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Summary

Store operated calcium entry (SOCE) is activated by depletion of Ca2+ from the endoplasmic 

reticulum (ER) and mediated by stromal interaction molecule (STIM) proteins. Here, we show that 

in rat and mouse hippocampal neurons acute ER Ca2+ depletion increases presynaptic Ca2+ levels 

and glutamate release through a STIM2 and synaptic Ca2+ sensor synaptotagmin-7 (syt7) 

dependent pathway. In contrast, synaptotagmin-1 (syt1) can suppress SOCE-mediated spontaneous 

release and STIM2 is required for the increase in spontaneous release seen during syt1 loss-of-

†Corresponding author: Ege T. Kavalali, Ph.D., Department of Pharmacology, Vanderbilt University, 465 21st Avenue South, 7130A 
MRBIII, PMB407933 Nashville, TN 37240-7933, phone: 615-343-5480, ege.kavalali@vanderbilt.edu.
Author contribution
Conceptualization: NLC, EN, IB and ETK. Methodology: NLC, EN, OHS and IA. Software: NLC. Validation, investigation and 
formal analysis: NLC and EN. Resources: NLC, EN and HZ. Data curation and visualization: NLC. Writing – Original draft: NLC and 
ETK. Writing – Review and editing: NLC, EN, OHS, HZ, DA, IB and ETK. Supervision: NLC, IB and ETK. Funding acquisition: 
ETK, IB and NLC.

Declaration of interest
The authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuron. Author manuscript; available in PMC 2022 April 21.

Published in final edited form as:
Neuron. 2021 April 21; 109(8): 1314–1332.e5. doi:10.1016/j.neuron.2021.02.023.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function. We also demonstrate that chronic ER stress activates the same pathway leading to syt7-

dependent potentiation of spontaneous glutamate release. During ER stress, inhibition of SOCE or 

syt7-driven fusion partially restored basal neurotransmission and decreased expression of pro-

apoptotic markers indicating that these processes participate in the amplification of ER stress-

related damage. Taken together, we propose that presynaptic SOCE links ER stress and augmented 

spontaneous neurotransmission which may, in turn, facilitate neurodegeneration.

Graphical Abstract

In Brief

Chanaday et al. uncover the underlying molecular mechanism coupling store-operated Ca2+ entry 

to neurotransmitter release at excitatory presynaptic terminals. Activation of this mechanism 

during chronic ER stress may exacerbate and help propagate the neuronal damage via increased 

glutamate release.

Introduction

In neurons the endoplasmic reticulum (ER) spans the whole cell volume, including dendritic 

and axonal processes (Luarte et al., 2018; Wu et al., 2017). While the role of ER and Golgi 

outposts in dendrite formation, maturation and plasticity has been widely studied (Horton 

and Ehlers, 2004), the involvement of presynaptic ER in neurotransmission remains unclear 

(Bezprozvanny and Kavalali, 2020). Recent 3D reconstructions of axons visualized by 
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scanning electron microscopy revealed that tubular shaped ER is present in the axon and 

branches into presynaptic boutons, creating a net that surrounds mitochondria, endosomal 

organelles and synaptic vesicles (Wu et al., 2017). Contact sites of ER with the plasma 

membrane (PM) were also present in axons (called ER-PM junctions) (Wu et al., 2017).

Store operated Ca2+ entry (SOCE) is a process activated by either reduction or depletion of 

Ca2+ in the lumen of the ER, which in turn triggers Ca2+ influx into the cytosol followed by 

replenishment of the ER by the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) 

(Prakriya and Lewis, 2015; Putney, 2009; Soboloff et al., 2012). The SOCE response is 

mediated by the clustering and interaction at ER-PM junctions of the ER Ca2+ sensor STIM 

and the PM Ca2+ channel Orai (also known as Ca2+ release-activated Ca2+ channel or 

CRAC) (Prakriya and Lewis, 2015; Putney, 2009; Soboloff et al., 2012). Isoforms 1 and 2 of 

STIM protein (STIM1 and 2) as well as Orai isoforms 1, 2 and 3 are expressed in neurons in 

the central nervous system where they have been implicated in Ca2+ homeostasis 

(Gruszczynska-Biegala et al., 2011; Klejman et al., 2009; Moccia et al., 2015; Wei et al., 

2017). While STIM1 has been shown to mediate classical SOCE response upon ER Ca2+ 

depletion, STIM2, due to its lower Ca2+ affinity, can respond to subtler decreases in Ca2+ 

concentration and finely tune resting Ca2+ levels in neurons (Gruszczynska-Biegala and 

Kuznicki, 2013; Gruszczynska-Biegala et al., 2011). In fact, STIM2 is the more abundant 

STIM isoform in hippocampal and cortical neurons (Berna-Erro et al., 2009; Moccia et al., 

2015) and its activity has been implicated in the generation, stabilization and maturation of 

functional dendritic spines through a pathway involving Ca2+-calmodulin kinase II 

(CaMKII) and microtubules (Korkotian et al., 2017; Pchitskaya et al., 2017; Sun et al., 

2014). In contrast, the existence and putative role of SOCE presynaptically remains largely 

unexplored (Bezprozvanny and Kavalali, 2020; Kavalali, 2019).

Here, we show that SOCE is mediated by STIM2 in hippocampal presynaptic terminals. 

SOCE activation enhances spontaneous neurotransmission, specifically at excitatory 

synapses. This increase in spontaneous synaptic vesicle fusion is driven by the Ca2+ sensor 

synaptotagmin-7 (syt7). Conversely, synaptotagmin-1 (syt1) clamps spontaneous fusion 

driven by basal Ca2+ fluctuations elicited by SOCE at rest. Blockade of SOCE or deletion of 

syt7 partially prevents the neuronal dysregulations caused by chronic ER stress including the 

increase in presynaptic Ca2+ levels, the exacerbated spontaneous glutamate release and the 

upregulation of apoptotic markers. Our findings elucidate a heretofore overlooked 

presynaptic pathway that may contribute to the progression of neurodegenerative processes 

associated with ER stress. These results suggest that SOCE mediated spontaneous release 

and its impact on ER stress may form a putative therapeutic target for treatment of 

neurodegenerative diseases.

Results

Activation of presynaptic SOCE triggers spontaneous neurotransmitter release at 
excitatory synapses

The mechanisms and the role of unconventional Ca2+ signaling pathways in regulation of 

neurotransmitter release, independently of voltage-gated Ca2+ channels, remain largely 

unclear (Kavalali, 2019). SOCE, in particular, has been implicated in axonal growth, 
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maturation of dendritic spines and postsynaptic plasticity responses (potentiation as well as 

depression) (Baba et al., 2003; Korkotian et al., 2017; Mitchell et al., 2012; Pchitskaya et al., 

2017; Shim et al., 2013; Sun et al., 2014; Zhang et al., 2015), but whether Ca2+ influx 

through SOCE can impact synaptic vesicle release itself remains unknown. To trigger SOCE 

in hippocampal neurons we used a modified version of the classical Ca2+ re-addition method 

(Bird et al., 2018) and thapsigargin (TG), a blocker of the SERCA, which leads to depletion 

of ER Ca2+ and activation of SOCE. We continuously recorded miniature excitatory 

postsynaptic currents (mEPSCs) in hippocampal neurons while sequentially perfusing 

extracellular solutions containing: 2 mM Ca2+ (2 min, baseline spontaneous activity), 0 mM 

Ca2+ (1 min, to record Ca2+ influx-independent spontaneous neurotransmission) and 2 mM 

Ca2+ with 1 μM TG (Ca2+ re-addition for 10 min to simultaneously induce ER Ca2+ 

reduction and SOCE activation; Figure 1A). This protocol caused a moderate but consistent 

reduction in the levels of ER luminal Ca2+, compared to the more typical strong depletion 

classically obtained in the absence of extracellular Ca2+ (Figure S1A-B) thus allowing us to 

study the impact of moderate — likely more physiological — changes in ER Ca2+ content.

As previously reported, mEPSC frequency was reduced ~50% in the absence of extracellular 

Ca2+ compared to baseline (Figure 1A-F). The subsequent TG perfusion led to a transient 

and robust increase in the frequency of mEPSCs, with variable intensity and duration among 

neurons (Figure 1A-F). On average, mEPSC frequency was increased 1.5 to 2-fold after TG 

treatment (Figure 1E-F), and it was observed in >95% of the pyramidal neurons in 

dissociated cultures (Figure 1D). When we tested the same protocol on Schaffer collateral 

synapses onto CA1 pyramidal neurons in acute hippocampal slices we detected a 1.5 to 5.3-

fold increase in mEPSC frequency (Figure S1C-D) in agreement with earlier findings 

(Emptage et al., 2001). Evoked probability of release, on the other hand, was unaffected by 

this acute partial depletion of ER Ca2+, since amplitudes and paired-pulse ratios of 

excitatory postsynaptic currents (EPSCs) were not impacted by perfusion of TG (Figure 

S1E-F). Moreover, the same acute ER Ca2+ depletion protocol failed to trigger significant 

inhibitory spontaneous neurotransmission (Figure S1G-J). Taken together, these results 

indicate that our experimental protocol causes a partial reduction of intraluminal ER Ca2+ 

levels, which in turn triggers spontaneous release of neurotransmitters at excitatory 

synapses.

The molecular machinery involved in SOCE responses has been previously shown to be 

present in neurons (Gruszczynska-Biegala et al., 2011). Isoform 2 of STIM (STIM2) is more 

abundant in hippocampal neurons than STIM1 (Berna-Erro et al., 2009; Moccia et al., 2015). 

