transfected with ORAIT-EYFP or YFP 48 h before induc-
tion of oxidative stress by glutamate or BSO. Viability in C and D was quanti-
tated by the cell titer blue assay 16 h after addition of the indicated drugs. The
graphs show the means = S.E. of 15 replicates for each condition obtained in
three independent experiments. *, p < 0.05, ANOVA with Tukey’s post hoc
test.

STIM1 Expression in STIMI KO Cells Restores SOCE and
Protects from Oxidative Stress—W e stably transfected STIM1-
EYFP, DA STIM1-D76N/D78N-EYFP (14), or EYFP alone into
STIM1 KO MEFs and verified the expression by immunoblot-
ting (Fig. 3A). In line with the presumed dominant active phe-
notype of DA-STIM1, we observed an increased SOCE in
DA-STIM1-EYFP > STIM1-EYFP > EYFP (Fig. 3B). This dem-
onstrated a successful overexpression of both STIM1 isoforms.
Survival assays with transfected cells showed that STIM1-
EYFP-overexpressing cells were protected against oxidative
glutamate toxicity and GSH depletion induced by BSO (Fig.
3C), which was even further increased by transient co-transfec-
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FIGURE 4. Effects of STIM1 rescue on the intracellular Ca>* homeostasis.
A, Fura2 single cell imaging of stably STIM1-EYFP or DA-STIM1-EYFP express-
ing STIM1 KO MEFs. After 1 min of base-line recording, 2 um thapsigargin or 5
M ionomycin was added as indicated, and the fura2 signal was recorded for
additional 4 min. The graphs show mean fura2 ratio of >150 cells for each
condition. For all experiments, the area under the curve (A) and the base-line
fura2 ratio (B) of the first minute of measurement were calculated and plotted
as the means = S.E. n.s., not significant; ¥, p < 0.05, ANOVA with Tukey’s post
hoc test.

tion of ORAI1-EYFP in the case of oxidative glutamate toxicity
(Fig. 3C). DA-STIM1-EYFP-transfected cells, in contrast, were
more susceptible to both stressors, which was independent of
ORAI1 because transient ORAI1-EYFP co-expression had no
further effect on the resistance of these cells (Fig. 3D).

We also examined the thapsigargin-releasable Ca®* pool and
the total cellular Ca®>" content in these cells and observed
no differences between EYFP and STIMI1-EYFP (Fig. 44).
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FIGURE 5. Increased oxidative stress in STIM1 KO cells is overcompensated under basal conditions. A and D, enzymatic determination of whole cellular
GSH content in STIMT WT and KO MEFs (A) or stably STIM1-EYFP and DA-STIM1-EYFP transfected KO cells (D) treated with the indicated concentrations of
glutamate for 8 h in three independent experiments. GSH concentrations were normalized to cellular protein content and plotted as GSH content relative to
untreated WT or YFP sample as the means = S.E. Band E, real time RT-PCR analysis of mRNA levels of indicated antioxidant response genes in STIM1 WT and KO
cells (B) or stably STIM1-EYFP expressing KO MEFs (E). The signals were normalized to hprt mRNA abundance and plotted in bar graphs as fold regulation over
WT and EV samples. C and F, cellular ROS load of WT and STIM1 KO MEFs (C) or stably empty vector (YFP), STIM1-EYFP (ST), or DA-STIM1-EYFP (DA) expressing
STIM1 KO MEFs (F) was quantitated by flow cytometry using rhodamine-6G fluorescence. The bar graphs represent mean relative fluorescence over WT and
EYFP =+ S.E. of three independent experiments each performed in triplicate. n.s., not significant; *, p < 0.05, Student’s t test (A-C) or ANOVA with Tukey’s post

hoc test (D-F).

DA-STIM1-EYFP, however, induced a reduction in ER and
total cellular Ca®>" and a substantial increase of the base-line
cytosolic [Ca®"] in the presence of extracellular Ca>" (Fig. 4B).

Our data suggest that STIM1 and SOCE play a role in oxida-
tive stress, which is probably not mediated via the changes in
the thapsigargin-releasable Ca>" pool and the total cellular
Ca®* content. Also, STIM1 activation can apparently become
detrimental, as shown by the deleterious effects of DA-STIM1-
EYFP, which implies that SOCE must be delicately balanced
and regulated to avoid unfavorable overactivation.

Increased Oxidative Stress in STIM1 KO Cells Is Overcom-
pensated under Basal Conditions—In oxidative glutamate tox-
icity, cell death is mediated by GSH depletion. We therefore
quantitated the GSH content of WT and STIM1 KO MEFs
before and after glutamate challenge, which showed an elevated
base-line GSH in STIM1 KO cells that nevertheless dropped to
significantly lower levels after glutamate treatment (Fig. 54).
This increased GSH content at base line was also reflected by
increased basal transcription of genes involved in the antioxi-
dant response quantitated by real time PCR (Fig. 5B). We
observed a significant up-regulation of glutamate-cysteine
ligase (Gcl), glutathione peroxidase 1 (Gpxl), glutathione
S-transferase -1 (GstOI), heme-oxygenase 1 (Ho-I),
NAD(P)H quinone oxidoreductase 1 (Ngol), and peroxire-
doxin 1 (Prx1). These data suggested that STIM1 deficiency
causes constitutive oxidative stress, which is counteracted by
an up-regulation of the antioxidant response battery, which can
still not cope with additional exogenous oxidative stress. We
therefore quantitated reactive oxygen species (ROS) produced
by the mitochondria of STIM1 KO and WT cells by using the
fluorescent dye dihydrorhodamin 6G. In line with our hypoth-
esis, we observed an increased ROS content of STIM1 KO mito-
chondria (Fig. 5C).
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We were able to rescue these effects in our stably transfected
cells. Here, DA-STIM1-EYFP overexpression had a negative
effect on base-line GSH, whereas only STIM1-EYFP overex-
pression but not DA-STIM1-EYFP preserved GSH content
after glutamate challenge (Fig. 5D). The induction of the anti-
oxidant response gene expression was also significantly
reversed for GstO1, Nqgol, and Prx1 but not for Gcl, Gpx1, and
Ho-1 without a significant difference between the two STIM1
variants suggesting additional factors (Fig. 5E). The base-line
mitochondrial ROS production, in contrast, was again similar
to base-line GSH content, not different between EYFP and
STIM1-EYFP-expressing cells but significantly increased in
cells expressing the detrimental dominant active variant of
STIM1 (Fig. 5F). We conclude that lack of STIM1, as well as
constitutive STIM1 activity, results in an imbalance of ROS
production and detoxification.

The Up-regulated Antioxidant Response in STIM 1 KO Cells Is
Mediated via NRF2 and Phosphorylated eIF2a—To identify the
mechanisms responsible for the observed up-regulation of the
antioxidant response battery in STIM1 KO cells, we considered
enhanced expression and translocation of the transcription fac-
tor nuclear factor erythroid 2-related factor 2 (NRF2), which
binds to antioxidant response elements in the promoters of the
up-regulated protective genes. By high content fluorescence
microscopy, we quantitated NRF2 immunofluorescence inten-
sity in the nucleus, which was identified by Hoechst staining,
and the surrounding cytoplasm resembled by a concentric ring
around the nucleus (Fig. 6A). The ratio of nuclear fluorescence
to cytoplasmic fluorescence serves as a quantitative and very
sensitive measure for nuclear translocation. NRF2 was indeed
found to be significantly increased in the nucleus of STIM1 KO
cells (Fig. 6A4). NRF2 is known to be regulated by Kelch-like
ECH-associated protein 1 (KEAP1), which under normal con-
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FIGURE 6. The up-regulated antioxidant response in STIM1 KO cells is
mediated via NRF2 and phosphorylated elF2a. A, translocation of NRF2
from the cytosol to the nucleus was analyzed by immunofluorescence in
STIM1 WT and KO MEFs. NRF2 immunofluorescence intensity was quantified
on a BD Pathway high content imaging system in the nucleus, which was
identified by Hoechst staining, and the surrounding cytoplasm represented
by a concentric ring around the nucleus. This method of segmentation is
illustrated in the left panel. The ratio of nuclear to cytosolic NRF2 signal was
calculated and normalized to WT signal. The graphs represent the means =
S.E. of 4468 WT and 3331 KO cells measured in three independent experi-
ments each done in quintuplicates. Band C,immunoblot analysis of the phos-
phorylation state of elF2« (B) or PERK (C). The blots were incubated with
phosphorylation sensitive and insensitive antibodies against elF2« (B) or
phosphorylation-sensitive antibody against PERK and an antibody against
actin as a loading control (C). Intensity values were calculated with the image
analysis software ImageJ and normalized to WT control. The graphs represent
the means = S.E. of three independent experiments. n.s., not significant;
*, p < 0.05, Student’s t test.

ditions binds NRF2 in the cytoplasm and marks it for degrada-
tion by the proteasome system (24). An increase in the cellular
ROS level is sensed by KEAP1 through reactive cysteine groups,
resulting in release of NRF2, which then translocates to the
nucleus and activates antioxidant genes (25). Additionally,
NRF2 can be activated by phosphorylated PERK (26). We there-
fore examined the phosphorylation state of PERK and an estab-
lished PERK substrate, elF2«, which plays a role in protection
against oxidative stress (27), by immunoblotting. Both proteins
were significantly hyperphosphorylated in STIM1 KO MEFs
compared with WT MEFs (Fig. 6, B and C), proposing that
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phosphorylated PERK triggers NRF2 translocation, resulting in
increased expression of antioxidant response genes in STIM1
KO cells. Moreover, the phosphorylated form of elF2a can acti-
vate system Xc~ expression via nuclear factor ATF4, contrib-
uting to oxidative stress defense (27).

We conclude from these data that STIM1 KO cells exhibit a
strong basal activation of antioxidative defense mechanisms
triggered by NRF2 translocation and system Xc ™~ up-regulation
through elF2« phosphorylation. Despite these defense mecha-
nisms, STIM1 KO cells are not able to cope with additional
oxidative stress challenges.

