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Abstract

Background: Huntington disease (HD) is a dominantly inherited neurodegenerative disorder
caused by a CAG repeat expansion in the Auntingtin gene. We previously discovered that mutant
Huntingtin sensitizes type 1 inositol 1,4,5-trisphosphate receptor (InsP3R1) to InsP3. This causes
calcium leakage from the endoplasmic reticulum (ER) and a compensatory increase in neuronal
store-operated calcium (nSOC) entry. We previously demonstrated that supranormal nSOC leads
to synaptic loss in striatal medium spiny neurons (MSNs) in YAC128 HD mice.

Objective: We sought to identify calcium channels supporting supranormal nSOC in HD MSNs
and to validate these channels as potential therapeutic targets for HD.

Methods: Cortico-striatal cultures were established from wild type and YAC128 HD mice and
the density of MSN spines was quantified. The expression of candidate nSOC components was
suppressed by RNAi knockdown and by CRISPR/Cas9 knockout. TRPC1 knockout mice were

crossed with YAC128 HD mice for evaluation of motor performance in a beamwalk assay.

Results: RNAi-mediated knockdown of TRPC1, TRPC6, Orail, or Orai2, but not other TRPC
isoforms or Orai3, rescued the density of YAC128 MSN spines. Knockdown of stromal interaction
molecule 1 (STIM1), an ER calcium sensor and nSOC activator, also rescued YAC128 MSN
spines. Knockdown of the same targets suppressed supranormal nSOC in YAC128 MSN spines.
These channel subunits co-immunoprecipitated with STIM1 and STIM2 in synaptosomal lysates
from mouse striata. Crossing YAC128 mice with TRPC1 knockout mice improved motor
performance and rescued MSN spines /7 vitroand /n vivo, indicating that inhibition of TRPC1
may Serve as a neuroprotective strategy for HD treatment.
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Conclusions: TRPC1 channels constitute a potential therapeutic target for treatment of HD.
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INTRODUCTION

Huntington’s disease (HD) is an autosomal dominant, neurodegenerative disorder caused by
a CAG repeat expansion in the Auntingtin gene, encoding polyglutamine-expanded mutant
Huntingtin (mHtt) protein [1]. In spite of widespread expression of mHtt in the brain, the
striatum is disproportionally affected and suffers progressive atrophy. The cerebral cortex
and thalamus are also affected but to a lesser extent [2-4]. HD is clinically characterized by
motor disturbances (e.g., chorea), cognitive decline, and psychiatric symptoms. The
appearance of symptoms parallels the subtle changes in neuronal function and synaptic
plasticity at early stages of HD pathology [5-9]. Later on there is a progressive loss of
striatal medium spiny neurons (MSNs). Currently approved HD therapeutics are limited to
symptomatic care (e.g., tetrabenazine and deutetrabenazine for management of chorea) and
neglect the pathophysiological processes underlying disease initiation and progression [4,
10, 11]. Fortunately, this is an active area of clinical development, with several ongoing
clinical trials [12]. Gene therapies that lower levels of mHtt are particularly promising, such
as the targeting of mHtt mMRNA by anti-sense oligonucleotides [12]. Pridopidine may also
have disease-modifying properties [13] and has exhibited preliminary therapeutic potential
in clinical trials [14-17]. As disease-modifying treatments are still needed for HD,
identification of viable therapeutic targets remains an important pursuit.

In our previous work, we found that mHtt dysregulates calcium (Ca2*) homeostasis by
directly sensitizing the endoplasmic reticulum (ER) ion channel inositol 1,4,5-trisphosphate
receptor type 1 (InsP3R1) to InsP3 [18, 19]. We reasoned that the resulting Ca2*
dysregulation contributes to the vulnerability of MSNs [20, 21]. Increased activity of
InsP3R1 leads to excessive Ca?* leakage and depletion of Ca2* in the ER. To compensate for
calcium leakage and depletion from the ER, HD MSNs upregulate neuronal store-operated
calcium (nSOC) entry to synaptotoxic levels [22]. Normalization of the nSOC pathway —
by knocking down InsP3R1 or the ER calcium sensor STIM2 —prevented dendritic spine
loss in YAC128 MSNs in aged corticostriatal co-cultures [22]. Also, blocking supranormal
nSOC with a chemical inhibitor that was identified as beneficial in a screen with HD-
afflicted flies [23] rescues YAC128 MSN spines both /n vitroand in vivo [22]. These results
suggest that the nSOC pathway is involved in the pathogenesis of HD and can potentially
provide novel targets for therapeutic intervention.