In our hippocampal cultures, STIM2 had a distribution compatible with the neuronal smooth 

ER, with positive staining in the cell body, the neurites (both axons and dendrites), 

presynaptic boutons and dendritic spines (Figure 2A-G). An average of ~60% of presynaptic 

terminals contained STIM2 (Figure 2C), and ~40% of the total STIM2 positive volume in 

neurons was localized to axons (Figure 2D) STIM2 was also present in postsynaptic 

dendrites and spines (Figure 2E-G). These post-synaptic STIM2 levels are consistent with 

previous reports of 10-50 % of dendritic spines containing smooth ER (Padamsey et al., 

2019). Antibody specificity was corroborated by performing STIM2 immunofluorescence 

staining in cultured hippocampal neurons lacking STIM2 protein (negative control; Figure 

S2). Further analysis revealed an enrichment of STIM2 in VGluT1-positive presynaptic 

Chanaday et al. Page 4

Neuron. Author manuscript; available in PMC 2022 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



boutons in comparison to VGAT-positive ones (Figure 2H-I), with almost half of excitatory 

presynaptic terminals containing STIM2 versus ~15% in the GABAergic counterparts 

(Figure 2H-I). This difference can explain the observed selective regulation of mEPSCs by 

partial ER Ca2+ depletion. Super-resolution microscopy (2D-STED) was used to gain more 

insight into STIM2 subcellular localization in presynaptic terminals (Figure 2J-M). Small 

clusters of STIM2 were detected in synapsin-1 positive boutons, at both basal (unstimulated, 

Figure 2J) and TG treated (5 min, Figure 2K) conditions. Some clusters were localized in the 

opposite region of the bouton with respect to the active zone marker Bassoon, but others 

were localized at the edges of the Bassoon “active zone” staining (Figure 2J-M), with a 

mean distance of ~250 nm (Figure 2M). The number of STIM2 clusters per bouton showed a 

modest increase after ER Ca2+ depletion (Figure 2L). Although ER-plasma membrane 

junctions were previously proposed to be localized away from the active zone (Wu et al., 

2017), ER in axon terminals is likely to be mobile, especially after changes in ER Ca2+ 

levels, which may explain our results. Commercially available STIM2 antibodies were not 

suitable for immunoelectron microscopy in our hands, so we could not explore this notion 

further. Taken together, the data presented here show that hippocampal neurons robustly 

express STIM2, indicating that the SOCE machinery is present in synapses, both pre- and 

postsynaptically.

To assess if a SOCE response underlies the increase in mEPSC frequency observed during 

acute TG treatment, we repeated the same experimental protocol in neurons lacking STIM2 

(STIM2 conditional knock out – cKO –; Figure 3A). Dissociated cultures were prepared 

from STIM2 conditional (“floxed”) mice and infected with lentivirus containing the Cre 

recombinase leading to depletion of STIM2 protein after 2 weeks of infection (protein 

depletion in each experiment was corroborated by GFP expression, also see Figure S2). 

Basal excitatory neurotransmission was not altered in this setting (Figure 3C). When Ca2+ 

levels in the ER were reduced via TG perfusion there was no change in the frequency of 

mEPSCs in STIM2 cKO hippocampal neurons (Figure 3B-D), indicating that STIM2 is 

necessary for the augmentation of spontaneous excitatory neurotransmission. There was also 

a small increase in mEPSC amplitude in STIM2 cKO neurons compared to controls, 

indicating an additional role of STIM2 in postsynaptic receptor signaling (see Discussion). 

The absence of a TG effect in STIM2 cKO neurons was further supported by directly 

monitoring spontaneous fusion of synaptic vesicles using the vesicular glutamate 

transporter-1 fused to the pH sensitive GFP (VGluT1-pHluorin; Figure S3) as a probe. While 

TG led to an increase in the frequency of spontaneous fusion of synaptic vesicles compared 

to untreated control neurons, it had no effect on STIM2 cKO neurons (Figure S3) indicating 

that STIM2 participates in the mechanism underlying the TG-mediated increase in mEPSCs 

within presynaptic terminals. In agreement with this premise, using rat hippocampal neurons 

and a set of specific shRNAs targeting STIM2 (see methods; Figure S4A-C), we found that 

~91% reduction in STIM2 protein completely abolished the augmentation of excitatory 

spontaneous neurotransmission due to ER Ca2+ depletion (Figure S4G and J). This 

phenotype was rescued by expressing a shRNA-resistant STIM2 (human-STIM2-YFP, 

Figure S4A-C, G and J). Perfusing TG to deplete Ca2+ from the ER still led to an increase in 

mEPSC frequency, similar to controls, in neurons expressing a knock down (KD) construct 

for STIM1, the other STIM isoform present in these cells (~88% reduction in protein levels, 
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Figure S4D-F, H and J). Interestingly, basal mEPSC frequency and amplitude were reduced 

in STIM1 KD neurons (Figure S4I and K), suggesting that while STIM2 modulates 

excitatory spontaneous neurotransmission in response to ER Ca2+changes, STIM1 may 

participate in setting the basal properties of this form of neurotransmission. These changes 

in STIM1 KD neurons were rescued by expressing a shRNA-resistant STIM1 (human-

STIM1-YFP), validating the specificity of the target.

We next examined if the transient decrease in ER Ca2+ concentration was impacting 

presynaptic Ca2+ levels. We used the Ca2+ indicator GCaMP6s fused to the synaptic vesicle 

protein synaptobrevin-2 (Syb2) to specifically measure changes in presynaptic Ca2+ 

concentration (Figure 3D). Partial depletion of ER Ca2+ led to an increase in presynaptic 

Ca2+ quantified as a rise in GCaMP6s fluorescence slope as well as an increase in the total 

fluorescence area, compared to untreated control neurons (Figure 3E-G). This increase in 

presynaptic Ca2+ was completely abolished in STIM2 cKO hippocampal neurons, indicating 

that it is a consequence of SOCE activation. In agreement with our electrophysiological and 

Ca2+ imaging results, it was previously reported that STIM2 mediates Ca2+ influx via SOCE 

in cortical neurons, whereas STIM1 does not participate (Berna-Erro et al., 2009). Using 

syb2-GCaMP6s, we also observed presynaptic Ca2+ sparks (Ross, 2012) but their amplitude 

and frequency were not affected by TG or STIM2 cKO (data not shown), indicating that 

basal presynaptic Ca2+ levels but not Ca2+ transients are involved in SOCE-mediated 

augmentation of spontaneous neurotransmitter release. To further test if this is a SOCE-

dependent mechanism, we pharmacologically inhibited SOCE using the general blocker 

SKF 96365 (30 μM) and the more CRAC-specific blocker BTP2 (or YM 58483, at 300 nM; 

Figure 3H-I). Both pharmacological treatments prevented the increase in mEPSC frequency 

produced by ER Ca2+ depletion, with no changes in mEPSC amplitudes (Figure 3H-J). 

Taken together, our results strongly support that small changes in ER Ca2+ levels can trigger 

SOCE in presynaptic terminals leading to increased presynaptic Ca2+ levels and enhancing 

spontaneous glutamate release at excitatory synapses.

SOCE triggers excitatory spontaneous release through Ca2+ binding to synaptotagmin-7

In contrast to action potential evoked neurotransmission, spontaneous fusion of synaptic 

vesicles is not exclusively dependent on Ca2+, although its rate is modulated by Ca2+ 

fluctuations. The molecular identity of the Ca2+ sensor for spontaneous release has been a 

matter of debate, although it is clear that synaptotagmin-1 (syt1) prevents spontaneous 

fusion by clamping the fusion machinery in a Ca2+-dependent manner (Chanaday and 

Kavalali, 2018b; Sudhof, 2013). Reducing syt1 levels (~90% reduction, Figure S5A-C) 

using a previously validated specific shRNA (syt1 knock down – KD –; see Key Resources 

Table) unclamped spontaneous release leading to a significant increase in mEPSC frequency 

(Figure 4A-B). Provoking ER Ca2+ depletion by TG perfusion could still reliably trigger 

spontaneous release in syt1 KD neurons, although the increase was partially occluded by the 

augmentation in baseline mEPSC frequency (Figure 4A-B). Another member of the 

synaptotagmin family, synaptotagmin-7 (syt7) is also abundant in hippocampal neurons. 

When we knocked down syt7 (~75% reduction in protein levels, Figure S5A-C) we observed 

complete blockade of the augmentation in spontaneous excitatory neurotransmission caused 

by ER Ca2+ depletion (Figure 4C). Moreover, there was a negative correlation between the 
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protein levels of syt7 and the increase in mEPSC frequency in syt7 KD group (Figure S5D). 

In syt1 KD neurons, when syt7 protein was also knocked down, the increase in mEPSC 

frequency during TG perfusion was also abolished (Figure 4D). Taken together, these results 

suggest that syt7 operates as the Ca2+ sensor mediating release in response to SOCE. This 

increase in spontaneous release depends on Ca2+ influx from the extracellular space since 

TG application in the absence of bath Ca2+ had no effect on mEPSC frequency or amplitude 

(Figure 4B), in accordance with our previous findings that CRAC channels and Ca2+ influx 

are necessary for SOCE regulation of excitatory spontaneous release.

