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Enhanced Store-Operated Calcium Entry Leads to Striatal
Synaptic Loss in a Huntington’s Disease Mouse Model
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In Huntington’s disease (HD), mutant Huntingtin (mHtt) protein causes striatal neuron dysfunction, synaptic loss, and eventual neuro-
degeneration. To understand the mechanisms responsible for synaptic loss in HD, we developed a corticostriatal coculture model that
features age-dependent dendritic spine loss in striatal medium spiny neurons (MSNs) from YAC128 transgenic HD mice. Age-dependent
spine loss was also observed in vivo in YAC128 MSNs. To understand the causes of spine loss in YAC128 MSNs, we performed a series of
mechanistic studies. We previously discovered that mHtt protein binds to type 1 inositol (1,4,5)-trisphosphate receptor (InsP;R1) and
increases its sensitivity to activation by InsP;. We now report that the resulting increase in steady-state InsP;R1 activity reduces endo-
plasmic reticulum (ER) Ca** levels. Depletion of ER Ca”" leads to overactivation of the neuronal store-operated Ca** entry (nSOC)
pathway in YAC128 MSN spines. The synaptic nSOC pathway is controlled by the ER resident protein STIM2. We discovered that STIM2
expression is elevated in aged YAC128 striatal cultures and in YAC128 mouse striatum. Knock-down of InsP;R1 expression by antisense
oligonucleotides or knock-down or knock-out of STIM2 resulted in normalization of nSOC and rescue of spine loss in YAC128 MSNs. The
selective nSOC inhibitor EVP4593 was identified in our previous studies. We now demonstrate that EVP4593 reduces synaptic nSOC and
rescues spine loss in YAC128 MSNs. Intraventricular delivery of EVP4593 in YAC128 mice rescued age-dependent striatal spine loss in
vivo. Our results suggest EVP4593 and other inhibitors of the STIM2-dependent nSOC pathway as promising leads for HD therapeutic
development.
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In Huntington’s disease (HD) mutant Huntingtin (mHtt) causes early corticostriatal synaptic dysfunction and eventual neurode-
generation of medium spine neurons (MSNs) through poorly understood mechanisms. We report here that corticostriatal cocul-
tures prepared from YAC128 HD mice feature age-dependent MSN spine loss, mirroring YAC128 MSN spine loss in vivo. This
finding establishes a system for mechanistic studies of synaptic instability in HD. We use it to demonstrate that sensitization of
type 1 inositol (1,4,5)-trisphosphate receptors by mHtt, which depletes endoplasmic reticulum calcium, contributes to synapto-
toxic enhancement of STIM2-dependent store-operated calcium (SOC) entry. Treatment with EVP4593, a neuroprotective inhib-
itor of neuronal SOC channels, rescues YAC128 MSN spine loss both in vitro and in vivo. These results suggest that enhanced
neuronal SOC causes synaptic loss in HD-afflicted MSNs. j
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psychiatric, and cognitive malfunctions, culminating in death
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toms typically manifest around age 40, with significant temporal
variation related to polyglutamine (polyQ) tract length in Hun-
tingtin (Htt) protein, as well as environmental factors and genetic
modifiers (Wexler, 2004; Kim, 2014). HD management involves
symptomatic treatment and supportive care, but lacks disease-
modifying therapeutics (Dayalu and Albin, 2015) due to an in-
sufficient understanding of early pathogenic events. Symptoms
manifest after synaptic dysfunction and changes in dendritic
spine density in HD patients (Graveland et al., 1985; Ferrante et
al., 1991; Sotrel et al., 1993; Paulsen et al., 2008; Miller and Bez-
prozvanny, 2010; Orth et al., 2010) and animal models of HD
(Murphy et al., 2000; Guidetti et al., 2001; Milnerwood and Ray-
mond, 2010). This suggests that HD symptoms may result from
synaptic dysfunction rather than overt neurodegeneration; how-
ever, the early pathogenic mechanisms underlying synaptic insta-
bility are poorly understood.

HD results from expansion of the CAG repeat tract in hun-
tingtin, which encodes mutant Htt (mHtt) with an elongated
polyQ region (Huntington’s Disease Collaborative Research
Group, 1993; Kim, 2014). mHtt is predominantly thought to
cause pathology via a toxic gain-of-function (Davies et al., 1997;
Tobin and Signer, 2000); however, loss of normal Htt functions,
potentially including regulation of synapse formation (McK-
instry et al., 2014), may also contribute to HD initiation and
progression. Htt is ubiquitously expressed in the brain and body,
but striatal medium spiny neurons (MSNs) are particularly sus-
ceptible to mHtt (Eidelberg and Surmeier, 2011). The cortex in-
nervates MSNs with glutamatergic inputs and influences striatal
connectivity (Miller and Bezprozvanny, 2010; Kozorovitskiy et
al,, 2012). Cell-specific deletion of mHtt in BACHD mice dem-
onstrated that a full rescue of the HD phenotype requires the
absence of mHtt in both cortical and striatal neurons (Wang et
al., 2014). Together, this and other evidence suggests preserva-
tion of the synaptic connection between cortical neurons and
MSNss as a primary therapeutic objective (Miller and Bezproz-
vanny, 2010; Milnerwood and Raymond, 2010).

Accumulating evidence indicates that dysregulation of intra-
cellular neuronal Ca*™ signaling plays a role in HD progression
(Bezprozvanny, 2009; Miller and Bezprozvanny, 2010; Bezproz-
vanny, 2011). We discovered previously that mHtt directly and
specifically binds to the carboxyterminal region of type 1 inositol-
1,4,5-trisphosphate receptor (InsP;R1), a neuronal endoplasmic
reticulum (ER) Ca*" release channel (Tang et al., 2003). Associ-
ation with mHtt sensitizes InsP;R1 to activation by InsP; (Tang et
al., 2003) and promotes glutamate-induced cell death of HD
MSNs (Tang et al., 2005; Tang et al., 2009). Similar to mHtt,
polyQ-expanded ataxin 3 and ataxin 2 proteins associate with
InsP;R1 and sensitize it to InsP5, contributing to neurodegenera-
tion in spinocerebellar ataxias type 2 and type 3 (Chen etal., 2008;
Liu et al., 2009; Kasumu and Bezprozvanny, 2012; Kasumu et al.,
2012). Ca*" release from the ER stimulates neuronal store-
operated calcium entry (nSOC) channels in the plasma mem-
brane (Putney, 2003). In the previous studies, we discovered that
the nSOC pathway is enhanced in HD MSNs (Wu et al., 2011).
Moreover, we identified EVP4593 as a specific inhibitor of nSOC
entry and found that it exerted neuroprotective effects in a gluta-
mate toxicity assay with HD MSN cultures and normalized mo-
tor behavior in a fly model of HD (Wu et al., 2011). In the present
study, we investigated the contribution of ER Ca*™ dysregulation
to synaptic instability in HD MSNs. Our results suggest that ex-
cessive nSOC entry plays an important role in the loss of synaptic
spines in YAC128 MSNs and identify the synaptic nSOC pathway
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as a potential therapeutic target for treatment of HD and poten-
tially other polyglutamine expansion disorders.

Materials and Methods

Dendritic spine analysis of MSNs in primary corticostriatal cocultures. All
procedures involving mice were approved by the Institutional Animal
Care and Use Committee of the University of Texas (UT) Southwestern
Medical Center at Dallas and followed the National Institutes of Health’s
Guidelines for the Care and Use of Experimental Animals. WT (FVBN/NJ)
and YAC128 transgenic mice [FVB-Tg(YAC128)53Hay/J; Jackson Lab-
oratories: stock # 004938; Slow et al., 2003) were housed in a UT South-
western Medical Center barrier facility (12 h light/dark cycle) and
maintained and genotyped as in Wu et al. (2011).

Corticostriatal cocultures were established from WT and heterozy-
gous YAC128 littermates to study the dendritic spines of MSNs. Briefly,
striata and cortices were dissected from postnatal day 0—1 pups (in 1X
HBSS, 16.36 mm HEPES, 10 mm NaHCO;, 1X penicillin-streptomycin)
digested with papain (30 min at 37°C; Worthington), rinsed
(Neurobasal-A medium with 10% FBS), dissociated (in dissection media
with 5 mg/ml DNasel), and plated on poly-p-lysine coated 12 mm cov-
erslips in Neurobasal-A medium supplemented with 5% FBS, 2% B27
and 0.5 mm L-glutamine (Invitrogen) and maintained at 37°C in a 5%
CO, incubator, feeding weekly by addition of 400 ul of NBA, 2% B27,
and 0.5 mum L-glutamine. Cortices from one hemisphere and striata from
three brains were used to plate 24 wells of a 24-well plate. We estimated
that, on average, the resulting plating densities were 350 cells/mm? for
cortical neurons (Ctx) and 1060 cells/mm? for MSNs, resulting in a 3:1
MSN:Ctx ratio.