In non-excitable cells SOC is mediated by TRPC and/or Orai channel subunits, which are
regulated by STIM1 or STIM2 ER Ca2* sensor proteins [24]. The molecular composition of
the nSOC pathway in MSNSs is less established, but most likely it is also comprised of TRPC
and/or Orai family members. Orai and TRPC channels are expressed in the nervous system
[25-28]. In the present work, we systematically investigated the involvement of putative
SOC components in WT and YAC128 MSN spine stability. We found that TRPC3, TRPC4,
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and TRPCS5 were required for WT MSN spine stability. TRPC1, TRPC6, Orail and Orai2
were not required for WT MSN spine stability, but knocking them down rescued YAC128
MSN spines by lowering nSOC below synaptotoxic levels. Likewise, knockdown of STIM1
preserved YAC128 spines without disrupting WTMSN
spines.STIM1andSTIM2preferentially formed complexes with TRPC1, TRPCS6, Orail and
Orai2 in synaptosomal lystates from WT mouse striata. Furthermore, crossing YAC128 mice
with TRPC1 knockout mice leads to suppressed spine nSOC, the rescue of YAC128 MSN
spines /n vitroand /n vivo, and improved motor performance.

MATERIALSANDMETHODS

RNAI, lenti-viruses, and validation by western blotting

Antibodies

Control short-hairpin RNA interference (Ctrl-shRNAi) (SHC002), mouse TRPC1-shRNAI
(SHCLNG-NM_ 011643, TRCNO0000305050), mouse TRP C3-shRNAi (SHCLNG-
NM_019510,TRCN0000422735), mouse TRPC4-shRNAi (SHCLNG-NM_016984,
TRCNO0000068324), mouse TRPC5-shRNAi (SHCLNG-NM_009428, TRCNOOO 0449041),
mouse TRPC6-shRNAi SHCLNG-NM_013838, TRCN000 0068394), mouse Stim1-shRNAI
(SHCLNG-NM_009287, TRCN0000193400), mouse Orail-shRNAi (SHCLNG-
NM_175423, TRCN0000125405), mouse Orai2-shRNAi (SHCLNG-NM_178751,
TRCNOO000 126314), and mouse Orai3-shRNAi (SHCLNG-NM_198424,
TRCNO0000250865) lentivirus shuttle constructs were obtained from Sigma-Aldrich.
Lentiviruses were generated by co-transfection of two helper plasmids (pVSVg and
pCMVA8.9) into the packaging cell line HEK293T, as we described previously [29].
Western blotting was used to analyze siRNA-mediated knockdown of TRPC and Orai
isoforms in at least two batches of corticostriatal co-cultures. For this, cultures were infected
with lenti-virus particles on day /n vitro (DIV) 7 and were lysed on DIV14-15 with 1X SDS
sample buffer. Samples were sonicated on ice and heated at 90°C for 2-3min. Samples were
then subjected to SDS-PAGE and transferred using a Trans-Blot Turbo (Bio-Rad).
Membranes were stained with primary and then secondary antibodies (listed below) in
TBST with 5% BSA, washing with TBST after each step. HRP activity was detected with
western Lighting Plus-ECL (PerkinElmer) and an X-ray film developer. Because the lenti-
viruses we use exhibit selective tropism for neurons in our cultures [22], glial protein
remains in the background. For quantification with ImageJ, the integrated density of each
band was normalized to the corresponding tubulin band.

Anti-TRPC1 mAb (1:200, sc-133076, Santa Cruz Biotechnology), anti-TRPC3 pAb (1:400,
PA5-20258, Thermo Scientific), anti-TRPC4 pAb (1:400, AB5812, Chemicon), anti-
TRPC5pADb (1:1000, sc-18737, Santa Cruz Biotechnology), anti-TRPC6 pAb (1:500,
SAB4300572, Sigma-Aldrich), anti-Stim1 pAb (1:1000, 4916s, Cell Signaling Technology),
anti-Orail pAb (1:200, sc-68895, Santa Cruz Biotechnology), anti-Orai2 pAb (1:200,
sc-292103, Santa Cruz Biotechnology) and anti-DARPP-32 mAb (1:500; 2306s, Cell
Signaling Technology) were used. Goat anti-rabbit Alexa Fluor 488 secondary antibody
(1:1000, 111-545-144), goat anti-rabbit Alexa Fluor 594 secondary antibody (1:1000, 111-

J Huntingtons Dis. Author manuscript; available in PMC 2018 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al. Page 4

585-144), HRP-conjugated anti-mouse (115-035-146) and anti-rabbit secondary antibodies
(111-035-144) were from Jackson ImmunoReseach.