Mitochondria of STIM1 KO Cells Are More Densely Packed
and Have a Tubular Shape—Mitochondria are the main source
of ROS in living cells, and their shape and function is critically
dependent on intracellular Ca®*" signaling. Mitochondria also
influence SOCE signals by shuttling Ca®* released from the ER
back to this intracellular store, which prevents luminal deple-
tion (28), and they have a role in relaying Ca®" signals from the
plasma membrane to the ER (3). We therefore investigated
mitochondrial shape and relationship with other organelles in
WT and STIM1 KO MEFs by transmission electron micros-
copy and recognized distinct morphological differences. KO
mitochondria appeared smaller, thinner, and more densely
packed (Fig. 7A). This difference was statistically significant
because the diameter of KO mitochondria, which were sec-
tioned in a random fashion, amounted to KO 432 (n = 523, S.E.
+7.651) and WT 547.7 nm (n = 523, S.E. £8.258) (Fig. 7B).
Possible hot spots of ER mitochondria cross-talk like the dis-
tance between the ER and mitochondria (Fig. 7D) or areas of
direct contact defined by a distance of less than 100 nm (Fig. 7C)
were identical between KO and WT cells.

Mitochondria constantly fuse and divide, resulting in distinct
shapes ranging from tubular to fragmented. These processes
are highly dynamic and important for mitochondrial bioener-
getics and cellular survival (reviewed in Ref. 29). Glutamate
toxicity was previously shown to cause mitochondrial fragmen-
tation and perinuclear accumulation (30). We therefore inves-
tigated the mitochondrial shape in STIM1 KO and WT cells
and changes in response to glutamate in more detail. We trans-
fected KO and WT cells with a mitochondrial targeted red fluo-
rescent protein and treated the cells with 2.5 mM glutamate or
vehicle overnight. After fixation, the mitochondrial shape was
analyzed by fluorescence microscopy, and 100 cells for each
condition were categorized by a blinded investigator. Catego-
ries were defined as healthy cells with fragmented mitochon-
dria, healthy cells with tubular mitochondria, apoptotic cells
with fragmented mitochondria, or apoptotic cells with tubular
mitochondria (Fig. 7E). This analysis revealed a more tubular
shape for mitochondria of STIM1 KO cells under basal condi-
tions and also after overnight exposure to glutamate (Fig. 7F).
Apparently, STIM1 KO cells possess more densely packed and
elongated mitochondria, which raised the question about their
metabolic activity.

Mitochondria from STIM1 KO Cells Are More Metabolically
Active and More Susceptible to Nuclear Translocation of Apop-
tosis-inducing Factor—We therefore studied mitochondrial
function by staining WT and KO cells with the mitochondrial
Ca®>* reporter Rhod2-AM or the mitochondrial membrane
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analysis of mitochondrial shape of WT and STIM1 KO cells with or without glutamate treatment (2.5 mm overnight). 100 cells of each condition were analyzed
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performed experiments. n.s., not significant; *, p < 0.05, Student'’s t test. Tub., tubular mitochondria; Frag., fragmented mitochondria.

potential sensor TMRE. STIM1 KO MEFs exhibited signifi-
cantly increased fluorescence of both Rhod2-AM (Fig. 84) and
TMRE (Fig. 8B), indicating high [Ca®>*],, and a higher mito-
chondrial membrane potential in line with the increased super-
oxide production shown in Fig. 5C. Mitochondria from STIM1
KO cells are thus elongated, densely packed, and more meta-
bolically active, leading to an increased ROS concentration
under basal conditions.

Oxidative glutamate toxicity proceeds in a well defined man-
ner and includes release of apoptosis-inducing factor (AIF)
from the mitochondria at the end of the cascade. AIF translo-
cates to the nucleus in response to glutamate (Fig. 8C), where it
triggers nuclear condensation and completion of the cell death
program (31). Because this translocation is not only involved in
endogenous oxidative stress but also dependent on the activity
of the Ca>" -dependent cysteine protease calpain 1 (32), we sus-
pected that AIF might contribute to the observed susceptibility
of STIM1-deficient cells to GSH depletion. In an imaging-based
translocation assay, we indeed observed an increased amount of
nuclear AIF relative to cytosolic AIF in STIM1 KO cells already
under basal conditions, which increased in a concentration-de-
pendent manner after glutamate treatment and always
remained above WT levels in all conditions (Fig. 8D). Stable
STIM1-EYFP expression did not serve to rescue the elevated
ratio of nuclear/cytosolic AIF signal in untreated cells but
impeded the translocation of AIF to the nucleus after glutamate
exposure (Fig. 8E). Cells expressing DA-STIM1-EYFP instead
showed an elevated base-line translocation of AIF together with
a more pronounced translocation in response to glutamate,
consistent with their increased susceptibility against oxidative
stress.
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DISCUSSION

Our results suggest that SOCE plays a role in cellular suscep-
tibility to oxidative stress. We found that inhibition of SOCE by
knock-out of STIM1 or knockdown of ORAI1 rendered fibro-
blasts more susceptible to oxidative stress, whereas re-expres-
sion of STIM1 in STIM1 KO MEFs restored SOCE activity and
simultaneously protected from oxidative stress. STIM1-EYFP
alone, thus without co-transfected ORAI1, did not restore
SOCE to WT levels, probably because of a not-optimal ratio
between STIM1 and endogenous ORAI1, which is important
for SOCE (15). This is also reflected by the observation that
co-transfection of ORAI1 together with STIMI1-EYFP still
increased the resistance of STIM1 KO cells to oxidative gluta-
mate toxicity. We therefore conclude that the STIM1:ORAI1
ratio is difficult to adjust, which causes an incomplete repair of
oxidative stress resistance. In contrast to this previous study,
STIM1 was overexpressed in a STIM1-deficient background,
which probably explains the effects on SOCE and cell death
even in the absence of co-transfected ORAIL. It is also conceiv-
able that the recently reported glutathionylation of STIM1 in
response to oxidative stress, which results in its constitutive
activation (22), renders the insufficient SOCE mediated by
STIM1-EYFP rescue into just enough SOCE to be beneficial
under the circumstances of glutathione depletion.

In contrast to our assumptions, we found that STIM1 KO
cells contained more Ca>* in the intracellular stores. In the
presence of extracellular Ca*>", the cytosolic Ca®>" concentra-
tion was reduced. This probably reflects the activity of compen-
sating proteins like STIM2, which has been implicated in the
control of cytosolic and ER Ca®" levels (33), although we did
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FIGURE 8. Mitochondria from STIM1 KO cells are more metabolically
active and more susceptible to nuclear translocation of apoptosis-induc-
ing factor. A and B, STIM1 KO MEFs show increased mitochondrial [Ca®"]
measured with Rhod2-AM (A) and increased membrane potential measured
with TMRE (B). The mean fluorescence intensities were analyzed in triplicate
on a flow cytometer in three independent experiments, normalized to WT
samples, and plotted as the means = S.E. C, immunocytochemistry of AIF
shows nuclear translocation after 16 h of incubation with 5 mm glutamate. D
and E, AIF localization was analyzed in STIM1 WT and KO MEFs (D) or stably
empty vector (YFP), STIM1-EYFP (STIMT), or DA-STIM1-EYFP (DA-STIMT) trans-
fected KO MEFs in response to glutamate (E). The cells were treated with
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not observe any changes in the abundance of this protein (Fig.
1B). Alternatively, STIM1 deficiency might increase SERCA
activity as a compensatory mechanism. Not all these differences
were rescued by stable expression of STIM1-EYFP, probably
because of the above mentioned difficulties in adjusting ORAI1
expression. DA-STIM1-EYFP, however, reversed the effects of
STIM1 deficiency in regard to Ca>* homeostasis; DA-STIM1-
EYFP reduced the cellular Ca®>* content and increased the cyto-
solic Ca*>* concentration, which could be interpreted in a way
that active STIM1 in the punctae inhibits SERCA activity.
STIM1 and SERCA were already shown to co-localize in punc-
tae (16) and to interact with each other upon store depletion
(34). However, a physiologic inhibition of SERCA activity by
STIM1 in the punctae conformation would be completely
counterintuitive; active STIM1 should rather increase SERCA
activity to rapidly remove cytosolic Ca®?* entering through
SOCE. A possible explanation for such an inhibition might be
that elevated amounts of reactive oxygen species, as found in
DA-STIM1-EYFP-overexpressing cells, inhibit SERCA func-
tion (35) by the formation of a disulfide bond mediated via
Erp57 (36), which was only recently discovered to interact with
STIM1 and regulate SOCE activity (37). In any case, we think
that it is very possible that such a constitutive inhibition of
SERCA activity renders cells more susceptible to oxidative
stress and thus mediates the detrimental effect of DA-
STIM1-EYFP.

Because we observed an effect of STIM1-EYFP on oxidative
stress but no significant effects on the intracellular Ca>* home-
ostasis, we considered additional effects of STIM1 on the cellu-
lar redox regulation and analyzed the GSH content, ROS pro-
duction, and expression of antioxidative defense genes in these
cells. Under ideal conditions, we observed that the lack of
STIM1 appeared to be even beneficial: there was an increase in
cellular glutathione content, which was most likely mediated by
an up-regulation of the antioxidant response through increased
translocation of NRF2 to the nucleus where it binds antioxidant
response elements in promoter regions and thereby triggers the
expression of antioxidative defense genes. Under normal con-
ditions NRF2 is prevented from entering the nucleus by binding
to KEAP1 (24). Together with Cullin 3, KEAP1 builds an E3
ubiquitin ligase that actively targets NRF2 for degradation by
the proteasome system, resulting in a very short half-life of
NRF2 (38). Increased amounts of ROS as observed in STIM1
KO cells can modify reactive cysteine residues of KEAP1 releas-
ing NRF2 and permitting its translocation to the nucleus (25).
Additionally, PERK was found to be hyperphosphorylated in
STIM1 KO cells, which also triggers NRF2 translocation (26)
and promotes phosphorylation of elF2¢;, a transcription factor
enhancing expression of system Xc~ (27), an important com-
ponent of the antioxidative defense machinery. In summary,

indicated concentrations of glutamate for 16 h, 24 h after seeding in 96-well
plates. After immunostaining, AIF fluorescence was analyzed on a BD Path-
way high content imaging system, and the ratio of nuclear to cytosolic AIF
signal was calculated. The bar graphs represent the means = S.E. of three
independent experiments each done in quintuplicate. In total, 80,099 WT and
42,750 KO cells were analyzed for D, and 45,238 YFP-expressing, 47,320
STIM1-EYFP expressing, and 22,092 DA-STIM1 expressing cells were analyzed
for E. n.s., not significant; *, p < 0.05, ANOVA with Tukey’s post hoc test.
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these results disclose that STIM1 KO MEFs suffer from an
increased basal oxidative stress level, which promotes defense
mechanisms to detoxify the high amount of ROS produced in
these cells. However, under additional oxidative stress this sys-
tem collapses, suggesting that this compensation is already
at the edge under normal conditions or that it cannot be
adapted to increased demand of antioxidant mechanisms.

