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SUMMARY

Store-operated Orail calcium channels function as highly Ca®*-selective ion channels and are broadly ex-
pressed in many tissues including the central nervous system, but their contributions to cognitive processing
are largely unknown. Here, we report that many measures of synaptic, cellular, and behavioral models of
learning are markedly attenuated in mice lacking Orail in forebrain excitatory neurons. Results with focal
glutamate uncaging in hippocampal neurons support an essential role of Orail channels in amplifying
NMDA-receptor-induced dendritic Ca®* transients that drive activity-dependent spine morphogenesis and
long-term potentiation at Schaffer collateral-CA1 synapses. Consistent with these signaling roles, mice lack-
ing Orai1 in pyramidal neurons (but not interneurons) exhibit striking deficits in working and associative mem-
ory tasks. These findings identify Orai1 channels as essential regulators of dendritic spine Ca®* signaling,

synaptic plasticity, and cognition.

INTRODUCTION

Ca?* release-activated Ca2* (CRAC) channels function as a ma-
jor pathway for Ca®* entry in many non-excitable cells where
they mediate critical effector functions including gene expres-
sion, cytokine production, and cell migration (Prakriya and
Lewis, 2015). Endowed with several unique biophysical fea-
tures including very high Ca?* selectivity and low unitary
conductance, CRAC channels are typically activated in
response to stimulation of G4-coupled receptors or receptor
tyrosine kinases (Prakriya and Lewis, 2015). The ensuing deple-
tion of endoplasmic reticulum (ER) Ca®* stores activates the ER
Ca?* sensors, STIM1 and STIM2, which translocate to the ER-
plasma membrane junctions to interact with and activate the
channels formed by the Orai proteins in the plasma membrane,
evoking a process known as store-operated Ca®* entry (SOCE).
Mammals express three Orai orthologs (Orai1-3), of which
Orail is the best-studied member and is essential for SOCE
in most non-excitable cells (Prakriya and Lewis, 2015). Human
studies have revealed that loss-of-function Orai1 mutations
cause severe immunodeficiencies and defects in muscle func-
tion frequently resulting in death in the first year of life, high-
lighting the vital importance of Orai1 channels for human health
(Feske, 2019).

Gheck for
Updates

Recent evidence indicates that in addition to immune cells,
Orai1 is expressed in many regions of the central nervous system
(CNS) (Guzman et al., 2014; Lein et al., 2007), where it is impli-
cated in a growing list of Ca?*-dependent cell functions (Kraft,
2015; Wegierski and Kuznicki, 2018). For example, in neural pro-
genitor cells, astrocytes, and microglia, Ca%* influx through Orai1
regulates gene expression, gliotransmitter release, and the gen-
eration of inflammatory mediators (Deb et al., 2020; Gao et al.,
2016; Heo et al., 2015; Somasundaram et al., 2014; Toth et al.,
2019). Additionally, in spinal nociceptive neurons and hippocam-
pal interneurons, Orai1 mediates SOCE and is implicated in the
regulation of chronic pain and seizure-like activity (Dou et al.,
2018; Hori et al., 2020; Majewski et al., 2019). By contrast, we
know comparatively little about the role of Orai1 channels for
Ca?* signaling and effector functions in excitatory neurons. In
this study, we address one aspect of this larger question: the
contributions of Orai1 channels to synaptically evoked dendritic
spine Ca2* signals in hippocampal neurons and its implications
for long-term potentiation (LTP).

In the archetypical form of LTP at the CA3-CA1 synapse in the
hippocampus, Ca2* elevations in dendritic spines of hippocampal
CA1 neurons induce synaptic strengthening initially by increasing
the number of AMPA-type ionotropic glutamate receptors
(iGluRs) in postsynaptic densities and subsequently through
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gene expression and remodeling of spine structures (Herring and
Nicoll, 2016). It is generally accepted that the iGluRs, especially
NMDA receptors (NMDARs), have an obligate and privileged
role in triggering plasticity at this synapse (Herring and Nicoll,
2016). NMDARSs are thought to elicit Ca®* elevations in dendritic
spines both via their Ca®* permeability and through their ability
to trigger Ca2* release from intracellular stores to drive essential
molecular pathways, including Ca?*/calmodulin protein kinase II
(CaMKIl), that are implicated in mediating synaptic plasticity (Al-
ford etal., 1993; Fitzjohn and Collingridge, 2002; Higley and Saba-
tini, 2012). However, how Orai channels fit into the prevailing
model of dendritic spine Ca®* signaling remains poorly under-
stood and is only now beginning to be addressed.

Recent expression analysis and mRNA maps indicate that
Orai1 is highly expressed in the hippocampus (Guzman et al.,
2014). Moreover, knockdowns of Orai1 or STIM2 evoke impair-
ments in spine maturation and morphogenesis in cultured neu-
rons (Korkotian et al., 2017; Sun et al., 2014; Tshuva et al.,
2017) while overexpression of Orai1 causes subtle alterations
in learning in female mice (Maciag et al., 2019), suggesting that
Orai1l may directly regulate synaptic plasticity. However, an-
swers to several fundamental questions remain unknown.
What are dynamic properties of Orai1-dependent Ca®* signals
evoked by the neurotransmitter glutamate (Glu) in hippocampal
neurons? How are they coupled to downstream signaling sys-
tems involved in LTP? And, importantly, what are the functional
implications for cognitive functions? Surprisingly, even the basic
question of whether Orai1 channels regulate synaptically evoked
dendritic Ca®* signals is unknown. In this study, we investigated
these and related questions using cell-specific knockouts (KOs)
of Orail and a variety of cellular, electrophysiological, and
behavioral analysis. Our findings indicate that Orai1 channels
play a critical role in dendritic signaling by promoting the ampli-
fication of NMDAR-mediated Ca®* signals in dendritic spines,
which is essential for inducing activity-dependent synaptic plas-
ticity and the formation of working and associative memories.

RESULTS

Orai1 Mediates SOCE in Hippocampal Neurons

We previously showed that mice with a conditional deletion of
Orail in the brain (generated by crossing Orai1™" mice with the
nestin-Cre strain to yield Orai1™" Nes<C® mjce) show loss of
SOCE in neural progenitor cells and astrocytes (Somasundaram
et al., 2014; Toth et al., 2019). However, how deletion of Orail af-
fects SOCE in mature excitatory neurons was not examined. To
address this question, we began our studies by examining
SOCE in primary cultured mouse hippocampal neurons. ER
Ca®* stores were depleted by the administration of the sarco/
endoplasmic reticulum Ca?* ATPase (SERCA) inhibitor, thapsi-
gargin, and SOCE was determined from the rate of Ca®* influx
following re-addition of extracellular Ca%* as previously described
(Jairaman etal., 2015; Toth et al., 2019). These tests indicated that
SOCE was strongly impaired in hippocampal neurons from
Orai1™ Nes-Cre (Oraj1 KO) mice (Figures S1A and S1B). Likewise,
a more restricted deletion of Orail in excitatory neurons of the
forebrain alone (Orai1™" CaMKlla-Cre mijce obtained by crossing
Orai1™" mice with CamKlla-Cre deleter strain; Tsien et al., 1996)
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also abolished SOCE in primary hippocampal neurons (Figures
S1C and S1D), which in culture are known to be predominantly
glutamatergic (Benson et al., 1994; Wu et al., 2015). These find-
ings indicate that Orail is essential for mediating SOCE in excit-
atory hippocampal neurons, a role congruent with the established
role of Orai1 in many immune, epithelial, and glial cells.

mRNA maps from the Allen Institute (Lein et al., 2007) suggest
that Orai1 is expressed in the hippocampus, especially in the
CA1 and CA3 pyramidal cell layers (Figure S1G). Consistent
with this expression pattern, immunohistochemistry (IHC) with
a monoclonal antibody (Guzman et al., 2014) revealed strong
Orai1 expression in many regions of the hippocampus, including
the CA1, CA3, and the dentate gyrus (Figure STH). Orai1 labeling
in CA1 was especially noticeable in the cell body and along the
apical projections extending into the stratum radiatum. This
pattern of Orai1 expression portends a number of potential roles
for Orai1 channels in regulating Ca®* signaling in hippocampal
neurons, including those elicited by synaptic stimulation in den-
drites, which we tested below.

Deletion of Orai1 Attenuates Synaptically Evoked Ca%*
Signals in Dendritic Spines
To interrogate the contribution of Orai1 channels in regulating
Ca?* signaling in dendritic spines, we employed the recently
developed, high-performance genetically encoded Ca®* indica-
tor, [GCamP7f (Ky~175 nM) (Dana et al., 2019). As the baseline
fluorescence of jGCamP7f in the Ca®**-unbound state is low
(Dana et al., 2019), we co-transfected cells with soluble mCherry
to permit identification of spines (Figure 1A). Single dendritic
spines with a diameter of ~1 um and a head:neck ratio > 1.1,
which are classically thought to represent mature spines con-
taining the ER (Lai and Ip, 2013; Nimchinsky et al., 2002; Tores-
son and Grant, 2005; von Bohlen Und Halbach, 2009), were
selected for spine Ca®* imaging. To stimulate GluRs on these
spines, we blocked action potentials with 1 pM tetrodotoxin
(TTX) (to eliminate spontaneous signaling from other neurons)
and uncaged 4-methoxy-7-nitroindolinyl (MNI)-Glu for 4 ms by
focusing the galvanometer of the Nikon A1R confocal micro-
scope at a single pixel located 0.5 um from the center of the
spine head (Figures 1A and S2D). With these stimulation condi-
tions, we found that jGCaMP7f faithfully reported spine Ca>* el-
evations not only with single Glu-uncaging pulses, but also with
trains of low frequency (0.5 Hz) uncaging pulses (Figures S2D
and S2E), indicating that the approach provides very good
spatiotemporal resolution to monitor Ca?* dynamics in dendritic
spines. Progressively increasing the duration of the Glu-uncag-
ing pulse enhanced the amplitude and duration of the spine
Ca’* rises, as expected with increasing concentration of free
Glu (Figure S2F). We adjusted the length of the uncaging pulse
to the lowest duration that reliably evoked [Ca®*]; transients
and found that a 4-ms uncaging pulse applied at a frequency
of 0.5 Hz evoked [Ca®"]; rises >90% of the time without affecting
the activity of other nearby spines located 2 um away (Figures
S2D and S2E). This result is consistent with the compartmental-
ized nature of Ca* signaling within the restricted volume of den-
dritic spines (Sabatini et al., 2002).

It is well known that synaptically evoked Ca®* signals in den-
dritic spines are triggered by NMDA GluRs (Sobczyk et al.,
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Figure 1. Deletion of Orai1 Impairs Synaptically Evoked Ca?* Signals in Dendritic Spines
(A) A section of a secondary apical dendrite of a hippocampal neuron expressing mCherry (red) and jGCaMP7f (yellow). MNI-Glu was uncaged at t = 5 s adjacent

to the spine indicated by the arrowhead (4-ms pulse). Scale bar: 2 um.