Syt7 is a high-affinity Ca2+ sensor with slow kinetics for vesicle fusion, while syt1 is fast 

and has a lower Ca2+ affinity (Sugita et al., 2002). To understand the relevance of the 

presynaptic increase in Ca2+ triggered by SOCE in the context of the Ca2+ affinity of 

synaptotagmins, we performed live Ca2+ calibration and imaging experiments (Figure 4F-G, 

and see methods). Although GCaMP probes are not quantitative tools, changes in Ca2+ 

concentration can be estimated if a calibration curve is performed under the exact same 

experimental conditions (Figure S5E; and see Henderson et al., 2015). Using this approach, 

we estimated the increase in presynaptic Ca2+ concentration in control, syt7 KD and BTP2 

treated (CRAC blocker, 300 nM) rat hippocampal neurons (Figure 4F-G). In control and 

syt7 KD neurons, ~50% of synapses showed an increase in presynaptic Ca2+ levels >1μM 

(and in average 25% of synapses showed Ca2+ concentration >2μM; mean Ca2+ increase = 

[1.6 ± 0.1] μM; Figure 4G). Pretreatment with BTP2 blocked the increase in presynaptic 

Ca2+, with an average of only ~10% of synapses reaching concentrations above 2 μM (mean 

Ca2+ increase in BTP2 = [0.85 ± 0.05] μM Figure 4F-G). This result agrees with our 

previous finding of BTP2 blockade of TG-induced increase in mEPSC frequency (Figure 

3H-I). Syt7 Ca2+ affinity (EC50) was previously estimated to be ~1-2 μM, while syt1 affinity 

ranges ~10-20 μM (in chromaffin cells; Sugita et al., 2002). Thus, our estimation of SOCE-

mediated increase in presynaptic Ca2+ indicates that Ca2+ concentration increases to levels 

around or above syt7 affinity, but in most synapses this may not be sufficient to activate syt1, 

supporting the premise that syt7 is the main Ca2+ sensor mediating excitatory spontaneous 

release triggered by SOCE.

To further investigate if Ca2+ binding to syt7 is necessary for its role in SOCE-dependent 

augmentation of spontaneous release, we performed rescue experiments using a mutated 

form of syt7 that has key acidic residues for Ca2+ binding neutralized (syt7 5DA mutation; 

Figure 5A-B and Figure S5F-G) (Bacaj et al., 2015). Syt7 5DA mutant protein is thus 

incapable of binding Ca2+. While expression of wild-type (WT) shRNA-resistant syt7 fully 

rescued the syt7 KD phenotype (Figure 5C-E and G), syt7 5DA was unable to restore the 

SOCE-mediated increase in the frequency of mEPSC (Figure 5D-E and G). We also tested a 

recently described mutation in syt7 C2A domain, F167M/R231K (syt7 MK), that decreases 

syt7 affinity for phospholipids without affecting Ca2+ binding (Figure 5A-B and Figure S5F-

G) (Voleti et al., 2017). Syt7 MK showed an intermediate phenotype, with an average 25% 

increase in mEPSC frequency after TG perfusion (Figure 5E) and ~60% of neurons still 

responding to TG (Figure 5G). This intermediate effect might reflect a partial reduction in 

membrane affinity upon Ca2+ binding by syt7, when compared to the more dramatic impact 

of 5DA mutation. While 5DA mutation completely abolishes Ca2+ binding, MK mutation 

might only lower it to values slightly under or close to the Ca2+ influx caused by TG (as 
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shown in Figure 4F-G) thus providing a more “probabilistic” response to SOCE activation. 

As previously shown, syt7 couples the increase in presynaptic Ca2+ to spontaneous release 

without affecting Ca2+ influx itself, since SOCE-mediated increase in presynaptic Ca2+ was 

intact in syt7 KD neurons (Figure 4F-G). Taken together, our results show that Ca2+ binding 

to syt7 is necessary for the increase in spontaneous release after SOCE activation at 

excitatory synapses.

Intact Ca2+-binding sites are necessary for the clamping role of synaptotagmin-1 (Xu et al., 

2009), indicating that it may be able to sense Ca2+ fluctuations at rest and prevent those 

fluctuations to impact spontaneous neurotransmission (putatively through competing with 

secondary Ca2+ sensors, see Xu et al., 2009). Due to its lower Ca2+ affinity, STM2 has been 

proposed to respond to small Ca2+ fluctuations in resting neurons and trigger SOCE, 

putatively participating in homeostatic control of neuronal Ca2+ levels (Gruszczynska-

Biegala et al., 2011). Even though knocking out STIM2 had no effect on resting spontaneous 

excitatory neurotransmission (Figure 3C), removing STIM2 in neurons lacking syt1 rescued 

the classical syt1 phenotype, i.e. it reverted the increase in mEPSC frequency (dissociated 

mouse hippocampal neurons, Figure 6A-B and D). Accordingly, if syt1 KD neurons are 

pretreated with the CRAC inhibitor BTP2 (300 nM), resting mEPSC frequency was also 

considerably reduced (dissociated rat hippocampal neurons, Figure 6C-D). Both 

manipulations, STIM2 cKO and BTP2 treatment, blocked the increase in mEPSC frequency 

triggered by SOCE activation in syt1 KD neurons (Figure 6B-C and E), with no impact on 

mEPSC amplitude (Figure 6F). This surprising result indicates that syt1 normally tempers 

spontaneous release that might be caused by small Ca2+ fluctuations and SOCE activation 

under resting conditions, thus maintaining homeostatic levels of basal neurotransmission.

SOCE activation participates in the development of synaptic alterations during ER stress

The ER is the main intracellular store of Ca2+ and it participates in numerous signaling 

pathways. The ER is also the place where most of the proteins and lipids are synthesized, 

and protein folding check, modifications and transport start. Numerous neurodegenerative 

diseases involve aggregation of misfolded proteins and alterations in Ca2+ homeostasis, 

including Parkinson’s disease, Alzheimer’s disease, Huntington’s disease and prion disease 

(Pchitskaya et al., 2018; Popugaeva et al., 2018). These cellular abnormalities impact on ER 

function and lead to a process called ER stress, a pathway that initially restores ER 

metabolism but if activated for long periods it can lead to apoptosis. In neurons, chronic ER 

stress has been associated with the emergence of synaptic abnormalities and 

neurodegeneration (Hetz and Saxena, 2017; Pchitskaya et al., 2018). To investigate if 

presynaptic SOCE activation is involved in this pathological mechanism, we 

pharmacologically triggered ER stress in hippocampal neurons. Our group has previously 

shown that long term (24-72 h) treatment with tunicamycin (TM; a blocker of N-

glycosylation) or TG causes chronic ER stress in neurons leading to a dramatic increase in 

spontaneous neurotransmission and impairing N-methyl-D-aspartate (NMDA) receptor-

dependent postsynaptic plasticity responses (Nosyreva and Kavalali, 2010). Following the 

same experimental protocol, we incubated hippocampal neurons for 48h with either 5 μg/mL 

TM or 300 nM TG in the absence or presence of the SOCE blocker BTP2 (at 300 nM; 

Figure 7A-C). While induction of chronic ER stress with TG or TM led to a significant 
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increase in mEPSC frequency, but not amplitudes, abolishing Ca2+ influx trough CRAC 

channels with BTP2 partially reverted this phenotype (Figure 7B-C), indicating that SOCE 

activation may contribute to the alterations in neurotransmission observed during chronic ER 

stress. Since the Ca2+ sensor syt7 is the main molecule coupling SOCE to spontaneous 

release, we next assessed the effect of TM or TG in syt7 KD neurons (Figure 7A). Chronic 

ER stress had a reduced impact on spontaneous neurotransmission in neurons lacking syt7 

(Figure 7A-C), indicating that a pathway involving ER stress, SOCE and syt7 participates in 

the dysregulation of spontaneous neurotransmission at excitatory synapses.

How does SOCE contribute to ER stress and the resulting neuronal alterations? A simple 

hypothesis would be that ER stress results in Ca2+ depletion from the ER lumen, activating 

SOCE. SOCE in turn would lead to increased synaptic levels of Ca2+ triggering spontaneous 

release through syt7. To test this hypothesis, we measured relative Ca2+ levels in presynaptic 

boutons (Figure 7D-E). Both pharmacological treatments, TM and TG, caused an increase in 

presynaptic Ca2+ content (Figure 7D-E) and this was reverted by co-incubation with the 

CRAC blocker BTP2 (Figure 7D-E). These results suggest that SOCE links ER stress to 

increased spontaneous neurotransmission via upregulation of presynaptic Ca2+ levels. As 

previously shown, the effects on neurotransmitter release are likely not due to apoptosis 

since chronic ER stress only caused a ~10% increase in neuronal death, and this was not 

reverted by BTP2 treatment (Figure S6A-B) (Nosyreva and Kavalali, 2010).

If cell homeostasis is not restored, chronic ER stress initiates the apoptosis cascade by 

upregulating the C/EBP homologous protein (CHOP; Figure 7F) (Nosyreva and Kavalali, 

2010; Sano and Reed, 2013). The two pharmacological approaches used here, TG and TM, 

increased both the levels (Figure 7G) and the number of neurons (Figure 7H) expressing 

CHOP compared to control. Treatment with the SOCE-inhibitor BTP2 or knocking down 

syt7 could reduce, but not eliminate, the ER stress-mediated upregulation of CHOP (Figure 

7F-H). Another downstream effector upregulated by ER stress is the protein disulfide 

isomerase (PDI). While PDI has beneficial effects in maintaining proteostasis during acute 

ER stress, prolonged increase of PDI during chronic ER stress has been reported to be 

detrimental (Perri et al., 2016). In our setting, chronic ER stress led to an increase in PDI 

levels in neurons treated with TM and TG (Figure 8A-B). This increase in PDI was partially 

prevented by addition of BTP2 (300 nM) to the culture media or by knocking-down syt7 

(Figure 8A-B), indicating a protective role of SOCE/syt7 pathway blockade. One of the 

master regulators triggering several unfolded protein responses and ER stress related 

cascades is the ER resident binding immunoglobulin protein (BiP) (Pobre et al., 2018; Shah 

et al., 2015). BiP protein and its direct downstream effectors, IRE1α, PERK and ATF6, have 

all been found to be increased in neurodegenerative diseases, possibly as a protective 

response to the accumulation of misfolded proteins (although the positive or negative impact 

of this increase is still debated) (Hughes and Mallucci, 2019; Katayama et al., 2004; Shah et 

al., 2015). In dissociated hippocampal neurons, chronic ER stress caused an increase in BiP 

(Figure S6C-D) and IRα (Figure 8C-D) levels. This increase was not reverted by treating 

with BTP2 or knocking down syt7 (Figure 8C-D and Figure S6C-D). Taken together, our 

results indicate that downstream cascades activated by chronic ER stress can be exacerbated 

by SOCE activation, since blockade of CRAC or reduction of syt7 levels can partially revert 

the neurotransmission and molecular changes, but the upstream master signals triggering ER 
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stress response are not affected. Thus, SOCE may be a downstream pathway that participates 

and contributes, but does not per se cause, the neuronal dysfunctions resulting from chronic 

ER stress.

