The Journal of Neuroscience, November 23, 2016 - 36(47):11837-11850 - 11837

Neurobiology of Disease

Store-Operated Calcium Channel Complex in Postsynaptic
Spines: A New Therapeutic Target for Alzheimer’s Disease
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Mushroom dendritic spine structures are essential for memory storage and the loss of mushroom spines may explain memory defects in
aging and Alzheimer’s disease (AD). The stability of mushroom spines depends on stromal interaction molecule 2 (STIM2)-mediated
neuronal-store-operated Ca>* influx (nSOC) pathway, which is compromised in AD mouse models, in aging neurons, and in sporadic AD
patients. Here, we demonstrate that the Transient Receptor Potential Canonical 6 (TRPC6) and Orai2 channels form a STIM2-regulated
nSOC Ca®>" channel complex in hippocampal mushroom spines. We further demonstrate that a known TRPCG6 activator, hyperforin, and
anovel nSOC positive modulator, NSN21778 (NSN), can stimulate activity of nSOC pathway in the spines and rescue mushroom spine loss
in both presenilin and APP knock-in mouse models of AD. We further show that NSN rescues hippocampal long-term potentiation
impairment in APP knock-in mouse model. We conclude that the STIM2-regulated TRPC6/Orai2 nSOC channel complex in dendritic
mushroom spines is a new therapeutic target for the treatment of memory loss in aging and AD and that NSN is a potential candidate

molecule for therapeutic intervention in brain aging and AD.
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/Signiﬁcance Statement

for therapeutic intervention in brain aging and AD.

Mushroom dendritic spine structures are essential for memory storage and the loss of mushroom spines may explain memory
defects in Alzheimer’s disease (AD). This study demonstrated that Transient Receptor Potential Canonical 6 (TRPC6) and Orai2
form stromal interaction molecule 2 (STIM2)-regulated neuronal-store-operated Ca>* influx (nSOC) channel complex in hip-
pocampal synapse and the resulting Ca®" influx is critical for long-term maintenance of mushroom spines in hippocampal
neurons. A novel nSOC-positive modulator, NSN21778 (NSN), rescues mushroom spine loss and synaptic plasticity impairment in
AD mice models. The TRPC6/Orai2 nSOC channel complex is a new therapeutic target and NSN is a potential candidate molecule
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Introduction
Alzheimer’s disease (AD) is the most common reason for elderly
dementia in the world. Despite extensive studies of AD pathology
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for >100 years, there are no disease-modifying therapies for AD.
Memory loss in AD results from “synaptic failure” (Selkoe, 2002;
Koffie et al., 2011; Tu et al., 2014). Postsynaptic dendritic spines
playan important role in learning and memory (Kasai et al., 2003;
Bourne and Harris, 2008). Postsynaptic spines are usually classi-
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fied into three groups according to their morphological struc-
ture: mushroom spines, thin spines, and stubby spines (Kasai et
al., 2003; Bourne and Harris, 2008). It has been proposed that the
mushroom spines are stable “memory spines” that make func-
tionally stronger synapses that are responsible for memory stor-
age (Bourne and Harris, 2007). We and others have proposed
previously that mushroom spines are destabilized selectively in
AD and that the loss of mushroom spines may underlie cognitive
decline during progression of the disease (Tackenberg et al., 2009;
Popugaeva et al., 2012; Bezprozvanny and Hiesinger, 2013; Po-
pugaeva and Bezprozvanny, 2013). However, the cell biological
mechanisms that may lead to the loss of mushroom spines in AD
are poorly understood.

In studies with hippocampal neurons neuronal-store-
operated calcium entry (nSOC) pathway has been implicated
previously in the modulation of synaptic plasticity (Baba et al.,
2003) and in the control of neuronal growth cone mobility
(Mitchell et al., 2012). We demonstrated recently that nSOC
Ca”* entry in postsynaptic spines plays a key role in stability of
mushroom spines by activating synaptic CaMKII constitutively
(Sun etal., 2014a). We further demonstrated that dendritic spine
nSOC is controlled by stromal interaction molecule 2 (STIM2)
and that the STIM2-nSOC-CaMKII pathway is compromised in
PS1IM146V knock-in (PS1KI) neurons, in aging neurons, and in
sporadic AD brains due to downregulation of the STIM2 protein
(Sun et al., 2014a). Moreover, we have demonstrated that the
expression of STIM2 protein rescues spine nSOC and mushroom
spine loss in PS1KI hippocampal neurons (Sun et al., 2014a). In
the follow-up studies, we demonstrated that the STIM2-nSOC
pathway is downregulated in conditions of amyloid toxicity and
that overexpression of STIM2 protects hippocampal mushroom
spines from amyloid-induced loss (Popugaeva et al., 2015; Zhang
et al., 2015b). These studies suggested that the STIM2-nSOC
pathway is a potentially important AD therapeutic target; how-
ever, the molecular identity of the STIM2-regulated nSOC chan-
nel in the spines is unknown.

In the present study, we used a candidate approach to dem-
onstrate that STIM2-gated nSOC channels in the spines are
formed by a complex of Transient Receptor Potential Canonical 6
(TRPC6) and Orai2. We further show that the known TRPC6
activator hyperforin (Hyp) (Leuner et al., 2007) and a novel
nSOC-positive modulator, NSN21778 (NSN) (Wu et al., 2011),
can stimulate STIM2-nSOC pathway in the spines and rescue
mushroom spine loss in both PS1KI mice (Guo et al., 1999) and
APPNEFNLF Jnock-in mice (APPKI) mice (Saito et al., 2014)
hippocampal neurons. Furthermore, we demonstrate that NSN
rescues hippocampal long-term potentiation (LTP) impairment
in APPKI mice. We conclude that the STIM2-regulated TRPC6/
Orai2 nSOC channel complex in dendritic mushroom spines is a
new therapeutic target for the treatment of memory loss in aging
and AD and that NSN is a potential candidate molecule for ther-
apeutic intervention in brain aging and AD.

Materials and Methods

Materials. NSN  (N-{4-[2-(6-amino-quinazolin-4-ylamino)-ethyl]-phenyl}-
acetamide) was synthesized and purified by Nanosyn. YFP-STIM2 was kindly
provided by Dr. Jen Liou. Human TRPC6 ¢DNA and mouse Orai2 cDNA
clones were purchased from Open Biosystems and used to generate HA-TRPC6
and HA-Orai2 lentiviral expression constructs by PCR. YEP-TRPC6 was kindly
provided by Dr. Craig Montell. HA-TRPC1, FLAG-TRPC3, FLAG-TRPC4,
FLAG-TRPCS5, FLAG-TRPC6, and FLAG-TRPC7 were kindly provided by Dr.
Joseph Yuan. GST-S2-SOAR (aa 348—450) and GST-S2-CT (aa 248-C
terminal) were generated by PCR and cloned into the PGEX-KG vector. STIM2-
LASS (L377S, A380S) mutation was generated by Q5 mutagenesis Kit
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Table 1. Genes and primers used in the present study

Gene Forward Reverse

Trpcl tgaacttagtgctgacttaaaggaac cgggctagctcttcataatca
Trpc2 acgaaaggagcctgagtttaag ccagcaactcgaagecatag
Trpc3 ttaattatggtctgggttcttgg tccacaactgcacgatgtact
Trpc4 aaggaagccagaaagcttcg ccaggttectcatcacctct
Trpcs gcctgatacaaaatcaacattatca geccctcatttgttttgga
Trpc6 gcagctgttcaggatgaaaac ttcagcccatatcatgecta
Trpc7 cctgegtattctactctcgatg (gttgaacatgtaggcagga
Orail tacttaagcegegecaag acttccaccategctacca
Orai2 gggaggagaagatgacctctg gccttgaaccectgatec
Orai3 cacatctgctctgctgteg ggtgggtattcatgatcgttct

(Sigma-Aldrich), control short-hairpin RNA interference (Ctrl-shRNAi)
(SHC002), mouse TRPC6-shRNAi (SHCLNG-NM_013838, TRCN00000
68394), mouse Orail-shRNAi (SHCLNG-NM_175423, TRCN0000125405),
and mouse Orai2-shRNAi (SHCLNG-NM_178751, TRCN0000126314) lenti-
virus shuttle constructs were obtained from Sigma-Aldrich. Lentiviruses were
generated by cotransfection of two helper plasmids (pVSVg and pCMVA8.9)
into the packaging cell line HEK293T, as we described previously (Zhang et al.,
2010).

Animals. The PS1-M146V knock-in mice (PS1KI) (Guo et al., 1999)
were kindly provided by Hui Zheng (Baylor University). APPKI mice
were kindly provided by Takaomi Saido (Riken, Japan) (Saito et al.,
2014). Wild-type (WT) mice of the same strain (C57BL/6) were used in
control experiments. PSIKIGFP and APPKIGFP mice were generated by
crossing PS1KI or APPKI mice with Line M GFP mice (C57BL/6 strain)
(Feng et al., 2000). All mice colonies were established and housed in a
vivarium (four per cage) with 12 h light/dark cycle at the University of
Texas (UT) Southwestern Medical Center barrier facility. All procedures
involving mice were approved by the Institutional Animal Care and Use
Committee of the UT Southwestern Medical Center at Dalla, in accor-
dance with the National Institutes of Health’s Guidelines for the Care and
Use of Experimental Animals.

Antibodies. Anti-TRPC6 pAb (1:500, SAB4300572; Sigma-Aldrich), anti-
Orai2 pAb (1:200, sc-292103; Santa Cruz Biotechnology), anti-TRPC1 mAb
(1:200, sc-133076; Santa Cruz Biotechnology), anti-TRPC4 pAb (1:400,
AB5812; Chemicon), anti-Orail pAb (1:200, sc-68895; Santa Cruz Biotech-
nology), anti-STIM2 goat antibody (used for immunoprecipitation) (sc-
79110; Santa Cruz Biotechnology), anti-GFP mAb (1:2000, MA5-15256;
Pierce), anti-FLAG (1:1000, F3165; Sigma-Aldrich), anti-HA (1:3000,
MMS-101R; Covance), anti-STIM2 pAb (used for Western blotting) (1:500,
4917s; Cell Signaling Technology), anti-phospho-CaMKII (1:1000, 3361s;
Cell Signaling Technology), anti-CaMKII (1:1000, MAB8699; Millipore),
anti-PSD95 (1:1000, 3450s; Cell Signaling Technology), anti-GAPDH (1:
1000, Millipore, MAB374), and Anti-Af 6E10 mAb (1:1000, SIG-39300;
Covance) were used. HRP-conjugated anti-rabbit and anti-mouse second-
ary antibodies were from Jackson ImmunoReseach ((115-035-146 and 111-
035-144, respectively).