(B) Dendritic spine jGCaMP7f fluorescence changes in response to Glu uncaging (4-ms pulses indicated by the arrows and vertical dotted lines) in neurons from
WT (n = 8 cells, 67 spines) mice. The solid line shows the average of the individual spine Ca®* responses (shown in lightly shaded lines).
(C and D) The NMDAR and AMPAR antagonists, D-APV (100 uM) and NBQX (100 uM), respectively, block Glu-uncaging-evoked spine Ca®* signals. (D-APV: n = 4

cells, 33 spines; NBQX: n = 5 cells, 42 spines).

(E-G) Dendritic spine Ca®* transients are strongly attenuated in Orai1 KO (Orai1™ Nes-Cré) (n = 7 cells, 68 spines), Orai1™ CaMKila-Cre (3 — 7 cells, 73 spines), and

heterozygous (Orai1™* CaMKila-Cre) mice (n = 9 cells, 108 spines).

(H) Cumulative distribution of spine Ca®* responses. Loss of Orai1 increases the fraction of failures (i.e., no Ca®* response to stimulation).
(I-K) In the absence of extracellular Mg?*, dendritic spine Ca2* signals recover significantly in Orai1 KO (Orai1™ caVKlia-Cré) ha\rons (WT, n = 6 cells, 61 spines; KO

n = 9 cells, 98 spines).

(L) Expression of WT Orail into Orai1 KO (Orai1™ CaMKila-Crey ne\rons restores dendritic spine Ca?* signals (n = 5 cells, 43 spines).

(M) Expression of the non-conducting E106D Orai1 pore mutant abrogates synaptically evoked spine Ca®* signals in WT neurons (n = 9 cells, 97 spines).
(N) Summary of the peak AF/Fy changes (mean + SEM) in the indicated conditions (**p < 0.01, ***p < 0.001 from WT Orail).

(O) Summary of the peak AF/Fy changes (mean = SEM) in the absence of extracellular Mg?* (*p = 0.0038).

2005). In line with this evidence, the NMDAR blocker, D-APV
(100 pM), abolished Glu-uncaging-evoked Ca®* signals in wild-
type (WT) neurons (Figure 1C). Likewise, as previously reported
(Bloodgood et al., 2009; Nevian and Sakmann, 2004), NBQX,
an antagonist of AMPA-type Glu receptors, attenuated the Glu-
uncaging-evoked Ca?* signals (Figure 1D). These results reaffirm
the roles of NMDARs for triggering Ca®* entry in dendritic spines
and AMPA receptors (AMPARSs) to evoke the requisite mem-
brane depolarization to remove Mg?* block from NMDARs and
evoke spine Ca®* elevations.

To assess the role of Orail channels for these spine Ca®*
signals, we compared Glu-uncaging-evoked Ca2* responses

in spines from WT and Orai1™" Nes-Cre mjce (Figures 1B and

1E). These experiments revealed that Glu-uncaging-evoked
Ca®* signals were markedly impaired in neurons from
Orai1™" Nes-Cre mjce (Figures 1B, 1E, and 1N). Neurons from
Orai1™/ CaMKila-Cre mjice also similarly showed striking attenua-
tion of Glu-uncaging-evoked Ca2* signals (Figures 1F and 1N).
Heterozygous Orait™+ CaMKil-Cre cglls showed an intermediate
phenotype (Figures 1G and 1N) indicating a gene dosage effect
in the spine Ca* response. Analysis of the distribution of the
Ca®* responses following Glu-uncaging indicated that not only
was the amplitude of the Ca®* responses diminished in Orail
KO neurons, but these cells also exhibited increased failures
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(Figure 1H). Together, these results reveal a critical role for Orai1
channels in magnifying spine Ca2* signals following stimulation
of GluRs.

Interestingly, removing extracellular Mg?*, which should re-
move Mg?* block of NMDARSs, significantly restored Ca2* re-
sponses in Orail KO neurons (Figures 11, 1J, and 10) (84% =+
4.5% reduction in the presence of Mg?* versus 36% =+ 7.8% in
absence). Thus, promoting the opening of NMDARs in Orait
KO neurons moderately rescues dendritic spine Ca®* signals.
Moreover, in the absence of Mg?*, only a decrease in the ampli-
tude of the Ca®* response was observed in the Orai1l KO neu-
rons, with no change in the failure rate (Figures 1K and 10). Simi-
larly, the magnitude of Ca®* signal impairment in Orail KO
neurons was diminished when the uncaging stimulation duration
was increased from 4 to 64 ms (84% = 4.5% inhibition at 4 ms
versus 52% =+ 6.2% at 64 ms) (Figure S2L). These results indicate
that the contribution of Orai1 channels is most prominent at low
stimulation strengths and decreases with stronger synaptic
stimulation.

Several lines of evidence indicated that the attenuation of Glu-
evoked spine Ca?* signals in Orai1 KO neurons is directly related
to the loss of Orai1 and not due to non-specific changes in spine
function. First, re-introducing WT Orai1 expression in the Orai1
KO neurons by transfecting the neurons with WT Orai1 restored
Glu-evoked spine Ca2* signals to levels comparable to those
seen in WT neurons (Figures 1L and 1N). Second, introduction
of a dominant-negative Orai1 pore mutant, E106A Orai1, which
abrogates Ca2* permeation in Orai1 channels (Prakriya et al.,
2006), abolished dendritic spine Ca2* signals in WT neurons (Fig-
ures 1M and 1N). Third, acute pharmacological blockade of
Orai1 channel activity by the trivalent Orai1 pore blocker, La®*,
at a low concentration (1-2 pM) that is more selective for Orail
over other cation channels (Jairaman and Prakriya, 2013), or
the Orail inhibitor, BTP2 (Takezawa et al., 2006), significantly
diminished the amplitude of the Ca®* signals in WT neurons (Fig-
ures S2H and S2I). This result suggests that that the attenuated
Ca?* response in Orai1 KO neurons is not due to pleiotropic or
developmental changes but requires Ca®* entry across the
plasma membrane. As seen in the Orai1 KO neurons, La®** inhi-
bition of spine Ca2* signals was significantly reduced when
extracellular Mg®* was removed, indicating that the contribution
of Orai1 channels is diminished with stronger levels of NMDAR
stimulation (Figures S2J and S2K). Together, these results indi-
cate that the Orai1 channel helps amplify GluR-evoked Ca?* sig-
nals in dendritic spines, especially in physiologically relevant
concentrations of extracellular Mg?*.

Activation of Orai1-Mediated Ca®* Influx Is Closely
Linked to Depletion of ER Ca2* Stores

As a store-operated channel, Orai1 activity should be closely
linked to the filling state of ER Ca®* stores (Luik et al., 2008).
Therefore, to examine the relationship between Orai1-mediated
Ca?* influx and the dendritic spine ER Ca2* store content, we
monitored [Ca®*]eg dynamics using the recently developed fluo-
rescence resonance energy transfer (FRET)-based ER-targeted
Ca?* indicator, CEPIA1er (Figure 2A) (Suzuki et al., 2014, 2016).
We found that each Glu-uncaging pulse evoked sharp and rapid
decreases in [Ca®*]|er in WT neurons (Figure 2B, red trace), which
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subsequently recovered fully with a time constant of ~2.2 + 0.3 s
(n=6 cells, 30 spines) (Figures 2B, 2D, and S2M). Thus, synaptic
stimulation evokes rapid depletion of ER Ca?* stores, likely via
calcium-induced Ca®* release (CICR) as previously described
(Alford et al., 1993; Emptage et al., 1999; Lee et al., 2016). Inter-
estingly, simultaneous measurements of the cytosolic Ca®*
signal using jGCaMP7f indicated that in each spine, the cytosolic
Ca®* rise was closely coupled to, but slightly lagged, the decline
inthe CEPIA1er fluorescence (Figure 2B). On average, the latency
between the fall in CEPIA1er fluorescence and the rise in the
Orai1-mediated cytosolic Ca?* signal was 92 + 18 ms (n = 24
spines). These results argue that activation of the spine Ca®*
signalis closely linked to and follows depletion of ER Ca®* stores,
as expected for a store-operated channel.

By contrast, CEPIA1er measurements in Orai1l KO neurons
showed several major differences. First, the magnitude of ER
Ca?* decrease was markedly diminished, with each Glu-uncag-
ing pulse eliciting only a fraction of the decrement seen in WT
neurons (Figures 2C and 2E). Second, recovery of [Ca®*]eq
following Glu uncaging was dramatically slowed (Figure 2D),
with the [Ca®*]er recovery time constant increasing 3-fold
compared to WT neurons. Separately, administration of ionomy-
cin to discharge intracellular stores indicated that Orai1 KO neu-
rons have a significantly lower content of intracellular Ca®* stores
compared to WT neurons (Figure STE). These findings show that
loss of Orai1 dramatically impairs refilling of ER Ca®* stores, re-
sulting in lower levels of stored Ca®* in Orai1l KO neurons and
indicating that Orai1 helps maintain the filling state of ER Ca®*
stores.

Synaptic Stimulation Evokes Rapid Activation of Orai1 in
Dendritic Spines
We next sought to directly monitor the activity of Orai1 channels
in dendritic spines during synaptic stimulation to better under-
stand channel activation dynamics. Direct electrophysiological
recordings of Orail currents in dendrites or dendritic spines
are technically very difficult because the unitary conductance
of Orai1 channels is extremely small (estimated to be only 25—
100 fS for Ca®*) (Prakriya and Lewis, 2006, 2015), resulting in
very small whole-cell Orail currents. However, recently, Cahalan
and colleagues have shown that optical recordings of Orait
channel activity offer an alternative to patch-clamp recording
(Dynes et al., 2016, 2020). In this approach, a genetically en-
coded Ca2* indicator (such as GCaMP6f) is fused to the intracel-
lular C terminus of Orail to create a fusion protein of Orail with
the Ca?* indicator (Figure 2F). Orai1-GCaMP6f fusion is
fully functional and retains normal electrophysiological proper-
ties including activation, inactivation, and Ca%* selectivity
(Dynes et al., 2016, 2020), providing a powerful approach to
probe localized Orai1 channel activity. To obviate potential
confounding issues of contributions from endogenous
Orai1l channels, we expressed this construct in Orai1 KO
(Orait™f  CaMKila-Crey  hinnocampal neurons together with
mCherry to study Orai1 signals in mushroom-shaped spines.
These experiments revealed that Glu uncaging evokes a
rapidly activating, transient Orai1-GCaMP6f fluorescence
signal (Figure 2G). Orai1-GCaMP6f fluorescence rise was
blocked by La®** (2 uM) (Figures 2H and 2I) and abrogated by
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Figure 2. Glu Uncaging Evokes Rapid Ca2* Store Release and Activation of Orai1 Channels

(A) Images of a neuron expressing the ER marker, KDEL-mCherry (red), and G-CEPIA1er (green). The arrowhead shows the stimulated spine. Scale bar: 2 pm.
(B) Time course of fluorescence changes in R-CEPIA1er (red) and jGCaMP7f (green) in response to Glu uncaging (indicated by the arrow and vertical dotted line).
(C) Representative traces of G-CEPIA1er in WT (Orai1™™) and Orai1# CaMKila-Cre (K0) in dendritic spines.

(D) Recovery time constant (1) of G-CEPIA1er in WT and Orai1 KO neurons (WT: n = 5 cells, 30 spines; Orai1-KO: n = 5, 30 spines, p < 0.001).