For assessment of spine morphology, 14 d in vitro (DIV14) and DIV20
corticostriatal cocultures were fixed for 30 min in 4% formaldehyde plus
4% sucrose in PBS, pH 7.4, and permeabilized for 5 min in 0.25% Triton
X-100. Fixed MSNs were blocked with 5% BSA in PBS and immuno-
stained using a rabbit anti-DARPP-32 antibody (1:500; Cell Signaling
Technology, 2306s) and a goat anti-rabbit Alexa Fluor 488 secondary
antibody (1:1000) or a goat anti-rabbit Alexa Fluor 594 secondary anti-
body (1:1000). Z-stacks were captured using a 100X oil objective [Plan-
Neofluor, 1.3 numerical aperture (NA)] with a confocal miscroscope
(LSM510 Meta) with the pinhole set to one airy unit and optical sections
every 0.3 wm in Z. Dendritic spine density was quantified using Neuron-
Studio software in at least three batches of cultures for each experiment.

Dendritic spine analysis in mouse striatum. To establish a quantitative
in vivo analysis of MSN spines, we adopted a procedure developed by
Dumitriu et al. (2011). WT and YAC128 mice at the age of 2, 6, and 12
months were perfused intracardially with 5 ml of ice-cold 1% parafor-
maldehyde (PFA) solution in 0.1 M phosphate buffer (PB), followed by 60
ml of 4% PFA plus 0.0625% glutaraldehyde in 0.1 m PB over 12 min.
Brains were removed and postfixed (4% PFA, 0.0625% glutaraldehyde,
0.1 M PB) for 4 h at 4°C. Fixed brains were coronally sliced (300 uwm
sections) using a vibratome (Leica 1200S) and stored at 4°C in PBS with
0.05% NaNj. Slices were mounted on a patch-clamp setup (Olympus
BX51 microscope with infrared camera portal). Glass electrodes for dye
injection were pulled (150-300M(); Sutter Instruments P97) and striatal
neurons were randomly injected and filled with Lucifer yellow solution
(L-12926; Invitrogen). A constant negative currentin the range of 1-3 nA
promoted dye infusion. MSN spines were imaged using a two-photon
microscope (Zeiss LSM780) with a 40X lens and a 5X zoom. MSNs were
identified by their characteristic shape and abundance of spines. For each
neuron, a dendritic segment spaced at least 50 wm from the soma or after
the first branching point was considered for analysis. The spine density
and the prevalence of different types of spines (thin, stubby, mushroom)
were analyzed using NeuronStudio software as described previously (Sun
etal., 2014).

Knock-down of InsP;R1 by antisense oligonucleotides (ASOs). Isis
Phamaceuticals generated and provided ASOs targeting InsP;R1 includ-
ing the following ASOs: 536177-2, 536178-2, 536179-2, 536188-2,
536195-3, 536198-2, 536199-2, 536251-2, 536254-2, 536255-2,
536262-2, and 536263-2. Herein, we refer to ASO ID numbers by the
three digits following 536. Cells were incubated with ASOs for 3-6 d to
knock down InsP;R1. ASO efficacy (at 500 nm) was evaluated by gPCR
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(in bEnd.3 cells 3 d after ASO transfection with FuGENE 6; Promega)
and Western blotting (in MEF cells after 6 d of naked ASO treatment) as
described previously (Zhang et al., 2008b). ASO efficacy (at 200 nm) was
also evaluated by Western blotting lysates from cortical neuron cultures
(after 6 d of naked ASO treatment) with the rabbit polyclonal anti-
InsP;R1 antibody T443 (Tu et al.,, 2005). To evaluate potential ASO-
induced toxicity, mixed WT and YAC128 corticostriatal cultures were
incubated with 200 nMm of various ASOs starting at DIV14. After 6 d of
treatment, the cells were fixed and stained with TMR red (In Situ Cell
Death Detection Kit, Roche). Nuclei were counterstained with DAPI. For
quantification, six randomly chosen microscopic fields containing 70-
150 neurons were counted. The number of TMR red positive neuronal
nuclei was calculated as a fraction of DAPI-positive neuronal nuclei in
each microscopic field. The fractions of TMR red positive nuclei deter-
mined for each microscopic field were averaged and the results are pre-
sented as means * SE.

Western blot analysis. Striatum regions from WT and YAC128 mice at
different ages were dissected, homogenized, and solubilized at 4°C for 1 h
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, 1
PMSF, 50 NaF, and 1 Na;VO, plus protease inhibitors. Primary pure
MSN cultures of WT and YAC128 were prepared as described previously
(Wuetal., 2009). MSNs were collected, homogenized, and solubilized in
the lysis buffer on DIV14. The total protein lysates were separated by
SDS-PAGE and analyzed by Western blotting with anti-STIM1 pAb (1:
500; Cell Signaling Technology, 4961s), anti-STIM2 pAb (1:500; Cell
Signaling Technology, 4917s) or anti-STIM2 pAb (1:500; AnaSpec,
54681), anti-TRPC1 mAb (1:1000; Santa Cruz Biotechnology, SC-
133076) and anti-tubulin (1:1000; Developmental Studies Hybridoma
Bank, E7-c). HRP-conjugated anti-rabbit and anti-mouse secondary an-
tibodies (115-035-146 and 111-035-144) were from Jackson ImmunoRe-
search. Data were analyzed using Image]J. The integrated density of each
band was normalized to tubulin signal of the same sample.

Lentivirus preparation. We used polyethylenimine (PEI) to transfect
HEK293T cells with a lentiviral expression vector (FUGW; addgene.org/
14883/) to drive expression of GFP or Cherry, lenti-Cas9 (addgene.org/
52962/) or lenti-Guide (addgene.org/52963/) targeting STIM2, along
with the plasmids A8.9 and VSVG for lentiviral production and packag-
ing. After 48 h, culture media were collected, centrifuged (2000 RPM for
5 min), filtered (0.45 wm pore size), and stored at —80°C until use. For
lentiviral transfection of neurons, 100 ul of lentivirus media was added to
each well. Transfection of primary cultures with lenti-GFP, followed by
immunostaining for neuronal marker MAP2, revealed selective and effi-
cient (89.9%) transfection of neurons.

Fura-2 Ca” " -imaging experiments. Fura-2 Ca>" -imaging experiments
with DIV14-20 MSNs in corticostriatal cocultures were performed as
described previously (Tang et al., 2003; Zhang et al., 2010). Fura-2 340/
380 ratio images were collected using a DeltaRAM-X illuminator, Evolve
camera, and EasyRatioPro software (Photon Technology International).
The entire cell somas were set as the regions of interest for image analysis.
In preparation of the coculture, the cortical neurons were plated on DIVO
and infected with lenti-GFP. After 24 h, the medium was replaced with
fresh medium and striatal neurons were plated on DIV1. GFP-negative
striatal neurons were included in analyses. In DHPG-induced calcium
release experiments, neurons were loaded with 5 um Fura-2-AM (Invit-
rogen) in artificial CSF (ACSF) containing the following (in mm): 140
NaCl, 5 KCI, 1 MgCl,, 2 CaCl,, 10 HEPES, pH 7.3, for 45 min at 37°C.
After washing with Ca** -free ACSF (omitting CaCl, and supplementing
with 100 um EGTA), the MSNs were incubated in Ca** -free medium for
1 min before application of 1 um DHPG. The basal calcium level in
Ca?"-free medium was recorded for ~50 s before the addition of 1 uMm
3,5-DHPG (Tocris Bioscience). Images from 340 and 380 nm excitation
and 510 nm emissions were captured every 2 s to measure the cytosolic
calcium concentration (340F/380F ratio; F = 340F/380F at peak response
within 1 min of stimulus application. F, = 340F/380F at baseline). In
ionomycin (IO) experiments, the neurons were washed with Ca**-free
ACSF for 30 s before the addition of 5 um IO. The size of the ER Ca?*
pool was calculated by integrating the area under the I0-induced Ca?*
response curve as we described previously (Tu et al., 2006).
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GCaMP5.3 Ca* " -imaging experiments. GCaMP5.3 Ca? " -imaging ex-
periments were performed as described previously (Sun etal., 2014). The
corticostriatal cocultures were prepared as described in the Fura-2 Ca®" -
imaging experiment except that lenti-Cherry was used to infect cortical
neurons. The WT and YACI128 neurons were transfected with a
GCaMP5.3 expression plasmid using a high calcium-phosphate transfec-
tion method (Jiang and Chen, 2006) at DIV7 (CalPhos Transfection Kit;
Clontech). MSNs in the coculture were identified by GCaMP5.3 expres-
sion, morphology, and the lack of Cherry expression. GCaMP5.3 fluo-
rescent images were collected using an Olympus IX70 inverted
epifluorescence microscope equipped with a 60X lens, Cascade 650
digital camera (Roper Scientific) and Prior Lumen 200 illuminator.
Images from 488 nm excitation were collected at 0.5 Hz using Meta-
Fluor (Universal Imaging). To measure synaptic nSOC, the neurons
were incubated in Ca?"-free medium (supplemented with 400 um
EGTA) containing 1 uMm thapsigargin (Tg) for 5 min before returning
to the ACSF containing 2 mm Ca®*, 1 um Tg and a Ca®" channel
inhibitor mixture (1 um TTX, 50 um AP5, 10 um CNQX, and 50 um
nifedipine). The basal calcium level (F,) in Ca**-free medium was
recorded for ~40 s before the addition of 2 mm Ca** (F = the peak
response to Ca’" readdition). Data analysis was performed using
Image].