In conclusion, our results show that prolonged perturbations in ER Ca2+ levels or protein 

folding in hippocampal neurons leads to chronic ER stress. This chronic stress is coupled to 

SOCE. SOCE activation leads to a sustained increase in presynaptic Ca2+ content enhancing 

spontaneous excitatory neurotransmission via syt7. We propose that this increase in basal 

SOCE and glutamate release may contribute and exacerbate synaptic dysfunction associated 

with neurodegeneration.

Discussion

In this study, we used TG to acutely perturb ER luminal Ca2+ levels in hippocampal neurons 

and investigate the presence and the role of SOCE in presynaptic terminals. We found that 

SOCE, in a STIM2 and CRAC dependent manner, can transiently increase presynaptic Ca2+ 

levels leading to a robust augmentation of spontaneous release of neurotransmitters through 

the Ca2+ sensor syt7. This mechanism regulates primarily spontaneous neurotransmission, 

not evoked, and occurs exclusively at excitatory synapses, as inhibitory miniature currents 

were unaffected by these manipulations. Given that ER Ca2+ homeostasis has been 

implicated in numerous neurodegenerative diseases, we also explored the role of presynaptic 

SOCE in previously described ER stress-driven neuronal signaling. We found that 

pharmacological inhibition of SOCE, with the Orai antagonist BTP2, or abolishment of the 

SOCE-dependent increase in spontaneous neurotransmission through elimination of syt7, 

both partially reduce the alterations in neurotransmission and the activation of pro-apoptotic 

cascades in neurons after ER stress induction.

STIM proteins sense ER Ca2+ through a luminal EF-hand motif so that reductions in Ca2+ 

concentration trigger a conformational change leading to STIM oligomerization and 

accumulation at ER-plasma membrane junctions. At these junctions, STIM oligomers 

sequester and cluster plasma membrane Orai Ca2+ channels thus gating their opening 

(Soboloff et al., 2012). Since the discovery of SOCE pathway (Putney, 1990) and the 

corresponding Ca2+ current (Hoth and Penner, 1992), followed by the more recent discovery 

of STIM (Liou et al., 2005; Roos et al., 2005) and Orai proteins (Feske et al., 2006), SOCE 

has been implicated in the regulation of Ca2+ homeostasis and Ca2+ signaling in numerous 

cell types and organisms, participating in processes as diverse as the innate and adaptive 

immune responses, muscle contraction in lungs and heart, bone maturation and tumor 

malignancy (Soboloff et al., 2012). STIM and Orai proteins are also expressed throughout 

the nervous system and have been implicated in Ca2+ homeostasis in neurons (Wegierski and 

Kuznicki, 2018; Zhang and Hu, 2020).

The physiological role of SOCE in neurotransmission and neuronal homeostasis has only 

recently started to be uncovered. At the postsynaptic sites, neuronal SOCE provides Ca2+ 

signals that facilitate the maturation and stabilization of dendritic spines (Korkotian et al., 

2017; Sun et al., 2014; Zhang et al., 2015) and it may contribute to NMDA receptor and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor mediated signaling 
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(Baba et al., 2003; Garcia-Alvarez et al., 2015b; Gruszczynska-Biegala et al 2016) This 

modulation of dendritic signaling and morphology may be primarily driven by STIM2 and 

Orai1, and it positively regulates excitatory spontaneous neurotransmission, long-term 

potentiation and some types of hippocampal-dependent memory processes (Garcia-Alvarez 

et al., 2015a; Garcia-Alvarez et al., 2015b; Maneshi et al., 2020; Yap et al., 2017). 

Accordingly, we observed a small increase in mEPSC amplitude in STIM2 cKO neurons, 

supporting a role for STIM2 in postsynaptic levels and function of AMPARs. In addition, we 

show that STIM2 modulates presynaptic spontaneous glutamate release in response to 

SOCE, whereas STIM1 may impact resting presynaptic and postsynaptic properties, since 

both frequency and amplitude of mEPSCs are reduced in STIM1 KD neurons. 

Overexpression of STIM2 and Orai1 has only minor impact on basal (evoked) 

neurotransmission and behaviour in mice (interestingly, some sex-related differences were 

observed) (Maciąg et al., 2019; Majewski et al., 2020). This occurs without changes in basal 

neuronal Ca2+ levels or inhibitory neurotransmission, but with increased SOCE response and 

altered spontaneous excitatory neurotransmission, indicating that our findings agree with in 
vivo models. Postsynaptic effects of STIM1 and STIM2 seem to be opposite, since resting 

amplitudes of excitatory miniature events are decreased in STIM1 KD neurons and the 

opposite is observed in STIM2 KD neurons. In line with this notion of differential roles of 

STIM1 and 2, it was recently reported that STIM1 responds to calcium fluctuations during 

neuron development regulating dendritic maturation whereas STIM2 becomes prominent in 

adult cultured hippocampal neurons where it may mediate SOCE (Kushnireva et al., 2021) 

and impact on dendritic spine function and morphology as discussed above. Further research 

is necessary to elucidate the molecular underpinning and physiological significance of these 

differences. Presynaptically, STIM1 isoform has been proposed to be core modulatory 

component of the ER remodeling and Ca2+ signaling cascades involved in axonal growth 

and pathfinding during neuronal development (Mitchell et al., 2012; Pavez et al., 2019; Shim 

et al., 2013). More recently, STIM1 and ER Ca2+ content have also been implicated in the 

regulation of the probability of neurotransmitter release in hippocampal neurons (de Juan-

Sanz et al., 2017). Release of Ca2+ from the stores and depletion of Ca2+ from the stores 

with the subsequent opening of CRAC channels have both been shown to trigger 

spontaneous excitatory neurotransmitter release in hippocampal and cortical brain slices 

(Emptage et al., 2001; Simkus and Striker, 2002; but also see Carter et al., 2002). SOCE 

activation can also increase excitability in dorsal horn and dorsal root ganglion neurons (Dou 

et la., 2018; Wei et al., 2017). Inhibitory spontaneous neurotransmission, however, was 

shown to be impervious to SOCE activation, Ca2+ release from the ER (Lim et al., 2003) or 

changes in Orai protein levels (Maciąg et al., 2019). Our results corroborate and expand 

these findings, by showing that the selective SOCE modulation of excitatory 

neurotransmission is probably due to enrichment of STIM2 protein in glutamatergic 

synapses. We also uncover the mechanism coupling presynaptic SOCE with spontaneous 

release at excitatory hippocampal synapses, through the activation of STIM2 and CRAC. 

Due to its high Ca2+ affinity, STIM2 was previously proposed to activate SOCE in response 

to basal fluctuations in Ca2+ concentration (Gruszczynska-Biegala and Kuznicki, 2013). 

Based on our results, these fluctuations could lead to increases in spontaneous 

neurotransmission, but this is prevented by the clamping effect of syt1, thus maintaining 

basal homeostatic level of release. The importance of syt1-mediated clamping of 
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spontaneous release and the specific involvement of STIM2 is revealed by the occlusion, or 

apparent rescue, effect of knocking out STIM2 in syt1 KD neurons, which reduces the 

abnormally high frequency of spontaneous fusion classically observed in synapses lacking 

syt1.

When neuronal Ca2+ homeostasis is perturbed by reducing ER Ca2+ levels, the control of 

syt1 is surpassed and another Ca2+ sensor with higher affinity, syt7 is activated by the Ca2+ 

influx through SOCE and it triggers neurotransmitter release. Syt7 was previously shown to 

clamp spontaneous release, being able to revert the increased miniature frequency in syt1 

knock out neurons (Bacaj et al., 2013). Thus, our results show that similar to syt1, syt7 can 

have a dual role clamping and mediating spontaneous synaptic vesicle fusion (see Xu et al., 

2009). In the future, it would be interesting to explore and compare the role of STIMs and 

SOCE activation in other, non-hippocampal synaptic circuits with different intrinsic 

neurotransmission properties and endogenous levels of syt1 and syt7 (Iremonger and Bains, 

2007; Turecek and Regehr, 2019). Our results show that the extent of mEPSC frequency 

increase after SOCE activation correlates with the levels of syt7. Thus, we surmise that ER 

Ca2+ dynamics may be linked to release dynamically and differentially at synapses with 

varying levels of distinct synaptotagmin isoforms, and this variability in turn may lead to 

diverse plasticity and signaling properties with putative roles in different forms of memory 

and neuronal dysfunction. Accordingly, different forms of neurotransmission may be linked 

to different sources of Ca2+ (Courtney et al., 2018; Wen et al., 2013), indicating that our 

findings are only the beginning in understanding the role in ER-related Ca2+ signaling in 

neurotransmission.