(E) Summary of the AF/Fy change in WT and Orai1 KO neurons (WT: n = 6 cells, 37 spines, Orai1-KO: n = 5, 30, p < 0.001).

(F) Images of Orai1-GCaMP6f (O1-6f) and mCherry co-expression in an Orai1™" €aMKila-Cre neron. The cartoon on the right illustrates a schematic of Orail-
GCaMPé6f. Scale bar: 2 um.

(G) Fluorescence changes of Orai1-GCaMP6f in the spine shown in (F).

(H) A low dose of La®* (2 uM) blocks the synaptically evoked dendritic spine Ca®* signals.

() Summary of the fluorescence changes in the indicated conditions (Orai1-GCaMP: n = 8 cells, 60 spines; Orail E106A-GCaMP6f: n = 10 cells, 95 spines;
La®*":n = 9 cells, 85 spines, p < 0.001. All conditions compared to Orai1-GCaMPéf).

(J and K) Representative examples of Orai1-GCaMP6f and E106A0rai1-GCaMP6f responses in an Orai1 KO neuron.

(L) Traces showing the amplitude and time course of WT cells expressing GCaMP6f (6f) or Orai1 KO neurons expressing Orai1-GCaMP6f (O1-6f) in the absence
(red traces) or presence (blue trace) of EGTA. EGTA-AM loading does not alter the Orai1-GCaMP#6f signal or its time course.

(M and N) Summary of the kinetics of Orai1-GCaMP6f signal in the absence (red) or presence (blue) of EGTA and in comparison to the soluble GCaMP6f signal
(green) (n = 16 cells, 81 spines, p = 0.0013, p = 0.031, p < 0.001, p < 0.001 respectively). Summary data are represented as mean + SEM.

the non-conducting mutation, E106A Orail (Figures 2|1-2K) parison of the amplitude of the AF/Fq signal between cells ex-
(Prakriya et al., 2006). The 10%-90% rise time of Orail- pressing the soluble, cytosolic GCaMP6f and the Orail-
GCaMP6f fluorescence was 276 + 18 ms (n = 16 cells, 81 GCaMP6f fusion protein showed that Orai1-GCaMP6f signal
spines) (Figure 2M), indicating that Orail channels turn on was considerably smaller but significantly faster in kinetics
rapidly during synaptic stimulation and decayed with a tau of compared to soluble GCaMP6f (Figures 2L-2N). Importantly,
500 + 36 ms (n = 16 cells, 81 spines) (Figure 2N). A direct com-  loading cells with EGTA did not significantly affect the rise
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time of the Orai1-GCaMP6f signal (Figures 2L-2N), indicating
that EGTA does not impair Orai1-GCaMP6f activation. These
results are consistent with the notion that Orai1-GCaMP6f fluo-
rescence changes provide a highly localized readout of Orai1
channel activity. The relatively rapid speed of Orai1 activation
following Glu uncaging compared to the slower rates of Orail
activation observed in non-excitable cells (Toth et al., 2019;
Wu et al., 2006) suggests that Orai1 channels are positioned
close to their gating ligand (likely STIM1 and/or STIM2) to
permit rapid transfer of the channel gating signal over a time
course relevant for evoking synaptic plasticity in dendritic
spines.

Loss of Orai1 Compromises AMPAR Insertion and Spine
Morphogenesis

Dendritic Ca2* signaling is closely linked to induction of synaptic
plasticity (Bloodgood and Sabatini, 2007; Sala and Segal, 2014).
In particular, elevations in spine Ca®* signals are associated with
insertion of new AMPARSs into postsynaptic densities via exocy-
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Figure 3. Deletion of Orai1 Impairs GluA1
Receptor Recycling, Spine Morphogenesis,
and CaMKIl Activation

(A) Images showing SEP-GIuA1 fluorescence in a
hippocampal neuron co-transfected  with
mCherry (not shown) to permit easy identification
of dendritic spines. The arrowhead shows the
spine that was stimulated via Glu uncaging (four
64-ms uncaging pulses at 0.5 Hz). Scale bar:
2 um.

(B) Example traces showing changes in SEP-
GluA1 fluorescence in single dendritic spines in
response to Glu uncaging.

(C) Summary of the SEP-GIuA1 fluorescence
changes in the indicated genotypes (WT: n = 8
cells, 36 spines; Orai1-KO: n = 7 cells, 30 spines,
p = 0.01052).

(D) Images (mCherry) showing enlargement of
dendritic spines before and following Glu
uncaging. The arrowhead denotes the stimulated
spine.

(E) Representative traces showing the relative
changes in spine area following Glu uncaging.

(F) Summary of the area (AA/Ap) changes in spines
from WT and Orai1 KO (Orai1™ CaMKlla-Cre) gy,
rons (WT: n = 9 cells, 22 spines; Orai1-KO: n = 10
cells, 19 spines, p < 0.001; WT cells treated with
10uM KNB2: n = 4 cells, 8 spines, p < 0.001).

(G) Images showing the GFP/RFP fluorescence
ratio of the CaMKII probe, Camui.

(H) Changes in the GFP/RFP ratio of Camui in
response to a tetanus of Glu uncaging.

() Summary of the Camui GFP/RFP ratios in WT
and Orai1 KO neurons (WT: n =16 cells, 30 spines;
Orai1 KO: n = 15 cells, 33 spines, p = 0.0045; WT
cells treated with 10 uM KN62: n = 8 cells, 20
spines; p = 0.001634).
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tosis of receptor-containing vesicles, a process regulated by
CaMKIl (Lu et al., 2001; Malinow and Malenka, 2002). Thus,
the strong impairment of Ca®* signals in dendritic spines of
Orai1 KO mice led us to consider whether cellular measures of
synaptic plasticity might be affected in these mice. To test this
hypothesis, we first imaged exocytosis of AMPARSs using Super-
Ecliptic pHluorin (SEP)-tagged GluA1 receptors (Makino and
Malinow, 2009). Following exocytosis of AMPAR-containing ves-
icles during LTP-like stimuli, fluorescence of SEP-GIUA1 is de-
quenched, which is readily detected as an increase in GFP fluo-
rescence. Cells were co-transfected with mCherry to enable
measurements of spine volume following LTP induction (Figures
3A and 3D). This combination of measuring both SEP-GIuA1 and
mCherry fluorescence provides a powerful approach to simulta-
neously monitor both changes in GluA1 receptor recycling and
spine size following synaptic stimulation (Makino and Li, 2013;
Matsuzaki et al., 2004; Patterson et al., 2010).

We found that stimulating single spines with a train of four
64-ms Glu-uncaging pulses at 0.5 Hz evoked a several-fold
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increase in SEP fluorescence in the spine head (Figures 3A-3C)
and robust increases in spine size (Figures 3D-3F). By contrast,
in Orai1 KO neurons, Glu uncaging evoked a much smaller in-
crease in SEP-GIuA1 fluorescence (Figures 3B and 3C) or, in
some cells, even a decrease in SEP-GIuA1 fluorescence,
possibly reflecting a long-term depression (LTD)-like process
(Figure 3C). Moreover, examination of spine volume based on
mCherry fluorescence revealed that spine enlargement was
markedly reduced in the Orai1 KO neurons compared to controls
(Figures 3E and 3F). These results indicate that loss of Orai1 in
excitatory neurons strongly impairs spine enlargement and
insertion of GIuA1 receptors into the postsynaptic membrane
in response to synaptic stimulation.

A large body of literature indicates that CaMKIl is essential for
transducing Ca®* signals into changes in synaptic strength (Lis-
man et al., 2012). Therefore, using the FRET-based CaMKII
probe, Camui (Erickson et al., 2011; Takao et al., 2005), we
next examined if Orai1 channels regulate CaMKIl activation in
dendritic spines. These experiments revealed that Glu uncaging
evoked robust increases in activation of Camui in many stimu-
lated spines (Figures 3G and 3H). Activation of Camui in response
to Glu uncaging was blocked by the CamKIl inhibitor, KN-62 (Fig-
ure 3l), as was the spine enlargement in WT neurons (Figure 3F),
reaffirming the central role of CaMKIl in structural plasticity of
dendritic spines (Matsuzaki et al., 2004). Notably, in Orail KO
(Orai1™f CaMKiia-Crey norons, however, Glu uncaging failed to
evoke Camui activation in all spines examined (Figures 3H and
3l). Thus, loss of Orai1 impairs CaMKII activation in dendritic
spines of hippocampal neurons following synaptic stimulation.

Loss of Orai1 Impairs Schaffer Collater-CA1 LTP

Given that our results show that deletion of Orai1 impairs synap-
tically evoked spine Ca®* signaling, GIuA1 recycling, spine
enlargement, and CaMKIl activation, we next considered the im-
plications for LTP in brain slices. The archetypal form of LTP is
the synaptic potentiation seen at the Schaffer collateral-CA1
synapse in the hippocampus, where intense synaptic activity
evokes rhythmic bursts of Ca®* signals in dendritic spines to
strengthen synapses through insertion of new AMPARs and, in
the longer term, via stable modification of dendritic spine struc-
tures (Higley and Sabatini, 2012).

As a first step, we investigated whether basal synaptic trans-
mission in the CA1 hippocampus is affected in Orai1 KO mice,
as this could directly impact the induction of LTP. Whole-cell
patch clamp recording from CA1 pyramidal neurons in acutely
dissociated brain slices showed that CA1 neurons received
robust spontaneous excitatory and inhibitory synaptic activity
in both WT and Orai1™# Nes-Cre mice (Figure 4A). The ratio of
spontaneous excitatory/inhibitory input on CA1 neurons was
comparable in WT and Orai1 KO mice both in amplitude and fre-
quency (Figures 4B-4G), suggesting that overall baseline excit-
ability of circuits within the CA1 was not grossly altered by the
loss of Orail. NMDA/AMPA current ratios measured at +40
and —70 mV were also not different between WT and Orai1 KO
slices (Figures 4H and 4l), indicating that the relative numbers
of NMDARs and AMPARs are similar in the two genotypes.
Furthermore, neither the amplitude nor the frequency of mini
excitatory postsynaptic currents (mMEPSCs) in the presence of
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TTX was altered in Orai1 KO mice (Figures 4L-4P). These results
suggest that basal measures of pre- and postsynaptic function in
CA1 and the number of excitatory synapses in pyramidal neu-
rons are unaffected by the absence of the Orai1 channel. Addi-
tionally, paired-pulse facilitation, a type of synaptic plasticity
thought to have a presynaptic locus (Zucker and Regehr,
2002), was unaffected (Figures 4J and 4K), suggesting that
short-term plasticity arising from presynaptic loci does not
engage Orail. Finally, analysis of spine size and density in
Golgi-stained brain sections (Figures S3C-S3F) did not reveal
differences between WT and Orail KO mice, indicating that
loss of Orai1 does not elicit large-scale anatomical changes in
hippocampal spines. Collectively, these results indicate that
baseline hippocampal synaptic transmission is not regulated
by Orail channels.