For neuron-type identification in cocultures, we choose to label corti-
cal neurons via lentiviral expression of GFP or Cherry to minimize per-
turbations to MSN physiology that might complicate experimental
results. We determined that, in cortical cultures, 90% of neurons were
transfected with lenti-GFP. Based on the transfection efficiency and the
relative prevalence of MSNs and cortical neurons (3:1 MSN:Ctx ratio),
we estimated that 3% of GFP-negative cells were cortical neurons and
97% were MSN neurons in our experiments. Therefore, the predicted
error rate in Ca” " -imaging experiments is no more than 3% even if we
ignored morphological traits of each cell type.

Dicer siRNA preparation. Dicer-generated siRNAs were used to knock
down STIM2 in corticostriatal neuronal cultures. The STIM2 siRNA was
prepared as described previously (Wu et al., 2011). Full-length mouse
STIM2 cDNA was obtained from Open Biosystems (clone ID: 5028346)
and used as a PCR template. The T7 promoter sequence was included in
the sequence of both forward and reverse primers as follows: FP = GCG
TAA TAC GAC TCA CTA TAG GGA GAA GTA GTT TAT GCC GCT
CTC, RP = GCG TAA TAC GAC TCA CTA TAG GGA GAT CAC TTA
GAC TTC TTC TTG. The product of PCR was purified by NucleoSpin
Extract II (Clontech) and dsRNA was obtained by T7 polymerase-
mediated transcription for 16 h at 37°C (TurboScript T7 Transcription
Kit; Genlantis) followed by DNase I digestion for 15 min at 37°C. dsRNA
was purified by lithium chloride precipitation and quantified using
NanoDrop 2000c (Thermo Scientific). Four micrograms of dsRNA and
four units of recombinant PowerCut Dicer enzyme (Finnzymes) were
combined with PowerCut Dicer Reaction Buffer in a total volume of 20
wl. After 16 h at 37°C, dsiRNA was purified on two consecutive RNA
purification columns to remove salts and free nucleotides. This yielded a
size-homogeneous population of dsiRNA <30 bp without contamina-
tion by long dsRNAs. The concentration of dsiRNA was determined with
aNanoDrop 2000c. WT and YAC128 corticostriatal cultures were trans-
fected on DIV7 using PEI combined with 200 ng of siRNA-STIM2. The
same amount of nontargeting siRNA reagent was used in control trans-
fections (Dicer-GFP). The efficiency of the Dicer siRNA was determined
functionally by the GCaMP5.3 nSOC experiment.

CRISPR/Cas9 preparation. To knock out neuronal STIM2 in cortico-
striatal cocultures, we used the CRISPR/Cas9 system. guideRNA se-
quences targeting mouse STIM2 were designed using a bioinformatics
tool (crispr.mit.edu) and gSTIM2 plasmids were generated. The sgRNA
sequence targeting exon 1 of STIM2 (GTCGGGATCGGCCGGAGCGG)
was cloned into the lentiGuide-Puro plasmid (addgene.org/52963/) as
described previously (Sanjana et al., 2014; Shalem et al., 2014) follow-
ing the same protocol (addgene.org/static/data/plasmids/52/52963/
52963-attachment_IPB7ZL_hJcbm.pdf). A glacZ plasmid (GTGCG
AATACGCCCACGCGAT) was used as a negative control (Platt et al., 2014).

The lenti-Cas9-Blast plasmid (addgene.org/52962/) was used to ex-
press Cas9. To validate these plasmids, MEF cells were cotransfected with
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Age-dependent dendritic spine loss in YAC128 MSNs. A, WT and YAC128 MSNs were plated on DIV0 and transfected with lenti-GFP. Medium was replaced on DIV1 and cortical cells of

the same genotype were plated. On DIV20, the corticostriatal cocultures were immunolabeled for DARPP32. Confocal images of GFP and DARPP32 signals are shown as indicated. A merged image
isalsoshown (GFP, green; DARPP32, red). Scale bar, 5 .um. B. Average MSN spine density was calculated for DIV20 WTand YAC128 MSNs using GFP images and DARPP32 staining images as indicated.
An average density is shown as mean == SE (n = 7). ***p < 0.01. C. WT and YAC128 corticostriatal cocultures were fixed at DIV14 or DIV20 and stained for DARPP32. Volumetric reconstructions of
confocal images are shown. Scale bar, 5 m. D. An average MSN spine density is shown for DIV14 and DIV20 WT and YAC128 MSNs cultures as mean == SE (DIV14, n = 37-39 neurons; DIV20,n =
25-30 neurons). ****p < 0.0001. E. Striatal slices from WT and YAC128 mice were obtained at 2, 6, and 12 months of age. Two-photon images of MSNs filled with Lucifer yellow are shown. Scale
bar, 5 m. F. An average MSN spine density in striatal slices is shown as mean == SE (2 months, WT, n = 34 neurons; YAC128, n = 30 neurons; 6 months, WT, n = 39 neurons, YAC128,n = 52
neurons; 12 months, WT, n = 36 neurons, YAC128, n = 42 neurons). The data were pooled together from 3—4 mice for each age group and genotype. **p << 0.01.

Cas9 and gSTIM?2 or glacZ plasmids and the cells transfected with both
plasmids were selected using 5 ug/ml blasticidin and 10 ug/ml puromy-
cin. The lysates prepared from MEF cells were analyzed by Western blot-
ting with anti-STIM2 antibodies.

Drug infusion experiments. Mini-osmotic pumps (Alzet; model 2006)
loaded with EVP4593 (0.25 mg/ml) or the vehicle (10% DMSO in
PEG300) were implanted in mice with the infusion cannula targeting the
ventricles. The surgical procedure followed Alzet’s instructions. Briefly,
after mice were anesthetized with ketamine/xylazine, the skull was ex-
posed by a midline sagittal incision. A hole was drilled through the skull
using the stereotaxic coordinates for the ventricle. The cannula was in-
serted and secured using dental cement. The pump was implanted sub-
cutaneously in the back. The intraventricular delivery began when mice
were 10.5 months old. After 45 d, brains were fixed, sliced, injected with
Lucifer yellow to visualize MSN spine morphology, and imaged by two-
photon microscopy as described above.

Statistical analyses. Data are presented as mean * SE and were ana-
lyzed statistically with GraphPad Prism 6 or OriginPro 8 using one-way
or two-way ANOVAs followed by a multiple-comparisons test. Bonfer-
roni’s post hoc test was used when only comparing WT versus YAC128 for

each condition. Tukey’s post hoc test was used to make all comparisons.
Dunnett’s post hoc test was used when comparing against the control
condition. The multiplicity adjusted p value is reported (p > 0.05 = n.s.,
*p < 0.05, *p < 0.01, **p < 0.001, and ****p < 0.0001).