Under unchallenged conditions, we also observed an
increased mitochondrial Ca®>" concentration and a higher
membrane potential. Both indicate increased mitochondrial
respiratory activity probably necessary to generate ATP to run
compensatory mechanisms. These changes in mitochondrial
function were also accompanied by changes in mitochondrial
shape and integrity. The changes in integrity mirrored the
effects on protection against oxidative stress, which suggests a
connection. We suspect that the increase in mitochondrial res-
piration, which elevates ROS production, renders the mito-
chondria more prone to release of AIF, which has been shown
to play an imminent role in cell death mediated by glutathione
depletion previously (31). We therefore conclude that the
increased metabolic activity observed in STIM1 KO cells,
which is probably necessary to compensate for SOCE defi-
ciency, renders mitochondria more prone to permeabilization
of the outer mitochondrial membrane and that this mediates
the increased susceptibility to oxidative stress.

Our results indicate that the intact SOCE machinery enables
the cell to carefully balance energy production and ROS detox-
ification. Loss of STIM1 or gain of function apparently pre-
cludes proper adaption to cellular energy needs and can be ben-
eficial or detrimental depending on the cellular circumstances.
This is well in line with the current literature where numerous
different outcomes of cellular fate were reported in dependence
of STIMI. In malignant melanoma cells or C6 glioma cells,
STIM1-mediated signaling within an intact SOCE machinery
was described to be essential for cell survival (20, 21). Ca®>"-
independent activation of STIM1 through glutathionylation
(22) or strong activation of SOCE on soft substrates in cervical
endothelial cells (19) seems to be detrimental. These results
suggest that STIM1 and SOCE play a role in the antioxidant
response and are involved in the regulation of cellular energy
production.
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The plasma membrane channel ORAI1 mediates
detrimental calcium influx caused by endogenous
oxidative stress

N Henke', P Albrecht', | Bouchachia', M Ryazantseva?, K Knoll', J Lewerenz®, E Kaznacheyeva?, P Maher* and A Methner*'*

The mouse hippocampal cell line HT22 is an excellent model for studying the consequences of endogenous oxidative stress.
Addition of extracellular glutamate depletes the cells of glutathione (GSH) by blocking the glutamate — cystine antiporter system
Xc . GSH is the main antioxidant in neurons and its depletion induces a well-defined program of cell death called oxytosis, which
is probably synonymous with the iron-dependent form of non-apoptotic cell death termed ferroptosis. Oxytosis is characterized
by an increase of reactive oxygen species and a strong calcium influx preceding cell death. We found a significant reduction in
store-operated calcium entry (SOCE) in glutamate-resistant HT22 cells caused by downregulation of the Ca? * channel ORAI1,
but not the Ca® ™ sensors STIM1 or STIM2. Pharmacological inhibition of SOCE mimicked this protection similarly to knockdown
of ORAI1 by small interfering RNAs. Long-term calcium live-cell imaging after induction of the cell death program showed a
specific reduction in Ca® " -positive cells by ORAI1 knockdown. These results suggest that dysregulated Ca’ © entry through
ORAI1 mediates the detrimental Ca?* entry in programmed cell death induced by GSH depletion. As this detrimental Ca? * influx
occurs late in the course of the cell death program, it might be amenable to therapeutic intervention in diseases caused by
oxidative stress.

Cell Death and Disease (2013) 4, e470; doi:10.1038/cddis.2012.216; published online 24 January 2013

Subject Category: Neuroscience

Oxidative stress is a phenomenon involved in a broad range of
pathological conditions of the nervous system such as
Alzheimer's and Parkinson’s disease, stroke and trauma. It
is provoked by an imbalance between superoxide production
in the mitochondria and insufficient clearance of reactive
oxygen species (ROS) through antioxidative defense
mechanisms of the cell. One major defense pathway of nerve
cells against ROS depends on the production of glutathione
(GSH), a tripeptide composed of glutamate, cysteine and
glycine, via the enzymes glutamate — cysteine ligase and
GSH synthetase. In its reduced state, GSH serves as electron
donor to detoxify ROS and is thereby oxidized to form GSH
disulfide. The recovery of GSH from GSH disulfide is
mediated by GSH reductase under NADPH consumption.
GSH depletion serves to study the effects of endogenous
oxidative stress and can be excellently studied in vitro by

treating cells with glutamate, which inhibits cystine uptake
through the glutamate/cystine antiporter system x; . Within
the cell, cystine is rapidly converted to cysteine, the rate-
limiting amino acid for GSH synthesis. Cystine deprivation
then causes secondary GSH depletion and a programmed cell
death by oxytosis or oxidative glutamate toxicity, which is
clearly distinct from apoptosis, necrosis, and cell death
associated with autophagy, but probably synonymous with
the recently described iron-dependent form of non-apoptotic
cell death termed ferroptosis, which seems to be involved in
the selective elimination of some tumor cells and protection
from neurodegeneration.?

A well-established model system for oxytosis/ferroptosis is
glutamate-induced cell death in the hippocampal cell line
HT22, which has been used extensively to clarify the cascade
leading to cell death and to identify antioxidant pathways and

"Department of Neurology, Heinrich-Heine Universitat Diisseldorf, Diisseldorf, Germany; 2Institute of Cytology St. Petersburg, St. Petersburg, Russia; *University of
Ulm, Department of Neurology, Ulm, Germany; “Cellular Neurobiology Laboratory, Salk Institute for Biological Studies, La Jolla, CA, USA and SFocus Program
Translational Neuroscience (FTN), Rhine Main Neuroscience Network (rmn?), Johannes Gutenberg University Medical Center Mainz, Department of Neurology, Mainz,
Germany

*Corresponding author: Professor A Methner, Focus Program Translational Neuroscience (FTN), Rhine Main Neuroscience Network (rmn?), Johannes Gutenberg
University Medical Center Mainz, Department of Neurology, Langenbeckstr. 1, D-55131 Mainz, Germany, Tel: + 49 6131 17 2695, Fax: + 49 6131 17 5967;
Email: axel.methner@gmail.com

Keywords: STIM1; SOCE; oxidative stress

Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; ANOVA, Analysis of variance; BSO, L-buthionine-(S,R) sulfoximine; cGMP, Cyclic guanosine monophosphate;
CTB, Cell titer blue; EGTA, Ethylene glycol tetraacetic acid; ER, Endoplasmic reticulum; FCS, Fetal calf serum; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase;
GSH, Glutathione; HBSS, Hank’s balanced salt solution; HPRT, Hypoxanthine-phosphoribosyltransferase; IP3, Inositol trisphosphate; IP3R, Inositol trisphosphate
receptor; iPLA2B, Ca®™* -independent phospholipase A2; LOX, Lipoxygenase; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NAC, N-acetyl-L-
cysteine; NADPH, Nicotinamide adenine dinucleotide phosphate; PBS, Phosphate-buffered saline; pCPT-cGMP, 8-(4-chlorophenylthio)-guanosine 3',5'-cyclic
monophosphate; RFP, Red fluorescent protein; ROS, Reactive oxygen species; SEM, Standard error of the mean; SERCA, Sarcoplasmic/endoplasmic reticulum
Ca2 + -ATPase; SOCE, Store-operated calcium entry; STIM1, Stromal interaction molecule 1; STIM2, Stromal interaction molecule 2; TRPM?7, Transient receptor
potential melastatin 7

Received 4.10.12; revised 29.11.12; accepted 6.12.12; Edited by A Finazzi-Agro’


http://dx.doi.org/10.1038/cddis.2012.216
mailto:axel.methner@gmail.com
http://www.nature.com/cddis

ORAI1 oxytosis
N Henke et a/

B

proteins (reviewed in®). In this system, GSH depletion leads to
an exponential increase in ROS that mostly originates from
mitochondrial complex | activity.* After ~6h of glutamate
exposure, the lipid-oxidizing enzyme 12/15-lipoxygenase
(12/15- LOX; EC 1.13.11.33) is activated and generates
12- and 15- hydroxyeicosatetraenoic acids® that directly
damage mitochondria, and cause mitochondrial depolariza-
tion and increased ROS production.® The eicosanoids
produced by 12-LOX are, however, also activators of soluble
guanylate cyclases and thereby increase the concentration of
intracellular cyclic guanosine monophosphate (cGMP), result-
ing in a detrimental influx of calcium at the end of the cell death
cascade through a yet uncharacterized cGMP-dependent
calcium channel.” This Ca®" influx is essential for the
completion of the cell death program, as proven by the fact
that glutamate-treated HT22 cells do not die when Ca? " influx
is blocked by CoCl, or in Ca?"-free medium,”® but the
molecular identity of the contributing Ca? " channels is still
unknown.

To identify the mechanism of Ca* entry in the final phase
of oxidative glutamate toxicity, we compared the cellular
calcium state of glutamate-sensitive and resistant HT22 cells,
which are resistant due to the increased expression of
various proteins with antioxidant properties,'®='® and found
an isolated attenuation of store-operated calcium entry
(SOCE) in the resistant cells. SOCE is activated when the
endoplasmic reticulum (ER), the main cellular calcium store,
is depleted, for example,. during inositol trisphosphate (IP3)-
mediated signaling events. When a membrane receptor is
activated by its ligand, IP3 is generated near the plasma
membrane and quickly diffuses through the cytoplasm to
reach its receptor (Inositol trisphosphate receptor, IP3R) at
the ER membrane. Binding of IP3 to IP3R releases Ca®"
stored in the ER lumen and generates a cytosolic Ca®* signal,
resulting in ER Ca?* -store depletion. To refill the ER, plasma
membrane Ca2* channels need to be activated to permit
Ca®" entry from the extracellular space, so-called SOCE.
The molecule that transmits the information of [Ca® " |gg to
plasma membrane Ca?* channels is stromal interaction
molecule 1 (STIM1)."*'5 STIM1 clusters into punctae close to
the plasma membrane upon store depletion and binds and
activates ORAI1, a plasma membrane calcium channel.®'8

In this study, we provide evidence that dysregulated SOCE
through ORAI1 is the main calcium entry mechanism during
oxidative glutamate toxicity, suggesting that SOCE inhibition
might be a valuable tool in the treatment of diseases
associated with increased oxidative stress.