Mice
Experiments involving mice were approved by the Institutional Animal Care and Use
Committee of the University of Texas Southwestern Medical Center at Dallas and followed
the National Institutes of Health Guidelines for the Care and Use of Experimental Animals.
The TRPC1-/~(129S) mice [30] were obtained from the Comparative Medicine Branch of
the National Institute of Environmental Health Sciences, NIH, USA. This line was
maintained by crossing homozygous animals. YAC128 transgenic (FVB-
Tg(YAC128)53Hay/J; Jackson Labs: stock # 004938) mice [31] were crossed to the
homozygous TRPC1~/~ mice for 6 generations to obtain YAC128*~TRPC1~~ mice on the
FVB background. The YAC128*/~TRPC1~/"line was maintained by crossing
YAC128*"TRPC1~/~ mice with TRPC1~/~ mice after backcrossing. The presence of the
YAC128 transgene was confirmed by genotyping with primers specific for exons 44 and 45
of human Hitt gene. Both the TRPC1~/~ and YAC128*/~ TRPC1~/~ mice were healthy and
fertile. All the mice including wild type (WT; FVB/NJ) mice were maintained at UT
Southwestern Medical Center in a barrier facility (12h light/dark cycle).

Real-time PCR and RT-PCR

We used real time-PCR (qPCR) as in [30] to confirm the absence of exon 8 of TRPCL1 in
TRPC1~/~ mice with forward 5’-GCAACCTTTGCCCTCAAAGTG and reverse 5’-
GGAGGAACATTCCCAGAAATTTCC primers. Total RNA was extracted from WT and
TRPC~/~ mouse striata using TRIzol (Invitrogen). To synthesize cDNA by reverse
transcription, we used a High-Capacity RNA-to-cDNA Kit. Each well contained 25 ng of
cDNA, each primer at 150 nM, and 5pl of 2xSYBR Green PCR Master Mix (ThermoFisher
Scientific) and the final volume was 10ul. RT-PCR was performed using an Applied
Biosystems Prism 7900HT sequence detection system. In parallel, we ran a RT PCR reaction
with the same cDNA and the pair of primers and after 30 PCR cycles, the RT-PCR product
was analyzed by 1% agarose gel electrophoresis.

Striatal synaptosome preparation, co-immunoprecipitation and western blotting
experiments

Striatal regions were extracted from 1-month-old mice, homogenized in 0.32M sucrose and
25mM 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 20min at 12,000 x g to separate the
synaptosomal supernatant and synaptosomal membrane fractions (P2 pellet). The P2 pellets
were solubilized in lysis buffer containing 1% CHAPS plus the following (in mM): 137
NaCl, 2.7 KCl, 4.3 NapHPQy, 1.4 KH,POy4, pH 7.2, 5 EDTA, and 5 EGTA and protease
inhibitors for 2h at 4°C. Insoluble material was removed by centrifugation of samples for
20min at 16,300 x g. The protein concentration in the synaptosome fraction was measured
with a Nanodrop OD280. For each coimmunoprecipitation reaction, 500 pg of total protein
lysates were first precleaned with normal rabbit, mouse, or goat IgG and protein A/G beads
at 4°C for 1h, then incubated with 2ug of primary antibody at 4°C for 1h (or 2ug of the 1gG
control), and incubated with 20 pl of protein A/G agarose beads at 4°C overnight on a
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rocking platform. Precipitated samples were then washed three times with lysis buffer, the
final bead pellet was resuspended in 1xSDS loading buffer, and analyzed by SDS-PAGE and
western blotting.

Western blotting was used to examine potential compensatory changes in striatal Orai or
STIM expression in TRPC1~/~ mice. These experiments were performed with striatal lysates
prepared from 6 months and 12 months old WT and TRPC1~/~ mice. Striata were dissected
and homogenized by trituration in lysis buffer (100ul/striatum) containing (in mM): 137
NaCl, 2.7 KClI, 4.3 Na2HPO4, 1.4 KH2PO4, pH 7.2, 5 EDTA, 5 EGTA, 1 PMSF, 50 NaF, 1
Na3VO4 plus protease inhibitors, and 1% CHAPS. Samples were rotated for 1 hour at 4°C
to solubilize proteins then centrifuged at 130009 for 10min. The supernatant was collected
and the protein concentration was measuring using a NanoDrop (ThermoFisher Scientific).
6X SDS sample buffer was added to each sample to achieve a 1X concentration and then
samples were diluted as appropriate with 1X SDS sample buffer to normalize the protein
concentration of all samples. Samples were heated for 3min at 90°C and analyzed by SDS-
PAGE and western blotting.