Cytoplasmic and ER Ca2+ imbalances may result from prolonged high-frequency activity, 

excitotoxicity, ischemia or neurodegeneration (Bodalia et al., 2013; Power et al., 2005; 

Pozzo-Miller et al., 1997; Rusakov and Fine, 2003). For neurodegenerative disorders in 

particular, defects in postsynaptic Ca2+ homeostasis and SOCE regulation have been 

associated with the progression of neuronal deficits, including Huntington, Parkinson and 

Alzheimer’s diseases (Pchitskaya et al., 2018; Popugaeva et al., 2018) (also see Zhang and 

Hu, 2020 for a review on SOCE and brain pathologies). Moreover, activation of the SOCE 

pathway postsynaptically has been proposed as a potential target for preventing memory loss 

in Alzheimer’s disease (Sun et al., 2014; Zhang et al., 2015). ER stress due to unfolded 

proteins accumulation and Ca2+ dysregulation is a common component of these 

neurodegenerative diseases. In our experiments we could show that pharmacological 

induction of chronic ER stress, either through an unfolded protein response (using TM) or 

through prolonged ER Ca2+ depletion (using TG), leads to activation of the unfolded protein 

response and pro-apoptotic cascades in neurons, as revealed by BiP, IRE1α, PDI and CHOP 

upregulation, and increases basal presynaptic Ca2+ levels and spontaneous excitatory 

neurotransmission (also see Nosyreva and Kavalali, 2010). In the adult nervous system, the 

levels of spontaneous neurotransmission modulate network excitability, signaling and 

different forms of plasticity (Kavalali, 2015). In consequence, the sustained increase in 

spontaneous glutamate release observed during chronic ER stress may have a critical impact 

in network firing properties and information processing, contributing to the deterioration of 

neural circuits. A recent report found increased axonal Ca2+ waves and augmented 

spontaneous glutamate release in a mouse model of Huntington’s disease, proposing 
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presynaptic release properties as a relevant component in the etiology of neurotransmission 

deficits (Mackay et al., 2020). Accordingly, blocking postsynaptic NMDA receptors reverts 

the increase in ER stress related signaling molecules and in excitatory neurotransmission 

(using the same chronic ER stress model used here; Nosyreva and Kavalali, 2010), 

indicating that defects in glutamatergic neurotransmission can propagate through the 

neuronal network via spontaneous neurotransmission. Taken together with our results, this 

earlier finding indicates that presynaptic increase in SOCE leads to accumulation of Ca2+ in 

the terminal and augments glutamate release via syt7 leading to activation of postsynaptic 

glutamate receptors and exacerbation of deficits in the downstream neurons. The pathway 

that we uncovered plays a central role, linking ER stress to presynaptic STIM2/Orai 

activation, increase in presynaptic Ca2+ levels and syt7-mediated increase in spontaneous 

neurotransmission. Blockade of this pathway, either through inhibiting SOCE or its 

downstream effector syt7, partially ameliorates the harmful impact of chronic ER stress in 

neuronal survival and neurotransmission. This neuroprotective effect of SOCE/STIM2 

elimination was also observed during ischemia, where SOCE reduction via knocking-out 

STIM2 reduces Ca2+ accumulation in neurons and increases neuron survival both in vitro 
and in vivo (Berna-Erro et al., 2009). Interestingly, under these conditions elimination of 

STIM1 had no effect.

In conclusion, our results reveal a previously uncharacterized presynaptic SOCE pathway 

that regulates spontaneous neurotransmission at excitatory synapses. These findings also 

implicate presynaptic STIM2/Orai/syt7 as a contributing mechanism in the progression of 

synaptic and neuronal deficits upon chronic ER stress. These results provide new insight into 

presynaptic mechanisms linking intercellular Ca2+ stores to neurotransmitter release that 

may play a role in neurodegenerative disorders.

STAR Methods.

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Ege T. Kavalali, Department of 

Pharmacology, Vanderbilt University, Nashville, TN 37240-7933, USA. Phone: 

615-343-5480 ege.kavalali@vanderbilt.edu

Material Availability—All plasmids used in the present manuscript are available for 

sharing via request to Ege T. Kavalali (ege.kavalali@vanderbilt.edu) or Natali L. Chanaday 

(natali.chanaday@vanderbilt.edu).

Data and Code Availability—This study did not generate any unique code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary mouse and rat hippocampal cultures—Dissociated hippocampal cultures 

from postnatal day 2-3 Sprague-Dawley rats of both sexes were used for all the experiments. 

To prepare STIM2 cKO cultures, postnatal day 0-1 STIM2 fl/fl C57BL/6 mice of both sexes 

were used.
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All experiments were performed following protocols approved by the UT Southwestern 

Institutional Animal Care and Use Committee and the Vanderbilt University Medical Center 

Institutional Animal Care and Use Committee.

Sample size estimation—The approach we used for this research is hypothesis free, we 

did not have prior knowledge of the type of result or values we were going to obtain or of 

the magnitude of the effect of the tested treatments or genetic manipulations. For that reason, 

prior statistical power analysis and sample-size estimation was not possible. Nevertheless, 

the number of experiments and samples needed can be inferred from previous, similar 

experiments performed in our lab, using the same type of cultures. Assuming the 

reproducibility of experimental conditions and settings, we estimated that a minimum of 2 

independent cultures with 2 coverslips for fluorescence experiments (with ~50-100 

presynaptic boutons per coverslip analyzed) or 3 independent cultures with 3 coverslips for 

electrophysiology experiments (1 whole cell recordings per coverslip) per experimental 

group was enough for significance testing and finding the presence or absence of differences 

or tendencies among groups. Based on the variances and tendencies observed, in some cases 

the addition of extra experiments was decided.

Experimental groups were pre-designed based on the treatment (e.g. treated vs untreated 

control or knock-down/mutated vs WT control). All experimental groups for each particular 

data set were present in each experiment and measured in a random order under the exact 

same conditions (i.e. buffers, solutions, drugs and other reagents as well as temperature, 

culture age and other conditions were the same for all samples).

METHOD DETAILS

Dissociated hippocampal cultures—Postnatal day 2-4 Sprague-Dawley rats or 

postnatal day 0-1 STIM2 fl/fl C57BL/6 mice were used for the experiments. Both 

hippocampi were dissected in sterile conditions and posteriorly dissociated using 10 mg/ml 

trypsin and 0.5 mg/ml DNAase for 10 min at 37°C. After careful trituration using a P1000 

pipette, cells were resuspended to a concentration of 1 pup per 12 coverslips and plated onto 

12 mm coverslip coated with 1:50 MEM:Matrigel solution. Basic growth medium consisted 

of MEM medium (no phenol red), 5 g/l D-glucose, 0.2 g/l NaHCO3, 100 mg/l transferrin, 

5% of fetal bovine serum, 0.5 mM L-glutamine, 2% B-27 supplement, and 2–4 μM cytosine 

arabinoside. Cultures were kept in humidified incubators at 37°C and gassed with 95% air 

and 5% CO2.

Acute hippocampal slices—P50-P60 mice of both sexes were sacrificed, brains were 

immersed in a 95% O2 / 5% CO2 aerated ice-cold NMDG-HEPES cutting solution including 

(in mM): 92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 

thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2-2H2O, and 10 MgSO4-7H2O, titrated 

pH to 7.3–7.4 with 17 mL +/− 0.5 mL of 5 M hydrochloric acid and 300 μm thick fresh 

coronal slices containing the hippocampus were obtained with vibratome and transferred to 

95% O2 / 5% CO2 aerated artificial cerebrospinal fluid (aCSF) containing (in mM): 119 

NaCl, 25 NaHCO3, 11 dextrose, 2.5 KCl, 1.25 MgCl2, 2 CaCl2 and 1.25 NaH2PO4. The 

sections were incubated in this solution for approximately 45 minutes in the room 
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temperature and then, placed in the recording chamber. Recording solution also contained 

TTX (1μM) and GABAA blocker (PTX 10 μM) to isolate mEPSCs.

Whole-cell voltage clamp recordings were performed on CA1 pyramidal neurons using 

electrodes with 4-5 MΩ tip resistances with pipette solution containing (in mM): 125 CsCl, 5 

NaCl, 10 HEPES, 0.6 EGTA, 4 Mg-ATP, 0.3 Na2GTP, 10 lidocaine N-ethyl bromide 

(QX-314), pH 7.35 and 290 mOsm l-1. The holding potential for voltage clamp recordings 

was −70 mV. MultiClamp 700B Amplifier (Molecular Devices, San Jose, CA) and Axon™ 

pCLAMP™ 11 software (Molecular Devices, San Jose, CA) were used to obtain and 

analyze data. For recordings, following whole cell voltage clamp, CA1 pyramidal neurons 

were recorded for 1.5 minutes for baseline activity in 2 mM Ca2+, bath solution was then 

rapidly replaced with 0 mM Ca2+ using fast perfusion for 1 minute followed by 2 mM Ca2+ 

with 1 μM TG for 10 minutes.

Pharmacological treatments—The SOCE inhibitors BTP2 and SKF 96365 (at 300 nM 

and 30 μM concentration, respectively) were preincubated in the culture media for 45 min 

before the experiments, and they were also present in all the bath solutions. For induction of 

chronic ER stress, sterile solutions of TG and TM (at 300 nM and 5 μg/mL final 

concentration, respectively) were added to the culture media and incubated for 48 h. For all 

drugs, stock solutions were used up to 6 months after preparation and aliquoted into small 

volumes (to avoid repeated freeze and thaw). Working solutions were prepared freshly 

before each experiment.

Cloning—Previously described point mutations on syt7 (Bacaj et al., 2015; Voleti et al., 

2017) were generated using classic PCR techniques. Rat syt7 cDNA sequence was used 

(U20106) and silent point mutations were performed in the region recognized by the shRNA 

to render it shRNA-resistant (described in detail in Bacaj et al., 2013). All constructs were 

subcloned into pFU-GW lentiviral vector from Addgene (plasmid # 14883). shRNAs 

targeting STIM1 and STIM2 were subcloned into L307 vector from Dr. Thomas C. Sudhof 

laboratory.