Quantitative reverse transcription PCR (qRT-PCR). For mouse gene
expression profiling, different brain region tissue were obtained from 7-
to 8-week-old male C57BL/6 mice (n = 6). RNA was extracted using
RNAStat60 (TelTest) according to the manufacturer’s directions. Total
RNA was pooled in equal quantities for each tissue (n = 6). Genomic
DNA contamination was eliminated by DNase I (Roche). cDNA for qRT-
PCR assays was prepared using the High Capacity cDNA Reverse Tran-
scription kit (Life Technologies). Gene expression levels were measured
on an Applied Biosystems 7900HT with SYBR green chemistry using the
primers shown in Table 1. Normalized mRNA levels are expressed as
arbitrary units and were obtained by dividing the averaged, efficiency-
corrected values for mRNA expression by that for 18s rRNA (mouse 18s
rRNA forward: accgcagctaggaataatgga and mouse 18s rRNA reverse: gc-
ctcagttccgaaaacca). The resulting values were multiplied by 10° for
graphical representation. Average technical variance was the SDs of the
measured values in n = 3 technical replicates.

Hippocampal synaptosome fraction and coimmunoprecipitation. Hip-
pocampal regions were extracted from 1-month-old mice, homogenized
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in 0.32 M sucrose and 25 mm HEPES, pH 7.2, and centrifuged for 10 min
at 800 X g to remove the nuclei. The low-speed supernatant was then
centrifuged for 20 min at 12,000 X g to separate the synaptosomal super-
natant and synaptosomal membrane fractions (P2 pellet). The P2 pellet
were solubilized in lysis buffer containing 1% CHAPS plus the following
(in mm): 137 NaCl, 2.7 KCl, 4.3 Na,HPO,, 1.4 KH,PO,, pH 7.2, 5 EDTA,
and 5 EGTA and protease inhibitors for 2 h at 4°C. Insoluble material was
removed by centrifugation of samples for 20 min at 16,300 X g. Protein
concentration in the synaptosome fraction was measured with a Nano-
drop OD280. For each coimmunoprecipitation reaction, 500 ug of total
protein lysates were first precleaned with normal rabbit, mouse, or goat
IgG and protein A/G beads at 4°C for 1 h, incubated with 2 ug of primary
antibody at 4°C for 1 h, and incubated with 20 ul of protein A/G agarose
beads at 4°C overnight on a rocking platform. Precipitated samples were
then washed three times with lysis buffer, the final beads pellet resus-
pended in 1X SDS loading buffer, and analyzed by SDS-PAGE and
Western blot.

GST pull-down assays. GST-fusion proteins were expressed in the BL21
E. coli strain and purified as described previously (Zhang et al., 2005).
YFP-TRPC6 or HA-Orai2 proteins were expressed in HEK293 cells and
extracted in lysis buffer containing 1% CHAPS plus the following (in
mwm): 137 NaCl, 2.7 KCl, 4.3 Na,HPO,, 1.4 KH,PO,, pH 7.2, 5 EDTA, 5
EGTA, and protease inhibitors for 1 h at 4°C. Extracts were clarified by
centrifugation and incubated for 1 h at 4°C with the corresponding GST
fusion protein. Beads were washed four times with the extraction buffer
and attached proteins were separated by SDS-PAGE and probed with the
anti-GFP or anti-HA antibody.

Fura-2 Ca’* -imaging experiments. HEK293 cells were transfected with
EGFP plasmid or a mixture of EGFP and TRPC6 plasmids (at 1:5 ratio),
cultured for 40—48 h, and loaded with Fura2-AM. Fura-2 340/380 ratio
images were collected using a DeltaRAM-X illuminator, Evolve camera,
and IMAGEMASTER PRO software (all from Photon Technology Inter-
national) from GFP-positive cells. To test the direct effect of Hyp or NSN,
the cells were loaded with Fura-2 and incubated in artificial CSF (aCSF)
containing the following (in mm): 140 NaCl, 5 KCl, 1 MgCl,, 2 CaCl,, and
10 HEPES, pH 7.3. After basal recordings for 30's, 1 um Hyp or 1 um NSN
were applied and Ca®" responses measured. To test the effect of NSN on
OAG response, cells were moved to aCSF medium containing 0.1 mm
Ca®" for 2 min and then returned to aCSF medium containing 2 mm
Ca’" and 100 um OAG. These experiments were performed in the pres-
ence or absence of 1 um NSN. The maximal amplitude (peak) of Ca**
influx was determined from the Fura-2 340 nm/380 nm ratio. All Ca®*-
imaging experiments were performed at room temperature.

Dendritic spine analysis in primary hippocampal neuronal cultures. The
hippocampal cultures of PSIKI, APPKI, and WT mice were established
from postnatal day 0—1 pups and maintained in culture as we described
previously (Zhang et al., 2010). For the assessment of synapse morphol-
ogy, hippocampal cultures were transfected with TD-Tomato plasmid at
d in vitro 7 (DIV7) using the calcium phosphate method and fixed (4%
formaldehyde, 4% sucrose in PBS, pH 7.4) at DIV16-17. A Z-stack of
optical section was captured using 100X objective with a confocal mi-
croscope (Carl Zeiss Axiovert 100M with LSM510). A total of 18-20
cultured neurons from three batches of cultures were used for quantita-
tive analysis per genotype. Quantitative analysis for dendritic spines was
performed with the NeuronStudio software package (Rodriguez et al.,
2008). To classify the shape of neuronal spines in culture, we adapted an
algorithm from a previously published method (Rodriguez et al., 2008).
In classification of spine shapes, we used the following cutoff values:
aspect ratio for thin spines (AR_thin;,) = 2.5, head to neck ratio
(HNR ;) = 1.4, and head diameter (HD(crit)) = 0.5 wm. These values
were defined and calculated exactly as described previously (Rodriguez et
al., 2008).

GCamp5.3 Ca’*-imaging experiments. GCamp5.3-imaging experi-
ments were performed as we described previously (Zhang et al., 2015b).
Briefly, cultured hippocampal neurons were transfected with GCamp5.3
expression plasmid using the calcium phosphate transfection method at
DIV7. GCamp5.3 fluorescent images were collected using Olympus IX70
inverted epifluorescence microscope equipped with a 60X lens, Cascade
650 digital camera (Roper Scientific), and Prior Lumen 200 illuminator.

J. Neurosci., November 23, 2016 - 36(47):11837-11850 « 11839

The experiments were controlled by the MetaFluor image acquisition
software package (Universal Imaging). To measure spine nSOC, the neu-
rons were moved from aCSF to calcium-free medium with 0.4 mm EGTA
and 1 um thapsigargin for 30 min after recording 30 s basal, 100 um
DHPG in calcium-free aCSF was added, and then 50 s later, neurons were
returned to aCSF with addition of a Ca?" channel inhibitor mixture (1
uM TTX, 50 um AP5, 10 um CNQX, and 50 uMm nifedipine). Analysis of
the data was performed using Image] software. The region of interest
used in the image analysis was chosen to correspond to spines. All
Ca** -imaging experiments were done at room temperature.

Hippocampal slice field recordings. Hippocampal slice field recordings
were performed as described previously (Zhang et al., 2015a). Briefly,
hippocampal slices (400 wm) were prepared from 6-month-old animals
of either sex. Mice were anesthetized and transcardially perfused with
dissection buffer before decapitation. The brain was removed, dissected,
and sliced in ice-cold dissection buffer containing the following (in mm):
2.6 KCl, 1.25 NaH,PO,, 26 NaHCO;, 0.5 CaCl,, 5 MgCl,, 212 sucrose,
and 10 dextrose, using a vibratome (VT 1000S; Leica ). CA3 were cut off
to avoid epileptogenic activity. The slices were transferred into a reservoir
chamber filled with aCSF containing the following (in mm): 124 NaCl, 5
KCl, 1.25 NaH,PO,, 26 NaHCOs, 2 CaCl,, 1 MgCl,, and 10 dextrose.
Slices were allowed to recover for 2-5 h at 30°C. aCSF and dissection
buffer were equilibrated with 95% O,/5% CO,. For recording, slices were
transferred to a submerged recording chamber, maintained at 30°C, and
perfused continuously with aCSF at a rate of 2—3 ml/min. Field potentials
(FPs) were recorded with extracellular recording electrodes (1 M{2) filled
with aCSF and placed in stratum radiatum of area CA1. FPs were evoked
by monophasic stimulation (100 us duration) of Schaffer collateral/
commissural afferents with a concentric bipolar tungsten stimulating
electrode (FHC). Stable baseline responses were collected every 30 s using
a stimulation intensity (15-30 wA) yielding 50% of the maximal re-
sponse. The initial slope of the FPs was used to measure stability of
synaptic responses and to quantify the magnitude of LTP. The LTP was
induced by two trains of 100 Hz frequency stimulation for 1 s, with each
train separated by a 20 s interval. For NSN treatment experiments, hip-
pocampal slices were preincubated with 300 nm NSN for 2-3 h before
initiation of recordings in aCSF.

Dendritic spine analysis in hippocampal slices. To analyze the shape of
the spines in hippocampus slices, we used WTGFP, PSIKIGFP, and
APPKIGFP mice. Hippocampal slices were prepared as above and al-
lowed to recover for 1 h at 30°C. Then, half of the slices were treated with
300 nm NSN for 3.5 h at 30°C and the other half were kept in the aCSF as
control. After incubation, slices were fixed in 4% formaldehyde, 0.125%
glutaraldehyde in PBS. GFP images were acquired by two-photon imag-
ing (LSM780; Zeiss ) with a 40X lens and 5X zoom. The Z interval was
0.5 wm. The secondary apical dendrites of hippocampal CA1 pyramidal
neurons were selected for taking images. Approximately 25 neurons
from five mice were analyzed for each genotype. To classify the shape
of neuronal spines in slices, we also used the NeuronStudio software
package and an algorithm from Rodriguez et al. (2008) with the fol-
lowing cutoff values: AR_thin;, = 2.5, HNR ;) = 1.4, and HD-
(crit) = 0.5 pwm.