Strikingly, however, induction of CA1 LTP following a high-
frequency tetanus (1 x 100 Hz) was markedly diminished in
Orai1™" Nes-Cre mice (Figures 5A-5D). Specifically, recordings
of the field excitatory postsynaptic potentials (fEPSPs) indicated
that fEPSP slopes at 60 min following tetanus were not different
from control values in Orai1 KO brain slices in both male and fe-
male mice, whereas in WT slices they were 125% of the control
(Figures 5B and 5C). Notably, as excitatory/inhibitory current ra-
tios were normal in Orail KO mice (Figures 4F and 4G) and
GABAA receptor antagonists were not present in the LTP exper-
iments, the results rule out potential contributions due to
changes in inhibitory circuits. Analysis of presynaptic fiber volley
amplitude versus fEPSPs with increasing stimulus strength
indicated that WT and Orai1 KO slices have comparable inpu-
t-output relationships for postsynaptic responses (Figure 5D),
ruling out again alterations in baseline synaptic transmission in
CA1 as a contributing cause. A similarly lower degree of LTP
was also seen following administration of the Orai1 channel in-
hibitor, BTP2, in WT slices (Figure S3A), suggesting that the
decrease in LTP in the Orai1l KO mice is not due to develop-
mental alterations in neuronal circuits. These results and the
several lines of evidence presented in Figure 4 argue that the
loss of CA1 LTP in the Orai1 KO mice is not due to generalized
alterations in synaptic transmission or synapse function. Instead,
the results are consistent with a functional deficit in Ca®*
signaling downstream of postsynaptic GIUR activation that
drives synaptic plasticity.

Loss of Orai1 Compromises Learning and Memory
The findings indicating that Orai1 regulates dendritic Ca®* sig-
nals and CA1 LTP led us to next examine potential implications
for cognitive behaviors involving learning and memory. To
address this question, we studied the Orai1™" Nes-Cr® KO mice
in a suite of learning and sensorimotor tests, including the Y-
maze for short-term working memory and trace fear conditioning
for associative memory, both of which involve the hippocampus
(Gilmartin et al., 2014; Kraeuter et al., 2019). We also analyzed
sensorimotor function using the Rotarod test to assess balance
and coordination and open field to assess general locomotion
and exploratory behavior (Gao et al., 2011).

These behavioral studies revealed that the Orai1 KO mice had
significant deficits compared to WT littermate controls (Figure 6).
In the Y-maze, male and female Orai1 KO mice showed a smaller

Cell Reports 33, 108464, December 1, 2020 7




¢? CellPress

OPEN ACCESS

A
EPSC Amplitude IPSC Amplitude
Orai1f* 754 ns 100 ns
73 . < 80 °
Sgol : =
) . . o 607 . oo
© = 2 e
=2 2 40
WW& 8_254 E- 20
20pAL_ < < 0
200 ms 0-
WT KO WT KO
Orai1™ Nestin-Cre C EPsCFrequency E  IPSC Frequency
5 ns 20+ ns
N4 ° N 16 o
54 516
9] 9] o
g " @ 24 81
RS S
20 pA| 21 . 2 4]
O WT ko o
H 1 J
ns
%% &1
50 pAL_ § 0.44 50 pAL__
60 ms < 20 ms
o 0.3
2
0.2
<
2 0.1/
100 pA| s
100 ms 0.0 50 pAL__
WT KO 20 ms
L M o
Orait —
124 ¢ °
N e
Z 0.9
PN 20s 3
e o 10pA[ €06
=
200 ms 2 0.3
10 pA
0.0
WT KO
Orai1" CaMKlla-Cre 0 20
1 ns

-
(9]

o

o
j

Cumulative distribution
o © o 9 o =
o N B o (o] o

Amplitude (pA)
o e o 3

WT KO

percentage of spontaneous alternation compared to WT mice
(Figure 6A). Likewise, in the fear-conditioning test, Orail KO
mice had striking defects in both tone-dependent and contextual
fear conditioning (Figure 6D). Our protocol included a 15-s trace
interval between the tone (conditioned stimulus) and foot shock
(unconditioned stimulus) to strengthen the hippocampal depen-
dence of the association (Figure 6B) (Raybuck and Lattal, 2014).
Loss of Orai1 did not affect locomotor activity in response to
either the naive context or the electric shock (Figure 6C), ruling
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Figure 4. Basal Synaptic Transmission, Cir-
cuit Activity, and Presynaptic Function Are
Not Affected by Orai1 Deletion

(A) Representative recordings of spontaneous
EPSCs and IPSCs recorded from a CA1 pyramidal
neuron. Inward EPSC currents were recorded at a
holding potential of —70 mV, and outward IPSC
currents were obtained in the same neuron by
switching the holding potential to 0 mM mV.

(B and C) Amplitude (B) and frequency
(C) of EPSCs in WT (Orai1”™ and Orai1 KO
(Orai1f/- Nes-Cre) gjices (n = 14 WT, n = 15 Orail-
KO, p = 0.25, p = 0.09).

(D and E) Amplitude (D) and frequency (E) of IPSCs
in WT and Orai1 KO slices.

(F) Ratio of the amplitudes of EPSCs and IPSCs in
WT and Orai1 KO neurons (n = 14 WT, n = 15
Orai1-KO, p = 0.65).

(G) EPSC/IPSC frequency ratio in the indicated
genotype (n = 14 WT, n = 15 Orai1-KO, p = 0.64).
(H) Representative traces showing the evoked
AMPAR (inward) and NMDAR (outward) currents
in a CA1 pyramidal cell.

() NMDAR/AMPAR current ratios (n =17 WT, n =
15 Orai1-KO, p = 0.907).

(J and K) Paired EPSCs evoked by stimulation at a
50-ms interval. Paired-pulse ratio (PPR) was
calculated as the ratio of the peak current of the
second EPSC relative to that of the first EPSC (n =
15 WT, n = 15 Orai1-KO, p = 0.706).

(L) mEPSCs in WT (Orai1”® and Orai1 KO
(Orai1™" CaMKiia-Cre) glices in 1 uM TTX.

(M-P) Comparison of the mean amplitude (p =
0.558) and frequencies (p = 0.478) of mEPSCs in
WT (n = 8) and Orai1 KO mice (n = 6) and repre-
sentative cumulative distributions of the inter-
event intervals and amplitudes. ns, not significant.

out differences in the sensation of the
shock itself or potential alterations in
locomotion. These results demonstrate
that the loss of Orai1 compromises work-
ing memory and associative learning.
Because these learning tasks rely on
proper hippocampal function (Kandel,
2001), the results suggest that a funda-
mental aspect of hippocampal learning
is impaired due to loss of Orai1 channels.

In contrast to compromised perfor-
mance in the learning and memory tests,
we found no deficits of balance, coordi-
nation, or general locomotion in the

Orai1 KO (Orai1™" Nes-Crey mice using the Rotarod and open-field
tests (Figures S4A and S4B). These results indicate that sensori-
motor behaviors are not significantly affected by loss of Orai1 in

the brain.

Selective Loss of Orai1 in Excitatory Neurons Is
Sufficient to Impair Learning and Memory

Cognitive functions related to learning and memory are closely
tied to synaptic plasticity of excitatory synapses, especially in
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Figure 5. LTP Is Markedly Diminished in Orai1 KO Mice

(A) Representative traces of the fEPSPs in WT (Orai1™" and Orai1 KO mice
(Orai1™V- Nes-Crey pefore and after tetanus (1 x 100 Hz).

(B) Slopes of the fEPSPs (normalized to the baseline values [which was set to
100%] during the pre-tetanus period) in WT and Orai1 KO mice. A1 x 100 Hz
tetanus was administered to the slices at t = 0 min.

(C) Summary of the fEPSP slopes in WT (Orai1™) and Orait KO
(Orai1™-Nes-Cr®) mice at 60 min following tetanus. n = 8 slices from 4 WT mice,
n = 9 slices from 4 Orai1 KO mice. p = 0.0041.

(D) A plot of the fEPSP slope against increasing fiber-volley amplitude (input
stimulus) in WT and Orai1 KO mice. Each point represents 8-12 recordings for
WT slices and 10-12 recordings for the KO.

the hippocampus (Lynch, 2004). Given that our results showed a
robust defect in Ca®* signals and synaptic plasticity in dendritic
spines of excitatory Orai1 KO neurons, we therefore hypothe-
sized that mice lacking Orai1 in excitatory neurons alone might
also show significant impairments in hippocampal-dependent
learning and memory tasks. To address this question, we next
examined behavioral learning in excitatory neuron-specific
Orail KO (Orai1™# CaMKlla-Crey mjce  As a comparison, we
also studied mice lacking Orai1 only in inhibitory neurons
(Orai1™ Gad2-Cre mice) (Hori et al., 2020).

These tests revealed that Orai1™/ caVKila-Cre mice have striking
deficits in the learning and memory tasks (Figure 7). Specifically,
WT mice showed 71% (males) and 72% (females) spontaneous
alternation in the Y-maze, compared to 63% (males) and
60% (females) in the Orai1l KO mice (Figure 7A). This impair-
ment is similar to the reduction in performance seen in the
Orai1™ Nes-Cre mice (Figure 6A). Likewise, in the fear-condition-
ing test, both male and female Orai1™# CaMKila-Cre mjce showed
significant deficits in tone-dependent and contextual fear
conditioning (Figure 7B). By contrast, Orai1™ Gad2-Cre mice
performed at levels comparable to WT mice in the Y-maze (Fig-
ure 7C) and did not display significant differences in the fear-
conditioning test (Figure 7D). A direct comparison of the learning
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and memory behaviors in Orai1™ Nes-Cre Qaj1 1/l CaMKila-Cre ‘g q

Orai1 ™/ Gad2-Cre mjce (normalized to the respective WT values in
each case) showed that Orai1™" Nes-Cre gnq Qraj1# CaMKila-Cre
mice had significant deficits compared to WT and
Orai1 ™ Gad2-Cre mice, both in the Y-maze and fear-conditioning
tests (Figure S5). Taken together, these results indicate that
Orail plays a major role in regulating cognitive functions
involving learning and memory by controlling dendritic Ca®*
signaling and synaptic plasticity at excitatory synapses.

DISCUSSION

Store-operated Orai1 channels have been extensively studied in
non-excitable cells, especially immune cells where they function
as highly Ca®* -selective channels to regulate essential pro-
cesses such as gene transcription, motility, and exocytosis
(Prakriya and Lewis, 2015). Orail is also expressed widely in
the nervous system (Guzman et al., 2014), yet the properties
and physiological roles of Orai1 channels in the CNS, especially
in forebrain neurons, are not well defined. In this study, we
show that Orai1 channels are important regulators of Glu-evoked
Ca®* elevations in dendritic spines and LTP at Schaffer collat-
eral-CA1 synapses. Ca2* signals in dendritic spines of hippo-
campal neurons are strongly diminished by deletion of Orait,
by acute pharmacological blockade of Orail activity, and by
the non-conducting Orai1 pore mutant, E106A. Moreover, loss
of Orail leads to striking deficits in cognitive functions related
to short-term and associative memory. In addition to revealing
an essential Ca?* entry mechanism for regulating synaptic
plasticity and cognition, these results identify Orai1 channels
as relevant molecular targets for the cognitive decline seen in
neurodegenerative diseases and following brain injuries.