Lentiviral infection—The VGluT1-pHluorin construct was a gift from Drs. R.H. Edwards 

and S.M. Voglmaier (University of California, San Francisco) (Voglmaier et al., 2006). 

shRNA against synaptotagmin-1 and synaptotagmin-7 inserted in L307 plasmid were a gift 

from Dr. Thomas Südhof (Stanford University) (Xu et al., 2012, Bacaj et al., 2013). 

Previously used sequences of the Cre recombinase and GFP were inserted into lentiviral 

FUGW vector (see Lin et al., 2018). Lentiviruses were produced in HEK293T cells by 

contransfection of pFUGW transfer vectors and 3 packaging plasmids (pCMV-VSV-G, 

pMDLg/pRRE, pRSV-Rev) using Fugene 6 transfection reagent. The supernatants of the 

cultures were collected 72 hours after the transfection and clarified by centrifugation (2500 

rpm 15 min), and subsequently used for infection of DIV 4 hippocampal neurons. All 

experiments were performed on 18–20 DIV cultures when synapses were mature and 

lentiviral expression of constructs of interest was optimal (Mozhayeva et al., 2002; Deak et 

al., 2006). All experiments were performed following protocols approved by the UT 

Southwestern Institutional Animal Care and Use Committee and the Vanderbilt University 

Medical Center Institutional Animal Care and Use Committee.
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Electrophysiology (neuron cultures)—Cultured pyramidal neurons at 16 to 20 DIV 

were used for whole cell recordings at a clamped voltage of −70 mV by means of Axopatch 

200B and Clampex 8.0 software (Molecular Devices), filtering at 1 kHz and sampling at 5 

kHz. Only experiments with access resistance 5–20 MΩ were considered for analysis. All 

recordings were performed at room temperature. The cells were visualized using a Nikon 

DIAPHOT 200 microscope. The internal pipette solution contained 115 mM CsMeSO3, 10 

mM CsCl, 5 mM NaCl, 10 mM HEPES, 0.6 mM EGTA, 20 mM tetraethylammonium 

chloride, 4 mM Mg-ATP, 0.3 mM Na2GTP and 10 mM QX-314 (lidocaine N-ethyl 

bromide). The final solution was adjusted to pH 7.3 and 305-310 mOsM. Final resistance of 

the electrode tips was ~ 2-5 MΩ. For all experiments, the extracellular solution was a 

modified Tyrode’s solution containing 150 mM NaCl, 4 mM KCl, 10 mM glucose, 10 mM 

HEPES and 2 mM MgCl2, adjusted to pH 7.4 and 315-320 mOsM. To isolate inhibitory 

postsynaptic currents, agonists of ionotropic glutamate receptors were added: 10 μM 6-

cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 50 μM aminophosphonopentanoic acid 

(AP-5). To isolate excitatory currents (AMPA-mediated) 50 μM AP-5 and 50 μM picrotoxin 

(PTX, ionotropic GABA receptor inhibitor) were added to the bath solution. To elicit evoked 

responses, electrical stimulation was delivered through parallel platinum electrodes with a 

constant current unit (WPI A385) set at 35 mA. Spontaneous activity (mIPSCs and 

mEPSCs) were recorded with the addition of 1 μM TTX. For detection, a threshold of 8 pA 

in amplitude (rise/decay time <5ms/20ms; peak area>25μs*pA) was used for mESPC and 12 

pA (rise/decay time <10ms/40ms; peak area>50μs*pA) for mIPSC. Analysis was performed 

with MiniAnalysis.

Western blotting—Western blots were performed as described in Nosyreva and Kavalali 

(2010). Primary antibody dilutions: anti-GDI 1:2000, anti-GAPDH 1:20000, anti-syt7 1:500, 

anti-syt1 1:1000, anti-STIM1 1:1000, anti-STIM2 1:1000, anti-IRE1α 1:500. 

Immunoreactive bands were visualized by near-infrared fluorescence using an Odyssey 

scanner (LI-COR) and analyzed using GelAnalyzer2010 software. Protein levels were 

normalized to GDI or GAPDH loading controls. Syt1, syt7 and STIM2 antibodies were 

checked by our laboratory using respective KD samples (they were also validated previously 

by others, see references in Key Resources Table). When possible, we purchase only KO-

validated antibodies by the corresponding company.

Immunofluorescence and colocalization—Neuron cultures were fixed for 15 min in 

PBS containing 1% para-formaldehyde (PFA) and 7.5% sucrose. Posteriorly, coverslips were 

incubated for 15 min in 50 mM glycine in PBS to reduce autofluorescence and 

permeabilized for 10 min using 0.0075% digitonin in PBS. Samples were blocked with 1% 

bovine serum albumin (BSA), 3% goat serum and 0.2% fish gelatin in PBS for 1 h at room 

temperature. Antibodies were diluted in blocking buffer and incubated over-night at 4 °C in 

a humid chamber. Antibodies against MAP2, Syn1, BiP and CHOP were used at 1:1000 

dilution, anti-Tau and anti-PDI at 1:500, anti-PSD95 at 1:100, and anti-STIM2 was used at 

1:50 dilution. Alexa conjugated secondary antibodies (1:1000) were used to label the cells 

and then coverslips were imaged using an LSM 510 META confocal microscope (Carl 

Zeiss) with a 63X (NA1.4) objective. Z-stack images were acquired every 500 nm, with 1 

μM optical z-section. Object-based colocalization was analyzed using Fiji (NIH). Basically, 
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to generate the 3D objects images were background subtracted (Rolling ball of 100 px), 

thresholded (using Moments method), binarized and segmented (based on shape and size). 

Objects were detected using the 3D object counter feature in Fiji. For colocalization, binary 

images of each channel (color) were multiplied, and objects in the resulting image (i.e. 

colocalizing regions only) were compared to the original channels. Positive colocalization 

was defined as an overlap of more than 50 voxels of two colors in the same object 

(calibration: 1 voxel = 0.143 × 0.143 × 1 μm). This was performed in an automated fashion 

using a custom made macro for Fiji. The detection parameters were adjusted using a positive 

control with 100% colocalization (synasin-1 and synaptobrevin-2 immunolabeling), and a 

negative control with little colocalization (VGluT1 and VGAT immunolabeling). For 2-color 

2D-STED the same labeling protocol was used, and images were taken using a STEDYCON 

microscope (Aberior Instruments) and NIS-Elements software for deconvolution (Nikon 

Instruments). Individual presynaptic boutons were selected and analyzed using Fiji (NIH).

Fluorescence live imaging—Cultured hippocampal neurons at 18–20 DIV infected with 

either Sy2-GCaMP6s, ER-GCaMP6-150 or VGluT1-pHluorin were used for the imaging 

experiments. The modified Tyrode’s buffer from above containing 0 or 2 mM Ca2+ was used 

with 1 μM TTX. Fluorescence was recorded using a Nikon Eclipse TE2000-U microscope 

(Nikon) and an Andor iXon+ back-illuminated EMCCD camera (Model no. DU-897E-CSO-

#BV). For illumination we used a Lambda-DG4 illumination system (Sutter instruments) 

with a FITC emission filter. Images were acquired at 10 Hz and only for pHluorin 

experiments binning of 4 by 4 was used to optimize the signal-to-noise ratio. Maximal 

fluorescence signal was detected by perfusing 90 mM KCl or 500 μM ionomycin for Syb2-

GCaMP6s and ER-GCaMP6-150, or 50 mM NH4Cl for VGluT1-pHluorin, and it was also 

used to draw the regions of interest (ROI) around presynaptic boutons and/or neuron cell 

bodies. Images were analyzed using Fiji (NIH) and spontaneous fusion of synaptic vesicles 

was analyzed using a Matlab script previously described (Chanaday and Kavalali, 2018a).

Calibration of syb2-GCaMP6s—Cultured hippocampal neurons at 18–20 DIV infected 

with Sy2-GCaMP6s were placed in a recording chamber containing the modified Tyrode’s 

solution mentioned above. The calibration in live neurons was performed based on a 

previous method (Henderson et al., 2015), with modifications. Microscope settings were 

similar as described above. Baseline was recorded for 2 min in Tyrode’s buffer containing 2 

mM Ca2+ (this is F0). Then, the following solutions, prepared in Ca2+-free Tyrode’s 

containing TTX, were sequentially perfused in ascending order of Ca2+ concentration: 0 

mM Ca2+ + 200 μM EGTA, 0.1 μM Ca2+, 0.3 μM Ca2+, 0.6 μM Ca2+, 1 μM Ca2+, 10 μM 

Ca2+, 100 μM Ca2+, 250 μM Ca2+, 500 μM Ca2+. All these solutions also contained diluted 

Ca2+ ionophores: 20 μM A23187 and 10 μM ionomycin. Ionophores concentration was set 

to be low enough to preserve cell viability while still producing quick Ca2+ exchange. 3 min 

of incubation was allowed in between each perfusion, to reach Ca2+ equilibrium, and then 

fluorescence was recorded for 1 min (all recordings in each coverslip were captured from the 

exact same field, so individual presynaptic boutons could be tracked). We observed a loss of 

cell viability for Ca2+ solutions above 250 μM, so data points from 0 to 100 μM Ca2+ were 

used for the standard curve. The mean fluorescence at each Ca2+ concentration was 

normalized to baseline fluorescence (F/F0). F/F0 was then plotted as a function of the 
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logarithm (base 10) of Ca2+ concentration (in μM) and fitted with a line. Using the same set 

of cultures, and in the same day, the live imaging experiments testing TG were performed, 

and the amplitude of the signal in each presynaptic bouton (calculated as ΔF/F0) was 

interpolated to the standard curve and Ca2+ concentration was estimated.