Hoechst 33342 and propidium iodide (PI) live/dead cell staining. DIV15
hippocampal neuronal cultures were treated with 30 nm, 300 nm, or 1 um
NSN or Hyp for 18 h and stained with 5 ug/ml Hoechst 33342 and 1
ug/ml PIin aCSF solution for 5 min at 37°C. After staining, the live cells
were transferred to aCSF medium and confocal imaging was performed.
The ratio of PI-positive (dead) cells to Hoechst 33342-stained cells (total)
was determined for each field of view by a blinded observer.

Dendritic spine analysis in mouse hippocampus. To analyze the shape of
the spines in hippocampus in vivo, we used the GFP-M mouse line (Feng
etal.,, 2000) (WTGEFP). To simplify the analysis, we crossed Line M GFP
mice with PS1KI and APPKI mice to yield PSIKIGFP and APPKIGFP
mice. Five female mice for each group (WTGFP, PSIKIGFP and
APPKIGFP) were injected intraperitoneally 3 times/week with 10 mg/kg
NSN starting at 4 months of age. Control groups of mice were injected
with the same solvent solution. After 6 weeks, the injection routine was
changed to 2 times per week. After 10 weeks, all mice were killed for in
vivo spine analysis. Mice were intracardially perfused with ice-cold 4%
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Figure 1. TRPC6 and Orai2 support spine nSOC in hippocampal neurons. 4, Spine shape of
primary hippocampal neurons from WT mice was visualized with TD-Tomato (same picture as
control WT image on B is shown at higher magpnification). Mushroom spines are marked by
triangles; thin spines are marked by diamonds; stubby spines are marked by trapezoids. B,
Confocal images of WT and PS1KI hippocampal neurons transfected with TD-Tomato and TRPC
expression constructs at DIV7 and fixed at DIV16—17. Control neurons (Ctrl) transfected with
TD-Tomato alone. Scale bar, 10 wm. C, Average fraction of mushroom spines for each group of
cells shown in B is presented as mean == SE (n = 20 neurons). ***p < 0.001 compared with
the PS1KI control group. D, Immunoprecipitation experiments were performed with hippocam-
pal synapsomal lysates using anti-TRPC6, and-Orai2, anti-TRPC4, anti-Orai1, and anti-TRPC1
antibodies as indicated. Controlimmunoprecipitations were performed with rabbit IgG (Rb IgG)
or mouse IgG (m IgG). Precipitated samples were blotted with anti-STIM2 rabbit antibodies.
Inputis 1/10 of lysate used forimmunoprecipitation. Longer exposure of the same blot is shown
below. E, Quantification of STIM2 band intensity (normalized to input) for each lane in D. Data
are shown as mean == SE (n = 2— 4repeated experiments). *p << 0.05 when compared with Rb
1gG sample. F, Western blot analysis of lysates from WT hippocampal neurons cultures infected
with lentiviruses encoding control RNAi (siCtrl), RNAi against TRPC6 (siT6), RNAi against Orai2
(si02), or RNAi against Orai1 (si01). The lysates were blotted with antibodies against TRPC6,
Orai2, Orai1 PSD95, pCaMKIl, and CaMKIl as indicated. GAPDH was used as a loading control.
Representative results from two to three independent cultures are shown. Quantification is
shown in G. H, Time course of GCaMP5.3 fluorescence signal changes in the spines of WT
hippocampal neurons infected with lentiviruses encoding control RNAi (siCtrl), RNAi against
TRPC6 (siT6), RNA against Orai2 (si02), or RNAi against Orai1 (si01). The time of extracellular
(a®" readdition s indicated by a black bar above the traces. The time 0f 100 um DHPG addition
isindicated by an arrow. For each experimental group, individual spine (gray) and average (red)
fluorescence traces are shown. /, Confocal images of WT hippocampal neurons transfected with
TD-Tomato at DIV7 and infected with lentiviruses encoding control RNAi (siCtrl), RNAi against
TRPC6 (siT6), RNAi against Orai2 (si02), or RNAi against Orai1 (si01). The neurons were fixed at
DIV16—17.Scale bar, 10 m. J, Average nSOC spine peak amplitude is shown for each group of
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paraformaldehyde (PFA) solution in phosphate buffer, pH 7.4, 30 ml in
3 min. The brains were extracted and postfixed in 4% PFA solutions for
16 h before cutting. Then, 50 um hippocampal sections from the fixed
brains were obtained using vibratome (Leica 1200S). A Z-stack of optical
sections was captured using a 100X objective with a confocal microscope
(Carl Zeiss Axiovert 100M with LSM510). The Z interval was 0.5 wm. The
apical dendrites of hippocampal CA1 pyramidal neurons were selected
for taking images. Approximately 25 neurons from five mice were ana-
lyzed for each group of mice. To classify the shape of neuronal spines in
slices, we also used the NeuronStudio software package and an algor-
ithm from Rodriguez et al. (2008) with the following cutoff values:
AR_thin ;) = 2.5, HNR ;) = 1.4, and HD 3y = 0.5 um.

Statistical analyses. The results are presented as mean * SEM (n =
number of neurons, slices, or mice as indicated). Statistical comparisons
of results obtained in experiments were performed by Student’s ¢ test for
two-group comparisons and one-way or two-way ANOVA followed by
Tukey’s test for multiple comparisons among more than two groups. The
p-values are indicated in the text and figure legends as appropriate.

Results

TRPC6 and Orai2 support STIM2-gated nSOC in
hippocampal mushroom spines

To identify molecular components of nSOC channels in the
spines, we took a candidate approach. Previous studies suggested
that the two major families of proteins, the TRPC and Orai chan-
nels, play a key role in supporting SOC in a variety of cells (Sun et
al., 2014b; Majewski and Kuznicki, 2015). There are six TRPC
proteins in humans (TRPC1 and TRPC3-TRPC7), which have
been divided into two subfamilies, TRPC1/TRPC4/TRPC5 and
TRPC3/TRPC6/TRPC7, based on biochemical and functional
similarities. The remaining member, TRPC2, is a pseudogene in
humansbut is expressed in other species in a restricted expression
pattern (Cheng et al., 2013). There are three Orai channels
(Orail-Orai3) but, so far, most studies have been focused on
Orail. We reasoned that the members of TRPC and/or Orai
channel families are the most likely candidates to encode nSOC
channels in the spines.

In previous studies, we demonstrated that overexpression of
STIM2 rescues mushroom spine deficit in PSIKI neurons (Sun et
al., 2014a). We reasoned that overexpression of a channel subunit
supporting spine nSOC should exert a similar rescue effect. To
identify the TRPC isoform that supports spine nSOC, we cotrans-
fected TD-Tomato plasmid together with various TRPC expres-
sion constructs to PS1KI hippocampal neurons, fixed the
cells, and evaluated spine morphology by confocal imaging (Fig.
1A,B). The fraction of mushroom spines in each culture was
determined by automated analysis of obtained confocal images
(Fig. 1C). Consistent with previous studies (Sun et al., 2014a), the
fraction of mushroom spines in WT cultures was 30 = 2% (n =
20), but the fraction of mushroom spines in PS1KI cultures was
only ~17 = 1% (n = 20) (Fig. 1 B,C). In our analysis, we deter-
mined that overexpression of TRPC1 did not have any rescue
effect on spine morphology or mushroom spine density (Fig.
1 B,C). Overexpression of TRPC3, TRPCS, or TRPC7 constructs
resulted in enlargement of mushroom head in a few spines (Fig.
1B), but had no significant effect on mushroom spine density
(Fig. 1C). Overexpression of TRPC4 resulted in an increase in a
fraction of mushroom spines to 21 * 3% (n = 20), but this effect

<«

cells. H, Mean AF/F, signals for each group and presented as mean = SE (n = 105 spines).
**%1) < 0.001 compared with the siCtrl group. K, Average fraction of mushroom spines for each
group of cells shown in /is presented as mean == SE (n = 20 neurons). ***p << 0.001 compared
with the siCtrl group.
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Figure 2.  STIM, TRPC, and Orai expression in mouse brain. 4, In situ hybridization images
from the Allen Brain Atlas show expression of STIMs, TRPCs, and Orai channels in mouse brain.
B, Gene expression profile of STIMs, TRPC, and Orai channels in different mouse brain regions.
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was not statistically significant (p = 0.14). In contrast to all other
isoforms, overexpression of TRPC6 rescued the fraction of mush-
room spines in PS1KI cultures to 30 = 1% (n = 20) (Fig. 1 B,C),
which was significantly (p < 0.001) higher than in control PS1KI
cultures and the same as WT control cultures (Fig. 1 B,C). From
these results, we concluded that TRPC6 is a candidate channel for
mediating spine nSOC in hippocampal mushroom synaptic
spines.

Additional support to this hypothesis was provided by analy-
sis of the SOC components’ brain expression pattern. The expres-
sion of STIM2 is highly enriched in hippocampus (Skibinska-
Kijek et al., 2009; Sun et al., 2014a) (Fig. 2). We reasoned that
other components of STIM2-gated nSOC channels should have a
similar expression pattern. Analysis of data from the Allen Brain
Atlas revealed that the expression of TRPC6 is also highly en-
riched in the hippocampus compared with all other TRPC iso-
forms (Fig. 2A). To confirm these results, we performed a series
of qRT-PCR experiments with cDNA samples prepared from dif-
ferent brain regions. Analysis of these data revealed that TRPC6 is
highly enriched in hippocampus and hippocampal expression
was also observed for TRPC1 and TRPC4 (Fig. 2B). Expression
data also revealed that the Orai2 subunit is highly enriched in the
hippocampus, but the Orail subunit is uniformly expressed in
the brain at low levels (Fig. 2).