The idea that intracellular stores and store-operated Ca®*
channels contribute to synaptic plasticity originated from general
observations nearly two decades ago showing that pharmaco-
logical store depletion protocols (thapsigargin, cyclopiazonic
acid [CPA]) and non-specific inhibitors of Ca®* signaling such
as 2-APB and SKF36965 impair synaptically evoked Ca®* tran-
sients in dendritic spines and LTP at CA3-CA1 synapses (Alford
et al., 1993; Baba et al., 2003; Emptage et al., 1999, 2001). How-
ever, subsequent efforts to elucidate the underlying mechanisms
stalled because the molecular components of SOCE were un-
known. The discovery of Orail as the pore-forming subunit of
the CRAC channel (Feske et al., 2006; Prakriya et al., 2006) initi-
ated a renaissance in efforts to use molecular tools to more
mechanistically probe the contributions of SOCE for neuronal
Ca?* signaling and downstream physiological functions. With
this new information, Segal and colleagues found that RNAi-
mediated Orai1 knockdown or dominant-negative mutants of
Orai1 impaired spine maturation and spine enlargement
following chemical LTP stimulation in rat neuronal cultures (Kor-
kotian et al., 2017; Tshuva et al., 2017). Additionally, knockdown
or inhibition of the ER Ca?* sensor, STIM2, attenuated spine
maturation in cultured hippocampal neurons (Sun et al., 2014;
Zhang et al., 2015). Conversely, overexpression of STIM1 dimin-
ished LTD and improved contextual learning (Majewski et al.,
2017). Together, these studies signaled growing recognition for
the involvement of SOCE in regulating synaptic plasticity
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Figure 6. Orai1 KO Mice Are Impaired in Spatial Working and Associative Memory

(A) Summary of spontaneous alternations in the Y-maze for male and female WT (Orai1™) and Orai1 KO (Orai1™ Nes-Cre) mice. Male mice (n = 11 WT; n = 13 Orait
KO, p = 0.0018), female mice (n = 11 WT; n = 10 Orai1 KO, p = 0.0109). Dashed line denotes chance (50% alternation).

(B) Schematic of the fear-conditioning protocol. On day 1, mice in a conditioning chamber (context 1) were exposed to a conditioned stimulus (tone and trace
interval), followed by an unconditioned stimulus (foot shock, in blue). On day 2, freezing response to the conditioned tone and trace (in a neutral context 2) was
measured. On day 3, freezing response to the conditioned context 1 was measured.

(C) Shock responses and average locomotor activity in the indicated genotypes on day 1.

(D) Percentage of freezing to context 2, tone, trace, and context 1in WT and Orai1 KO mice. Males: n =9 WT, 7 KO. p values are as follows: context2, p = 0.0717;
tone, p = 0.0035; trace, p = 0.0039; context1, p = 0.00051. Females: n=5WT, n =6 KO. p values are as follows: context2, p = 0.1875; tone, p = 0.11725; trace, p =

0.03544; context1, p = 0.00134). ns, not significant.

(Moccia et al., 2015; Wegierski and Kuznicki, 2018). Yet, the
mechanistic links between Orai1 channel activity and dendritic
Ca?* signaling, hippocampal LTP, and cognitive behaviors
have remained poorly understood.

The results presented in this work address these fundamental
questions. Our findings indicate that loss or blockade of Orai1
channels profoundly impairs of CA3-CA1 LTP and many mea-
sures of synaptic plasticity including Glu-evoked spine enlarge-
ment, GluA1 receptor insertion, and CaMKII activation. Notably,
loss of LTP did not appear to be due to alterations in basal syn-
aptic transmission, as NMDA/AMPA current ratios, excitatory/
inhibitory current ratios, paired-pulse facilitation, and input-
output relationship of synaptic responses were all unchanged.
Thus, the impairment of LTP appears to be due to block of a spe-
cific step in the signaling underlying synaptic plasticity. Further,
analysis of cognitive functions showed that Orai1 KO mice show
marked deficits in several hippocampal-dependent learning and
memory behaviors, including working and associative memories
(Figures 6 and 7), while sparing general sensorimotor functions,
consistent with the lack of effects on basal synaptic transmis-
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sion. Moreover, results in Orai1™" CaVKlia-Cre mjce show that

deletion of Orai1 in excitatory neurons alone is sufficient to ac-
count for this learning and memory phenotype. We postulate
that the deficits in synaptic plasticity and LTP at the CA3-CA1
synapse described here may extend to additional neural circuits
and brain regions beyond the hippocampus, which could explain
the striking deficits in associative learning. Together, these re-
sults establish a critical role for Orai1 channels in regulating
biochemical processes involved in learning and memory in excit-
atory circuits.

How does Orai1 regulate synaptic plasticity? We find that Ca®*
elevations stimulated by Glu uncaging in mushroom-shaped
dendritic spines are markedly smaller in Orai1 KO neurons (Fig-
ure 1), indicating that Orai1 plays a critical role in amplifying
NMDAR-triggered dendritic Ca®* elevations that are linked to
synaptic plasticity. Interestingly, assessments of Ca®* influx us-
ing Orai1-GCaMP6f indicated that Orai1 channels switch on
rapidly (latency of 100-200 ms) in response to Glu uncaging
and turn off quickly over 1-2 s following termination of the Glu-
uncaging pulse. Moreover, changes in Orail-mediated Ca2*
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Figure 7. Selective Deletion of Orai1 in Excitatory Neurons Also Impairs Learning and Memory

(A) Summary of the spontaneous alternations in the Y-maze for male and female WT (Orai1™") and Orai1 KO (Orai1 ™" CaVKlla-Cre) mice Male mice: n=10WT; n=8
Orai1 KO. p = 0.018. Female mice: n = 14 WT; n = 9 Orai1 KO. p = 0.00589. Dashed line denotes chance (50% alternation).

(B) Summary of the freezing behaviors of WT (Orai1™) and Orai1 KO (Orai1 ¢aVKiia-Crey mice in the fear-conditioning protocol. Fear conditioning was quantified
using Freezeframe software. Male mice: n = 8 WT; n = 5 Orai1 KO. p values are as follows: context2, p = 0.946; tone, p = 0.0028; trace, p = 0.0044;
context1, p = 0.00331. Female mice: n = 6 WT; n = 5 Orail KO. p values are as follows: context2, p = 0.795; tone, p = 0.0081; trace, p = 0.0288;

context1, p = 0.00647.

(C) Y-maze in Gad2-Cre Orai1 KOs. Summary of the alternations in WT (Orai1™") and inhibitory neuron-specific Orai1 KOs (Orai1™# Gad2-Cre) mice  Male mice:
n =10 WT; n = 6 Orai1 KO. p = 0.854. Female mice: n = 14 WT; n = 7 Orai1 KO, p = 0.816.

(D) Summary of the freezing behavior in the fear-conditioning protocol in WT (Orai1™™) and inhibitory neuron-specific (Orai1™ 292-C®) mice. Male mice: n = 8 WT;
n=6Orail KO. p values are as follows: context2, p = 0.551; tone, p = 0.1905; trace, p = 0.446; context1, p = 0.316. Female mice: n =6 WT; n =6 Orai1 KO. p values
are as follows: context2, p = 0.335; tone, p = 0.0775; trace, p = 0.2661; context1, p = 0.931.

signals are tightly correlated with decreases in [Ca®*]gg following
synaptic stimulation (Figure 3), indicating that the kinetics of
Orai1 channel activation are closely linked to the filling state of
the ER. Notably, these kinetics of Orai1 activation are consider-
ably faster than what would be expected from traditional models
of SOCE activation in non-excitable cells, where activation rate is
limited by the slow aggregation and accumulation of STIM1 and
formation of Orai1-STIM1 punctae at the ER-plasma membrane
junctions (Wu et al., 2006). Rather, the faster kinetics of Orail
channel activation in dendritic spines are reminiscent of skeletal
muscle, where recent reports indicate that SOCE activation
and deactivation occur over timescales of milliseconds
(Michelucci et al., 2018; Wei-Lapierre et al., 2013). In the skeletal
muscle, rapid Orai1 channel activation is thought to arise from
prepositioning of Orai1 channels in close apposition to STIM1
at the triad junctions even prior to store depletion, thereby elim-
inating the necessity of STIM1 to migrate to ER-PM junctions and
trap Orai1 channels in the overlying plasma membrane (Michel-
ucci et al., 2018; Wei-Lapierre et al., 2013). Our results raise the
possibility that in an analogous manner, Orai1 channels may be

prepositioned close to their ligand (perhaps STIM2; Sun et al.,
2014) such that they are able to respond rapidly to store deple-
tion stimuli to evoke Ca®* influx and directly regulate spine
[Ca®"].

On the basis of the findings presented here, we conclude
that stimulation of synaptic GluRs on dendritic spines triggers
[Ca®*]; rises that are critically dependent on the opening of
Orail channels (Figure S6). In line with previous proposals (Fitz-
john and Collingridge, 2002; Rose and Konnerth, 2001), open-
ing of NMDARs by AMPAR-mediated depolarization of the
postsynaptic membrane potential provides an initial trigger
for Ca?* entry. As shown by the measurements of Glu-uncag-
ing-evoked decreases in [Ca®*|gr (Figure 3), this in turn evokes
rapid depletion of ER Ca®* stores to stimulate Orai1 channel
activation, presumably through the ER Ca®* sensors, STIM1
and/or STIM2. In this scenario, although opening of NMDARs
triggers the spine Ca®* rise, Orai1 channels are required for
amplification of the initial trigger Ca®* signal to drive activation
of essential Ca®*-dependent signaling pathways involved in
LTP. More studies are required to understand the molecular
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mechanisms and functional architecture of this Ca®* amplifica-
tion process, including the mechanism(s) coupling ER Ca®*
stores to glutamate receptors and the molecular identity of
the proximal gating signal that gates Orai1, but the results pre-
sented here provide a basis for testing these and other ques-
tions. Importantly, from a functional standpoint, the finding
that Orai1 directly regulates dendritic spine Ca* store content
and LTP is likely to have broad implications both for the basic
mechanisms of synaptic plasticity as well as its potential con-
tributions to the plasticity decline commonly seen in neurode-
generative diseases.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-Orail Abcam Cat# ab175040; RRID: AB_2877712

Goat anti-mouse Alexa 488

Thermofisher Scientific

Cat# A28175; RRID: AB_2610666

Bacterial and Virus Strains

XL10-Gold Ultra-competent Cells
MAX Efficiency DH5a Competent Cells

Agilent Technologies

Invitrogen

Cat# 200315
Cat# 18258012

Chemicals, Peptides, and Recombinant Proteins

Neurobasal Medium

B-27 Supplement

L-Glutamine

Lipofectamine 2000

Opti-MEM Reduced Serum Medium
DNase |

Trypsin

Poly-D-Lysine

Fura-2, AM

EGTA, AM

MNI-caged-L-glutamate
CMNB-Caged Fluorescein

16% Formaldehyde

Triton X-100

Normal Goat Serum (NGS)

ProLong Gold Antifade Mountant with DAPI

Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
MilliporeSigma
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
R&D Systems
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific

Cat# 21103049
Cat# 17504001
Cat# 25030081
Cat# 11668019
Cat# 31985088
Cat# 9003-98-9
Cat# 15090046
Cat# A3890401
Cat# F1221
Cat# E1219
Cat# 1490
Cat# F7103
Cat# 28906
Cat# 85111
Cat# 31873
Cat# P36935