Cell viability assay—LIVE/DEAD kit (Molecular Probes) was used following the 

manufacturer instructions. Briefly, hippocampal cultures were incubated with 6 μM ethidium 

homodimer-1 and 2 μM calcein-AM in modified Tyrode’s buffer for 45 min at room 

temperature and imaged using an LSM 510 META confocal microscope (Carl Zeiss) with a 

40X objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

Detailed statistical information for each experiment is provided in the figure legends. 

Briefly, the Kolmogorov–Smirnov (K-S) test was used to determine differences in 

cumulative probability histograms when comparing 2 groups, for 3 or more groups 

histograms were compared using Kruskal-Wallis analysis of medians and Dunn’s multiple 

comparison post-test. For parametrically-distributed data, t-test and one-way or two-way 

ANOVA with appropriate multiple comparison post-tests (Dunnet, Sidak or Tukey) were 

employed, depending on the number of groups and treatments. Detailed N, mean and SEM 

for each group and experiment, along with p-values are informed in Table 1. Violin plots 

show the full distribution of all experimental data, central dashed line shows the mean value. 

Bar graphs show mean ± SEM. Effort was directed to minimize the number of animals used 

for the experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• SOCE can potentiate excitatory spontaneous neurotransmission

• SOCE is mediated by STIM2 and drives neurotransmitter release through syt7

• Syt1 clamps SOCE-mediated spontaneous release

• SOCE/syt7 pathway participates in propagation of ER stress-related neuronal 

damage
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Figure 1. Ca2+ depletion from the ER augments spontaneous neurotransmission at excitatory 
synapses.
A. Three example traces (bottom of each pair) and 5 s moving averages of frequency (top of 

each pair) of mEPSC recorded from pyramidal hippocampal neurons. The same cell was 

continuously recorded while sequentially perfusing three different external solutions 

containing: 2 mM Ca2+ (2 min), 0 mM Ca2+ (1 min) and 2 mM Ca2+ with 1 μM TG (10 

min). Dash line: average mEPSC frequency value of baseline (2 mM Ca2+). Insets show a 1 

s window at the time points marked by red arrows.

B. 5 s moving averages of mEPSC frequency for all the experiments performed.

C. Time course of average ± SEM of normalized to baseline mEPSC frequency.

D. Percentage of patched neurons showing a positive increase in mEPSC frequency upon TG 

perfusion. For each recording, a positive effect was defined as: (Norm.freqTG-SDTG) > 

(Norm, freqbaseline + SDbaseline)

E-F. Cumulative histogram and violin plots of normalized mEPSC frequency.

G. Violin plot of mEPSC amplitude.
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Figure 2. STIM2 is present at hippocampal presynaptic terminals.
A. Representative confocal images showing immunofluorescence staining of the presynaptic 

marker synapsin-1 (Syn1, green), the axonal marker Tau (blue) and STIM2 (red). White 

calibration bar for images in the right = 10 μm. White calibration bars for zoomed-in images 

of synapses on the left = 1 μm.

B. Detailed view of two example presynaptic boutons (top images) and line scans of 

intensity for each color (bottom). Observe the high degree of spatial co-localization of 

STIM2 with presynaptic markers.

C. 3D object-based co-localization analysis of syn1 positive boutons with STIM2 (count of 

number of syn1 objects containing STIM2 signal, expressed as percentage).
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D. 3D volume analysis of STIM2 signal and the level of colocalization with Tau (to show the 

proportion of total neuronal STIM2 localized to axons).

For C and D: data obtained from 2 independent cultures, 2 coverslips, 13 images.

E. Representative confocal images showing immunofluorescence staining of the 

postsynaptic marker PSD95 (green), the dendrite marker MAP2 (blue) and STIM2 (red). 

White calibration bars = 5 μm.

F. 3D object-based co-localization analysis of PSD95 positive boutons with STIM2 (count 

of number of PSD95 objects containing STIM2 signal, expressed as percentage).

G. 3D volume analysis of STIM2 signal and the level of colocalization with MAP2 (to show 

the proportion of total neuronal STIM2 localized to dendrites).

For F and G: data obtained from 2 independent cultures, 2 coverslips, 13 images.

H. Representative confocal images showing immunofluorescence staining of STIM2 (red) 

and the glutamatergic or GABAergic markers VGluT1 (top, green) or VGAT (bootom, 

green), respectively. White calibration bars = 3 μm.

I. 3D object-based co-localization analysis of VGluT1 or VGAT positive boutons with 

STIM2 (count of number of VGluT1/VGAT objects containing STIM2 signal, expressed as 

percentage). Data from 2 coverslips, 14 images per group

J-K. 2-D STED images of individual synapses in control (unstimulated) and TG treated (1 

μM, 5 min) conditions. Blue: synapsin-1 (confocal); green: Bassoon (STED); red: STIM2 

(STED). White calibration bars = 1 μm.

L. Rank plot of number of STIM2 puncta per Syn1 area [N/μm2 ] in control or TG versus 

control. P-value of the shift was obtained using ROC logistic analysis (3 coverslips per 

group, 2 cultures).

M. Cumulative histogram of distance to AZ of STIM2 puncta. Red: distance value at 50%. 

Inset: Violin plot.
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Figure 3. STIM2 and Orai are necessary for the ER Ca2+ depletion-mediated augmentation of 
excitatory spontaneous neurotransmission.
A. Example traces and 5 s moving averages of frequency of mEPSC recorded from wild 

type (control) and STIM2 cKO neurons (same experimental design as Figure 1A).

B. Time course of average ± SEM of mEPSC frequency normalized to baseline. Inset (top): 

Violin plot of mEPSC amplitude. Inset (bottom): Percentage of patched STIM2 cKO 

neurons showing a positive increase in mEPSC frequency upon TG perfusion.

C. Left: Cumulative histogram and violin plot (inset) of baseline mEPSC frequency. Right: 

Cumulative histogram and violin plot (inset) of mEPSC frequency during TG perfusion, 

normalized to baseline

D. Top: schematic representation of the presynaptic Ca2+ sensor syb2-GCaMP6s. Bottom: 

representative image of syb2-GCaMP6s showing presynaptic boutons stimulated with 90 

mM KCl. White calibration bar = 5 μm.
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E. Average syb2-GCaMP6s fluorescence traces for control (top, black-grey) and STIM2 

cKO (bottom, blue) neurons. The same region was monitored for 1 min in extracellular 

solution containing 0 mM Ca2+ and then 2 mM Ca2+ with or without 1 μM TG was 

perfused. 90 mM KCl was perfused at the end of each experiment as a positive control.

F. Total area (integrated fluorescence) of the Ca2+ signal measured after perfusion of 2 mM 

Ca2+ with or without TG for each experimental group.

G. Initial rate of fluorescence increase (slope) after perfusion of 2 mM Ca2+ with or without 

TG for each experimental group.

H. Time course of average ± SEM of mEPSC frequency normalized to baseline in control 

neurons and treated with SKF 96365 (orange circles; 30 μM) or BTP2/YM 58483 (purple 

circles; 300 nM).

I. Left: Cumulative histogram and violin plot (inset) of mEPSC frequency during TG 

perfusion, normalized to baseline. Right: Percentage of patched neurons pretreated with the 

SOCE blockers that showed a positive increase in mEPSC frequency upon TG perfusion.

J. Violin plot of mEPSC amplitude.
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Figure 4. The Ca2+ sensor synaptotagmin-7 mediates the SOCE-dependent augmentation of 
spontaneous excitatory neurotransmission.
A. Example traces and 5 s moving averages of frequency of mEPSC recorded from syt1 KD 

(top) and syt7 KD (middle) neurons following the experimental design shown in Figure 1A. 

Using wild type (control) neurons, another set of experiments were performed perfusing TG 

in the absence (0 mM) of extracellular Ca2+ (bottom trace and average frequency).

B-C. Left: Time courses of average ± SEM mEPSC frequency normalized to baseline for 

control, syt1 KD, syt7 KD, syt1/7 DKD and TG in 0 mM Ca2+ experimental groups. Right: 

Violin plots of normalized mEPSC frequency.

D. Violin plot of baseline (2 mM Ca2+) mEPSC frequency.

E. Violin plots of mEPSC amplitude for control, syt1 KD, syt7 KD, syt1/7 DKD and TG in 

0 mM Ca2+ experimental groups.
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F. Top: Representative image of syb2-GCaMP6s showing presynaptic boutons. White 

calibration bar = 2 μm. Bottom: Average syb2-GCaMP6s fluorescence traces for control 

(black line), syt7 KD (orange line) and BTP2 pretreated (purple line) neurons.

G. Cumulative histogram of maximal presynaptic Ca2+ signal reached after TG perfusion 

(i.e. peak amplitude converted to concentration, see Methods). Inset: Violin plot of Ca2+ 

concentration for synapses with increases above 2 μM after TG perfusion (corresponding to 

grey shaded area in histogram).
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Figure 5. Ca2+ binding to synaptotagmin-7 mediates release of neurotransmitter after SOCE 
activation.
A. Schematic representation of syt7 structure and domains, showing the mutations 

performed in this work.

B. Detailed representation of the first Ca2+ binding domain (C2A) of syt7 and the mutation 

sites.

C. Example traces and 5 s moving averages of frequency of mEPSC recorded from syt7 KD 

neurons rescued with the full-length wild type (WT) syt7 protein (top), the 5DA mutant for 

of syt7 (middle) or the MK mutant (bottom); following the same experimental design as in 

Figure 1A.

D. Time course of average mEPSC frequency normalized to baseline, for syt7 KD and the 

rescue experiments with syt7 WT, syt7 5DA and syt7 MK.