Results

Reduced store-operated Ca?’' entry in hippocampal
cells resistant to oxidative stress. Glutamate-resistant
HT22 cells are protected against oxidative glutamate toxicity
(Figure 1a) mainly via an elevated GSH content due to an
increased expression of the glutamate/cystine antiporter
subunit xCT." They also show an increased expression
of other proteins with antioxidant properties.'®'"® We
therefore reasoned that the function and expression of the
sought-after detrimental Ca®* channel might be altered in
these cells and studied the content of the main cellular
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Ca®" store, the ER, by staining the cells with the ratiometric
Ca®"-sensitive dye Fura2 followed by treatment with the
irreversible  sarcoplasmic/ER  Ca2*-ATPase (SERCA)
inhibitor thapsigargin, which resulted in the expected
biphasic cytosolic Ca®* rise. Although HT22S and R cells
behaved similarly during the first phase of Ca2* rise, which
corresponds to Ca®" passively leaking out of the ER, the
second phase of cytosolic Ca®" rise was remarkably
reduced in HT22R compared with HT22S cells (Figure 1b).
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Figure 1 Reduced store-operated Ca®* in hippocampal cells resistant to
oxidative stress. (a) 5000 glutamate-sensitive and -resistant HT22S and R cells
were seeded into 96-well plates and subjected to the indicated concentrations of
glutamate 24 h later; viability was quantitated again 16 h later with the cell-titer blue
reagent. Mean = S.E.M. fluorescence values of three replicates obtained in three
independent experiments were plotted against the glutamate concentration. (b — d)
Fura2-live-cell imaging of glutamate-sensitive and -resistant HT22S and R cells.
(b) After 1 min of baseline recording in HBSS, 2 um of thapsigargin was added and
the fura2 signal recorded for an additional 4 min. (c) After 30 s of baseline recording
in HBSS with Ca®*, EGTA was added. After a further 30's, 5 zm of ionomycin was
applied and the fura2 signal recorded for the following 4 min. (d) For measurement
of SOCE, ER Ca®* stores of HT22S and R cells were depleted by incubation in
EGTA buffer supplemented with 2 um thapsigargin. After 6 min of store depletion,
the buffer was exchanged with HBSS supplemented with 1.26 mm Ca?* and SOCE
was recorded. Graph shows only Ca®* readdition after store depletion. Graphs 1b
and ¢ show mean fura2 ratio of 20 — 30 individually-measured wells for each
condition, containing altogether 2000 — 3000 cells. Graph 1d is pooled from nine
wells for each condition containing > 260 cells. For C and D, the area under the
curve was calculated and plotted as mean + S.E.M. in bar graphs. *P<0.05
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Figure 2 Different SOCE current characteristics in HT22S and glutamate-
resistant HT22R cells. (a) Average I/V relationships for currents evoked by passive
depletion of Ca®" stores with 1 um thapsigargin in HT22S (black, n=6) and
HT22R (red, n=11) cells. The I/V relationships were measured when the currents
reached the maximum. The data are shown as mean £ S.E.M., P<0.05. (b) The
average amplitude of SOCE currents recorded in whole-cell experiments is shown
as a function of time after application of 1 um thapsigargin to HT22S (black, n=6)
and HT22R (red, n=11) cells. The current amplitudes were measured at
each ramp at -80mV test potentials. The data are shown as mean

We hypothesized that this second plateau corresponds to
reduced SOCE and decided to delve further into this.

To distinguish between Ca2* leaking from the ER and
ca’™ entering from outside the cell, we measured the
whole-cellular Ca®" store content and SOCE separately.
Fura2-based Ca2™" live-cell imaging yielded no significant
difference between HT22S and HT22R in the cytosolic Ca®*
rise induced by treatment with the Ca®* ionophore ionomycin,
which releases the whole-cellular Ca®* content from the
intracellular stores (Figure 1c). For measurement of SOCE
activity, we depleted the ER Ca®" store by addition of
thapsigargin in EGTA buffer. After 6 min of store depletion,
Ca®" was readded and Ca® " influx corresponding to SOCE
was measured. In line with the data shown in Figure 1b, SOCE
activity was significantly reduced in HT22R cells (Figure 1d).

To verify the reduced SOCE capacity of HT22R cells at the
single cell level, we assessed SOCE activity by electrophy-
siological recordings using the whole-cell patch-clamp
technique. Currents were evoked by application of 1 um
thapsigargin to achieve ER store depletion. Consistent with
our results obtained in fura2 life — cell imaging experiments,
HT22S and HT22R cells demonstrated different SOCE
current — voltage (I/V) relation (Figure 2a). SOCE currents in
HT228S cells revealed an inward rectification as expected for
Icrac currents provided by ORAI1 channels, whereas SOCE
currents in HT22R cells demonstrated a linear I/V relation with
a reversal potential around + 40 mV. There was no difference
in amplitude or speed of SOCE currents development in time
in HT22S and HT22R cells (Figure 2b). These data are in line
with an altered composition or abundance of Icrac channelsin
HT22R cells. We therefore set out to investigate the role
of SOCE during oxidative glutamate toxicity.

Prolonged oxidative stress reduces the ER Ca? " content
and SOCE activity. Glutamate-resistant HT22R cells were
continuously cultivated in medium containing 10 mm gluta-
mate to preserve their resistant phenotype. To test whether
glutamate directly or indirectly influences SOCE capacity, we
aimed to measure SOCE activity in glutamate-treated HT22S
cell. We also hypothesized that cytosolic cGMP might
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influence the SOCE capacity similarly to glutamate because
the Ca® " influx leading to cell death by oxytosis is preceded
by a cytosolic increase of cGMP.” Application of 8-(4-
chlorophenylthio)-guanosine  3',5'-cyclic monophosphate
(pCPT-cGMP), a cell-permeable cGMP analog, indeed
induced death of HT22 cells in a concentration-dependent
manner (Figure 3a) and opened plasma membrane
Ca®™ channels resulting in a slow but pronounced cytosolic
Ca?"* rise, which we measured with the genetically-encoded
Ca®" sensor GCaMP5, expressed from a bicistronic
transcript together with the red fluorescent protein (RFP),
to normalize the GCaMP5 signal to the level of transfection
(Figure 3b).

We elicited SOCE by store depletion through thapsigargin-
induced SERCA inhibition under Ca®*-free conditions
and subsequent restitution of Ca®*. After 8h of incubation
with either glutamate or pCPT-cGMP, HT22S cells showed a
reduced [Ca®* ]zr and reduced SOCE (Figure 3c). Addition of
pCPT-cGMP or glutamate directly at the onset of measure-
ment had no effect (Figure 3d). We therefore hypothesized
that this reduction in [Ca®*]gg and SOCE after induction of
the cell death program might be a consequence of the
endogenous oxidative stress that eventually kills the cells.
And indeed, preventing oxidative stress with the antioxidant
N-acetyl-L-cysteine (NAC) protected glutamate-treated cells
from cell death (Figure 3e), and partially rescued the ER Ca®™*
content as well as the SOCE capacity after 8 h of treatment
(Figure 3f).

These results were of course not in line with our hypothesis
that increased SOCE mediates the cytotoxic Ca®™ influx at
the end of the cascade leading to cell death. We reasoned that
the cell death program, which is already irreversible after 8 h of
glutamate or 8-pCPT-cGMP treatments, alters many aspects
of the intracellular Ca®* homeostasis, which might obscure
the effects on SOCE. We therefore decided to study the effect
of SOCE on glutamate- and cGMP-induced cell death
pharmacologically.

Pharmacological inhibition of SOCE protects against
oxidative stress. We treated HT22 cells with a pharmaco-
logical inhibitor of SOCE, 2-aminoethoxydiphenyl borate (2-
APB), and induced oxidative stress by addition of glutamate.
2-APB concentration-dependently protected against gluta-
mate toxicity (Figure 4a) even when added up to 8h after
glutamate addition (Figure 4b). We also tested the ability of
2-APB to protect from pCPT-cGMP-induced cell death and
observed a remarkable protective effect of 2-APB under
these conditions, which was even stronger than that of the
general Ca®*-channel blocker CoCl, (Figure 4c). As 2-APB
is a well-known inhibitor of SOCE and protects HT22 cells
from oxidative glutamate toxicity and pCPT-cGMP even
when applied several hours after induction of oxidative
stress, these observations support the hypothesis that the
detrimental, late-onset Ca2* influx induced by endogenous
oxidative stress is mediated via components of the SOCE
machinery.

The SOCE Ca®* influx channel ORAI1 is downregulated
in glutamate-resistant HT22R cells. After clarifying that
the observed reduction of SOCE in HT22R cells (Figures 1d
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Figure 3 Prolonged oxidative stress reduces the ER Ca®* content and SOCE
activity. (a) Application of pCPT-cGMP-induces cell death in HT22 cells. Cells were
subjected to the indicated concentrations of pCPT-cGMP and viability was
measured 16h later with the cell-titer blue reagent. The graph shows the mean
fluorescence values + S.E.M. of 11 replicate wells measured in two independent
experiments plotted against glutamate concentration. (b) GCaMP5-based long-term
Ca®™ live-cell imaging experiments reveals a pCPT-cGMP-induced cytosolic Ca® *
increase. Graphs show mean normalized GCaMP/RFP ratio of 10 wells each
containing > 30 cells obtained in two independent experiments. (¢, d and f) Fura2-
based SOCE measurements performed on a BD Pathway high content imaging
system. Cells were either preincubated for 8h with 2.5mm glutamate, 2.5mm
glutamate together with 2mm NAC or 2.5 mm pCPT-cGMP or supplemented with
these substances directly at the onset of measurement as indicated. For
measurement of SOCE after baseline recording in HBSS, ER Ca™* stores were
depleted by addition of 2 um thapsigargin in 2 mm EGTA, which was necessary to
bind the Ca2™* ions of the HBSS buffer. After 6 min of store depletion, 5 mu of Ca*
was added to overload the EGTA and allow SOCE. Ca® ™" influx was recorded for
additional 4 min. Each trace represents the mean of five to six wells measured in
three independent experiments. (e) Oxidative stress was induced in NAC or vehicle
treated cells by application of indicated amounts of glutamate. Cell viability was
quantitated 16 h after oxidative stress onset with the cell-titer blue reagent. The
graph shows the mean*S.E.M. of nine replicate wells measured in three
independent experiments plotted against glutamate concentration