Commercial Assays

FD Rapid Golgi Stain Kit

FD Neuro Technologies

Cat# PK401A

QuikChange Site-Directed Mutagenesis Kit Agilent Technologies Cat# 200519
Experimental Models: Organisms/Strains

Mouse: B6.Cg-Tg(Nes-cre)1Kin/J The Jackson Laboratory JAX: 003771
Mouse: B6.Cg-Tg(Camk2a-cre)T29-1Stl/J The Jackson Laboratory JAX: 005359
Mouse: STOCK Gad2tm2(cre)Zjh/J The Jackson Laboratory JAX: 010802
Mouse: Orai fl/fl Amgen N/A
Oligonucleotides

Forward primer for WT Orail GATGAGCCTCAACGAGCACT This paper N/A

Reverse primer for WT Orail ATTGCCACCATGGCGAAGC This paper N/A

Forward primer for E106 Orail GTGGCAATGGTGGCGGT This paper N/A
GCAGCTGGAC

Reverse primer for E106 Orai1 GTCCAGCTGCACCGCCA This paper N/A

CCATTGCCAC

Recombinant DNA

Plasmid: mCherry

Plasmid: jGCaMP7f

Plasmid: GCaMP6f

Plasmid: Orai1-GCaMP6f
Plasmid: Orai1 E106A-GCaMP6f
Plasmid: G-CEPIA1er

Dr. Scott Gradia
Dana et al., 2019
Chen et al., 2013
Dynes et al., 2016
This paper

Suzuki et al., 2014

Addgene Plasmid #30125
Addgene Plasmid #104483
Addgene Plasmid #40755
Addgene Plasmid #73564
N/A
Addgene Plasmid #58215
(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Plasmid: R-CEPIA1er Suzuki et al., 2014 Addgene Plasmid #58216
Plasmid: Camui Gift of Dr. Yasunori Hayashi Takao et al., 2005
Plasmid: SEP-GIuA1 Gift of Dr. Antonio Sanz- Makino and Malinow, 2009
Clemente
Plasmid: mCherry-Oraii Gift of Dr. Richard Lewis Covington et al., 2010
Software and Algorithms
Nikon Elements Nikon https://www.microscope.healthcare.nikon.
com/products/software/nis-elements
ImageJ NIH https://imagej.nih.gov/ij/
OriginPro OriginLab https://www.originlab.com/index.aspx?

go=Products/Origin

RESOURCE AVAILABILITY

Lead Contact
Requests for resources and reagents should be directed and fulfilled by the Lead Contact, Dr. Murali Prakriya (m-prakriya@
northwestern.edu).

Materials Availability
All unique/stable reagents generated in the study are available from the Lead Contact with a completed Materials Transfer
Agreement.

Data and Code Availability
This study did not generate any unique data or codesets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Transgenic Mice
C57BL/6 mice were cared for in accordance with institutional guidelines and the Guide for the Care and Use of Laboratory Animals.
Animals were group-housed in a sterile ventilated facility, under standard housing conditions (12/12 h light/dark cycle with lights on at
7 am, temperature 20-22°C with ad libitum access to water and food) and maintained with in-house breeding colonies. Male and fe-
male mice were used in approximately equal numbers. All research protocols were approved by the Northwestern University Insti-
tutional Animal Care and Use Committee. Neuronal cultures used neonatal (PO-P1) mice, slice electrophysiological studies used ju-
venile (P27-P38) mice, and behavioral studies used adult mice 9 to 15 weeks of age at the start of behavioral testing.
Tissue-specific deletion of Orail in the brain was accomplished as previously described (Hori et al., 2020; Somasundaram et al.,
2014; Toth et al., 2019). Briefly, Orai1™" mice (provided by Amgen Inc.) and Orai1™* were crossed with nestin-Cre mice (003771 from
The Jackson Laboratory) to generate Orai1™" Nes-Cre (prain-specific KO) and Orai1™* Nes-Cr (prain-specific heterozygote). In addition
to conditional deletion of Orai1 in the nervous system, the Orai1™" x nestin-Cre cross also produced germline transmission in some
instances, resulting in Orai1™ and Orai1™- Nes-C® genotypes, which were used in some cases for Ca®* imaging experiments of Orai1
heterozygous and KO cultures, as indicated in the figure legends. To delete Orail selectively in excitatory (glutamatergic) neurons of
the forebrain, Orai1™" mice were crossed with Camk2a-Cre mice (005359 from the Jackson Laboratory) (Tsien, 1998; Tsien et al.,
1996) to yield Orai1™" CaMKila-Cre mice Deletion in inhibitory interneurons was achieved by crossing Orai1™" mice with Gad2-Cre
mice (010802 from the Jackson Laboratory) (Taniguchi et al., 2011) as previously described (Hori et al., 2020).

Cell culture

Primary hippocampal neurons were isolated from neonatal (P0-P1) mice by standard techniques (Toth et al., 2019) with minor mod-
ifications. Briefly, hippocampi were dissected and meninges removed under a dissection microscope in 4°C dissection medium
(10 mM HEPES in HBSS). The tissue was minced and trypsinized with gentle mechanical agitation (0.25% trypsin; Invitrogen) for
10 min in a 37°C water bath in neuronal media consisting of Neurobasal supplemented with 2% B-27, 2 mM L-glutamine, and
1% penicillin-streptomycin. Dissociated neurons were seeded on Poly-D-coated coverslips (~20,000 cells/coverslip) and fed by
Neuronal culture medium (Neurobasal medium GIBCO #21103049) containing B27, 1% L-Glutamine, and 1% Penicillin/Strepto-
mycin. Prior to plating, the glass coverslips were cleaned using base piranha solution etching, and UV-sterilized for 30 minutes before
culture. The culture medium was changed every fourth day and 100uM D-APV was supplemented starting at DIV 4 to minimize
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glutamate toxicity. Cultures were maintained up to 4 weeks and transfected with construct of interest at 21 DIV using Lipofectamine
2000 (Invitrogen # 11668027).

METHOD DETAILS

Plasmids and transfection

Neurons were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The E106A Orail1-YFP
plasmid has been described previously (Navarro-Borelly et al., 2008). jGCaMP7f (plasmid # 104483), G-CEPIA1er (plasmid #58215),
red shifted R-CEPIA1er (plasmid # 58216), and Orai1-GCaMP6f (plasmid # 73564) were obtained from AddGene (https://www.
addgene.org). mCherry-Orai1 was kind gift of Dr. Richard Lewis (Stanford University). Recycling of AMPAR was studied using
SEP-GluA1 (GFP tagged) sensor, which was obtained from Dr. Antonio Sanz-Clemente (Northwestern University). CaMKIl-a. activity
was monitored using the Camui sensor (GFP/RFP FRET), a kind gift from Dr. Yasunori Hayashi (Kyoto University). Orai1 mutants were
generated by the QuikChange Mutagenesis kit (Agilent Technologies), and the mutations were confirmed by DNA sequencing. Ex-
periments were performed 24-48 hours after transfection.

Microscopy

Ca?* imaging using confocal microscopy

Confocal imaging was performed on a Nikon A1R upright confocal microscope using a 25X Nikon CFlI APO LWD objective. Ca?* sig-
nals in dendritic spines were monitored using the recently developed high-performance indicator, (GCaMP7f (Dana et al., 2019) .
Cells were co-transfected with mCherry to facilitate identification of dendrites and dendritic spines. Ca®* measurements in single
dendritic spines were determined from the intensity of GFP in single mushroom-shaped spines with a with a spine head/neck ratio
> 1.1 and spine diameter > 1 micron (spine area > 0.78um?)(Lai and Ip, 2013; Nimchinsky et al., 2002; von Bohlen Und Halbach, 2009)
(determined from the mCherry fluorescence). jGCaMP7f fluorescence was monitored on the resonant scanner of the A1R confocal
scope at a scanning rate of 15 Hz. Cells were excited with a 488 nm laser line for (GCaMP7f measurements with a 525/50 nm emission
filter. mCherry was excited at 561 nm and images collected using an 595/50 nm emission filter set. Images were taken at 1.1AU
pinhole size using GaAsP detectors. Image capture and analysis was done using NIS-Elements software.

ER Ca®* measurements were performed using either G-CEPIA1er (Addgene plasmid #58215) or the red shifted R-CEPIA1er
(plasmid # 58216) as indicated in the figures. Orai1 channel activity was examined using Orai1-GCaMP6f (Addgene plasmid #
73564) (Dynes et al., 2016). mCherry-Orai1 and STIM1-mCherry were a gift from Dr. Lewis laboratory (Stanford University). All mu-
tants of Orai1 were generated by the QuikChange Mutagenesis kit (Agilent Technologies), and the mutations were confirmed by DNA
sequencing. Ca%* measurements in single dendritic spines were determined from the intensity of GFP chosen by the described cri-
terion described in the text using the resonant scanner of the A1R confocal scope with a scanning rate of 15 Hz. Simultaneous Cyto-
solic and ER Ca®* measurements were done by sequentially imaging GFP (GCaMP7f) and RFP (R-CEPIA1er) at a scanning rate of
15Hz.

Camui and SEP-GIuA1 imaging

Activation of CaMKII-« in dendritic spines was measured using the Camui sensor (GFP/RFP FRET) (Takao et al., 2005). Binding of
Ca?*/CaM to Camui “opens” up the closed configuration of this CaMKIl sensor, resulting in a decrease in FRET efficiency (Erickson
et al., 2011; Takao et al., 2005). Camui was excited using the 488 nm excitation laser line and both the GFP and RFP emission were
simultaneously monitored every 20 s. Recycling of AMPAR was examined using SEP-GIuA1 sensor (GFP). SEP-GIuA1 was excited
using the GFP (488 nm) laser line and GFP and RFP emissions were simultaneously imaged every 20 s.