Results

Dendritic spine loss in aged YAC128 MSNs in vitro and

in vivo

Mixed cortical/striatal cultures are necessary for the formation of
functional MSN dendritic spines (Segal et al., 2003). To study
synaptic defects in HD MSNs, we set up mixed corticostriatal
cultures from WT and YAC128 (YAC) mice. In control electro-
physiological experiments, we confirmed that functional synap-
tic contacts are established between cortical neurons and MSNs
in these cultures (Artamonov et al., 2013), in agreement with
previously published observations (Segal et al., 2003; Tian et al.,
2010; Fishbein and Segal, 2011; Milnerwood et al., 2012). To
examine MSN spines, we plated MSNs and infected them on
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Figure2. Validation of InsP;R1knock-down ASOs. 4, bEnd.3 cells were transfected with 500 nu of different ASOs or the vehicle
control. Three days after transfection, InsP;R1 mRNA levels were quantified by gPCR. The levels of InsP;RT mRNA for each ASO were
normalized to the levels of InsP;R1T mRNA in control cultures. p = 0.0488 —0.0005; n = 3 experiments. B, Western blot analysis
of InsP,R1 levels in lysates from MEF cells incubated for 6 d with 500 nw of different ASOs or the vehicle control (culture medium).
C, The mean InsP;R1 expression levels in MEF cells determined in Western blotting experiments are shown as mean = SE for each
ASO (n = 2-5). **p < 0.01; ***p << 0.001; ****p < 0.0001. D, Western blot analysis of InsP;R1 levels in lysates from cortical
cultures incubated for 6 d with 200 nm of different ASOs or the vehicle control (culture media). E, The mean InsP;R1 expression
levelsin cortical neurons cells determined in Western blotting experiments are shown as mean == SEforeach ASO (n = 3-7).*p <
0.05; **p < 0.01; ***p < 0.001.
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DIVO with lenti-GFP. On DIV, culture
media was replaced and cortical cells were
plated. On DIV20, cultures were fixed and
stained for DARPP32, a protein abun-
dantly expressed in striatal neurons. In
MSNs expressing GFP at high enough
levels, spines could be visualized by both
GFP and DARPP32 in confocal imaging
experiments (Fig. 1A). Immunostained
cultures were imaged by confocal micros-
copy and the density and shape of synaptic
spines was determined by automated
analysis (Rodriguez et al., 2008). Both la-
beling methods revealed a substantial re-
duction in the density of DIV20 MSN
spines from 9.6 £ 0.67 spines/10 wm of
dendritic length in WT cocultures to
49 * 0.46 spines/10 um of dendritic
length in YAC128 cocultures (p < 0.001;
n = 7 for all conditions; Fig. 1B). Al-
though both methods labeled spines iden-
tically (Fig. 1A), DARPP32 staining was
brighter, produced less background fluo-
rescence, and enabled the analysis of
spines for a greater number of MSNs (the
GFP signal was too dim in most MSNs for
spine analysis). Therefore, for the remain-
ing experiments, we used DARPP32 stain-
ing as a simplified method to analyze
MSN spines. To estimate potential error
associated with misidentifying MSNs in
spine analysis experiments, we examined
the density of DARPP32-positive neurons
in isolated cortical and striatal cultures.
We observed occasional DARPP32-pos-
itive neurons in cortical cultures, but the
density of these cells was much lower than
in striatal cultures. From these control
studies, we estimated that, on average, one
of six DARPP32-positive cells in the
mixed cultures may correspond to a cor-
tical neuron. In addition, cortical neurons
had different shape and much weaker
DARPP32 staining than striatal neurons,
further facilitating the confirmation of
MSN identity. MSNs were included in the
analysis if they had a small soma size, mul-
tiple dendrites originating from the soma,
and dendrites that were highly spiny in
addition to intense DARPP32 staining.
Using DARPP32 staining alone, we de-
termined that, on DIV14, spine density
for WT MSNs was equal to 10.0 = 0.5
spines/10 um of dendritic length (n = 37
neurons) and, for YAC128 MSNs, it was
equal to 8.9 = 0.5 spines/10 wm of den-
dritic length (n = 39), not significantly
different from each other (Fig. 1C,D). On
DIV20, the spine density of WT MSNss re-
mained at 10.3 = 0.5 spines/10 um of
dendritic length (n = 25; Fig. 1C, 1D). In
contrast, spine density of YAC128 MSNs
was decreased to 5.1 = 0.3 (n = 30)
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spines/10 um of dendritic length (Fig. A
1C,D), significantly (p < 0.0001) lower 03
than for WT cultures and for YAC128 cul-
tures at DIV14. Analysis of spine shapes O 02
revealed that all spine types (thin, stubby, |
and mushroom) were equally affected in TR
YACI128 MSNs (data not shown).

To validate these findings in vivo, we 0.0
analyzed spine density in striatal slices

Wu, Ryskamp et al. ® Enhanced nSOC and Synaptic Loss in HD

WT

WT+178

from WT and YAC128 mice at different 0

ages. In these experiments, striatal neu-

rons in fixed slices were loaded by Lucifer 054
yellow fluorescent dye using glass elec-
trodes (Dumitriu et al., 2011) and the
spine shape and density was evaluated by
two-photon imaging (Fig. 1E). In these
experiments, we discovered that MSN
spine density was similar in WT and 0.0
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YACI128 mice at 2 and 6 months of age, on
the order of 17-20 spines/10 wm of den-
dritic length (Fig. 1 E,F). The spine den-
sity was reduced in WT MSNs at 12
months of age to 15.3 = 1.1 spines/10 um
of dendritic length (n = 36 from 3 mice;
Fig. 1 E,F). At the same age, the spine den-
sity of YAC128 MSNs was reduced even
further to 10.3 = 0.5 spines/10 wm of den-
dritic length (n = 42 from 4 mice; Fig.
1E,F), significantly (p = 0.0012) lower
than for the WT. Similar to in vitro results
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(Fig. 1A-D), all spine types (thin, stubby, 0
and mushroom) were uniformly lost in
12-month-old YAC128 MSNs (data not
shown).
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Figure3. InsP,R1-mediated Ca 2% release s enhanced in YAC128 MSNs. A, Fura-2 340/380 fluorescence ratio traces are shown

for WTand YAC128 MSN cell bodies in response to stimulation by 1 um DHPG. Individual cell traces are shown by thin gray lines, and

Supranormal InsP;R1 activity, reduced
ER Ca?" levels, and increased spine
SOCin YAC128 MSNs
What causes spine loss in YAC128 MSNs?
In previous studies, we demonstrated that
mHtt causes supranormal activation of InsP;R1 and excessive
Ca’" release from the ER (Tang et al., 2003; Tang et al., 2005).
Therefore, we set out to determine whether dysregulation of
InsP,;R1 function and ER Ca** homeostasis contributes to spine
loss in YAC128 MSNs. In these experiments, we took an advan-
tage of ASOs targeting mouse InsP;R1. In control experiments,
we established that all of the tested ASOs (500 nm) reduced
InsP;R1 mRNA levels in bEnd.3 cells 3 d after transfection, but
ASOs 178 (p = 0.0007) and 195 (p = 0.0017) were the most
effective (Fig. 24). ASOs 178 (p = 0.0029), 195 (p < 0.0001), and
255 (p < 0.0001) were also the most effective at reducing InsP;R1
protein levels in MEF cells after 6 d of 500 nm ASO treatment (Fig.
2B, C). Several ASOs (200 nMm) also reduced InsP;R1 protein lev-
els in cortical neuron cultures (Fig. 2 D, E). For example, ASO178
reduced InsP;R1 expression in cortical neuron cultures to
0.67305 * 0.06041 (n = 6) relative to the control (n = 6; p <
0.001), whereas ASO177 had no effect (0.91277 + 0.05412; n = 6;
Fig. 2E). Because ASO178 was the most effective across several
cell lines and assays, we used it as the primary ASO to suppress
InsP;R1 function selectively in the corticostriatal coculture HD
model.

To evaluate InsP,R1-mediated ER Ca’" release, neurons in
WT and YACI128 DIV14-20 corticostriatal cocultures were

average traces are shown by thick gray lines. The traces are shown for control cultures and for the cultures treated with AS0178. B,
€, The mean amplitude (B) and slope (C) of DHPG-evoked Fura-2 responses is shown as mean = SE(WT, n = 20; YAC128,n = 25;
WT + AS0178, n = 34, YAC128 + ASQ178, n = 27). Comparisons were made to the WT control condition; *p << 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001.

loaded with Fura-2 AM. Cortical neurons in these experiments
were infected with lenti-EGFP virus at DIVO before plating of
MSNs at DIV1. In Fura-2 Ca®"-imaging experiments, MSNs
were identified as GFP-negative cells with characteristic mor-
phology. In these experiments, application of the selective
mGluR1/5 agonist DHPG (1 uMm) evoked InsP;R1-mediated
Ca’** release from the ER (Fig. 34). The response was enhanced
in YAC128 MSNs compared with WT MSNs (Fig. 34). On aver-
age, the amplitude of response to DHPG was 1 * 0.1346 (n = 20)
in WT MSNs and 3.02075 * 0.25483 (n = 25; p < 0.0001) in
YAC128 MSNss (Fig. 3B). These results confirmed that InsP;R1 is
indeed hyperactive in YAC128 mixed MSN cultures, in agree-
ment with our previous findings (Tang et al., 2003; Tang et al.,
2005). Interestingly, the increase in DHPG-induced Ca®™ release
was significantly more dramatic in the YAC128 MSN corticos-
triatal culture preparation (Fig. 3A, B) than in our previous stud-
ies with “naked” YAC128 MSNs (Tang et al., 2003; Tang et al.,
2005).