and 2a) is relevant for the resistance against oxidative stress,
we decided to identify the involved proteins. Resistance
against oxidative stress in HT22R cells is mediated in part via
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Figure 4 Pharmacological inhibition of SOCE protects against oxidative stress.
(@) 2-APB or vehicle treated HT22S cells were subjected to oxidative stress by
addition of the indicated amounts of glutamate. 16 h after stress onset, viability was
quantitated with the CTB assay and normalized to controls without glutamate.
Graphs show mean + S.E.M. of nine replicates obtained in three independent
experiments. (a right panel) The indicated concentrations of 2-APB were added to
HT22 cells treated with 5mm of glutamate. 20 h after stress, onset viability was
quantified with the MTT-viability assay. (b) 2-APB was added to glutamate (5 mwm)-
treated HT22 cells at the indicated times after glutamate addition. After 20 h, cell
viability was quantified by the MTT-assay. (c) Cells were treated with the indicated
concentrations of 2-APB, CoCl, or vehicle and the MTT-assay was performed 20 h
after addition of 2.5 mm pCPT-cGMP

transcriptional regulation of protective proteins.'®'"1% we
therefore hypothesized that the reduced SOCE observed in
HT22R cells might be mediated via downregulation of
components of the cellular SOCE machinery and analyzed
the expression pattern of the SOCE-contributing proteins
STIM1, STIM2 and ORAI1, as well the transient receptor
potential melastatin 7 (TRPM7) channel, a Ca®?* permeable
channel that is also blocked by 2-APB.2° The protein levels of
STIM1 and STIM2 were equal in HT22S and R (Figure 5a
and b). TRPM7 expression was analyzed by quantitative
real-time-PCR (gRT-PCR) and also found to be the similar in
both cell types (Figure 5c¢). Immunoblotting against ORAI1
produced a ladder of bands between 50 and 100 kDa, which
may be due to protein modifications for example, glycosyla-
tion, differential splicing,21 dimerization or even tetrameriza-
tion.?® We quantified the 50 kDa band, which according to the
datasheet of the antibody, should be ORAI1 and the more
prominent 80kDa band. Both bands were significantly
downregulated in HT22R cells (Figure 5d), consistent
with the reduced SOCE activity in these cells. Downregula-
tion of these bands by small inhibitory RNA (siRNA)
transfection, which correlated with mRNA quantification by
RT-PCR (Figure 6h and i), also suggested specificity of
the antibody used.

These results pointed to ORAI1 as being the protein that
mediates the reduced SOCE observed in HT22R cells. To
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complement this and to show that this downregulation is
indeed involved in the resistance against oxidative stress
observed in HT22R cells, we decided to knockdown the
components of the SOCE machinery, STIM1, STIM2, ORAI1
and TRPM7 by siRNA and determine the susceptibility of the
cells to oxidative glutamate toxicity.

Knockdown of ORAI1 protects from GSH depletion. We
transfected HT22 cells with two different siRNAs against
STIM1, STIM2 ORAI1 or TRPM7 and treated these cells
with glutamate or L-buthionine-(S,R) sulfoximine (BSO), an
inhibitor of the rate-limiting enzyme glutamate-cysteine
ligase, 48h after transfection. Successful knockdown was
verified by RT-PCR analysis (Figure 6a, d, f and h) and
immunoblotting (Figure 6b and i). In line with the protein
expression pattern observed in glutamate-resistant cells
(Figure 5), knockdown of STIM1 or STIM2 induced no
significant protective effect against GSH depletion
elicited either by glutamate or BSO (Figure 6¢ and e),
whereas reduced ORAI1 levels strongly protected HT22 cells
from oxidative stress (Figure 6j). Interestingly, siRNA-
mediated knockdown of TRPM7 in HT22S cells significantly
increased susceptibility to oxidative glutamate toxicity
(Figure 69).

We conclude from these data that the protective effect of 2-
APB is unlikely to involve STIM1, STIM2 or TRPM?7 inhibition,
as reduction of these Ca®* entry modulating proteins
has either no or even the opposite effect of 2-APB. Rather,
two lines of evidence suggest that ORAI1 is involved in
oxidative stress-induced Ca®" influx: ORAI1 is downregu-
lated in glutamate-resistant cells and its knockdown protects

glutamate-sensitive cells from cell death mediated by GSH
depletion. We conclude that the protective effect of 2-APB is
mediated by the inhibition of ORAI1-mediated Ca®* influx and
that reduced expression of ORAI1 is involved in the resistance
of HT22R cells against oxidative stress.

Knockdown of ORAI1 inhibits cytosolic calcium eleva-
tion during oxytosis. To directly investigate the contribu-
tion of ORAI1 to the detrimental Ca®" influx induced by
glutamate, we continued with long-term Ca®" live-cell
imaging experiments to visualize the cytosolic Ca®" rise
during oxytosis. We transfected HT22 cells with the two
different siRNAs against ORAI1 (Figure 6h, i) or non-
targeting control-siRNA together with the Ca?"-sensor
GCaMP5. Knockdown efficiency was controlled by RT-PCR
(data not shown). 48h after transfection, the cells were
exposed to glutamate overnight and the cytosolic calcium
signal was monitored in a high-content microscope equipped
with an environmental chamber to keep the temperature and
CO, concentration constant. Two hours after glutamate
addition, we started to acquire the GCaMP and the control
RFP signal every 15 min for the next 14 h and calculated the
GCaMP/RFP ratio. This showed that cells peak in a
seemingly random manner between 5—16h of glutamate
exposure. After a sharp increase in GCaMP signal, the cells
quickly lyse, which was visible through vigorous quenching of
GCAMP and RFP fluorescence. A typical sequence of
pictures is shown in Figure 7a. The appearance of these
Ca®* spikes was highly asynchronously spread over the
whole-time frame (Figure 7a lower panel) and significantly
less frequent in ORAI1 — siRNA-transfected cells compared

Cell Death and Disease
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Figure 6 Knockdown of ORAI1 protects from GSH depletion. HT22S cells were transfected with two independent siRNAs against STIM1, STIM2, ORAI1 and TRPM?7 or
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with scrambled siRNA-transfected cells (Figure 7b). We also
treated ORAI1 siRNA-transfected cells with pCPT-cGMP and
immediately recorded the cytosolic Ca®* level with GCaMP5
as described above. Interestingly, pPCPT-cGMP did not evoke
Ca2* peaks similar to glutamate, but instead induced a slow
but prominent cytosolic Ca? " influx (Figure 3b). Because the
cytosolic Ca®* increase induced by cell-permeable cGMP
occurs with a steady increase, we calculated the slope of
Ca®™ influx over the first 2 h, which was significantly reduced
by downregulation of ORAI1 (Figure 7c).

We conclude from these results that the SOCE-mediating
channel protein ORAI1 significantly contributes to the detri-
mental Ca®* influx elicited by cGMP or caused by oxidative
stress in the course of GSH depletion.

Discussion

We conclude that ORAI1 channels has a major role in the
detrimental Ca? " influx caused by oxidative stress. We found
that glutamate-resistant HT22R cells exhibit a reduction in
SOCE and reduced amounts of ORAI1. Knockdown of ORAI1
protected against two different causes of GSH depletion;
blocking cystine uptake with glutamate and inhibiting
GSH synthesis with BSO. Pharmacological inhibition of
SOCE using the well-established inhibitor 2-APB similarly
protected against cell death induced by GSH depletion, but
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not against ER stress elicited with the N-glycosylation inhibitor
tunicamycin (not shown), which suggests that dysregulation
of ORAI1 function is not a general aspect of cell death, despite
the fact that glutamate-resistant cells are also resistant
against ER stress as well as direct activation of the caspase
cascade caused by overexpression of the apoptotic protein
BAX.'® As 2-APB is a known inhibitor of Ca®* influx, its
cell survival-promoting action is most probably caused by its
inhibitory action on the detrimental Ca®* influx during
oxidative stress. This hypothesis is strengthened by our time
course experiments, which still showed a beneficial effect of 2-
APB when applied up to 8 h after glutamate addition, further
pointing to a mechanism of action that interferes with late
events in the cell death program such as Ca®* influx. In
addition, pCPT-cGMP-induced cell death was prevented by 2-
APB, and the observed effect was even stronger than that of
the general Ca®* channel blocker CoCl,. Cytosolic elevation
of cGMP through increased activity of soluble guanylate
cyclases occurs very late in the cell death program induced by
glutamate and is responsible for the opening of plasma
membrane Ca? channels allowing detrimental Ca®* influx.”
The fact that knockdown of the upstream initiator of SOCE
STIM1 had no effect, speaks against a dysregulation of the
whole SOCE machinery and points instead to ORAI1 as the
major culprit in these cells. When we investigated the effects
of STIM1 and ORAI1 knockdown using the same siRNAs in
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N.S., not significant, *P<0.05 by ANOVA with Tukey’s post hoc test

mouse embryonic fibroblasts, we observed a detrimental
effect for both transcripts, which suggests cell type-specific
differences.?® The protection conferred by ORAI1 knockdown
in HT22 cells is in line with the recent observation that CD4-
positive T cells from mice lacking ORAI1 robustly proliferate
despite repetitive stimulations, and are strongly resistant
against stimulation-induced cell death.?* Our results suggest
that ORAI1-mediated Ca®" influx causes cytotoxic Ca®™*
overload late in the course of oxidative stress-induced cell
death. To prove this hypothesis, we performed long-term
live-cell imaging of glutamate challenged cells transfected
with a genetically-encoded cytosolic Ca®* sensor. The direct
observation of cytosolic calcium dynamics revealed a strong
but short-lived calcium rise directly preceding cell death,
which appeared completely asynchronously in the cell
population within a time frame of 5 — 16 h after the addition
of glutamate. This perfectly resembles the time course of
2-APB protection. When applied 8h after glutamate
(Figure 4b), 50% of the cells were still rescued, which can
be explained by the apparently random distribution of the final
Ca®* rise. Cells that have already opened their gates for
external Ca2* are irrecoverable, but those that have not
induced Ca®" influx at the time of 2-APB addition can still
survive by the blockage of Ca?* channels.