To further identify components of the STIM2-gated channel
complex, we prepared hippocampal synaptosomes and per-
formed a series of immunoprecipitation experiments. We discov-
ered that antibodies against TRPC6, Orai2, or Orail can pull
down STIM2 from synaptosomal lysates (Fig. 1 D, E). The appar-
ent molecular weight of immunoprecipitated STIM2 was higher
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than the molecular weight of STIM2 in the input lane (Fig. 1D). It
is likely that TRPC6 and Orai form a complex with STIM?2 that
has undergone posttranslational modification such as phosphor-
ylation (Smyth et al., 2012). Consistent with this observation,
STIM2 coimmunoprecipitated with Orail from cortical lysates
also displayed higher molecular weight on the gel (Gruszczynska-
Biegala and Kuznicki, 2013). In contrast to TRPC6 immunopre-
cipitation, a very weak STIM2 signal was observed in TRPCI
immunoprecipitation experiments and no signal was observed in
immunoprecipitation experiments with TRPC4 antibodies (Fig.
1D, E). These results are consistent with the inability of TRPC1
and TRPC4 to rescue mushroom spines in PS1KI neurons (Fig.
1B,C). A similar STIM2 interaction pattern was obtained in re-
verse immunoprecipitation experiments performed with hip-
pocampal synaptosomal lysates except that the Orail interaction
with STIM2 was very weak (data not shown).

To further determine whether TRPC6, Orail, and Orai2 may
indeed act as components of STIM2-gated nSOC channels in the
spines, we performed knock-down of TRPC6, Orail, and Orai2
proteins in WT mouse hippocampal neuronal cultures by using
lentiviral-mediated shRNAi delivery. We confirmed efficient
knock-down of target proteins by Western blotting of hippocam-
pal culture lysates (Fig. 1 F,G). In previous studies, we demon-
strated that the activity of synaptic CaMKII is regulated by the
nSOC pathway and that the levels of autophosphorylated
pCaMKII can be used as biochemical readout for steady-state
CaMKII activity in the spines (Sun et al., 2014a). We also dem-
onstrated previously that inhibition of nSOC results in a loss of
PSD95 expression in the spines (Sun et al., 2014a). In our exper-
iments, we discovered that RNAi-mediated knock-down of
TRPC6 or Orai2 resulted in a reduction in PSD95 expression and
reduced levels of pCaMKII (Fig. 1E,F). Total levels of CaMKII
remained unaffected (Fig. 1 F, G). The reduction of pCaMKII and
PSD95 levels after TRPC6 or Orai2 knock-down is consistent
with the changes induced by STIM2 reduction or application of
nSOC inhibitors in our previous studies (Sun et al., 2014a).
Knock-down of Orail had no effect on the expression levels of
PSD95 but resulted in some reduction in pCaMKII levels, al-
though this was less significant than knock-down of Orai2 or
TRPC6 (Fig. 1 F,G).

To evaluate nSOC activity more directly, we performed a
series of Ca”*-imaging experiments. To perform Ca** imaging
in the spines, we transfected WT hippocampal neurons with
GCamp5.3 plasmid to enable us to visualize the dendritic spines
and measure local Ca’" signals simultaneously (Sun et al.,
2014a). In these experiments, we discovered that knock-down of
TRPC6 or Orai2 resulted in a drastic reduction in spine nSOC
(Fig. 1 H,J). In contrast, knock-down of Orail had no effect on
spine nSOC (Fig. 1 H,J). To evaluate the morphology of synaptic
spines after knock-down of TRPC6, Orai2, or Orail, we trans-
fected WT hippocampal cultures with TD-Tomato plasmid, fixed
the cells, and performed confocal imaging experiments for each
experimental group (Fig. 1I). Automated analysis of spine shapes
revealed that the fraction of mushroom spines was reduced sig-
nificantly after knock-down of TRPC6 or Orai2 proteins, but not
after knock-down of Orail protein (Fig. 1,K). Based on these
results, we ruled out Orail as important component of spine
nSOC in mature hippocampal neurons. This conclusion is con-
sistent with low levels of Orail expression in the hippocampus
(Fig. 2) and our inability to confirm STIM2-Orail association in
reverse immunoprecipitation experiments with STIM2 antibod-
ies (data not shown). Notably, a recently published study sug-
gested that Orail may have an important role in the formation of
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Figure 3.  TRPC6 and Orai2 are necessary for STIM2-mediated rescue of PS1KI mushroom
spines. A, Time course of GCaMP5.3 fluorescence signal changes in the spines of PSTKI hip-
pocampal neurons. The time of 100 pm DHPG addition is indicated by an arrow. The time of
extracellular Ca®™" readdition is indicated by a black bar above the traces. The neurons were
infected with lentiviruses encoding control RNAi (siCtrl), RNAi against TRPC6 (siT6), or RNAi
against Orai2 (si02). The results for control neurons (Con) and neurons cotransfected with
STIM2 expression plasmid (+ STIM2) are shown. For each experimental group, individual spine
(gray) and average (red) fluorescence traces are shown. B, Average nSOC spine peak amplitude
is shown for each group of cells shown in A. Mean AF/F, signals for each group are presented as
mean = SE (n = 45 spines). ***p < 0.001. ¢, Confocal images of PS1KI hippocampal neurons
transfected with TD-Tomato at DIV7 and fixed at DIV16—17. The neurons were infected with
lentiviruses encoding control RNAi (siCtrl), RNAi against TRPC6 (siT6), or RNAi against Orai2
(si02). The results for control neurons (Con) and neurons cotransfected with STIM2 expression
plasmid (+STIM2) are shown. Scale bar, 10 pum. D, Average fraction of mushroom spines for
each group of cells shown in Cis presented as mean = SE (n = 20 neurons). ***p < 0.001,
*p < 0.05.

new spines in immature hippocampal neurons (Korkotian et al.,
2016). Our functional experiments (Fig. 1 B,C,F-K) suggested
that the TRPC6 and Orai2 proteins are the most likely candidates
to support STIM2-gated spine nSOC in mature hippocampal
neurons. This conclusion is also supported by analysis of brain
expression pattern of TRPC and Orai isoforms (Fig. 2) and by
STIM2 immunoprecipitation experiments with hippocampal
synaptosomal lysates (Fig. 1 D, E).

In the previous studies, we demonstrated that overexpression
of STIM2 rescues nSOC and mushroom spine deficit in PS1KI
neurons (Sun et al., 2014a). To further validate TRPC6 and Orai2
as STIM2-gated nSOC channels, we used RNAI to knock down
TRPC6 or Orai2 in PSIKI neurons and performed STIM2 over-
expression experiments. Consistent with earlier findings (Sun et
al., 2014a), we demonstrated that overexpression of STIM2 can
rescue spine nSOC in PS1KI hippocampal neurons infected with
control RNAi construct (Fig. 3A, B). However, overexpression of
STIM2 failed to rescue nSOC in spines of PS1KI neurons after
RNAi-mediated knock-down of TRPC6 or Orai2 (Fig. 3A, B). In
mushroom spine analysis, we found that knock-down of TRPC6
or Orai2 could cause an additional reduction of the mushroom
spine fraction in PS1KI neurons (Fig. 3C,D). More importantly,
knock-down of TRPC6 or Orai2 completely abolished the rescue
effect of STIM2 overexpression in PS1KI neurons (Fig. 3C,D).
These results further indicate that both the TRPC6 and Orai2
subunits are necessary for the activity of STIM2-gated nSOC
channels in hippocampal mushroom spines.
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Figure 4. TRPC6 and Orai2 form a STIM2-requlated channel complex in hippocampus.
A, Domain structure of STIM proteins. (Adapted from Collins and Meyer, 2011). The ER mem-
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mains of STIM proteins: EF-SAM ER Ca®™" sensor domain, coiled-coiled region (CC), CAD/SOAR
domain, and polybasic motif (PB). The GST-STIM2-SOAR construct and GST-STIM2-SOAR-LASS
mutant (L3775, A380S) constructs are also shown. B, GST, GST-52-SOAR, and GST-52-LASS
recombinant proteins were used in pull-down experiments with lysates from HEK293 cells
transfected with HA-Orai2 or YFP-TRPC6 expression constructs. The input s 1/50 of lysate used
for pull-down experiments. Quantification is shown in the right. For each lane, the signal was
normalized to the input lane. Normalized and averaged data are shown as mean = SE (n = 3
experiments). ***p < 0.001, *p << 0.05 compared with GST sample. €, Anti-HA mouse mono-
clonal antibodies or anti-TRPC6 rabbit polyclonal antibodies were used in immunoprecipitation
experiments with lysates from HEK293 cells cotransfected with YFP-TRPC6 and HA-Orai2 ex-
pression plasmids. The input lane is 1/20 of lysate used forimmunoprecipitation. Quantification
is shown on the right. For each lane, the signal was normalized to the input lane. Normalized
and averaged data are shown as mean = SE (n = 2 experiments). *p << 0.05 compared with
control IgG sample. D, Anti-FLAG or anti-HA mouse monoclonal antibodies were used inimmu-
noprecipitation experiments with lysates from HEK293 cells cotransfected with HA-Orai2, FLAG-
TRPC6, and YFP-STIM2 or YFP-STIM2-LASS constructs. Experiments 1 and 3 were performed
with lysates prepared from cells incubated in normal aCSF (2 mm Ca ™ for 10 min before lysis.
Experiments 2 and 4 were were performed with lysates prepared from cells incubated in Ca? " -
free aCSF (with addition of 400 m EGTA) for 10 min before lysis. The input lanes for Experi-
ments 1—4 contain 1/50 of total lysate used for immunoprecipitation. E, Quantification of
anti-FLAG-TRPC6 and anti-HA-Orai2 immunoprecipitation experiments. For each lane, the YFP-
STIM2 signal was normalilzed to the input lane. Normalized and averaged data are shown
asmean = SE (n = 2-3 experiments). *p << 0.05, **p << 0.01, ***p < 0.001 compared with
the signal observed in Experiment 1 (YFP-STIM2 and 2 mm Ca® ™). F, Model explaining results
shown in D (Experiments 1—4). STIM2 binds to Orai2 directly and strongly via the SOAR domain
and weakly to TRPC6 via different region (Experiment 1). Depletion of Ca>* stores promotes
assemembly of functional TRPC6/0rai2-STIM2 complex (Experiment 2). The STIM2-LASS mu-
tant does not bind to Orai2 and instead is recruited to nonproductive complexes with TRPC6
(Experiment 3). Association of the STIM2-LASS mutant with TRPC6 is not affected by ER store
depletion (Experiment 4).