To further test the involvement of InsP;R1 in the corticostria-
tal coculture HD model, we used ASO178 to knock down
InsP;R1 expression levels. ASO178 treatment of cocultures be-
fore Ca®" imaging normalized MSN ER Ca’* release to WT
levels (Fig. 3A,B). ASO255 comparably suppressed DHPG-
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leakage. Therefore, we reasoned that sen-
sitization of InsP;R1 may lead to en-
hanced ER Ca** leakage and reduced
steady-state ER Ca*" levels in YAC128
MSNs. To test this hypothesis, we mea-
sured the ionomycin-sensitive ER Ca*"
pool in WT and YAC128 corticostriatal
cocultures. In these experiments, mixed
cultures were loaded by Fura-2 and MSNs
were identified as GFP-negative cells as
described above. The cells were trans-
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100 150 ferred to Ca®"-free media for 30 s and
challenged with 5 um IO. The content of
the IO-sensitive ER Ca** pool was deter-
mined by integrating the area under the
I0-induced curve as we described previ-
ously (Tu et al., 2006). In these experi-
ments, we found that ER Ca?" content
was significantly lower in YAC128 MSNs
than in WT MSNs (Fig. 4A). On average,
the IO-sensitive pool size was equal to 1 *
0.28065 (n = 34) in WT MSNs and
0.2715 = 0.40065 (n = 30) in YACI28
MSN:s, significantly (p < 0.05) lower (Fig.
4B). Pretreatment with ASO178 sup-
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pressed the ER Ca** leak in WT MSNs,
resulting in a 2.5-fold increase in the ER
Ca** pool size (Fig. 4A, B). Pretreatment
with ASO178 also suppressed the ER
Ca?" leak in YAC128 MSNs, increasing
the ER Ca** pool size to the same levels as
in WT MSNs (Fig. 4 A, B). These data sup-
port the hypothesis that supranormal
steady-state activity of InsP;R1 is a major
cause of elevated ER Ca’" leakage and re-
duced ER Ca*" levels in YAC128 MSNG.
Given that ER Ca®" depletion acti-
vates the SOC entry pathway, persistently
reduced ER levels should trigger enhanced

100 150

Ctrl

Figure 4.

made between genotypes for each condition; *p << 0.05.

induced Ca*" release in WT and YAC128 cocultures (data not
shown). The incomplete suppression of the DHPG response after
ASO treatment most likely reflects partial knock-down of
InsP,R1 expression and calcium-induced Ca®" release from ry-
anodine receptors. Quantification of the Ca*" release rate (by
measuring slope of the initial Fura-2 response) provides a more
direct readout of InsP;R1 function in cells. The Fura-2 signal
slope measurements confirmed enhanced InsP;R1 function in
YAC128 MSNs and efficient knock-down of InsP;R1 by ASO178
in both WT and YAC128 MSNs (Fig. 3C).

Some basal levels of InsP; are present in most cells, including
MSNs, due to steady-state activation of PLC-coupled receptors.
This causes basal activity of InsP;R1, contributing to ER Ca**

178

ER Ca2™ content is reduced in YAC128 MSNs. 4, Fura-2 340/380 fluorescence ratio traces are shown for WT and
YAC128 MSN cell bodies in response to application to 5 m 10. The cells were moved to Ca ™ -free media 30 s before application of
10 as indicated. Individual cell traces are shown by thin gray lines and average traces are shown by thick gray lines. The traces are
shown for control cultures and for the cultures treated with AS0178. B, The average size of the |0-sensitive Ca®" pool was
calculated by integrating an area under Fura-2 traces. The results were normalized to 10 pool size in WT control cultures and are
shown as mean = SE (WT, n = 34; YAC128, n = 30; WT + ASO178, n = 20, YAC128 + AS0178, n = 19). Comparisons were

1 SOCin YAC128 MSNs. In agreement with
this prediction, we previously observed
elevated nSOC in mHtt expressing MSN
somata (Wu et al., 2011). Here, we inves-
tigated whether nSOC is also upregulated
in YAC128 MSN spines. To measure syn-
aptic MSN nSOC, we used lenti-Cherry to
infect cortical neurons at DIV0 and plated
MSNs at DIVI. The mixed cultures were
transfected with a GCaMP5.3 expression
plasmid at DIV7 as we described previ-
ously (Sun et al, 2014). During imaging experiments,
GCaMP5.3-transfected MSNs were identified by morphology
and the lack of Cherry expression (Fig. 5A). To evaluate synaptic
nSOC, we transferred the DIV14 cultures to Ca®" -free medium
in the presence of 1 um Tg, an inhibitor of the SERCA Ca*"
pump. Increasing extracellular Ca®" to 2 mM resulted in Ca**
influx into the spines, which was measured by GCaMP5.3 fluo-
rescence (Fig. 5A). We determined that nSOC was enhanced in
YAC128 spines compared with WT spines (Fig. 5B). On average,
the nSOC amplitude was 1.00 = 0.08 (n = 72) in WT MSN spines
and 2.5 = 0.2 (n = 54; p < 0.0001) in YAC128 MSN spines (Fig.
5C). The 2.5-fold increase in spine nSOC was much greater than
the 50% increase in somatic nSOC observed in our previous stud-
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ies with YAC128 MSNs (Wu et al., 2011).

Pretreatment with ASO178 reduced MSN A

spine nSOC in WT cultures 4-fold (Fig.

5B) to the average level of 0.25 = 0.02

(n = 29; Fig. 5C). Pretreatment with

ASO178 also reduced nSOC in YAC128

MSN spines the same levels as in WT

MSNs (Fig. 5B,C). ASO255 similarly re-

duced nSOC in both WT and YAC128

MSNs (data not shown). These results

suggest that the InsP;RI-mediated ER

Ca** leak plays a critical role in control of

MSN spine nSOC activity and that hyper- B

activation of InsP;R1 leads to elevated

spine nSOC in YAC128 MSNs. 14
In the previous studies, we demon-

strated that the nSOC pathway plays an

important role in the maintenance of

postsynaptic mushroom spines in hip-

pocampal neurons (Sun et al., 2014; Po-
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pugaeva et al., 2015; Zhang et al., 2015). Is

it possible that ER Ca** depletion and en-
hanced synaptic nSOC contributes to
spine loss in YAC128 MSNs? To ans-
wer this question, starting at DIV14,
we treated WT and YAC128 corticostria-
tal cocultures with ASOs (dissolved in 14
Neurobasal-A media) that effectively re- 12
duce InsP;R1 levels in neuron cultures
(Fig. 2E) or less effective control ASOs
(Fig. 2E). Additional control cultures
were treated with Neurobasal-A medium
alone. In control experiments, we estab-
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lished that incubation with these ASOs do 0
not result in significant neurotoxic effects

in WT and YACI128 corticostriatal cul-

tures (Fig. 6A). After ASO treatments, the C
cultures were fixed at DIV20, stained with

DARPP32 antibodies, and analyzed by 2.5 -
confocal imaging (Fig. 6B). Consistent 2
with the previous results (Fig. 1), the spine
density in YAC128 MSNs was reduced
compared with WT MSNs in control
experiments (Fig. 6B). On average, the 0.5
density of WT MSN spines in these exper- 0
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iments was equal to 10.6 = 0.7 spines/10
pm (n = 10) and the density of YAC128
MSN spines was equal to 6.5 = 0.2
spines/10 um (n = 12; p < 0.0001; Fig.
6C). Treatment with ASOs 177, 178, 195,
or 255 had no effect on the spine density of
WT MSNs, whereas ASO 263 reduced the
density of WT spines (Fig. 6B, C). Treat-
ment with effective ASOs (178, 255, or
263) rescued YAC128 MSN spines, in-
creasing them to the same level as in WT cultures (Fig. 6 B,C). In
contrast, ASOs 177 and 195 did not fully rescue YAC128 MSN
spines (Fig. 6 B, C), consistent with their lesser efficacy in neuro-
nal InsP;R1 knock-down (Fig. 2D, E). Therefore, ASO-mediated
suppression of InsP;R1 expression was sufficient to prevent spine
loss in YAC128 MSNs, presumably due to normalization of ER
Ca** levels (Fig. 4A,B) and spine nSOC (Fig. 5B,C) in these
neurons.

Figure 5.

Ctrl 178

Spine SOC is enhanced in YAC128 MSNs. A, A GCaMP5.3 fluorescent image is shown for a DIV14 MSN in a WT
corticostriatal culture. A MSN spine is indicated by a circle. Scale bar, 10 wm. B, GCaMP5.3 fluorescence traces in WT and YAC128
MSN spines after Ca** “add-back” protocol. Activity of SERCA pump in these experiments is blocked by 1 wm Tg. Individual cell
traces are shown by thin gray lines and average traces are shown by thick gray lines. The traces are shown for control cultures and
for the cultures treated with AS0178. €, The average peak of spine SOCsignals. The results were normalized to SOC peak size in WT
control cultures and shown as mean == SE (WT, n = 72, YAC128, n = 54; WT + AS0178,n = 29, YAC128 + AS0178,n = 14).
Comparisons were made between genotypes for each condition; ****p < 0.0001.