Our quantification of Ca®* dynamics cells during glutamate
or pCPT-cGMP treatment revealed a direct impact of ORAIA1
expression levels on the Ca2™* influx after induction of the cell
death program, which is perfectly in line with the protective
effect of ORAI1 knockdown in the survival assays. Direct
Ca?* imaging over the whole-time course of oxidative

glutamate toxicity also disclosed the time lag between
cytosolic Ca®™ elevation and cell death. We demonstrated
that the cytosolic Ca®* rise directly precedes cell death,
visible by disintegration of the plasma membrane and strong
fluorescence quenching due to loss of GCaMP5. This short
time period between the cytosolic Ca®* signal and cell death
suggests a direct detrimental role and renders further
signaling events unlikely.

Although we showed that intracellular cGMP contributes to
Ca®™ channel opening, it remains unclear whether it directly
causes the opening of ORAI1 channels in endogenous
oxidative stress or whether additional factors are needed.
It is possible that the reduced amounts of STIM1 in siRNA-
transfected cells (Figure 6a, b) are still sufficient to open
ORAI1 channels during oxidative stress or that STIM2 can
substitute for STIM1 under these conditions. Furthermore,
ORAI1 might not only be activated by STIM1, but also through
other factors such as the Ca?*-independent phospholipase
A, (iPLA2p).2® Also a direct influence of the cellular redox
state on ORAI1 activity seems possible. One study revealed
that H,O, enhanced lcpac-mediated Ca2* influx (the
electrophysiological equivalent of SOCE) through activation
of IP3 receptors and subsequent store depletion without direct
effect on ORAI1.26 SERCA pumps in contrast were shown to
be inhibited by H,0,.2” One might speculate that during
glutamate-induced oxidative stress, SERCA is inhibited and
IP3 receptors activated, which eventually results in ER Ca®*
store depletion triggering ORAI1-mediated detrimental Ca®*
influx. This would be in line with our results, where 8h of
glutamate treatment resulted in a reduction of the

~
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thapsigargin-releasable Ca®* pool, implying reduced SERCA
activity or increased ER Ca2™* efflux. Others, however,
suggested a direct inhibitory effect of H,O, on ORAI1-
mediated Ca®" influx induced by store depletion with
thapsigargin, which was explained by the oxidation of cysteine
residues located in an extracellular loop of ORAI1.28 This
could be interpreted as an attempt to withstand the cytotoxic
Ca® " -mediated by ORAI1.

We conclude from the presented data that dysregulated
ORAI1-mediated Ca®* influx contributes in a significant
manner to programmed cell death induced by GSH depletion
in neuronal cells. As this detrimental Ca®* influx occurs late in
the course of the cell death program, it might be amenable to
therapeutic intervention in acute diseases where oxidative
stress have a role.

Materials and Methods

Cell culture. The glutamate-resistant HT22R cell line was generated from the
parental mouse hippocampal cell line HT22 as previously described.'® Both cells
lines, HT22S and HT22R, were cultured in DMEM high glucose (PAA
Laboratories, Pasching, Austria ) supplemented with 5% fetal calf serum (Thermo
Fisher Scientific, Waltham, MA, USA) and 100 U per ml penicillin and 100 pug per
ml streptomycin (Gibco, Darmstadt, Germany) in a humidified incubator with 5%
CO, and 95% air.

Cell survival assays. HT22 cells were seeded in 96-well plates at a density
of 5000 cells/well and 24h later subjected to cell death experiments. siRNA-
transfected cells were seeded 24h post transfection. Pharmacological agents
were added together with, or at specified time periods after, induction of cell death
by the indicated drugs. Cell viability was quantified 16-24 h after stress onset with
the cell titer blue (CTB) reagent (Promega, Madison, WI, USA). Alternatively, in
some experiments, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was used.® For CTB fluorescence, emission was measured at
590 nm after excitation at 562 nm using a GENios Pro microplate reader (Tecan,
Mannedorf, Switzerland); for the MTT-assay, absorption was measured at 570 nm.

Calcium live-cell imaging. Fura2 Ca®* imaging experiments were
performed on a BD Pathway 855 High Content Imaging System (BD Biosciences,
Heidelberg, Germany). The cells were seeded in 96-well imaging plate (BD
Bioscience) the day before the experiment in a density of 5000 cells/well and
loaded with 5 pum Fura2-AM (Molecular Probes, Darmstadt, Germany) in HBSS for
30 min before the experiment. Measurement was performed with excitation at 340
and 380 nm for ratiometric analysis and pictures were taken with a delay of 5s.
For comparison of SOCE in HT22S and HT22R, cells were seeded on 12 mm
coverslips at a density of 100000/well, loaded with Fura2-AM and placed into a
flow chamber. The measurement was performed using an Olympus IX81
fluorescence microscope with the cell*R imaging software. Images were acquired
at 340 and 380 nm excitation and the ratio was calculated every 5s for every
single cell. After 1 min of baseline recording, ER-calcium stores were depleted in
EGTA buffer (Ca® " -free HBSS supplemented with 0.5 mm EGTA, 20 mm HEPES,
imm MgCl, and 1g per | Glucose) with 2 um thapsigargin for 6min and
subsequently Ca®* was readded by changing the buffer to HBSS.

Electrophysiology. We used whole-cell patch clamping to measure currents
through ion channels of single cells. Whole-cell recordings were performed using
an Axopatch 200B patch clamp amplifier (Axon Instruments, Sunnyvale, CA, USA)
and digitized with Digidata 1332 (Axon Instruments). For SOC channels recordings
the pipette solution contained (in mm) 120 CsCl, 5 Bapta-Na, 30 Cs-HEPES pH
7.3, 1.5 MgCl,, 4 Na,ATP, 0.4 Na,GTP and 1.6 CaCl, (pCa 7.0). Extracellular
solution contained (in mm) 140 NMDG-Asp, 10 BaCl,, 10 Cs-HEPES, pH 7.3.
During recording the currents were sampled at 5kHz and filtered digitally at
500 Hz, the pClamp9 software (Axon Instruments) was used for data acquisition
and analysis. In all whole-cell experiments the holding potential was —40mV,
periodically (once every 5s) the membrane potential was stepped to — 100 mV
(for 30 ms) and a 200 ms voltage ramp to + 100 mV was applied. Currents were
evoked by application of 1 um thapsigargin (Sigma, Munich, Germany) in external
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solution, which was added to the bath perfusion. The traces recorded before
current activation were used as templates for leak subtraction. Whole-cell currents
were normalized to the cell capacitance. The mean value of cell capacitance was
19pF £ 5 (total number of experiments n = 20).

Quantitative RT-PCR. Whole-cellular RNA was isolated using ZR RNA
MiniPrep Kit (Zymo, Irvine, CA, USA) and transcribed into cDNA with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Darmstadt,
Germany). RT-PCR analysis was performed on a 7500 Fast cycler (Applied
Biosystems) with FAST BLUE gPCR MasterMix (Eurogentec, Cologne, Germany)
running the 7500 standard program. Primers and Probes for STIM1 and 2, ORAI1
and TRPM?7 were designed by the universal probe library assay design center
(Roche, Mannheim, Germany) and the hypoxanthine-phosphoribosyltransferase
gene (HPRT) served as an endogenous control with individually designed primers
and probe purchased from MWG (Ebersberg, Germany).

siRNA transfections. Flexitube siRNAs against ORAI1, STIM1, STIM2 and
TRPM7 were purchased from Qiagen (Hilden, Germany) (no.S100972251,
n0.5100972272, no.S11435623, no.S11435637, no.S101435665, no.S101435672,
n0.5102694727 and no.S102742663) and transfected into cells with Lipofectamine
RNAIMAX (Invitrogen, Darmstadt, Germany) when cells were grown to 70-80%
confluence in six-well plates. Successful knockdown was verified by RT-PCR or
immunoblot.

Immunoblotting. Cells were lysed in ice-cold RIPA buffer (Thermo Fisher
Scientific) containing mini complete protease inhibitor cocktail (Roche) and
centrifuged for 30 min at 16000 g. The supernatants were separated on 8-16%
polyacrylamide gels (Thermo Fisher Scientific), transferred onto nitrocellulose
membranes with the iBlot System (Invitrogen, Darmstadt, Germany) and blocked
in 3% nonfat dry milk in phosphate-buffered saline containing 0.5% Tween-20
(PBS-T) for 1h at room temperature before overnight incubation with primary
antibodies against STIM1 (BD Biosciences, no.610955 1:250), STIM2 (Cell
Signaling, Danvers, MA, USA, no.4917 1:1000), ORAI1, Alomone Jerusalem,
Israel, no.ACC-062 1:500), Actin (Millipore, Billerica, MA, USA, no.MAB1501
1:5000) or GAPDH (Cell Signaling, no.2118 1:5000) followed by o-mouse
(respectively rabbit) 1gG (Fc) infrared fluorescence — conjugated secondary
antibody (Licor, Lincoln, NE, USA, 1:30000). The membranes were scanned for
infrared fluorescence at 680 or 800nm using the Odyssey system (Licor) and the
signal was analyzed quantitatively with the image-processing software ImageJ (http://
rsbweb.nih.gov/ij).

Long-term calcium live-cell imaging. GCaMP5 was a kind gift of
Douglas S. Kim (Howard Hughes Medical Institute, Ashburn) and subcloned
with EcoRI and Notl into the IRES-RFP-containing vector PB531A-1 (System
Biosciences, Mountain View, CA, USA). Cells were transfected with GCaMP5-
IRES-RFP together with two different siRNAs against ORAI1 or non-targeting
control-siRNA with Lipofectamine 2000 (Invitrogen) in six-well plates and 24 h later
transferred to 96-well imaging plates (BD Biosciences) at a density of 5000 cells/
well. For calcium imaging, phenol red containing medium was replaced by
colorless DMEM (PAA Laboratories, Pasching, Austria). Two hours before the
onset of measurement, 25 mm glutamate was added to the cells, control wells were
supplemented with vehicle and the plate was incubated in the BD Pathway 855 at
37°C with 5% CO2 and 95% air. For pCPT-cGMP-induced Ca®* influx,
measurement was started immediately after addition of 2.5mm pCPT-cGMP.
Cytosolic calcium was monitored by GCaMP5 and normalized to RFP
fluorescence; pictures were taken every 15min. For analysis of glutamate-
induced Ca®™ peaks, the maximal ratio was divided by the average ratio and a
threshold was defined by the mean of control-siRNA transfected cells. Every cell
above that threshold was counted as Ca®™ peak positive. For analysis of pCPT-
cGMP-induced Ca® ™ influx, the slope of Ca®* increase was calculated over the
first 2h of the measurement.