CRISPR/Cas9-mediated deletion of SOCE components

To delete neuronal SOC channels in corticostriatal co-cultures we used the CRISPR/Cas9
system. GuideRNA sequences targeting mouse TRPC4-6 and Orail-2 were designed using
bioinformatics tools (crispr.mit.edu for maximizing specificity and https://
portals.broadinstitute.org/gpp/public/ for selecting guide sequences with predicted efficacy)
and sgRNA plasmids targeting TRPC4—-6 and Orail-2 were generated. The sgRNA
sequences for TRPC4 (5’-GAGGAGGGCGGTCCTTCCCAG-3’), TRPC5 (5°-
GCATCCCCCTCCAAATCGTGA-3’), TRPC6 (5’-GAGCCAGGACTATTTGCTGA-3"),
Orail (5’- GATCGGCCAGAGTTACTCCG-3’) and Orai2
(5’GCTCAGGTAGAGCTTCCTCC-3") were subcloned into the lentiGuide-Puro plasmid
(addgene.org/52963/) as in [32] following their protocol (https://media.addgene.org/data/
plasmids/52/52963/52963-attachment_IPB7ZL_hJcbm.pdf). The lenti-Cas9-Blast plasmid
(addgene.org/52962/) was used to express Cas9. As in [33], a guideRNA sequence (5’-
GTGCGAATACGCCCACGCGAT-3’) targeting the bacterial gene p-galactosidase (LacZ)
was used as a negative control (gLacZ). Corticostriatal co-cultures were co-infected with
lenti-Cas9 and lenti-sgRNA as previously described [13]. Western blotting as described
above was used to analyze Cas9-mediated deletion in one to four batches of corticostriatal
co-cultures.

Dendritic spine analysis of MSNs in primary corticostriatal co-cultures

Dendritic spine quantification was performed as previously described [22]. Corticostriatal
co-cultures were established from WT, YAC128, TRPC17~ and YAC128*/~"TRPC17/~
littermates to study the dendritic spines of MSNs. Briefly, striata and cortices were dissected
from postnatal day 0-1 pups (in 1xHBSS, 16.36mM HEPES, 10mM NaHCO3, 1x
penicillin-streptomycin) digested with papain (30min at 37°C; Worthington), rinsed
(Neurobasal-A medium with 10% FBS), dissociated (in dissection media with 5mg/ml
DNasel), and plated on poly-d-lysine coated 12mm coverslips in Neurobasal-A medium
supplemented with 5% FBS, 2% B27 and 0.5mM I-glutamine (Invitrogen) and maintained at
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37°C in a 5% CO», incubator, feeding weekly by addition of 400ul of NBA, 2% B27, and
0.5mM-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 [22]. Lentiviral particles were added on DIV7 to
knockdown the target proteins.

For assessment of spine morphology, on DIV 20 corticostriatal co-cultures were fixed for
30min in 4% formaldehyde plus 4% sucrose in PBS, pH 7.4, and permeabilized for 5min in
0.25% Triton X-100. Fixed MSNs were blocked with 5% BSA in PBS and immunostained
using a rabbit anti-DARPP-32 anti-body (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 antibody (1:1000). Z-stacks were captured using a 100xoil 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 0.3um in Z. Dendritic spine
density was quantified using NeuronStudio software in at least three batches of cultures for
each experiment.