STIM2 controls spine nSOC in YAC128 MSNs

Upon ER Ca*" depletion, SOC channels are activated by STIM1
and/or STIM2 ER resident proteins (Liou et al., 2005). We previ-
ously identified a key role for the SOC-regulated channel TRPC1
(Cheng et al., 2011) in MSN soma nSOC (Wu et al., 2011). We
also previously demonstrated that STIM2, but not STIM1, plays a
major role in control of synaptic nSOC in hippocampal neurons
(Sun et al., 2014). To better understand the molecular mecha-
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Figure 6.  InsP;R1 knock-down rescues spine loss in YAC128 MSNs. 4, ASO neuronal toxicity assay. After 6 d of exposure of WT
and YAC128 corticostriatal cultures to ASOs, the fraction of dead cells was quantified by TMR assay. The fraction of TMR Red ™ nuclei
is shown for control conditions (Ctrl) and each ASO as mean == SE (n = 3 cultures). B, WT and YAC128 corticostriatal cultures were
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nism of synaptic nSOC upregulation in
YAC128 MSNs, we compared expression
levels of TRPC1, STIM1, and STIM2 pro-
teins in WT and YAC128 MSNs by
Western blotting. We found that the ex-
pression levels of STIM?2 are significantly
elevated in YAC128 MSN cultures com-
pared with WT cultures (Figs. 7A, B). The
levels of TRPC1 and STIM1 were not sig-
nificantly different between WT and
YACI128 cultures (Figs. 7A,B). We also
evaluated expression levels of TRPCI,
STIM1, and STIM2 proteins in striatal
lysates prepared from WT and YAC128
mice at 2, 6, and 12 months of age (Fig.
7C). In these experiments, we did not ob-
serve significant differences in 2- and
6-month-old samples (Fig. 7D). However,
expression levels of STIM2 protein were
elevated in striatal samples from YAC128
mice at 12 months of age (Fig. 7D). There
was no difference in expression levels of
TRPC1 and STIM1 proteins at 12 months
(Fig. 7D). From these results, we con-
cluded that the increase in STIM2 expres-
sion is likely to contribute to enhanced
spine nSOC in YAC128 MSNs.

To test the potential role of STIM2
protein more directly, we used Dicer-
generated STIM2-siRNA (dSTIM2) to
knock down STIM2 expression levels.
In these experiments, DIV7 WT and
YAC128 corticostriatal cultures were
transfected with dSTIM2 or with control
Dicer-generated EGFP-siRNA (dGFP)
and spine nSOC measurements were
performed with DIV14 cultures using
GCaMP5.3 as described above. Consistent
with previous experiments (Fig. 5), in
control cultures (treated with dGFP),
spine nSOC was significantly higher in
YAC128 MSNs than in WT MSNs (Fig.
8A). On average, for dGFP-treated cul-
tures, the amplitude of spine nSOC was
1.00 = 0.04 (n = 30) in WT MSN spines
and 1.9 = 0.1 (n = 24; p < 0.0001) in
YAC128 MSN spines (Fig. 8B). Treatment
of WT cocultures with dSTIM2 decreased
nSOC amplitude to 0.67 £ 0.03 (n = 18;
Fig. 8A,B), indicating that STIM2 plays a
significant role in control of spine nSOC
in MSNs. Remarkably, treatment of
YAC128 cultures with dSTIM2 nearly

<«

exposed to control solution (culture media) or different ASOs,
fixed at DIV20, and stained for DARPP32. Spine reconstructions
are shown. Scale bar, 5 m. €, Average spine density for WT
and YAC128 MSNs exposed to different ASOs. The spine density
foreach genotype and ASQ is shown as mean = SE (n = 10for
WT, n = 12 for YAC128). Comparisons were made between
genotypes for each condition; ***p << 0.001; ****p <
0.0001.
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In the next series of experiments, we
aimed to evaluate the importance of
STIM2-mediated nSOC for stability of
MSN synaptic spines. In these experi-
ments, WT and YACI128 cocultures
were transfected by dSTIM2 or control C
dGFP on DIV7. At DIV21, the cultures
were fixed, stained for DARPP32 and
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To confirm these findings, the oM oM 12M

CRISPR/Cas9 system was used as an alter-
nate approach to knock out neuronal
STIM2. To validate CRISPR plasmids, cultures. Levels of TRPC1, STI

Figure 7.  STIM2 protein is upregulated in YAC128 MSNs. A, Western blot analysis of lysates from DIV14 WT and YAC128 MSN

M1 and STIM2 were evaluated. Tubulin was used as a loading control. B, Expression levels of TRPC1,

MEEF cells were cotransfected with pCas9-  sTIM1,and STIM2in WT and YAC128 MSN cultures. The data for each protein were normalized to WT and are shown as mean + SE

Blast and gSTIM?2 plasmids. The gSTIM2  (n = 3 cultures). Compariso
plasmid was developed using pGuide- lysatesfrom2-,6-,and 12-m

ns were made between genotypes for each protein; *p << 0.05. €. Western blot analysis of striatal
onth-old WT and YAC128 mice. Levels of TRPC1, STIM1, and STIM2 were evaluated. Tubulin was used

Puro as a backbone (see Materials and  asa loading control. D, Expression levels of TRPC1, STIM1, and STIM2 in striatal lysates from 2-, 6-, and 12-month-old WT and
Methods for details). As a control, MEF  YAC128mice. The data for each protein were normalized to WT and are shown as mean - SE (n = 3 independent experiments).

cells were cotransfected with pCas9-Blast
and glacZ plasmids (targeting bacterial
B-galactosidase gene). Cotransfected MEF cells were selected us-
ing blasticidin and puromycin. Western blot analysis confirmed
efficient knock-out of STIM2 in gSTIM2-transfected but not in
glacZ-transfected MEF cells (Fig. 9C). These results confirmed
efficient targeting of the mouse STIM2 gene by the gSTIM?2 plas-
mid. Cas9 and gSTIM?2 plasmids were packaged into lentiviruses
and used to coinfect corticostriatal cocultures on DIV7. Control
cultures were coinfected with Cas9 and glacZ lentiviruses. At
DIV20, spine density in glacZ-expressing YAC128 MSNs was
5.2 = 0.58 spines/10 wm (n = 11), significantly lower than 10.7 =
0.61 spines/10 wm in glacZ-expressing WT MSNs (n = 11; p <
0.0001; Fig. 9D, E). STIM2 knock-out by gSTIM2 expression el-
evated the density of YAC128 MSN spines to 10.5 * 0.76
spines/10 uwm (n = 13), which was comparable to the levels ob-
served in glacZ-treated WT cultures (p > 0.05), confirming a
role for STIM2 in YAC128 MSN spine loss (Fig. 9D, E). Expres-

Comparisons were made between genotypes for each protein; *p << 0.05.

sion of gSTIM2 in WT neurons resulted in a decreased spine
density with 8.3 = 0.71 spines/10 um (n = 13; p < 0.05), con-
firming a role for STIM2-mediated nSOC in WT MSN spine
maintenance (Fig. 9D, E).

Because excessive STIM2-dependent nSOC activity appears to
lead to spine loss in YAC128 MSN spines (Fig. 9A-E), we tested
whether STIM2 overexpression would be sufficient to destabilize
WT MSN spines (Fig. 9F-H ). STIM2 ¢cDNA was cloned into the
lentivirus expression plasmid and packaged into lentiviruses. Result-
ing lentiviruses were used to infect WT corticostriatal cocultures on
DIV7. STIM2 overexpression was validated by Western blotting of
coculture lysates using lenti-RFP as the negative control (Fig. 9F).
We discovered that STIM2 overexpression was indeed sufficient to
cause spine loss in cocultured WT MSNs at DIV20, reducing the
density of MSN spines from 11.5 * 1.7 spines/10 wm (n = 10) in
lenti-RFP-infected cocultures to 6.3 £ 0.52 spines/10 um (n = 10)
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determine whether EVP4593 can also
block synaptic nSOC, we performed
synaptic Ca®*-imaging experiments
with WT and YAC128 mixed cultures at
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DIV14-15. These experiments were
performed using the GCaMP5.3 Ca**
indicator, as described above. In agree-
ment with previous results (Fig. 5), we
observed that synaptic nSOC is signifi-
cantly potentiated in control (vehicle-
treated) YAC128 MSNs compared with
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100 150 200 WT MSNs (Fig. 10B). On average, syn-
aptic nSOC amplitude in vehicle-
treated cultures was equal to 1.00 = 0.07
(n = 45) in WT MSNs and 3.4 = 0.3
(n =21, p <0.001) in YAC128 MSNs

(Fig. 10C). Incubation with 30 nm

dSTIM2

| 2mmca

AF/F,

| 2mmca

EVP4593 reduced synaptic nSOC in WT
MSNs twofold (Fig. 10B) and dramati-
cally inhibited synaptic nSOC in
YAC128 MSNs (Fig. 10B). On average,
the synaptic nSOC amplitude in the
presence of EVP4593 was equal to

0 50 100 150 200 0 50

Time (Sec)

100 150 200
Time (Sec)

0.53 = 0.06 (n = 19) in WT MSNs and
0.51 = 0.06 (n = 23) in YAC128 MSNs
(Fig. 10C), not significantly different
from each other. These results indicated

oWT

that EVP4593 efficiently blocks supra-
normal nSOC in YAC128 MSN spines,
in agreement with our previous results

BYAC

*k*k*

with somatic SOC measurements (Wu
et al.,, 2011).