Statistical analysis. Data were analyzed as mean+S.E.M. and the
statistical significance assessed using two-tailed t-tests or analysis of variance
(ANOVA) with Tukey’s Multiple Comparison Test as indicated.
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Summary of the results

Summary of the results

Store-operated calcium entry modulates neuronal network activity in
a model of chronic epilepsy

In this study, we investigated the importance of SOCE in the brain and found convincing evidence for a
contribution of the SOCE machinery to normal and pathological neuronal function. We confirmed the
expression of STIM1 and STIM2 in primary neurons and astrocytes and measured the occurrence of
SOCE in response to Ca**-store depletion in these cells. Application of pharmacological inhibitors of
SOCE, ML9 and 2-APB, reduced neuronal network activity of neurons cultured on multielectrode arrays
(MEAs) highlighting the importance of an intact SOCE response for neuronal function. As a model of
disturbed excitability, we evoked chronic epileptic seizures in C57B16 mice and detected increased
protein amounts of STIM1 and 2 in the brain of these animals. Also in human hippocampal specimens
dissected from a patient suffering from medial temporal lobe epilepsy, we detected strong expression of
STIM1 and STIM?2. Pharmacological inhibition of SOCE in chronic epileptic slice cultures reduced

occurrence of interrictal spikes and rhythmized epileptic bursts.

Stromal interaction molecule 1 (STIM1) is involved in the regulation of
mitochondrial shape and bioenergetics and plays a role in oxidative
stress

To investigate the role of STIM1 and SOCE during oxidative stress, we used genetically modified mouse
embryonic fibroblasts (MEF) from STIM1 KO mice, in which we stably re-expressed STIM1 or a
dominant active variant of STIM1 (DA-STIM1). We also knocked down ORAI1, the main Ca** channel
of the SOCE machinery by small interfering RNA. Using these models, we observed a strongly reduced
resistance against endogenous oxidative stress in STIM1 KO or ORAII knock down cells. This increased
susceptibility was caused by higher basal oxidative stress levels of STIM1 KO MEFs compared to their
WT counterparts, indicated by stronger antioxidative signaling through the NRF2 pathway. We showed
evidence for reduced fragmentation of STIM1 KO mitochondria, together with increased metabolic
activity and ROS production, which resulted in an elevated basal oxidative stress level in these cells.
Obviously without STIM1 the cells failed to adjust their energy production to their needs and balance
generation and detoxification of cellular ROS, what rendered SOCE-deficient cells more prone to

oxidative stress-induced injury.
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The plasma membrane channel ORAI1 mediates detrimental calcium
influx caused by endogenous oxidative stress

In this contribution, we investigated the effect of a reduced SOCE capacity in neuronal HT22 cells and
found a protective effect of pharmacological inhibition of SOCE. In contrast to the effects observed in
MEF cells, knock down of STIM1 had no effect on survival of HT22 cells, whereas knock down of
ORALI1 strongly protected from oxidative-glutamate toxicity. We directly recorded the strong cytosolic
Ca™ rise in the final phase of the oxidative-glutamate toxicity cell death program and observed an
inhibitory effect of ORAIl-knock down. We concluded from these data that ORAII is the main Ca®*-
influx channel during oxidative-stress induced injury and that channel opening is unlikely to be mediated

by STIM1.
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Discussion

Several studies on STIM1 and STIM2 expression in neurons have been published since the discovery of
STIM1 as SOCE-regulating protein (74) (75) (76). These studies report fairly different results ranging
from prominent expression of STIM1 in pyramidal neurons and Purkinje cells (77) to nearly undetectable
levels of STIM1 expression in primary hippocampal neurons (51).

With the first publication presented in this thesis, we confirmed the expression of STIM1 in the murine
and human brain. The analysis of different cell types isolated from rat brains revealed expression of
STIM1 and 2 in astrocytes as well as in neurons. The STIM1 signal was stronger in astrocytes compared
to neurons whereas the opposite was the case for STIM2, which was in line with previously published
results presenting a twofold higher expression of STIM2 compared to STIM1 in hippocampal neurons
(76).

Based on the established expression of STIM1 and 2 in neurons and astrocytes, we next attempted to
clarify the role of SOCE in neuronal function. The importance of STIM1 is best characterized in non-
excitable cells of the immune system. Here, SOCE is an indispensable signaling mechanism in response
to receptor activation leading to nuclear translocation of nuclear factor of activated T-cells (NFAT) and
transcriptional up-regulation of immune-modulatory genes, e.g. different cytokines (78). The relevance of
this signaling cascade is reflected by different immune deficiencies caused by mutations of STIMI1 or
ORALII (79). In contrast to the detailed knowledge about the relevance of SOCE in immune cells, less is
known about the role of STIMI in neurons. We therefore analyzed the effect of pharmacological SOCE
inhibition on physiologic neuronal network activity on MEA chips and the role of SOCE in pathological
hyperexcitability as observed in epilepsy. We found a clear reduction in network activity on MEA chips
and observed a decrease in the neuronal cytosolic Ca®* concentration in fura2 based live-cell imaging
experiments in response to inhibition of SOCE. Because changes in the cytosolic Ca** concentration
directly change the membrane potential of the neuron, the excitability of the cell is influenced. A
cytosolic increase in Ca®* is furthermore necessary for synaptic transmitter release and a reduction in
cytoplasmic Ca®" therefore impedes synaptic activity, what most likely provoked the reduced neuronal
network activity observed in the MEA experiments. An intact SOCE machinery is therefore indispensable
for physiologic neuronal activity.

Interestingly, in situations of pathologic hyperexcitability, STIM1 and STIM2 expression levels were
significantly increased, potentially contributing to the generation of the hyperexcitability. Alternatively,
one might speculate, that the up-regulation of STIM1 in epileptic neurons might resemble an attempt of
the cell to reduce the pathologically increased excitability, because STIM1 was described to inhibit
depolarization-induced opening of Cay1.2 thereby reducing excitability (27) (28).

In further experiments, we pharmacologically inhibited SOCE on chronic epileptic rat-brain slices and
observed a clear modulatory action of SOCE in this epileptic model. Application of ML9 or 2-APB
induced an increase in burst activity but suppressed interictal spikes after drug washout which resembled

rythmization of neuronal activity probably correlating to the increased synchrony observed in MEA
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experiments. However the increased burst activity during treatment resembled enhanced epileptic activity,
which appeared in contrast to the reduced network activity in MEA experiments. This difference between
MEA and slice-recording experiments might be developed from reduced accessibility of the slices to the
pharmacon in contrast to the dissociated cultures on MEA chips, which rendered the effects in slice
cultures less pronounced than in the MEA experiments.

One might also speculate that ML9 or 2-APB not only block SOCE but also impact on the described
interaction between STIM1 and Cayl.2. If the observed up-regulation of STIM1 indeed resembled a
compensatory mechanism to suppress Cayl.2 activity and reduced excitability, an interruption of this
connection would also increase burst activity. Thus, further experiments, extending the possibilities of
this thesis, have to be performed to clarify the role of the inhibitory action of STIM1 on Cayl.2 in
epileptic condition and to find out how ML9 and 2-APB are linked to this phenomenon.

However we can conclude that STIM1 and STIM2 are not only expressed in neurons and astrocytes, but
also contribute to normal neuronal activity. In pathologic hyperexcitability, as observed in epilepsy, the
deregulation of STIM protein expression and inhibition of SOCE impact on neuronal firing.

Based on the finding that STIM1 and SOCE are indeed of relevance in the brain and even contribute to
pathological hyperexcitability, we decided to further investigate the influence of the SOCE machinery on
neuronal physiology. Interestingly epileptic patients suffer from neuronal loss through high oxidative
stress levels in the brain (80) (81). Also, epileptic seizures are energy consuming processes and lead to
increased cellular glucose uptake and elevated metabolic rates in the cells to keep sufficient ATP levels
(82). We therefore started to investigate the role of STIM1 during oxidative stress.

Caused by its high metabolic rate and strong O, consumption, the brain is extremely prone to oxidative
stress induced injury which plays an important role not only during the progression of epilepsy (83) but
also in neurodegenerative diseases like Alzheimer’s and Parkinson’s disease (56) or ischemia and
reperfusion injuries as observed after stroke or traumatic brain injury (56). ROS are continuously
produced in the brain either by electron leakage from the mitochondrial electron transport chain, by free
radical reactions catalyzed by iron ions, which are found in high concentrations in the brain, and as a by-
product of different receptor-signaling events (84) (85). Several antioxidative defense mechanisms are
active in the brain, e.g. the GSH or thioredoxin systems, SODs and direct ROS scavengers like a-
tocopherol or coenzyme Q. When these detoxifying strategies are not sufficient to balance the produced
amount of ROS, oxidative stress develops. Due to ROS overload, DNA, lipids and proteins of the cell are
damaged and if the oxidative stress persists, the cell is eventually prone to death.

In order to elucidate the role of SOCE during oxidative stress-induced cell death, we first studied
oxidative stress resistance in WT and STIM1 KO MEEF cells as a model for reduced SOCE capacity and,
in addition, evoked hyper-activated SOCE by expression of a dominant active form of STIMI.
Interestingly, suppression of SOCE as well as permanent activation of SOCE led to a significantly
reduced resistance against oxidative stress. We found that a disturbance of the physiological SOCE

activity, which could either be over-activation or reduction, impeded accurate balancing of energy
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production and ROS detoxification. STIM1 KO MEF cells contained elongated mitochondria and
exhibited a stronger mitochondrial membrane potential in comparison to WT counterparts. We analyzed
the expression of several antioxidative-defense genes regulated by ARE-driven promoters, the level of
GSH and ROS and found a significantly enhanced activity of the antioxidative-signaling cascade in
STIM1 KO MEFs together with high ROS load, which led to increased consumption of GSH under
additional oxidative stress induced by glutamate addition. The enhanced expression of ARE-driven genes
was caused by enhanced translocation of NRF2 to the nucleus, which might have been induced directly
through ROS-mediated regulation of KEAP1 activity (86) or through phosphorylation of protein kinase-
like endoplasmic reticulum kinase (PERK) (87) which we found to be increased in STIM1 KO MEF cells.
PERK is usually known as an ER-stress marker with signaling functions during the unfolded protein
response (UPR) (88). Thus one could hypothesize that STIM1 MEFs suffer from ER stress, which could
also, as a side effect, trigger the enhanced oxidative stress observed in these cells (89). We therefore
analyzed the ER-stress level of STIM1 KO cells but did not find further evidence for increased ER stress.
The KO cells, compared to WT counterparts, were even less susceptible to ER stress induced through
thapsigargin or tunicamycin and showed equal or reduced levels of spliced X-box binding protein 1
(Xbpl) mRNA (data not shown), a transcription factor which is differentially spliced in response to ER-
stress (88). As the enhanced phosphorylation level of PERK in STIM1 KO MEFs cannot be explained by
an increased ER-stress level in these cells, the mechanism of PERK phosphorylation in STIM1 KO
conditions needs further investigation.