TRPC6 and Orai2 form a complex with STIM2 in the
hippocampal synapse

Does STIM2 bind directly to TRPC6 and/or Orai2? STIM1 and
STIM2 proteins share a similar domain structure (Fig. 4A) and
76% sequence similarity (Collins and Meyer, 2011; Stathopulos
and Tkura, 2013). The STIM2 protein has not been studied exten-
sively, but structure—functional analysis of STIM1 protein has
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been performed previously by several groups of investigators.
The domain structure of STIM proteins consists of the Ca**-
sensing EF-SAM domain in the ER lumen, an extended coiled-
coiled cytosolic domain, an Orai-associated SOAR/CAD domain,
and a carboxy-terminal polybasic motif that is associated with
negatively charged lipids on the plasma membrane inner surface
(Fig. 4A) (Muik et al., 2009; Park et al., 2009; Yuan et al., 2009;
Covington et al., 2010; Collins and Meyer, 2011; Stathopulos and
Ikura, 2013). A double mutation in the STIM1 SOAR domain
sequence (L373S, A376S) disrupted association between STIM1
and Orai and rendered STIMI inactive (Frischauf et al., 2009).
Guided by sequence homology between STIM1 and STIM2, we
generated a GST-fusion construct of the WT STIM2-SOAR do-
main (S2-SOAR) and the corresponding mutant (L377S, A380S)
in the STIM2-SOAR sequence (S2-LASS) (Fig. 4A). We used
these constructs in pull-down experiments with lysates from
HEK293 cells transfected with HA-tagged Orai2 or YFP-tagged
TRPC6. As expected, we discovered that the STIM2-SOAR do-
main associated strongly with the Orai2 protein and that this
association was disrupted by the LASS mutation (Fig. 4B). In
contrast, association of the STIM2-SOAR domain with TRPC6
was weak and was not affected by the LASS mutation (Fig. 4B).
These results suggested that STIM2 is associated strongly and
directly with Orai2 via the SOAR domain, but is only associated
weakly with TRPC6. This is consistent with previous analysis of
STIM1, which has been shown to interact with Orail via the
SOAR domain and with TRPC1/2/4, but not with TRPC3/6/7, via
the ERM domain (Huang et al., 2006). To explain the ability of
TRPC6 antibodies to precipitate STIM2 from synaptosomal ly-
sates (Fig. 1C), we reasoned that Orai2 and TRPC6 may form a
complex in the membrane. A similar complex has been proposed
previously for TRPC6/3 and Orail in nonexcitable cells (Liao et
al., 2007; Jardin et al., 2009). To test this hypothesis, we cotrans-
fected FLAG-tagged TRPC6 and HA-tagged Orai2 to HEK293
cells and confirmed the formation of the TRPC6/Orai2 complex
in coimmunoprecipitation experiments (Fig. 4C).

To further investigate the function of the STIM2-Orai2-
TRPC6 complex, we cotransfected HEK293 cells with FLAG-
tagged TRPC6, HA-tagged Orai2, and YFP-tagged STIM2 or
STIM2-LASS mutant constructs. Previous results suggest that
association among the STIM1, Orai, and TRPC channels can be
modulated by the depletion state of ER Ca** stores (Liao et al.,
2007; Onget al., 2007; Cheng et al., 2008; Liao et al., 2008; Zeng et
al., 2008; Jardin et al., 2009; Liao et al., 2009; Cheng et al., 2011;
Cheng et al., 2013). To account for this possibility, we prepared
lysates from transfected HEK239 cells in standard culture condi-
tions (2 mM extracellular Ca®*) or after incubation in Ca?* -free
medium to cause store depletion. The lysates were precipitated
with anti-FLAG or anti-HA antibodies and the presence of YFP-
STIM2 was analyzed by Western blotting with anti-EGFP anti-
bodies. In these experiments, we found that, under normal Ca**
conditions (2 mm Ca’"), STIM2 associated with TRPC6 and
Orai2 weakly (Fig. 4D, lane 1, E), but this association was facili-
tated by store depletion (Fig. 4D, lane 2, E). As expected, the LASS
mutation in the STIM2-SOAR domain sequence disrupted the
STIM2 association with Orai2 (Fig. 4D, lanes 3 and 4, E). In
contrast, the LASS mutation in the STIM2-SOAR domain se-
quence did not disrupt association of STIM2 with TRPC6, but
this interaction was no longer modulated by ER Ca** levels (Fig.
4D, lanes 3 and 4, E).

To explain the results of our functional and biochemical ex-
periments (Figs. 1, 3, 4), we proposed a model depicted in Figure
4F. We propose that, in conditions of filled ER Ca*™ stores, there

J. Neurosci., November 23, 2016 - 36(47):11837-11850 « 11843

are some STIM2 proteins that interact strongly with Orai2 via the
SOAR domain and some that interact weakly with TRPC6 via a
different region (Fig. 4F, panel 1). After ER store depletion and
oligomerization of STIM2, more Orai2 and TRPC6 proteins are
recruited and a functional complex of TRPC6, Orai2, and STIM2
is assembled (Fig. 4F, panel 2). In this complex, TRPC6 serves as
a Ca®"-conducting channel and Orai2 is involved in sensing ER
Ca*>* levels by means of association with STIM2. Similar ideas
have been proposed before to explain the function of the STIM1-
TRPC3/6-Orail complex (Liao et al., 2007; Jardin et al., 2009).
We further argue that the LASS mutation in the STIM2-SOAR
domain disrupts its association with Orai2 and results in en-
hanced nonproductive association with TRPC6 due to loss of
competition with Orai2 (Fig. 4F, panel 3). Because of its inability
to bind Orai2, the STIM2-LASS association with TRPC6 is no
longer regulated by ER Ca®" store depletion (Fig. 4F, panel 4). In
the remainder of this manuscript, we will be guided by this model
(Fig. 4F) to evaluate the function of the TRPC6/Orai2-STIM2
complex in hippocampal spines.

Distinct functional roles of TRPC6 and Orai2 as components
of hippocampal spine nSOC
In previous studies, we demonstrated that STIM2 overexpression
rescues nSOC and mushroom spine defects in PS1KI and APPKI
mouse models of familial AD (Sun et al., 2014a; Zhang et al,,
2015b). Our initial results suggested that overexpression of
TRPC6 rescues mushroom spine deficit in PS1KI hippocampal
neurons (Fig. 1B,C). In agreement with these findings, we dis-
covered that overexpression of TRPC6 rescues the nSOC defect in
spines of PS1KI and APPKI hippocampal neurons (Fig. 5A, B)
and also rescues mushroom spine deficit in PS1KI and APPKI
hippocampal neurons (Fig. 5C,D). In contrast, overexpression of
Orai2 fails to rescue spine nSOC in PS1KI and APPKI hippocam-
pal neurons (Fig. 5A, B). In fact, overexpression of Orai2 signifi-
cantly impairs spine nSOC responses, even in WT neurons (Fig.
5A,B). Consistent with our findings, overexpression of Orai2 has
been reported to inhibit SOCE in nonexcitable cells (Mercer et
al., 2006; Hoover and Lewis, 2011; Inayama et al., 2015). Approx-
imately 35% of PS1KI neurons transfected with Orai2 displayed
abnormal morphology and dendritic spines could not be identi-
fied clearly in these cells (Fig 5E). Similar results were obtained
when WT or APPKI neurons were transfected with Orai2 plasmid
(data not shown). From these results, we concluded that overex-
pressed Orai2 binds STIM2 with high affinity, but does not yield
functional Ca®" influx channels in the absence of stoichiometric
amounts of TRPC6 and/or STIM2. To test this hypothesis, we
cotransfected PS1KI hippocampal neurons with the Orai2 con-
struct together with the STIM2 construct, the TRPC6 con-
struct, or the STIM2 and TRPC6 construct combination. We
discovered that the abnormal neuronal morphology was re-
covered partially in the presence of STIM2 or TRPC6 and
recovered fully in the presence of STIM2 and TRPC6 (Fig. 5E).
We also analyzed the PS1KI neurons, which display normal
morphology after overexpressing Orai2, and detected a small
elevation in the fraction of mushroom spines in these cells
(Fig. 5F). Cotransfection of Orai2 together with TRPC6 or the
TRPC6 and STIM2 combination resulted in complete rescue
of the mushroom spine fraction in PS1KI neurons (Fig. 5F).
These results support the hypothesis that the stochiometric
complex of Orai2, TRPC6, and STIM2 is necessary to support
function of nSOC in the spines.

To further test this hypothesis, we compared the effects of
STIM2 and STIM2-LASS mutant overexpression. In agreement
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Figure 5.  Functional roles of TRPC6 and Orai2 in supporting spine nSOC and hippocampal