In the next series of experiments, we
evaluated neuroprotective effects of EVP
4593. In these experiments, WT and
YACI128 mixed cultures were treated with
30 nM EVP4593 at DIV20. After 16 h of in-
cubation with EVP4593, the cultures were

*kk*k

GFP Dicer

Figure 8.

w0 < 0,0001.

in lenti-STIM2-infected cocultures (p < 0.05; Fig. 9G,H). Results
obtained with WT cocultures suggest that either a reduction (Fig.
9B,E) or an increase (Fig. 9H) in synaptic nSOC can lead to desta-
bilization of MSN spines.

nSOC inhibitor EVP4593 prevents spine loss in

YAC128 MSNs

In the previous study, we demonstrated that EVP4593 (6-
amino-4-(4-phenoxyphenethyl-amino)quinazoline; Fig. 10A)
is an effective inhibitor of nSOC at nanomolar concentrations
(Wu et al., 2011). We also demonstrated that EVP4593 im-
proves motor symptoms in a Drosophila HD model and pro-
tects YAC128 MSNs in a glutamate toxicity assay (Wu et al.,
2011). In previous studies, we demonstrated that EVP4593
blocks SOC in the soma of YAC128 MSNs (Wu et al.,2011). To

STIM2 Dicer

STIM2 mediates enhanced spine nSOC in YAC128 MSNs. A, GCaMP5.3 fluorescence traces in WT and YAC128 MSN
spines after (a® " “add-back” protocol. Activity of SERCA pump in these experiments is blocked by 1 wm Tg. Individual cell traces
are shown by thin gray lines and average traces are shown by thick gray lines. The traces are shown for cultures treated with
Dicer-generated siRNAs targeting STIM2 (dSTIM2) or control GFP (dGFP). B, Average peak of spine SOC signals. The results were
normalized to SOC peak size in WT control cultures and are shown as mean = SE (WT + dGFP, n = 30, YAC128 + dGFP, n = 24;
WT + dSTIM2, n = 18, YAC128 + dSTIM2, n = 28). Statistical comparisons were made with WT + dGFP data; *p << 0.05;

fixed at DIV21, stained for DARPP32, and
analyzed by confocal imaging (Fig. 11A).
Control cultures were treated with the vehi-
cle alone. In agreement with previous find-
ings (Fig. 1), we observed significant loss of
MSN spines in control YAC128 cultures
(Fig. 11A). On average, MSN spine density
in control cultures in these experiments was
9.1 £ 0.6 spines/10 um (n = 15) for WT
culturesand 3.50 £ 0.24 (n = 15, p < 0.001)
for YAC128 cultures (Fig. 11B). Treatment with EVP4593 signifi-
cantly reduced MSN spine density in WT cultures to 6.6 £ 0.9
spines/10 wm (n = 15, p = 0.027), further supporting an essential
role of nSOC in MSN spine maintenance. In contrast, treatment
with EVP4593 rescued spine loss in YAC128 MSNs (Fig. 11A). On
average, MSN spine density in EVP4593-treated YAC128 cultures
was equal to 9.0 £ 0.6 (n = 15; Fig. 11B), not significantly different
from spine density in control WT MSNs. These results are consistent
with dSTIM?2 data and gSTIM2 data (Fig. 9) and further suggest that
inhibition of nSOC may help to prevent synaptic spine loss in HD
MSNE.

To further evaluate potential neuroprotective effects of
EVP4593, we tested it i1 vivo with YAC128 mice and WT controls. In
pilot studies, we determined that EVP4593 does not efficiently pass
blood-brain barrier in mice (data not shown). This precluded us
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Figure 9.  STIM2 expression levels affect MSN spines. A, WT and YAC128 corticostriatal cultures were transfected with dSTIM2 or control dGFP Dicer RNAi preparations on DIV7. The
cultures were fixed at DIV20 and stained for DARPP32. Spine reconstructions are shown. Scale bar, 10 um. B, Average spine density for DIV20 WT and YAC128 MSNs transfected with
dSTIM2 or dGFP. Spine densities for each experimental condition are shown as mean == SE (n = 20 for all conditions). Statistical comparisons were made with WT + dGFP data; *p <
0.05; **p << 0.01; ****p << 0.0001. C. Western blot analysis of STIM2 expression in MEF cells transfected with Cas9 and gSTIM2 or Cas9 and gLacZ plasmids. Transfected cells were selected
using a mixture of blasticidin and puromycin. Tubulin was used as a loading control. D. WT and YAC128 corticostriatal cultures were infected with lenti-Cas9 and lenti-gSTIM2 (gSTIM2)
or lenti-Cas9 and lenti-gLacZ (gLacZ) on DIV7. The cultures were fixed at DIV20 and stained for DARPP32. Spine reconstructions are shown. Scale bar, 10 um. E, Average spine density for
DIV20 WT and YAC128 MSNs coinfected with lenti-Cas9 and lenti-gSTIM2 (gSTIM2) or lenti-Cas9 and lenti-gLacZ (gLacZ) viruses. The spine density for each experimental condition is
shown as mean = SE (gLacZ experiments, n = 11, gSTIM2 experiments, n = 13). Statistical comparisons were made with WT + glacZ data; *p << 0.05; ****p < 0.0001. F, WT
corticostriatal cultures were infected with lenti-STIM2 or lenti-RFP (Ctrl) viruses. Expression of STIM2 was analyzed by Western blotting of culture lysates. G, WT corticostriatal cultures
were infected with lenti-STIM2 or lenti-RFP (Ctrl) viruses on DIV7. The cultures were fixed at DIV20 and stained for DARPP32. Spine reconstructions are shown. Scale bar, 10 um. H,
Average spine density for WT MSNs infected with lenti-STIM2 or lenti-RFP (Ctrl) viruses. The spine density is shown as mean == SE (n = 10); *p < 0.05.

from evaluating EVP4593 in behavioral studies. Instead, we used an
osmotic minipump loaded with 200 ul of EVP4593 (0.25 mg/ml) to
infuse EVP4593 into the ventricles of 10.5-month-old WT and
YAC128 mice over 6 weeks. In control experiments, mice were in-
fused with the same volume of vehicle solution (10% DMSO in
PEG300). At the conclusion of drug treatment, mice were perfused,
brains extracted, and MSNs were injected with the fluorescent dye
Lucifer yellow (Dumitriu et al., 2011). MSN spine density was eval-
uated by two-photon imaging (Fig. 11C). In agreement with previ-

ous results (Fig. 1), we observed a significant reduction in the MSN
spine density in vehicle-treated YAC128 mice (Fig. 11C). On aver-
age, the MSN spine density was reduced from 15.7 * 0.47 spines/10
um dendriticlength (n = 52 neurons from 4 mice) in vehicle-treated
WT miceto9.76 = 0.26 spines/10 um (n = 64 neurons from 4 mice;
p < 0.0001) in vehicle-treated YAC128 mice (Fig. 11D). Consistent
with previous experiments indicating a role for tonic STIM2-
dependent nSOC in normal MSN spine maintenance (Figs. 9, 11),
the MSN spine density in EVP4593-treated WT mice was 13.04 =
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(n = 36 neurons from 6 mice), not signifi-
cantly different from vehicle-treated WT
mice (p = 0.3795; Fig. 11D). These data
support an important role for nSOC in
MSN spine maintenance and suggest that
supranomal nSOC leads to spine destabili-
zation in YAC128 MSNs in vivo.

Discussion

In vitro model of synaptic loss in

HD MSNs

Previously, we used “naked” MSN cultures
to investigate the increased sensitivity of
YACI128 MSNSs to glutamate-induced apo-
ptotic cell death (Tang et al., 2005; Wu et al.,
2006; Tang et al., 2007; Wu et al., 2008;
Zhang et al., 2008a; Tang et al., 2009; Wu et
al,, 2011). A similar approach was taken by
others in studies of NMDA-induced apo-
ptosis of YAC128 MSNs (Zeron et al., 2002;
Shehadeh et al., 2006). This approach pro-
vided important insights into mechanisms
of excitotoxic cell death in HD. However,
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this approach has significant limitations and
the naked MSN model is not appropriate for
studies of synaptic dysfunction. Mixed cor-
tical/striatal cultures are necessary for the
proper formation of functional MSN den-
dritic spines (Segal et al., 2003; Tian et al.,
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condition; ****p < 0.0001.