In conclusion, our data suggest that STIM1 impacts on the mitochondrial fusion/fission machinery and
thereby allows adaption of cellular energy production to the cellular energy needs, a mechanism which is
impaired through knock out of STIMI, rendering STIM1 KO MEFS highly susceptible to oxidative
stress. Interestingly, not only reduction but also over-activation of SOCE increased the susceptibility
towards oxidative stress induced injury. Therefore, one might speculate that the increase in STIM1 and 2
expression in epileptic neurons, which we demonstrated in the first study presented here, might contribute
to the increased oxidative stress level in neurons from epileptic patients (80) (81).

Others already highlighted a connection between movement of STIMI in response to store depletion and
the mitochondrial membrane potential (90) and identified mitofusin 2 (MFN2), which is one of the main
factors facilitating mitochondrial fusion (91), as a regulatory link. In MFN2-deficient cells, Ca**-store
regulated STIM1 punctae formation was uncoupled from mitochondrial membrane potential. It is well
possible that this MFN2-mediated interconnection between STIM1 and mitochondria also helps to shape
mitochondrial morphology. In the case of STIM1 deficiency, MFN2 might lose a necessary connection to
adjacent cellular structures. As STIMI is located in ER- and plasma membranes, it possibly provides an
anchoring site for mitochondrial fusion- and fission-mediating proteins, which might be missing in
STIM1 KO cells. This association between the SOCE machinery and the mitochondrial network could
make sense as mitochondria are themselves important Ca®* stores and mitochondrial Ca®* uptake

promotes SOCE (92) whereas the Ca”" content of mitochondria critically shapes energy metabolism (93)
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on the other hand. Reduction of mitochondrial Ca** uptake through a combination of mitochondrial
membrane potential depletion and inhibition of the mitochondrial Na'/Ca* antiporter NCX,o also
reduced Ca™ influx in response to store depletion whereas inhibition of mitochondrial motility had no
effect (94). However mitochondrial motility and an active fusion and fission machinery might be required
to adapt energy metabolism to SOCE activity. This appears reasonable, as SOCE-mediated Ca** influx in
response to receptor activation alters cellular effector functions like secretion, migration or proliferation,
which are energy-consuming processes. Even the shuttling of entering Ca®* ions through SERCA pumps
into the ER consumes ATP. The other side of the coin is that Ca**, which is sequestered by mitochondria,
actively regulates energy production by releasing ROS as by-products, which in turn can trigger oxidative
stress. Therefore regulation of the mitochondrial network shape is necessary to adapt energy production
and ROS load to Ca”* uptake.

As we were interested in the role of SOCE in the brain and its impact on oxidative stress in nerve cells we
switched to a more neuronal model in the third study. We chose HT22 cells, which are derived from
embryonic mouse hippocampal neurons and lack ionotropic glutamate receptors. Addition of glutamate to
these cells does therefore not evoke excitotoxicity, as it would do in mature neurons, but causes
endogenous oxidative stress by inhibition of the glutamate-cystine antiporter system X. and subsequent
GSH depletion through inhibition of cystine uptake.

It is of interest that the effect of SOCE reduction on susceptibility to oxidative stress was quite different
in neuronal HT22 cells compared to embryonic fibroblasts. In HT22 cells, knock down of STIM1 did not
affect cell death susceptibility, which, together with the low expression level of STIM1 in neurons,
suggests a minor relevance of STIM1 in neurons compared to other cell types. In MEF cells, STIM1-
mediated signaling was indispensable for proper adjustment of metabolic activity whereas HT22 cells
appeared to be independent from STIM1 mediated SOCE at least concerning energy metabolism.

The major difference between MEFs and neurons is excitability. As shown in the literature and by our
data in non-excitable cells like immune cells or fibroblasts STIM1 expression is strong and important for
several signaling events, whereas in excitable cells like neurons STIM1 expression is rather low.
Although HT?22 cells are also non-excitable, they are derived from neurons which might be the reason for
the low expression level of STIM1 in these cells. As we showed in the first contribution presented in this
thesis, a deregulation of STIM1 expression likely contributes to hyperexcitability as observed in epilepsy.
Therefore it appears reasonable that STIM1 expression needs to be tightly regulated in neurons to keep
excitability at a physiological level and that STIM1-dependent signaling, regulating metabolic activity as
observed in fibroblasts, is not possible in neurons as it would risk deregulation of neuronal firing like
observed in epilepsy. Although HT22 cells lost neuronal excitability, a fact which precludes neuronal
firing, one might speculate that they still possess neuron-like regulatory mechanisms for STIM1 and
therefore do not rely on STIM1 mediated regulation of energy production.

Instead ORAII expression remarkably contributed to oxidative stress sensitivity in HT22 cells. As we

showed by expression analysis in glutamate-resistant and -sensitive HT22 cells and by siRNA-mediated
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knock down, a reduced expression level of ORAIl protected HT22 cells from oxidative glutamate
toxicity. In Ca®*-live cell imaging experiments, we were able to show a direct impact of ORAII on the
detrimental Ca®" influx in the late phase of oxidative glutamate toxicity.

In ER-Ca®* store dependent activity of ORAII, STIM1 is the main switch which opens ORAI1 channels.
Here we show that STIMI1 is not important for oxidative stress induced cell death in HT22 cells but still
ORAII opening is the detrimental Ca®* influx pathway. Therefore it is of high interest which mechanisms
activate ORAII in the course of oxidative stress. One might hypothesize a contribution of STIM2, which
is also expressed in neurons (76) or iPLA2f, which was shown to be involved in store-dependent Ca**
influx already before STIM1 was discovered (95) (96). Also cGMP needs to be considered as ORAII-
gatekeeper, because it was shown, that during the well-defined cell death program of oxidative-glutamate
toxicity soluble guanylyl cyclase was activated, leading to increased intracellular cGMP levels, what was
shown to be indispensable for Ca® influx (70).

As the detrimental Ca”* influx during oxidative stress induced cell death occurs very late in the cell death
cascade it resembles an interesting target for a potential therapeutic intervention in neurological diseases
which are known to involve oxidative stress-induced cell death. Therefore further investigation
concerning the ORAI1 gating mechanism is of high interest.

In conclusion the SOCE machinery plays an ambivalent role in cellular oxidative stress resistance. On
one hand it allows the cell to adjust ATP production to energy needs and on the other hand it contributes
to detrimental Ca®* influx. These two sides of the coin also differ in their mode of activation. For
beneficial SOCE signaling, STIMI is indispensable, whereas channel opening for detrimental Ca** influx
can occur independently from STIM1. Different modes of ORAII channel opening can be imagined and
will be further investigated in the future. Also in the current literature this divergent role of STIM1 and
SOCE is reflected. Several studies performed with fairly different cellular stress model found protective
(48) (49) as well as detrimental effects of SOCE activity (45) (46) (47). However even in one cellular
stress model applied to different cell lines, fibroblasts versus neuronal HT22 cells, STIM1 and ORAI1
respectively SOCE activity can impact very differently on cell survival and furthermore need to be tightly
regulated especially in neurons as SOCE activity significantly impacts on excitability. Therefore a general
conclusion about the effect of STIM1 or ORAII expression during cellular stress conditions cannot be
drawn. It is rather dependent on the individual constitution of the investigated cell type if SOCE activity

promotes beneficial and pro-survival or detrimental signaling cascades.
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Abbreviations

12-LOX 12-lipoxygenase

2-APB 2-aminoethoxydiphenyl borate
AMPA 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl)propanoic acid
ARE antioxidant response element

ATP adenosine triphosphate

BAK Bcl-2 homologous antagonist killer
BAX Bcl-2—associated X protein

BCL-2 B-cell lymphoma 2

BCL-XL BCL2-like 1

cGMP cyclic guanosinemonophosphate
CIF Ca™*-influx factor

CRAC Ca**-release activated Ca** channel
DAG diacylglycerol

DA-STIM1 dominant-active STIM1

ER endoplasmic reticulum

GCL y-glutamylcysteine ligase

GSH glutathione

GSSG GSH disulfide

IP3 inositol 1,4,5-triphosphate

IP3R1-3 IP3-receptors 1-3

iPLA, Ca”*-independent phospholipase A,
KEAP1 kelch-like ECH-associated protein 1
KO knock out

LGCC ligand-gated Ca** channel

MEA multi-electrode array

MEF mouse embryonic fibroblast

MFN2 mitofusin-2

mGIluR metabotropic glutamate receptor
NADPH nicotinamide adenine dinucleotide phosphate
NCX Na*/Ca® transporter type 1

NFAT nuclear factor of activated T-cells
NMDA N-Methyl-D-aspartate

NRF2 nuclear factor (erythroid-derived 2)-like 2
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PERK protein kinase-like endoplasmic reticulum kinase
PIP2 phosphatidylinositol 4,5-bisphosphate

PLC phospholipase C

PMCA plasma membrane Ca** ATPase

RNAIi RNA interference

ROS reactive oxygen species

SERCA sarcoplasmic/endoplasmic reticulum Ca** ATPase
sGC soluble guanylyl cyclase

SOCE store operated Ca** entry

SOD superoxide dismutase

STIM1 stromal interaction molecule 1

UPR unfolded protein response

VDCC voltage-dependent Ca** channel

WT wild type

Xbpl X-box binding protein 1
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