Glutamate uncaging

Alignment of laser stimulation point, duration of stimulation, and laser power to uncage compounds were optimized by a trial and
error by uncaging CMNB-caged fluorescein. The galvanometer of the microscope was focused to a single pixel (~0.12um/pixel),
and 405nM laser was used to uncage CMNB-caged Fluorescein while the resonant scanner was used to image GFP fluorescence
in order to probe the efficacy of photoconversion by a single pixel stimulation. Laser power for a 4ms uncaging pulse was adjusted to
minimize the spread of the uncaged fluorescence to a 1 um? spot in each uncaging pulse (the standard laser power used was 0.16
mW). Control experiments with caged fluorescein indicated that a 4 ms uncaging pulse yielded a lateral spread of 2 um (Figures S2A-
S2C). MNI-Caged-L-glutamate (Tocris#1490) was dissolved to a final concentration of 1mM in the external bath solution (Ringer’s
solution) containing 1uM TTX. Single dendritic spines, located by the mCherry fluorescence (~1 um in diameter), located 100-
150 um away from the soma on the secondary apical dendrites (typical thickness ~0.5 um) were stimulated by uncaging MNI-gluta-
mate. Glutamate was uncaged by 405 nM/20 mW laser at a single pixel positioned ~0.5 um from the spine head in the direction away
from the parent dendrite. Spines were typically stimulated for 4 ms using power values determined from uncaging CMNB-Fluorescein
(laser power ~0.16 mW). This approach permitted stimulation of individual spines with high specificity. For experiments involving
Orai1-GCaMP6f, we found that the fluorescence intensity of Orai1-GCaMP6f was significantly dimmer than that observed with sol-
uble GCaMP6f or (GCaMP7f, suggesting that the expression of the GCaMP6f indicator is lower when it is tethered to the channel than
when expressed by itself as a soluble protein (average GCaMP6f fluorescence (in A.U) in unstimulated cells = 104 + 7; jGCaMP7f =
68 + 7; and Orai1-GCaMP6f = 27 + 2). Hence, we used stronger stimulation durations (64 ms uncaging) to detect fluorescence
changes in the Orai1 KO cells expressing Orai1-GCaMP6f.
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Widefield Ca?* imaging

Primary hippocampal neurons grown on poly D-lysine coated glass-bottom dishes were loaded with fura-2 by incubating cells in
2uM Fura-2-AM (Invitrogen) in complete neurobasal medium for 30 min at 37°C. All experiments were performed at room temper-
ature. Single cell [Ca®*]; measurements were performed as described previously (Toth et al., 2019). Image acquisition and analysis
were performed using Slidebook (Denver, CO). Dishes were mounted on the stage of an Olympus IX71 inverted microscope and
images were acquired every 6 s at excitation wavelengths of 340 and 380 nm, and an emission wavelength of 510 nm. For data
analysis, regions of interest were drawn around single cells, background was subtracted, and F340/F380 ratios were calculated
for each time point. [Ca®*]; was estimated from F340/F380 ratio using the standard equation: [Ca2*]; = BKg (R-Rmin)/(Rmax-R) where
R is the F340 /F380 fluorescence ratio and values of R, and Ry,ax were determined from an in vitro calibration of Fura-2 penta-
potassium salt. B was determined from the F,.,;n/Finax ratio at 380 nm and Ky is the apparent dissociation constant of Fura-2 binding
to Ca?* (135 nM). The values of these parameters were: Ryin = 0.21, Rnhax = 5.056, B = 13.2. For each cell, the rate of SOCE (A
[Ca®*]/At) was calculated from the slope of a line fitted to three points (18 s) following the re-addition of 2 mM Ca®* Ringer’s
solution.

Brain slice preparation

Acute hippocampal slices were prepared from juvenile (P27-P38) mice of either gender for electrophysiology, in accordance with
Institutional Animal Care and Use Committee-approved protocols. Mice were transcardially perfused with ice-cold sucrose-rich
slicing artificial cerebral spinal fluid (aCSF) containing 85 mM NaCl, 2.5 mM KCl, 1.25 mM NaH,PO,4, 25 mM NaHCO3, 75 mM su-
crose, 25 mM glucose, 10 uM D-APV, 100 uM kynurenate, 0.5 mM Na L-ascorbate, 0.5 mM CaCl,, and 4 mM MgCl,, and oxygenated
and equilibrated with 95% O,/5% CO.. Following perfusion, mice were decapitated. Animals were deeply anesthetized with isoflur-
ane before decapitations and removal of the brains. Horizontal slices 350 um were cut using a tissue slicer (Compresstome model VF-
200-0Z, Precisionary Instruments) a Leica VT1200S vibratome (Leica Biosystems, Buffalo Grove, IL) in ice cold sucrose aCSF. For
GCamP6f imaging, slices were cut in a solution containing (in mM): 110 choline chloride, 2.5 KCI, 25 NaHCO3, 1.25 NaH,PQOy,, 25
D-glucose, 11.6 ascorbic acid, 3.1 pyruvic acid, 7 MgCl,, and 0.5 CaCl,, saturated with 95% O, and 5% CO.. Slices were then
quickly transferred into a recovery chamber with aCSF solution maintained at 30°C and containing (in mM): 125 NaCl, 2.4 KClI,
1.2 Na,POy, 25 NaHCO3, 25 glucose, 1 CaCl, and 2 MgCl, saturated with 95% O, and 5% CO,. After 30 minutes in the recovery
chamber, slices were transferred into a storage chamber with aCSF containing 2 mM CaCl,, where they were stored for 0.5-6 hours
until they were used for electrophysiology.

Slice Electrophysiology

Field EPSPs (fEPSPs) were evoked by stimulating Schaffer collaterals with a monopolar glass electrode filled with aCSF at a basal
stimulation frequency of 0.05 Hz. Glass electrodes were pulled from borosilicate glass to resistances of 1-3 Q. fEPSPs were recorded
in the CA1 apical dendrite layer using a glass pipette (2-5 Q) filed with aCSF recording solution. Stimulus intensity was adjusted to
induce a fEPSP amplitude ~40% of the maximal fEPSP. LTP was induced by 100 Hz high frequency stimulation (HFS) for 1 s. Data
were collected at 20 kHz and filtered at 1 kHz. Data were excluded if the averaged fEPSP slope of initial 5 min and last 5 min in base-
line differed by more than 5%. The amount of LTP was determined by normalizing the averaged fEPSP slope during the last 10 min of
each experiment to the 20 min of basal control.

For voltage clamp and current clamp recordings, recording electrodes were pulled borosilicate glass with tip resistance of 4-7 MQ.
Data were collected at a sampling rate of 20 kHz and filtered at 5 kHz. In voltage clamp recordings, recording pipettes were filled with
intracellular solution containing 95 mM CsF, 25 mM CsCl, 10 mM HEPES, 10 mM EGTA, 2 mM NaCl, 2 mM Mg-ATP, 10 mM QX-314,
5 mM TEA-CI, and 5 mM 4-AP, and adjusted to pH 7.3 with CsOH. After whole-cell break-in, CA1 neurons were maintained in aCSF
containing GABAA receptor antagonists bicuculline (10 uM) and picrotoxin (50 uM) for NMDA/AMPA recordings, and bicuculline
(10 uM), picrotoxin (50 uM) and NMDA receptor antagonist D-APV (50 uM) for paired pulse recordings. In sEPSC and sIPSC record-
ings, cesium methanesulfonate internal solution containing 100 mM Cesium methanesulfonate, 8 mM CsCl, 0.5 mM CaCl,, 10 mM
HEPES, 5 mM EGTA, 5 mM Na,-phosphocreatine, 2 mM Mg-ATP, 0.5 mM 2Na-GTP, 5 mM QX-314, and adjusted to pH 7.2 with
CsOH was loaded into recording electrodes. sEPSC and sIPSCs were automatically detected with the Minianalysis (Synaptosoft,
Decatur, GA, USA) using the threshold of ‘sEPSC or sIPSC amplitude’, set at five times the root mean square noise of the baseline.
Miniature EPSCs (mEPSCs) were recorded in the presence of 1 uM TTX.

In current clamp recordings, the internal solution contained 130 mM K-gluconate, 20 mM KCI, 1 mM K-HEPES, 0.2 mM EGTA,
0.3 mM Na-GTP, and 4 mM Mg-ATP, pH 7.3. After whole-cell break-in, CA1 neurons were maintained in aCSF containing bicuculline
(10 uM), picrotoxin (50 pM), D-APV (50 uM) and the AMPA and kainate receptor antagonist NBQX (10 uM). To record input-output
relationships, membrane potential was held initially at —70 mV before injecting —200 to 250 pA current in 25 pA increments. Liquid
junction potential was calculated using pClamp 10 software (Molecular Devices, Sunnyvale, CA) and corrected for all recordings.
Analyses were carried out with pClamp10 (Molecular Devices).

Immunohistochemistry

Orai1 expression was mapped by a monoclonal antibody targeted to the second extracellular loop of Orai1 (Abcam Cat# ab175040,
266.1) (Guzman et al., 2014). Anesthetized mice were perfused intracardially with saline and subsequently 4% PFA/1xPBS. Brains
were extracted and post-fixed in 4% PFA for 24 hours at 4°C, followed by 48 hours in 30% sucrose. Free-floating sections were cut
with a vibrotome at 40um thickness. Antigen retrieval was performed using 10mM Na-Citrate in 1xPBS for 10min at 55°C followed by
autofluoresence quenching with 1%H,0,/1xPBS incubation for 30min at RT. Primary antibody was incubated in blocking solution
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containing 10% NGS, 0.25% triton, and 1%BSA. Secondary antibody was used at RT for 90min in blocking solution with 5% NGS in
the presence of anti-mouse Alexa 488, (Invitrogen) at 1:500.

Golgi staining

7-8 weeks old mice were anesthetized by isoflurane inhalation and euthanized by a brief transcardial perfusion of PBS in accordance
with Northwestern University Animal Care and Use Committee-approved protocols. Brains were then dissected, and impregnated for
two weeks using FD Rapid GolgiStain kit (FD NeuroTechnologies, Columbia, MD) by following the manufacturer’s protocol. Horizon-
tal slices (200um) were cut using a Leica CM1900 cryostat (Leica Biosystems, Buffalo Grove, IL), stained, and mounted for confocal
imaging. 30um thick z sections were imaged for each brain using the A1R (Nikon, Inc.) confocal microscope. Images were first
improved by 3D blind deconvolution using NIS-elements to minimize spherical aberrations. For each slice, 2000 um of resolved sec-
ondary CA1 apical dendrites (located ~200um from soma) were analyzed for the number of mature spines per each dendrite using
Fiji. To compare spine sizes between WT and Orai1 KO neurons, spine area was quantified in 100 spines chosen from 5 secondary
dendrites of 3 different slices per each genotype.

Animal Behavioral Analysis

All mice were allowed to habituate to the experiment room and the experimenter one week prior to the experiments. Male and female
mice were 9 to 15 weeks of age at the start of testing. The experimenter was blinded to the genotype of each mouse during behavioral
testing and analysis.

Y-maze

Mice were placed at the end of arm 3 in the Y-maze and allowed to enter any of the three arms for 8 min while activity was recorded by
a video tracking system. The order of arm entries was analyzed manually for spontaneous alternation. A successful alternation was
recorded for each set of three consecutive arm choices in which no repeated entries occurred. An unsuccessful alternation was re-
corded for each set of three consecutive arm choices in which a repeated entry occurred. An arm entry was counted if the entire body
of the mouse (excluding tail) entered the arm. Each mouse was analyzed until it had completed 20 possible (successful and unsuc-
cessful) alternations. The number of successful alternations was divided by the number of possible alternations for the outcome mea-
sure, % alternation. Mice were excluded if they did not enter enough arms to complete 20 possible alternations. Chance level of alter-
nation is 50%.

Trace Fear conditioning

Contextual and tone-dependent fear conditioning in the Nes-Cre and littermate control mice was examined using a computer-
controlled activity monitor and tone/shock generator (TSE Systems). Mice were placed in Context 1 (Plexiglas chamber with a
wire shock grid floor) for 173 s, followed by a 30 s tone (10 kHz; 75 dB), followed by a 15 s pause (trace), followed by a foot shock
(2 s; 0.7 mA; constant current). After 24 hours, the mice were placed in a novel context (Context 2) for 60 s, followed by exposure to
the original tone for 30 s, followed by a 15 s trace. Freezing was measured every 10th second in the novel context, every 5th second
during the tone, and every 3rd second during the trace. After 24 more hours, the mice were placed back in the original context 1 and
contextual freezing was measured every 10th second during a 180 s exposure. The studies on the CaMKII-Cre and GAD2-Cre mice
were done using the same protocol as described above but used a different apparatus due to lack of availability of the original fa-
cility used for the Nes-Cre studies. In this case, the mice trained and tested using Habitest modular system (Coulbourn, Holliston,
MA) fear conditioning system with exactly the same protocol for contexts, tone, trace and foot shock. Freezing behavior was scored
using FreezeFrame software (Acrimetrics, Wilmette, IL) by adjusting the motion index for each trial and minimum 1 s bouts of
freezing.