mushroom spines. A, Time course of GCaMP5.3 fluorescence signal changes in the spines of WT,
PS1KI and APPKI hippocampal neurons. The time of 100 v DHPG addition is indicated by an
arrow. The time of extracellular Ca® " readdition is indicated by a black bar above the traces. The
results are shown for control (Con) neurons and for neurons cotransfected with TRPC6, Orai2,
STIM2, or STIM2-LASS plasmids as indicated. For each experimental group, individual spine
(gray) and average (red) fluorescence traces are shown. B, Average spine nSOC peak amplitude
is shown for each group of cells shown in. A, Mean AF/F, signals for each group are presented as
mean == SE (n = 73 spines). ***p << 0.001 compared with control group of the same genotype.
C, Confocal images of WT, PS1KI, and APPKI hippocampal neurons transfected with TD-Tomato
atDIV7 and fixed at DIV16 —17. The images are shown for control neurons (Con) and for neurons
cotransfected with TRPC6, STIM2, or STIM2-LASS plasmids. Scale bar, 10 pum. D, Average frac-
tion of mushroom spines for each group of cells shown in Cis presented as mean = SE (n =19
neurons). ***p < 0.001 compared with control group of the same genotype. E, Confocal image
of typical abnormal neuronal morphology in PS1KI hippocampal neurons cotransfected with
TD-Tomato and Orai2 expression plasmids. The fraction of neuronal cells with abnormal mor-
phologyin DIV16 —17PSTKI hippocampal cultures was analyzed. Ctrl cells were transfected with
TD-Tomato plasmid. Other groups of cells were cotransfected with DT-Tomato plasmid and
Orai2 (0,), Orai2 and STIM2 (0, + S2), Orai2 and TRPC6 (0, + T6), or Orai2, Stim2, and TRPC6
(0, + S2 + T6). The fraction of cells with abnormal morphology was estimated by visual
inspection of confocal images for each group of cells. F, Average fraction of mushroom spines for
PS1KI cells with normal morphology. Ctrl cells were transfected with TD-Tomato plasmid. Other
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with the previous studies (Sun et al., 2014a; Zhang et al., 2015b),
the expression of STIM2 rescued spine nSOC (Fig. 5A,B) and
mushroom spine loss (Fig. 5C,D) in PS1KI and APPKI hip-
pocampal neurons. In contrast, the expression of the STIM2-
LASS mutant failed to rescue spine nSOC (Fig. 5A,B) and
mushroom spine loss (Fig. 5C,D) in PS1KI and APPKI hip-
pocampal neurons. In fact, expression of STIM2-LASS mutant
exerted a dominant-negative effect on spine nSOC in WT neu-
rons (Fig. 5A,B) and resulted in mushroom spine loss in these
neurons (Fig. 5C,D). To explain these results, we reasoned that
the STIM2-LASS mutant does not bind to Orai2 and instead traps
TRPC6 in nonfunctional complex (Fig. 4F, panel 4). From these
results, we concluded that TRPC6 is a major Ca*?" influx channel
in dendritic spines and Orai2 is a regulatory subunit of the com-
plex that is gated by STIM2 in a store-depletion-dependent man-
ner. A similar model has been proposed previously for the
STIM1-TRPC3/6-Orail complex in nonexcitable cells (Liao et
al., 2007; Jardin et al., 2009).

NSN and Hyp activate spine nSOC channels
Our genetic rescue experiments (Sun et al., 2014a; Zhang et al.,
2015b) (Fig. 5) suggested that pharmacological activators of TRCP6/
Orai2 nSOC channels in spines may help to prevent mushroom
spine loss and have a therapeutic potential for AD. Hyp is a known
activator of TRPC6 (Leuner et al., 2007) (Fig. 6A). We recently iden-
tified a novel nSOC activator, NSN (molecular weight 322) (Fig. 6A).
This compound was serendipitously discovered in the process of
analyzing novel nSOC inhibitors in our previous study (Wu et al.,
2011).Tn Ca®" -imaging experiments, we discovered that application
of 300 nm Hyp or NSN before Ca** readdition rescued spine nSOC
in PS1KI and APPKI hippocampal neurons (Fig. 6B, C). Interest-
ingly, neither compound had any significant effect on nSOC in WT
spines (Fig. 6 B,C), suggesting that the spine nSOC pathway is al-
ready maximally activated in normal conditions. In further experi-
ments, we incubated TD Tomato-transfected hippocampal
neuronal cultures with 30 nm concentrations of Hyp or NSN for 16 h
and performed analysis of spine shapes by confocal imaging (Fig.
6D). We discovered that incubation with Hyp or NSN resulted in
complete rescue of mushroom spines in both PSIKI and APPKI
neurons (Fig. 6 D, E). Neither compound had any significant effect
on the fraction of the mushroom spines in WT neurons (Fig. 6 D, E).
In additional experiments, we demonstrated that 4 h of treatment
with 300 nm Hyp or NSN exerted similar rescue effect on mushroom
spines in PS1KI and APPKI hippocampal neurons (data not shown).
To confirm the target for Hyp and NSN compounds, we overex-
pressed TRPC6 in HEK293 cells and performed a series of Fura-2
Ca’"-imaging experiments. Consistent with the published reports
(Leuner et al., 2007), application of 1 um Hyp activated Ca** influx
in TRPCé6-transfected HEK293 cells, but not in control cells trans-
fected with EGFP plasmid (Fig. 7 A, C). In contrast to Hyp, applica-
tion of 1 M NSN did not trigger Ca>™ influx in TRPC6-transfected
cells (Fig. 7A, C). In additional experiments, we evaluated effects of a
1 uM NSN compound in experiments with HEK293 cells transfected
with other TRPCs (TRPC1-7), Orais (Orail-3), or a combination of
TRPC6 and Orai2. The NSN compound failed to induce Ca** influx

<«

groups of cells were cotransfected with DT-Tomato plasmid and Orai2 (0, ), Orai2 and STIM2 (0,
+52), Orai2 and TRPC6 (0, + T6), or Orai2, Stim2, and TRPC6 (0, + S2 + T6). The fraction of
mushroom spines was calculated by automated analysis of confocal images and is presented as
mean = SE (n = 13 neurons). *p << 0.05, **p << 0.01, ***p < 0.001 compared with control
group PSTKI cells.
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Figure 6.  NSN and Hyp rescue spine nSOC and mushroom spine loss in AD hippocampal
neurons. A, Chemical structure of NSN and Hyp. B, Time course of GCaMP5.3 fluorescence signal
changes in the spines of WT, PSTKI, and APPKI hippocampal neurons. The time of 100 wum DHPG
addition is indicated by an arrow. The time of extracellular Ca>* readdition is indicated by a
black bar above the traces. The results are shown for control (Con) neurons and for neurons
pretreated with 300 nm NSN (+NSN) or 300 nm Hyp (+Hyp) for 30 min as indicated. For each
experimental group, individual spine (gray) and average (red) fluorescence traces are shown.
€, Average spine nSOC peak amplitude is shown for each group of cells shown in B. Mean AF/F,
signals for each group are presented as mean = SE (n = 45 spines). ***p << 0.001 compared
with control group of the same genotype. D, Confocal images of WT, PS1KI, and APPKI hip-
pocampal neurons transfected with TD-Tomato and fixed at DIV16 —17. The images are shown
for control neurons (Con) and for neurons treated with 30 nm NSN (+NSN) or 30 nm Hyp (+Hyp)
for 16 h before fixation. Scale bar, 10 m. E, Average fraction of mushroom spines for each
group of cells shown in D is presented as mean == SE (n = 18 neurons). ***p < 0.001 com-
pared with control group of the same genotype.

in any of these experiments (data not shown). From these experi-
ments, we concluded that Hyp acts as a direct activator of TRPC6
channels, but actions of the NSN compound are more complex. In
further experiments, we measured SOC in conditions of store deple-
tion. To achieve this, HEK239 cells were preincubated in Ca®" -free
medium containing 1 uM Tg. In these experiments, we observed an
endogenous SOC response in EGFP-transfected cells, which was fur-
ther enhanced in TRPC6-transfected cells. However, application of
the NSN compound had no additional effect on SOC in control or
TRPC6 cells in these conditions (data not shown). TRPC6 channels
are known to be activated by diacyl glycerol (DAG) (Estacion et al.,
2004). In our spine nSOC measurements, the addition of 100 um
DHPG was required to generate robust Ca®" responses. Therefore,
in the next series of experiments, we evaluated effects of 1-Oleoyl-2-
acetyl-glycerol (OAG), a synthetic and stable analog of DAG. In
standard recording conditions, application of 50 um OAG to
TRPC6-transfected cells resulted in highly variable responses, with
some batched of cells displaying Ca** influx and some batches non-
responsive (data not shown). However, we discovered that 50 um
OAG could produce more consistent responses when stores were
partially depleted by preincubation of cells in extracellular medium
containing 0.1 mm Ca®* (Fig. 7B,C). The effect of OAG was ob-
served in TRPC6-transfected cells, but not in control EGFP-
transfected cells (Fig. 7B, C). Interestingly, preincubation with 1 pum
NSN resulted in significant potentiation of OAG-induced responses
in these conditions in TRPC6-transfected cells, but not in control
cells (Fig. 7B,C). Additional control experiments demonstrated
that, even after a partial depletion protocol, the NSN compound was
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shown in B, cells were moved to modified aCSF medium containing 0.1 mm Ca>* for 2 min and then
returned to the medium containing 2 mm Ca>* with the addition of 50 1w OAG. The time of addition
of 1 um Hyp or NSN is indicated by red bars above the Fura-2 traces. For each experimental group,
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forexperiments presentedin Aand Bas mean = SE (n = 81cells). ***p << 0.001. D, Confocalimages
of WT and PSTKI hippocampal neurons transfected with TD-Tomato and fixed at DIV16-17. The
neurons were infected with lentiviruses encoding control RNAi (siCtrl), RNAi against TRPC6 (siT6), or
RNAi against Orai2 (5i02). The images are shown for no drug treated neurons (Con) and for neurons
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Figure 3C. E, Average fraction of mushroom spines for each group of cells shown in D'is presented as
mean == SE (n = 19 neurons). ***p << 0.001. F, Confocal images of DIV16 live WT hippocampal
neuronal cultures stained with Hoechst 33342 (blue) and PI (red). Control cells (CON) were untreated.
Other cells were treated with 30 nw, 300 n, or 1 um NSN or Hyp for 18 h as indicated. G, Ratio of
Pl-positive (dead) cells to Hoechst 33342-stained cells (total) was determined for each group of cells
shown in F. Average fraction of dead cell data are presented as mean == SE (n = 10 random fields of
view from two independent experiments). *p << 0.05, ***p << 0.001 compared with control
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not able to activate Ca>" influx in TRPC6-transfected HEK293 cells
in the absence of OAG (data not shown). From these results, we
concluded that NSN compound most likely acts by potentiating the
effects of endogenous DAG on TRPC6 channels in neurons.

To validate TRPC6 as the target for Hyp and NSN compounds in
the spines, we performed experiments with WT and PSIKI hip-
pocampal neurons infected with Lenti-RNAi against TRPC6. These
cultures were transfected with TD Tomato, incubated with 30 nm
Hyp or NSN for 16 h, and analyzed by confocal microscopy (Fig.
7D). Knock-down of TRPC6 resulted in loss of mushroom spines in
WT neurons in these experiments (Fig. 7 D, E). Incubation with 30
nM Hyp or NSN failed to rescue this phenotype (Fig. 7 D, E), rescued
mushroom spine loss in PS1KI cultures infected with control RNAi
lentiviruses, but failed to rescue mushroom spine loss in PS1KI hip-
pocampal neurons after knock-down of TRPC6 (Fig. 7D, E). To
further confirm that spine nSOC channel is composed of TRPC6
and Orai2, we infected WT and PS1KI neurons with Lenti-RNAi
against Orai2. We discovered that 30 nm Hyp or NSN failed to rescue
mushroom spine loss in WT and PS1KI hippocampal neurons after
knock-down of Orai2 (Fig. 7 D, E). These results are consistent with
the hypothesis that Hyp and NSN rescue spine nSOC and mush-
room spines in AD neurons by activating the TRPC6/Orai2 channel
complex in the spines.