E. Violin plot of normalized mEPSC frequency during TG perfusion.

F. Violin plot of mEPSC amplitude for syt7 KD neurons and syt7 KD with syt7 WT, syt7 

5DA or syt7 MK.
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G. Percentage of patched syt7 KD neurons and the rescue groups (WT, 5DA, MK) 

presenting an increase in mEPSC frequency upon TG perfusion.
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Figure 6. Synaptotagmin-1 clamps SOCE-driven spontaneous release.
A. Example traces and 5 s moving averages of frequency of mEPSC recorded from neurons 

deficient in syt1 (top) or depleted of both STIM2 and syt1 proteins (bottom; same 

experimental design as in Figure 1A).

B-C. Time courses of average mEPSC frequency normalized to baseline, for hippocampal 

dissociated neurons from mice (syt1 KD and syt1 KD + STIM2 cKO) from rats (syt1 KD 

and syt1 KD + BTP2). Insets: Percentage of patched neurons with a significant increase in 

mEPSC frequency upon TG perfusion (in syt1 KD plus either STIM2 cKO or BTP2).

D-F. Violin plots of baseline frequency (2 mM Ca2+), normalized frequency during TG 

perfusion and amplitude of mEPSC for mouse (syt1 KD and syt1 KD + STIM2 cKO) and rat 

(syt1 KD and syt1 KD + BTP2) hippocampal neurons.
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Figure 7. Upregulation of spontaneous neurotransmission and pro-apoptotic factors during 
chronic ER stress is mediated by SOCE and syt7.
A. Representative mEPSC recordings from each experimental group.

B-C. Violin plot of mEPSC frequency and amplitude for each experimental group. TG (300 

nM), TM (5 μg/mL) and BTP2 (300 nM) were incubated in the culture media for 48h. 

Dashed line: average value of control group.

D. Representative fluorescence images of the presynaptic Ca2+ sensing probe, Syb2-

GCaMP6s in control neurons and treated for 48 h with either TG or TM, in the presence or 

absence of BTP2. White calibration bar = 2 μm.

E. Syb2-GCaMP6s fluorescence intensity (ΔF) normalized to maximal ionomycin response 

for untreated (control) and 48 h treated groups (TM or TG with or without BTP2).

F. Representative images of neurons stained against MAP2 (red) and CHOP (green) for 

control (untreated) and neurons treated with TG or TM in combination with BTP2 or syt7 

KD. White calibration bar = 10 μm.

G-H. Integrated fluorescence intensity per cell and number of CHOP positive neurons 

(presented as percentage) per image. Neuron segmentation was performed using the 
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binarized 3D MAP2 images, then the presence and intensity of CHOP fluorescence inside 

each 3D object (i.e. neuron) was quantified. Threshold to detect CHOP positive cells was 

defined using a negative control (cultures stained with secondary antibody only).
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Figure 8. SOCE blockade or syt7 depletion can revert increased PDI levels but not BiP and 
IRE1α upregulation in chronic ER stress.
A. Representative confocal images of immunofluorescently labeled PDI (red) and MAP2 

(green) in dissociated hippocampal neurons after 48 h incubation with TG or TM (with or 

without BTP2) to induce ER stress, in control or syt7 KD neurons. White scale bars = 20 

μm.

B. Average PDI fluorescence per neuron in control, syt7 KD, TG and TM, with or without 

BTP2, treated groups. 3D images of MAP2 were binarized and segmented, then PDI 

fluorescence was measured inside each MAP2-positive object (i.e. neurons).

C. Example Western blot image from one representative experiment. Top: IRE1μ (130 KDa). 

Bottom: GAPDH (loading control). ER stress was induced by incubation with TG or TM for 

48 h in control, BTP2 treated or syt7 KD dissociated hippocampal neurons.

D. Quantification of IRE1μ levels (normalized to GAPDH and relativized to control).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea pig polyclonal anti-Tau Synaptic Systems Cat# 314 004, RRID:AB_1547385

Guinea pig polyclonal anti-MAP2 Synaptic Systems Cat# 188 004, RRID:AB_2138181

Mouse monoclonal anti-Synapsin 1 Synaptic Systems Cat# 106 011, RRID:AB_2619772

Rabbit polyclonal anti-Synapsin1 Synaptic Systems Cat# 106 103, RRID:AB_11042000

Mouse monoclonal anti-PSD95 Synaptic Systems Cat# 124 011, RRID:AB_10804286

Mouse monoclonal anti-Rab-GDI1 Synaptic Systems Cat# 130 011, RRID:AB_1966443

Rabbit monoclonal anti-GAPDH Cell Signaling Cat# 2118, RRID:AB_561053

Rabbit polyclonal anti-Synaptotagmin 7 Synaptic Systems Cat# 105 173, RRID:AB_887838

Mouse monoclonal anti-Synaptotagmin 1 Synaptic Systems Cat# 105 011, RRID:AB_887832

Mouse monoclonal anti-CHOP (L63F7) Cell Signaling Cat# 2895, RRID:AB_2089254

Rabbit polyclonal anti-STIM2 Cell Signaling Cat# 4917, RRID:AB_2198021

Rabbit monoclonal anti-STIM1 (D88E10) Cell Signaling Cat# 5668, RRID:AB_10828699

anti IRE1α (14C10) - Rabbit monoclonal Cell Signaling Cat# 3294, RRID:AB_823545

anti PDI (C81H6) - Rabbit monoclonal Cell Signaling Cat# 3501, RRID:AB_2156433

anti GRP78 BiP - Rabbit polyclonal Abcam Cat# ab21685, RRID:AB_2119834

anti Basoon - Guinea pig polyclonal Synaptic Systems Cat# 141 004, RRID:AB_2290619

anti VGLUT1 - guinea pig antiserum Synaptic Systems Cat# 135 304, RRID:AB_887878

anti VGAT - guinea pig antiserum Synaptic Systems Cat# 131 004, RRID:AB_887873

Chemicals, Peptides, and Recombinant Proteins

Tunicamycin from Streptomyces sp. Sigma-Aldrich Catalog # T7765-1MG

Thapsigargin Sigma-Aldrich Catalog # T9033-5MG

BTP2 Sigma-Aldrich Catalog # 203890-5MG

SKF 96365 Tocris Catalog # 1147

D(−)-2-Amino-5-phosphonopentanoic acid (AP-5) Sigma-Aldrich Catalog # A8054

Tetrodotoxin (TTX) Enzo Life Sciences Catalog # BML-NA120-0001

Picrotoxin (PTX) Sigma-Aldrich Catalog # P1675

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) Sigma-Aldrich Catalog # C239-100MG

Trypsin from bovine pancreas Sigma-Aldrich Catalog # T9935

DNase Sigma-Aldrich Catalog # D5025-375KU

Matrigel Corning Catalog # 354234

FuGENE 6 Promega Catalog # E2692

QX-314 EMD-Millipore Catalog # 552233

LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells Thermofisher / Molecular Probes Catalog # L3224

Ionomycin, free acid Tocris Catalog # 1234

A23187, free acid Tocris Catalog # 2092

Experimental Models: Cell Lines
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REAGENT or RESOURCE SOURCE IDENTIFIER

Highly transfectable derivative of human embryonic kidney-293 
epithelial adherent cells (HEK293T)

ATCC Catalog # CRL-1573

Experimental Models: Organisms/Strains

STIM2 fl/fl C57BL/6 mice pups (P0-1) Oh-Hora et al., 2008 N/A

Sprague-Dawley rat pups (P2-P4) Charles River N/A

Recombinant DNA

Plasmid: pCMV-VSV-G (lentiviral packaging) Adgene; Stewart et al., 2003 Catalog # 8454

Plasmid: pRSV-REV (lentiviral packaging) Adgene; Dull et al., 1998 Catalog # 12253

Plasmid: pMDLg/pRRE (lentiviral packaging) Adgene; Dull et al., 1998 Catalog # 12251

Plasmid: pFUGW-VGluT1-pHGFP Voglmaier et al., 2006 N/A

Plasmid: pFUGW-Synaptobrevin2-GCaMP6s Li et al., 2017 N/A

Plasmid: FCK(1.3)GW-ER-GCAM P6-150 AddGene; de Juan-Sanz et al., 2017 Plasmid #86918

Plasmid: L309-mCherry-Syt1 KD shRNA Xu et al., 2012, Bacaj et al., 2013 N/A

Plasmid: L307-Syt7 KD shRNA Bacaj et al., 2013 N/A

Plasmid: pFUGW-Syt7 WT (shRNA resistant) Li et al., 2017 N/A

Plasmid: pFUGW-Syt7 5DA (shRNA resistant) Bacaj et al., 2015 N/A

Plasmid: pFUGW-Syt7 MK Voleti et al., 2017 N/A

Plasmid: pFUGW-GFP-Cre Sequence from Lin et al., 2018 N/A

Plasmid: human STIM1 in pDS_XB-YFP vector Brandman et al., 2007 N/A

Plasmid: human STIM2 in pDS_XB-YFP vector Brandman et al., 2007 N/A

Rat STIM1 shRNA 1 GCATGGAAGGCATCAGAAGTGTATAACTG

Rat STIM1 shRNA 2 GTCCCTGGATGACGTGGATCATAAAATCT

Rat STIM2 shRNA 1 GGCTGAAAAGGAGTTTGAACTGAGAAGCA

Rat STIM2 shRNA 2 GCCAGAAGCAGTAGTTTATGCCGCTCTCG

Scramble shRNA control GCACTACCAGAGCTAACTCAGATAGTACT

Software and Algorithms

Matlab script for pHluorin analysis Chanaday et al., 2018a N/A

Fiji Schindelin et al., 2012 N/A

GelAnalyzer 2010a http://www.gelanalyzer.com/ N/A
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