Open field

Mice were placed in the center of an open arena (56 x 56¢cm), and ambulation activity for 5 min was recorded by LimeLight software
(Actimetrics, Wilmette, IL). The open field was divided into a5 x 5 grid of squares, with the outer 16 squares defining the ‘outer’ region
and the inner 9 squares defining the ‘middle’ region. The software provided the total distance traveled, the percentage of time the
mouse spent within each of the two regions, and the number of crossings from one region to the other.

Rotarod

Mice were tested on a Rotarod device (TSE Systems) over 5 days. For first three ‘training’ days, the mice were individually
placed on the rod, which rotated at 12 rpm for 60 s. The time at which the mouse fell off the rod was recorded. If the mouse
remained on the rod without falling for the duration of the trial, 60 s was recorded as the time for that trial. For the last two ‘test’
days, the mice were individually placed on the rod, which rotated beginning at 4 rpm and accelerated to 40 rpm over 5 min. The
time at which the mouse fell off the rod was recorded. Four trials per day were conducted for each mouse, spaced approxi-
mately 1 hour apart.

QUANTIFICATION AND STATISTICAL ANALYSIS
Image quantification and analysis
GCaMP, G-CEPIA1er, R-CEPIA1er, and SEP-GIuA1 images were analyzed by selecting single spines as ROI. Each ROl was back-

ground subtracted and AFaF, was calculated using NIS-Elements software. For the Camui studies, GFP and RFP intensities were
first background subtracted, and the donor to acceptor GFP/RFP intensity ratios were determined and normalized to initial intensity
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ratio. To measure the delay between changes of cytosolic Ca?* (GCaMP) in GFP channel, and ER (CEPIA) in mCherry channel, onset
of the response of each channel was separately calculated. Onset of the response is detected as the instant that the respective signal
changes more than 5-fold the standard deviation of basal AF/Fj, (first 5 s of measurement before uncaging stimulus) in response to the
uncaging pulse. To determine the dynamics of signals for ER or cytosolic Ca®* levels, the 10%-90% rise time or decay time constant
(t) based on a single parameter exponential function, each measurement was fitted with the parameter of interest and then the calcu-
lated parameter was averaged to calculate the mean and SEM.

Statistics

Statistical significance was calculated using OriginPro and p values less than or equal to 0.05 were considered to be significant (*p <
0.05, **p < 0.01, **p < 0.001). For datasets with two groups, statistical analysis was performed with two-tailed t test to compare be-
tween control and test conditions. For datasets with more than two groups, one-way ANOVA followed by Bonferroni post hoc mean
comparison and Levene’s test of variance was used to compare groups. Ca®* peaks were processed using Peak Analyzer function of
OriginPro. A moving baseline with asymmetric least-squares smoothing was used, and peaks were determined from the local max-
ima that exceeded a threshold of 10% over the local baseline in a 2 s window following each stimulation. 10-90 rise time and expo-
nential decay of Ca®* and CEPIA signals were done using OriginPro. For exponential decay, a non-linear regression analysis was
performed for each measurement to calculate the corresponding exponential decay (r) parameter. N numbers are described in
each figure legends and data is represented as mean + SE.
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Supplementary Figure 1. Deletion of Orai1 abrogates SOCE in primary cultured
hippocampal neurons. (Related to Figures 1 and 2). (A) SOCE in WT and Orai1 KO (Orai1™
Nes-Cre) mice. ER Ca®* stores were depleted by administering thapsigargin (Tg ,1 uM) in a Ca®" -
free solution and SOCE was measured during readdition of extracellular Ca®*. (B) Summary of
the rate of Ca®" influx following readdition of extracellular Ca** in WT and Orai1 KO neurons. (n=17
WT, 12 KO cells, p=0.00835). (C,D) SOCE is attenuated in hippocampal neurons from Orai1™
CaMKila-Cre mice. (n=49 WT, n=40 KO cells, p=0.00051). (E) Intracellular stores are reduced in Orai1
KO (Orai1™ caMKlla-Crey hayrons. Intracellular Ca®* store content was assessed by discharging Ca®*
stores with 5 uM ionomycin in a Ca**-free Ringer’s solution. (F) Quantification of the Ca®* store
content by integrating the area (over 180 s) under the curves in E. (n= 55 (WT), 52 (KO) cells,
p=1.71x107). (G) Pattern of Orai1 mRNA expression in the mouse brain (Lein et al., 2015). Allen
Brain Atlas API. Available from: brain-map.org/api/index.html. (H) Immunohistochemistry reveals
significant expression of the Orai1 protein in the CA1, CA3, and dentate gyrus of the
hippocampus. SO: Stratum Oriens, SR: Stratum Radiatum, SP: Stratum Pyramidale, SGZ:
subgranular zone, GL: granule cell layer; ML: molecular layer. (I) Orai1 immunostaining is lost in
littermate KO mice (Orai1”Nes¢) |mage shows the CA1 region. Scale bar, 50 pm.




0 50 100 150 200 250 0 2 4 6 & 10
Time (ms) X (um)
F Uncaging duration G no MNI

oands Sl . oo
5 10 15 20 0 6 ) 4 6 8 10
Time (sec) Time (sec)
| J 2uM La?**-No Mg# K L M vV VY ovy
1.0 EoLb 5 3 u 0.0 TN
P 08 12 i 4 %
P R ** 2 —
P w06 * W 3 ue <
i o AU R o ** o -0.1
1 ; <J 04 L 2 < 4 o
:i’”,: ‘ ‘%L%.wiw:m 02{[8 ** TR e ! ;ﬁ
5 10 15 20 °° or m o 5 ) 10 :15 0°%0 ’ - 025 2 8 12
Time (sec) s o, g Time (sec) 3 % WT KO Time (sec)
= N 2

Supplementary Figure 2. Analysis of glutamate uncaging-evoked Ca* responses and
related controls. (Related to Figures 1 and 2). (A) Line scans showing the temporal (x-axis)
and lateral (y-axis) spread of fluorescein intensity following uncaging of caged fluorescein. (B)
Kinetics of the change in fluorescein intensity at the spot (dotted line) shown in panel A. (C) Lateral
spread of fluorescein intensity 4 ms following administration of the uncaging pulse. (D) A section
of the secondary apical dendrite with several mushroom-shaped spines. The arrowhead in the
middle panel denotes the spine stimulated by uncaging MNI-glutamate. ROIls denoting other
nearby spines and the parent dendrite are also labelled. (E) Changes in jGCaMP7f fluorescence
in the four ROIs from panel D. Except for the stimulated spine, the other spines and the parent
dendrite do not show significant elevations in [Ca®']. (F) The magnitude of the jGCaMP7f
fluorescence AF/F, progressively increases with increasing stimulation duration (1-60 ms). (G) No
change in jGCaMP7f fluorescence is seen when MNI-glutamate is omitted in the extracellular
solution. (H-l) The magnitude of [Ca®']; change is strongly reduced by a low dose of La** (2 uM)
and by the CRAC channel inhibitor, BTP2 (5 uM). The inhibitors were added to the extracellular
solution in WT neurons. (n=8 WT, n=7 La", n=6 BTP2-treated cells, p=0.0017, p=0.0047). (J, K)
In the absence of extracellular Mg**, which should relieve NMDA receptor inhibition, the effect of
2 uM La*" is greatly diminished. (L) Summary of the Ca®" rises (AF/F) in response to 64 ms
duration uncaging pulses. When the uncaging duration is increased to 64 ms, the impairment of
the Ca® signal in dendritic spines is smaller than when stimulated with a 4 ms pulse. (n=5 WT
cells, 25 spines; n=6 Orai1-KO cells, 28 spines, p<0.0085). (M) CEPIAer fluorescence changes
in response to a train of five 4 ms uncaging pulses.
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Supplementary Figure 3. Pharmacological inhibition of CRAC channels with BTP2 impairs
LTP. (Related to Figure 5). (A) Representative traces of the fEPSPs in WT (Orai1™") and BTP2-
treated slices before (solid line) and after (dotted line) tetanus (1x100 Hz). (B) Summary of the
fEPSP slopes in control slices (WT, Orai1™) and slices treated with 5uM BTP2. n=3 (WT slices),
n=5 (BTP2-treated slices). p =0.0454. (C) CA1 pyramidal neurons visualized by Golgi-Cox rapid
stain. (D) Representative examples of the secondary apical dendrites of WT (Orai1™) and KO
(Orai1™" Nes<¢rey mjice in the CA1 region at a higher resolution. (E) Summary of the number of
mature spines per unit length (analyzed over 2000 um of dendritic length) of secondary apical
dendrites in the CA1 hippocampus. Mature spines were defined as spines with a head/neck ratio
of >1.1 and spine head diameter of 1 ym (Lai and Ip, 2013; Nimchinsky et al., 2002; von Bohlen
Und Halbach, 2009). (F) Summary of the cross-sectional area of spines located on secondary
apical dendrites in CA1. (n=106 spines per genotype, p=0.496). The dashed line denotes the 0.78
um? threshold area for mature spines.
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Supplementary Figure 4. Sensorimotor functions are not affected in the brain-specific
Orai1 KO mice. (Related to Figure 6). (A) Rotarod analysis shows no differences between WT
(Orai1™) and KO (Orai1f’/ﬂNes'C’e) mice in the latency to fall over a 5-day period. (B) Likewise, no
differences in Orai1 KO (Orai1™ "*sC) mice were observed in the open-field test in the number
of crossings in the middle of the test field, time spent in the middle of the field, or distance travelled.
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Supplementary Figure 5. Comparative analysis of learning and memory behaviors in the
global and cell-specific Orai1 KO mice (Related to Figures 6 and 7). The data shown in Figure
7 were normalized to the corresponding WT values and directly compared across the three
genotypes (Orai1™ Nes-Cre - Qrgj1 M CaMKiia-Cre " and Qrai1™" 6392:Cr) to assess differences between
the three types of Orai1 KO mice. Both in the Y-maze and in the fear-conditioning tests (context
1), the Nes-Cre and CamKlla-Cre Orai1 KOs have significantly greater deficits compared to the
Gad2-Cre Orai1 KOs, indicating that Orai1 function in excitatory neurons is critical for short-term
and associative memory.
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Supplementary Figure 6. A schematic of the proposed model for Orai1-mediated
amplification of synaptically-evoked Ca** signals in dendritic spines. (Related to Figures 1,
5, 6, and 7). Stimulation of synaptic glutamate receptors evokes a trigger Ca®* signal through
NMDARSs which, by itself, is insufficient to activate effector signaling pathways required for LTP.
Instead, opening of NMDARs triggers CICR to deplete ER Ca®" stores and activate Orai1
channels, likely via binding of the STIM proteins to Orai1. The ensuing Orai1-mediated Ca** entry
strongly magnifies spine [Ca®’] elevations to stimulate activity-dependent synaptic plasticity
pathways and enable learning and memory.
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