To determine whether difference in mechanisms of action
affect toxicity of Hyp and NSN compounds, we incubated
primary hippocampal neuronal cultures in the presence of
increasing concentrations of Hyp or NSN. After 18 h of treat-
ment, the cells were stained with Hoechst 33342 and PI and the
fraction of PI-positive neuronal nuclei (dead cells) was calcu-
lated. In these experiments, we discovered that NSN com-
pound did not induce cell death of hippocampal neurons
when tested in concentrations as high as 1 um (Fig. 7F, G).
Hyp started to induce cell death at a 300 nM concentration and
resulted in very significant toxicity at 1 M concentration after
overnight incubation (Fig. 7F, G). Therefore, we reasoned that
the NSN compound may have a potentially wider therapeutic
window than Hyp due to reduced toxicity. Effects of Hyp and
its derivatives in AD mouse models have been described pre-
viously (see Discussion) and we focused on the analysis of the
NSN compound for the remainder of the study.

NSN rescues mushroom spine and plasticity defects in
hippocampal slices from AD mouse models

To further evaluate synaptic effects of NSN compound, we
performed a series of experiments with hippocampal slices. To
simplify the analysis, we crossed Line M GFP mice (Feng et al.,
2000) with PS1KI and APPKI mice to yield PSIKIGFP and
APPKIGFP mice. Hippocampal slices were prepared from
6-month-old Line M GFP mice (WTGFP), PSIKIGFP and
APPKIGFP mice. The slices were treated with 300 nm NSN for
3.5 h, fixed, and analyzed by confocal imaging (Fig. 8A4). Con-
sistent with our previous studies (Sun et al., 2014a; Zhang et
al., 2015b), analysis of spine shapes revealed a significant loss
of mushroom spines in 6-month-old PSIKIGFP and AP-
PKIGFP mice compared with WTGFP mice (Fig. 8A,B).
Treatment with 300 nm NSN had no effect on mushroom
spines in WTGFP mice, but resulted in complete rescue of
mushroom spines in PSIKIGFP and APPKIGFP hippocampal
slices (Fig. 8A,B).

Next, we evaluated effects of NSN compound on synaptic
plasticity phenotypes in electrophysiological experiments. PS1KI
mice do not display E-LTP defects (Oddo et al., 2003; Chak-
roborty et al., 2009) and only the L-LTP phenotype was reported
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Figure 8.  NSN rescues mushroom spine and synaptic plasticity defects in AD hippocampal
slices. A, Confocal images of CA1 hippocampal slices from 6-month-old WTGFP, PSTKIGFP, and
APPKIGFP mice. The images are shown for untreated slices (CON) and for slices treated with 300
nm NSN (+NSN) for 3.5 h before fixation. Scale bar, 10 m. B, Fraction of mushroom spines in
hippocampal CA1 neurons from 6-month-old WTGFP, PSTKIGFP, and APPKIGFP mice. The re-
sults are shown for untreated slices (CON) and for slices treated with 300 nm NSN (-+NSN). The
average fraction of mushroom spines for each group of cells is shown as mean = SE (n = 5
mice). ***p < 0.001. ¢, Sample fEPSP traces are shown for 6-month-old WT and APPKI hip-
pocampal slices before stimulation (basal), immediately after tetanus stimulation (induction),
and 1 h after tetanus stimulation (after 1h). The results are shown for untreated slices and for
slices pretreated with 300 nm NSN (+NSN) for 23 h before tetanus stimulation. D, Normalized
and averaged fEPSP slope is shown as a function of time in the experiments with 6-month-old
WTand APPKI slices with (+NSN) or without 300 nm NSN pretreatment. At each time point, the
average normalized fEPSP slope is shown as mean +S.E (n = 6 mice). E, Average normalized
fEPSP slope 1 h after tetanus stimulation is shown for 6-month-old WT and APPKI slices. The
results are shown for untreated slices (CON) and for slices pretreated 300 nm NSN (+NSN) as
mean = SE (n = 6 mice in each group). *p < 0.05.

for these mice (Auffret et al., 2010; Zhang et al., 2015a). APPKI
mice have been generated recently (Saito et al., 2014) and no LTP
studies have been performed with these mice so far. In our stud-
ies, we discovered that two trains of high-frequency stimulation
could induce similar synaptic potentiation in 6-month-old WT
and APPKT hippocampal slices (Fig. 8C,D). However, this poten-
tiation did not last in APPKI hippocampal slices (Fig. 8C,D). On
average, for APPKI slices, the slope of fEPSP dropped back to
prestimulation levels within 60 min (Fig. 8C-E). In contrast, the
slope of fEPSP stayed elevated for WT slices, with an average
increase of 175% at the 60 min time point (Fig. 8C-E). These
results suggested that APPKI mice display a robust LTP defect at
6 months of age, which could be expected from the previously
described AB42 effect on hippocampal LTP (Chapman et al.,
1999; Walsh et al., 2002; Shankar et al., 2007; Shankar et al.,
2008). Pretreatment of hippocampal slices with a 300 nm NSN
compound for 2-3 h had no significant effect on LTP in WT
slices, but completely rescued the LTP defect in APPKI slices (Fig.
8C-E). These results are consistent with the earlier studies dem-
onstrating the important role of nSOC in supporting hippocam-
pal LTP (Baba et al., 2003). From these experiments, we
concluded that activation of spine nSOC pathway by the NSN
compound can rescue synaptic plasticity defects in APPKI hip-
pocampal neurons.

In vivo effects of NSN in AD mouse models

To determine whether the NSN compound can exert beneficial
effects in vivo, we performed pilot metabolic stability studies of
this compound. We discovered that the NSN compound is stable
in commercial liver S9 fractions in the presence of phase I cofac-
tors, which comprise an NADPH-regenerating system, and is
stable in commercial CD-1 mouse plasma (data not shown). Af-
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Figure 9.  NSN rescues phenotypes of AD mice in vivo. A, Body weight of 6.5-month-old
WTGFP, PSTKIGFP, and APPKIGFP mice injected intraperitoneally with vehicle solution (CON)
and injected with 10 mg/kg NSN (+ NSN) for 10 weeks. B, Confocal images of CAT hippocampal
slices from 6.5-month-old WTGFP, PSTKIGFP, and APPKIGFP mice. The images are shown for
mice injected intraperitoneally with vehicle solution (CON) and for mice injected with 10 mg/kg
NSN (+NSN) for 10 weeks. Scale bar, 10 pem. €, Fraction of mushroom spines and mushroom
spine density in hippocampal CA1 neurons from 6.5-month-old WTGFP, PSTKIGFP, and AP-
PKIGFP mice. The results are shown for mice injected intraperitoneally with vehicle solution
(CON) and for mice injected with 10 mg/kg NSN (+NSN) for 10 weeks. The average fraction of
mushroom spines and mushroom spine density in each group is shown as mean = SE (n = 5
mice). ***p < 0.001. D, Model of STIM2-gated TRPC6/0rai2 nSOC channels and spine mainte-
nance. STIM2-gated TRPC6/0rai2 nSOC channels play a critical role in maintenance of mush-
room spines. Extracellular glutamate activates mGIuR receptors in the spines, leading to
activation of PLC, hydrolysis of PIP,, and generation of InsP, and DAG. InsP; causes activation of
InsP;R1 in the ER Ca*" stores in the spines, leading release of Ca>* and depletion of the stores.
Depletion of the stores causes oligomerization of STIM2 and activation of TRPC6/0rai2 Ca® " influx
channels. DAG generated after PIP, hydrolysis acts as a cofactor in activating TRPC6/0rai2 channels.
Resulting Ca influx supports activity of CaMKIl in the spines, which s necessary for long-term
mushroom spine maintenance. The NSN compound acts as a positive modulator of TRPC6/0rai2 chan-
nel activity, promoting STIM2-gated and DAG-activated nSOC Ca>* influxin the spines and leading to
rescue of mushroom spines and LTP in AD mouse models.

ter intraperitoneal injection of NSN at 10 mg/kg, the compound
reached modest levels in plasma and brain penetration of this
compound was low, with peak concentration of NSN in brain
~20 ng/ml (60 nM) (data not shown). Because the NSN com-
pound was effective at a 30 nM concentration in spine rescue
experiments (Figs. 6, 7), we initiated whole animal studies. In
these experiments, NSN compound was injected intraperitone-
ally 3 times per week at a 10 mg/kg concentration in WTGFP,
PS1KIGFP, and APPKIGFP mice starting from 4 months of age.
We did not observe any obvious toxicity in injected mice, but
there was some weight loss in NSN-injected mice after 10 weeks
of treatment (Fig. 9A). This weight loss may result from activa-
tion of TRPC6 channels in the gut smooth muscles, which can
accelerate intestinal motility (Tsvilovskyy et al., 2009). The mice
were killed at 6.5 months of age and analysis of spine shapes was
performed by confocal imaging of hippocampal sections (Fig.
9B). Consistent with our previous studies (Sun et al., 2014a;
Zhang et al., 2015b), we observed a significant loss of mushroom
spines in the control group of PSIKIGFP and APPKIGFP mice
compared with WTGFP mice (Fig. 9B, C). Injections of the NSN
compound had no effect on mushroom spines in WTGFP mice,
but resulted in rescue of mushroom spine deficiency in
PS1KIGFP and APPKIGFP mice (Fig. 9B, C). These results are
comparable to in vivo rescue of mushroom spines in PS1KI and
APPKI mice after hippocampal injection of AAV1-STIM?2 virus
(Sun et al., 2014a; Zhang et al., 2015b).
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Discussion