0.57 spines/10 wm (1 = 32 neurons from 3 mice), significantly lower
than in vehicle-treated WT mice (p = 0.0007; Fig. 11D). Also con-
sistent with Figures 9 and 11, nSOC inhibition restored the YAC128
MSN spine density to WT levels (Fig. 11C). The spine density in
EVP4593-treated YAC128 mice was 14.64 = 0.57 spines/10 wm

The nSOC inhibitor EVP4593 normalizes YAC128 MSN spine SOC entry. A, Chemical structure of EVP4593 (adapted
fromWuetal., 2011). B, GCaMP5.3 fluorescence traces in WT and YAC128 MSN spines after Ca 2+ 13dd-back” protocol. The activity
of the SERCA pump in these experimentsis blocked by 1 um Tg. Individual cell traces are shown by thin gray lines and average traces
are shown by thick gray lines. The traces are shown for control cultures and cultures exposed to 30 nm EVP4593. (, Average peak of
spine SOCsignals. The results were normalized to SOC peak size in WT control cultures and are shown as mean == SE (WT,n = 45,
YAC128,n = 21; WT + EVP4593, n = 19, YAC128 + EVP4593, n = 23). Comparisons were made between genotypes for each

spent in culture. YAC128 MSN spine
loss in the coculture mirrored age-
dependent YAC128 MSN spine loss in
vivo except that the extent of spine loss
was more mild in vivo, presumably due
to stresses associated with culturing
and/or differences in the rate of aging in
vitro versus in vivo. In both YAC128 cor-
ticostriatal cocultures and in YAC128
mouse brains, the most predominant
aging phenotype that we observed was
spine loss (Fig. 1). In the human brain, as some neurons lose
connections, others might compensate by forming an over-
abundance of connections (Graveland et al., 1985). Although
cocultures may model only one aspect of spine pathology in
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Figure11.  The SOCinhibitor EVP4593 rescues YAC128 MSN spines both in vitro and in vivo. A. WT and YAC128 corticostriatal cultures were incubated with 30 nm EVP4593 for 16 h starting at DIV 20,
fixed, and stained for DARPP32. Spine reconstructions are shown. Scale bar, 5 pm. B, Average spine density of WT and YAC128 MSNs in control conditions and after exposure to 30 nm EVP4593. The
spine density for each experimental condition is shown as mean = SE (n = 15 for all conditions). Statistical comparisons were made with the WT control group; *p << 0.05; ****p < 0.0001. C,
Striatal slices were obtained from WT and YAC128 mice at 12 months of age. The mice were infused with EVP4593 (0.25 mg/ml) or the vehicle solution (10% DMSQ in PEG300) into the ventricles over
6 weeks starting at 10.5 months of age. Two-photon images of MSNs filled with Lucifer yellow are shown. Scale bar, 5 pum. D, An average MSN spine density in striatal slices is shown as mean *
SE (WT Ctrl, n = 52 neurons; YAC128 Ctrl, n = 64 neurons; WT + EVP4593, n = 32 neurons, YAC128 + EVP4593, n = 36 neurons). The data were pooled together from 3—6 mice for each
experimental group. Statistical comparisons were made with the WT control group; ***p << 0.001; ****p < 0.0001.
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Figure12.  Synaptic SOCand maintenance of MSN spines. A. Long-term maintenance of spines in MSNs depends on synaptic nSOC. Synaptic nSOCis gated by STIM2, which is regulated by synaptic
ERCa?" levels. Thefilling state of ER Ca* stores s regulated by a balance between activity of SERCA Ca”* pump and InsP;R1-mediated Ca>* leak from the ER. When synpatic ER Ca* storesare
appropriately filled, tonic nSOC supports MSN spine stability by promoting activity of SOC-dependent Ca 2" effectors in the spines. B, Supranormal synaptic nSOC causes spine loss in HD MSNs. mHtt
sensitizes InsP;R1 to basal levels of InsP; causing excessive Ca®" leakage from the chronic ER depletion. Depletion of ER Ca®™ causes compensatory upregulation of STIM2 expression and
supranormal synaptic nSOC. Enhanced synaptic nSOC overactivates SOC-dependent synaptic Ca** effectors, leading to destabilization and loss of spines in HD MSNs.

HD, we consider the developed model to be useful for mech- ~ Zhang et al., 2015). Our present results suggest that the STIM2-
anistic studies of MSN spine instability in HD and for validat-  gated nSOC pathway also plays an important role in supporting
ing HD therapeutic targets and compounds. the stability of MSN spines (Fig. 12A). Knock-down of STIM2
with Dicer or knock-out of the STIM2 gene with Cas9/CRISPR
Role of synaptic nSOC pathway in stability of synaptic spines reduced the density of WT MSN spines (Fig. 9 B, E). Reduction of
Our recent results suggested that the STIM2-gated nSOC path- ~ WT MSN spine density was also observed after exposure to the
way is essential for the stability of mushroom spines in hip-  nSOC inhibitor EVP4593 in vitro and in vivo (Fig. 11B,D). Al-
pocampal neurons (Sun et al., 2014; Popugaeva et al.,, 2015;  though nSOC homeostasis is important for both hippocampal
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and striatal neurons for spine stability, there are some important
differences in their reliance on nSOC. Striatal spines in WT neu-
rons are only partially affected when SOC is blocked by STIM2
knock-down or knock-out (Fig. 9) and by EVP4593 (Fig. 11). In
addition, striatal neurons are sensitive to supranormal SOC, as
observed when STIM?2 is overexpressed in WT MSN neurons
(Fig. 9). In contrast, mushroom hippocampal spines are very
sensitive to genetic deletion of STIM2 or pharmacological inhi-
bition of SOC, but are not affected by STIM2 overexpression
(Sun etal., 2014). Therefore, the signaling mechanisms that con-
nect spine SOC and spine stability are likely to be different in
hippocampal and striatal neurons. In hippocampal neurons,
nSOC drives tonic synaptic CaMKII activity, which is necessary
for maintenance of mushroom spines (Sun et al., 2014). CaMKII
is abundant in the striatum (Erondu and Kennedy, 1985) and is
highly enriched in MSN spines (Fukunaga et al., 1988). There-
fore, it is possible that CaMKII is also involved in the control of
MSN spine maintenance. MSN targets downstream of synaptic
nSOC need to be identified in future studies.

nSOC and synaptic loss in Alzheimer’s disease (AD) and HD
Our results provide information that is useful for understanding
selective neuronal vulnerability in neurodegenerative disorders.
Our results suggest that synapses are very sensitive to magnitude
of SOC and deviation in either direction is detrimental for syn-
aptic stability. In the previous studies, we demonstrated that im-
paired nSOC causes loss of mushroom hippocampal spines in
PS1KI and APPKI mouse models of FAD and in response to
amyloid toxicity (Sun et al., 2014; Popugaeva et al., 2015; Zhang
etal,, 2015). In the present study, we demonstrated that associa-
tion of mHtt with InsP;R1 causes supranormal activation of
InsP;R1 and depletion of ER Ca** levels (Figs. 3, 4). We further
demonstrated that persistently depleted ER Ca*™ levels result in
compensatory upregulation of STIM2 expression and supranor-
mal levels of nSOC in YAC128 MSNs (Figs. 5, 7). Based on these
results, we concluded that supranormal levels of nSOC contrib-
ute to loss of spines in YAC128 MSNs (Fig. 12B). In support of
this hypothesis, we demonstrated that knock-down of InsP;R1 by
ASOs, knock-down of STIM2 by Dicer, knock-out of STIM2 by
Cas9/CRISPR, and treatment with the nSOC inhibitor EVP4593
reduced synaptic nSOC and rescued spine loss in YAC128 MSNs
(Figs. 5, 6, 8, 9, 10, 11). Dysregulation of nSOC in HD MSN
spines (Fig. 12B) is a “mirror image” of the model that we previ-
ously suggested to explain the loss of mushroom hippocampal
spines in aging and AD (Sun et al., 2014; Popugaeva et al., 2015;
Zhang et al., 2015). Consistent with this dichotomy, we observed
reduced expression of STIM2 in hippocampal neurons from AD
mouse models and in aging mice (Sun et al., 2014; Popugaeva et
al,, 2015; Zhang et al., 2015), but increased expression of STIM2
in YAC128 HD MSNs (Fig. 7). As discussed in the previous sec-
tion, our results indicated that mushroom spines in hippocampal
neurons are particularly vulnerable to insufficient nSOC and stri-
atal MSN spines are sensitive to supranormal nSOC. This may
explain why deviation of nSOC in either direction affects synaptic
spines in different types of neurons (hippocampal and striatal)
and leads to different disease phenotypes (AD or HD).

Synaptic nSOC as drug target

Our results suggest that synaptic nSOC is a promising drug target
for AD, HD, and possibly for other neurodegenerative disorders.
In previous studies, we demonstrated that overexpression of
STIM2 resulted in rescue of mushroom spine loss in hippocam-
pal neurons from the PS1KI and APPKI mouse models of AD and
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protected mushroom spines from synaptotoxic insult by amyloid
(Sunetal., 2014; Popugaeva etal., 2015; Zhanget al., 2015). In the
present study, we demonstrated that knock-down or knock-out
of STIM2 rescued spine loss in YAC128 MSNs (Fig. 9). These
results suggest that pharmacological modulators of the nSOC
pathway may exert neuroprotective effects in AD and HD. More
specifically, our results suggest that positive modulators and ac-
tivators of the nSOC pathway may have beneficial effects in AD
and negative modulators and inhibitors may have beneficial ef-
fects in HD. Indeed, we demonstrated that the novel nSOC in-
hibitor EVP4593 (Wu et al., 2011; Fig. 10A) rescued spine loss in
YAC128 MSNs both in vitro and in vivo (Fig. 11). These results
suggest that EVP4593 and derivatives may be considered as lead
compounds for HD therapeutic development. However, the
therapeutic window of these compounds may be limited by their
effects in other neuronal populations. For example, nSOC inhib-
itors such as EVP4593 lead to mushroom spine loss in hippocam-
pal neurons (data not shown). These results suggest that more
selective compounds that target the striatal nSOC pathway more
specifically need to be developed to achieve a wider therapeutic
window and minimize potential side effects in the clinical setting.
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