TRPC6 and Orai2 form STIM2-regulated nSOC channel in
hippocampal mushroom spines

In previous studies, we demonstrated that STIM2-mediated
nSOC in mushroom spines is important for stability of these
spines (Sun et al., 2014a). We further concluded that nSOC-
mediated Ca®>" influx causes constitutive activation of synaptic
CaMKII, which is necessary for stability of mushroom spines
(Sun et al., 2014a). Importantly, we demonstrated that STIM2-
nSOC-CaMKII pathway is compromised in PSIKI neurons,
APPKI neurons, aging neurons, and sporadic AD brains due to
downregulation of the STIM2 protein (Sun et al., 2014a; Zhang et
al., 2015b). In the present study, we determined the molecular
identity of STIM2-gated nSOC channels in hippocampal spines.
Starting with the candidate approach, we identified TRPC6 and
Orai2 channels as key components of STIM2-gated nSOC. We dem-
onstrate that overexpression of TRPC6, but not any other member
of TRPC family, is able to rescue the mushroom spine defect in
PSIKTI hippocampal neurons (Fig. 1 B, C). We further demonstrated
that knock-down of TRPC6 or Orai2, but not knock-down of Orail,
causes inhibition of spine nSOC and loss of mushroom spines in WT
neurons (Fig. 1H-K). We confirmed association of TRPC6 and
Orai2 with STIM2 in biochemical experiments (Figs. 1 D, E, 4) and
determined that STIM2, TRPC6, and Orai2 are highly enriched in
the hippocampus (Fig. 2). We further demonstrated that overex-
pression of STIM2 is not able to rescue spine nSOC defects or mush-
room spine loss in PS1KI neurons if expression of TRPC6 or Orai2 is
suppressed by RNAI (Fig. 3). Our results are consistent with the
hypothesis that TRPC6/Orai2 form STIM2-gated nSOC channel in
the mushroom synaptic spines (Fig. 9D).

Similar to nonexcitable cells, previous studies of nSOC has
been focused primarily on Orail (Klejman et al., 2009; Mitchell et
al., 2012). A recently published study suggested that Orail may
have an important role in the formation of new spines in imma-
ture hippocampal neurons (Korkotian et al., 2016). Based on the
neuronal expression pattern, it has been postulated that Orai2
may play an important role in supporting nSOC (Hoth and Ni-
emeyer, 2013; Majewski and Kuznicki, 2015), but no direct ex-
perimental evidence to support this claim has been obtained until
our results. TRPC6 has been suggested previously to be critical
for spine morphology and neurite growth (Tai et al., 2008; Zhou
et al., 2008; Heiser et al., 2013). TRPC6 transgenic mice showed
enhancement in spine formation and spatial learning and mem-
ory in the Morris water maze (Zhou et al., 2008). TRPC6 gene
disruption in human subjects was recently linked with autism
spectrum disorders (Griesi-Oliveira et al., 2015). Although
TRPC6 has been implicated in SOC in some studies, this channel
is largely believed to be a receptor-operated channel (ROC), that
can be activated directly by DAG (Cheng et al., 2013; Sun et al.,
2014b). In our experiments, we discovered that robust spine
nSOC measurements require the application of 100 umM DHPG
before Ca®>* add back. Interestingly, the effects of DHPG were not
mimicked by the synthetic DAG analog OAG and direct applica-
tion of 100 uM OAG to hippocampal neuronal cultures in 2 mm
Ca** aCSF induced Ca** responses in just a few spines (data not
shown). From these results, we concluded that the activation of
TRPC6 channels in the spines requires depletion of the local Ca®*
stores and could not be achieved by OAG alone. A similar con-
clusion is reached based on the experiments with STIM2-LASS
mutant. Expression of this mutant, which is not able to interact
with Orai2, exerted a dominant-negative effect on spine nSOC in
WT neurons (Fig. 5A, B). During neuronal synaptic activity, ac-
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tivation of mGluR receptors in the spines is coupled to activation
of PLC, breakdown of PIP,, generation of DAG and InsP;, and
InsP;R1-mediated Ca®" release from ER stores in the spines. Our
results suggest that activation of TRPC6/Orai2 channels complex
in the spines occurs primarily as a result of local ER Ca** stores
depletion and is mediated by STIM2 (Fig. 9D). Local generation
of DAG is likely to contribute to activation of TRPC6/Orai2
channels in the spines, and our results (Fig. 7B, C) suggest that
the NSN compound may target this step in the activation of spine
nSOC. Based on the results obtained, we concluded that the
TRPC6 channel mediates Ca®* influx in the spines and that Orai2
confers ER Ca®" sensitivity by means of direct interaction with
STIM2-SOAR (Fig. 9D). Therefore, both TRPC6 and Orai2 are
necessary for store-depletion-mediated activation of nSOC in
spines. A similar model has been proposed previously for the
STIM1-TRPC3/6-Orail complex in nonexcitable cells (Liao et
al., 2007; Jardin et al., 2009).

TRPC6/Orai2 nSOC channel complex as a novel therapeutic
target for AD
Our results further indicate that the STIM2-gated TRPC6/Orai2
nSOC channel in the spines is a promising therapeutic target for
AD and age-related memory loss. In previous studies, we dem-
onstrated that STIM2 overexpression rescues nSOC and mush-
room spine defects in PS1KI and APPKI mouse models of familial
AD (Sun et al., 2014a; Zhang et al., 2015b) and protects mush-
room spines from synaptotoxic effects of AB42 oligomers (Popu-
gaeva et al., 2015). In the present study, we demonstrate that
overexpression of TRPC6 also rescued nSOC and mushroom
spine defects in PS1KI and APPKI mouse models (Fig. 5). More-
over, we demonstrated that a known TRPC6 activator, Hyp, and
a novel nSOC-positive modulator, NSN, also rescued nSOC and
mushroom spine defects in PS1KI and APPKI mouse models
(Fig. 6). It has been demonstrated in previous studies that Hyp
and its derivatives were able to prevent 3-amyloid neurotoxicity
and spatial memory impairments in ABPPSwe/PSEN1AE9
(ABPP/PS1) transgenic mice (Dinamarca et al., 2006; Cerpaetal.,
2010; Inestrosa et al., 2011). However, the mechanism of Hyp
action in these experiments was not clarified. It has been sug-
gested that Hyp exerts its beneficial effects in these experiments
by affecting acetylcholinesterase activity, reducing A deposits,
or promoting mitochondrial function and neurogenesis (Di-
namarca et al., 2006; Cerpa et al., 2010; Inestrosa et al., 2011;
Abbott et al., 2013; Carvajal et al., 2013; Zolezzi et al., 2013).
Tetrahydrohyperforin (IDN5706) was also recently reported to
enhance autophagic clearance of APP (Cavieres et al., 2015).Ina
recent study, it was suggested that tetrahydrohyperforin rescued
AB-induced synaptic plasticity defects by activating TRPC3/6/7
channels in neurons (Montecinos-Oliva et al., 2014). It was also
reported recently that Hyp modulates dendritic spine morphol-
ogy in hippocampal slice cultures through activation of TRPC6
channels (Leuner et al., 2013). In hippocampal neurons, activa-
tion of TRPC6 has been reported previously to lead to activation
of the RAS/MEK/ERK, PI3K, and CAMKIV pathways (Tai et al.,
2008; Heiser et al., 2013). Our results with Hyp (Fig. 6) are con-
sistent with the conclusion that Hyp and its derivatives exert
beneficial effects in AD models by stimulation of TRPC6-
mediated nSOC in mushroom spines. Interestingly, a recent
study suggested that TRPC6 may also affect APP processing by
y-secretase via a protein—protein interaction mechanism inde-
pendently from its ion channel activity (Wang et al., 2015).

We established that both Hyp and the NSN compound act on
the Trpc6/Orai2 channel complex because knock-down of either
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TRPC6 or Orai2 made these compounds ineffective in a spine
rescue assay (Fig. 6). However, the mechanisms of action of these
two compounds differ from each other. Hyp was able to activate
TRPC6 channels expressed in HEK293 cells directly in standard
recording conditions (Fig. 7). In contrast, NSN compound was
not effective in these experiments, but was able to facilitate OAG-
induced Ca*>" influx through TRPC6 channels in conditions of
partially depleted intracellular stores (Fig. 7). These results sug-
gested that Hyp acts as direct activator of TRPC6, but that the
NSN compound acts as a positive modulator of TRPC6 (Figs. 7,
9D). The exact mechanism of action for the NSN compound
requires further investigation, but the ability of this compound to
act as a positive modulator of endogenous spine nSOC channels
in physiological conditions may offer additional benefits for ther-
apeutic applications in AD. Indeed, in primary hippocampal cul-
ture experiments, we discovered that the NSN compound causes
significantly less toxicity than Hyp (Fig. 7 F, G). Upregulation of
TRPC6 channel expression and activity has been implicated in
human intestinal fibrotic stenosis and excessive Crohn’s disease
fibrosis (Kurahara et al., 2015). Upregulation of TRPC6 has been
also been implicated recently in carcinogenesis and enhanced
aggressive phenotype and tumor invasiveness (Ding et al., 2010a;
Ding et al., 2010b; Zhang et al., 2013). Mutations causing over-
activation of TRPC6 have been linked with kidney disease (Reiser
etal.,2005). These results suggest that strong activators of TRPC6
may result in undesirable side effects. Conversely, Hyp is one of
the active components of Hypericum perforatum (St. John’s
wort), the extracts of which have a long history of safe usage in
humans as anti-depressants with minimal side effects (Linde et
al., 2008; Kasper et al., 2010). Common adverse side effects of
using St. John’s wort include gastrointestinal symptoms, consis-
tent with high expression levels of TRPC6 channels in the gut
smooth muscles (Tsvilovskyy et al., 2009). Our results (Fig. 7)
suggest that the NSN compound may have a wider therapeutic
window and result in fewer side effects than direct activators of
TRPC6 such as Hyp and its derivatives.

In the present study, we performed preclinical evaluation of
the NSN compound in genetic mouse models of AD. We dem-
onstrated that this compound was able to rescue mushroom
spine loss in hippocampal cultures and slices from PS1KI and
APPKI mouse models (Figs. 6 D, E, 8 A, B) and rescue hippocam-
pal LTP defects in APPKI mice (Fig. 8C—E). Moreover, NSN res-
cued mushroom spine loss in PS1KI and APPKI mice when
delivered by intraperitoneal injections (Fig. 9B, C). Based on the
obtained results (Figs. 6, 7, 8, 9), we concluded that NSN is a
potential candidate molecule for therapeutic intervention in
brain aging and AD.
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