GCaMP5G Ca?*-imaging experiments

GCaMP5G Ca?*-imaging experiments were performed as described previously [34]. The
corticostriatal co-cultures were prepared slightly different from the above method. The
cortical cells were plated on DIVO and infected with lenti-Cherry. After 24h, the medium
was replaced with fresh medium and striatal cells were plated on DIV1. The WT, YAC128,
TRPC17/~ andYAC128*/~TRPC1~/~ neurons were transfected with a GCaMP5G plasmid or
a mixture of GCaMP5G and shRNA. plasmids (1:3 ratio) using a high calcium-phosphate
transfection method [35] at DIV7 (CalPhos Transfection Kit; Clontech). MSNs in the co-
culture were identified by GCaMP5G expression, morphology, and the lack of Cherry
expression as in Wu et al., (2016). GCaMP5G fluorescent images were collected using an
Olympus 1X70 inverted epi-fluorescence microscope equipped with a 60xlens, Cascade 650
digital camera (Roper Scientific) and Prior Lumen 200 illuminator. Images from 488nm
excitation were collected at 0.5Hz using MetaFluor (Universal Imaging). To measure
synaptic nSOC, the neurons were incubated in Ca2*-free medium (supplemented with 400
UM EGTA) containing 1uM thapsigargin (Tg) for 5min before returning to the ACSF
containing 2mM Ca?*, 1uM Tg and a Ca2* channel inhibitor mixture (1uM TTX, 50uM
AP5, 10 pM CNQX, and 50 uM nifedipine). The basal calcium level (Fq) in Ca2*-free
medium was recorded for ~40s before the addition of 2mM Ca?* (F=the peak response to
Ca?* readdition). Data analysis was performed using ImageJ.

Motor coordination assessments in mice

Acohortof14WT,14YAC128,11TRPC1and 11 YAC128"/~TRPC1~/~ female littermates
was used for behavioral studies. The motor coordination experiments were performed as
previously described [21, 36]. The beam walking assay was carried out using a home-made
experimental setup. A 17mm round plastic beam, 11mm round plastic beam, and 5mm
square wood beam were used in our studies. At each time point, the mice were trained on
beams for 3 consecutive days (3 trials/d) to traverse the beam to an enclosed box. Once the
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stable baseline of performance was obtained, the mice were tested in three consecutive trials
on 17 and 11mm round plastic beams and the 5mm square wood beam, in each case
progressing from the widest to the narrowest beam. The latency to traverse the middle 80 cm
of each beam and the number of times the hind feet slipped off each beam were recorded for
each trial. For each measurement, the mean scores of the three trials for each beam were
used in the analysis.

Dendritic spine analysis in mouse striatum

To establish a quantitative in vivo analysis of MSN spines, we adopted a procedure
developed by [37]. WT, YAC128, TRPC1~/~ and YAC128*~ TRPC1~/~ mice at the age of
14 months were perfused intracardially with 5ml of ice-cold 1% paraformaldehyde (PFA)
solution in 0.1M phosphate buffer (PB), followed by 60ml of 4% PFA plus 0.0625%
glutaraldehyde in 0.1M PB over 12 min. Brains were removed and postfixed (4%PFA,
0.0625% glutaraldehyde, 0.1M PB) for 4h at 4°C. Fixed brains were coronally sliced
(300um sections) using a vibratome (Leica 1200S) and stored at 4°C in PBS with 0.05%
NaNs. Slices were mounted on a patch-clamp setup (Olympus BX51 microscope with an
infrared camera portal). Glass electrodes for dye injection were pulled (150-300MQ; Sutter
Instruments P97) and striatal neurons were randomly injected and filled with Lucifer yellow
solution (L-12926; Invitrogen). A constant negative current in the range of 1-3nA promoted
dye infusion. MSN spines were imaged using a two-photon microscope (Zeiss LSM780)
with a 40 x lens and 5 x zoom. MSNs were identified by their characteristic shape and
abundance of spines as in Wu et al., 2016. For each neuron, a dendritic segment spaced at
least 50um from the soma or after the first branching point was considered for analysis. The
spine density was analyzed using NeuronStudio software as described previously [22, 34].

Statistical analysis

RESULTS

The results are presented as mean+SEM (/7=number of neurons or mice as indicated).
Statistical comparisons of results obtained in experiments were performed by a Student’s ¢
test for two-group comparisons or a one-way or two-way ANOVA followed by Tukey’s test
for more than two comparisons among conditions. The multiplicity adjusted p value is
reported as £~0.05=n.s, p<0.05=*, p<0.01=**, p<0.001=*** and p<0.0001=>***,

Molecular composition of nSOC in MSNs

STIM, Orai and TRPC isoforms are broadly expressed in murine and human tissues
including the brain [27, 28]. Previously we analyzed the neuronal expression of SOCE
mediators using quantitative reverse transcription PCR (QRT-PCR) and found that STIM2,
TRPCS6, Orai2 and TRPC4 are enriched in the hippocampus of 8-week-old male C57BL/6
mice [38]. In contrast, none of these proteins are particularly enriched in the striatum relative
to other brain regions, consistent with previous studies [39]. In our previous work, we
demonstrated that knockdown or knockout of STIM2 rescues spine loss in YAC128 MSNs
[22]. In hippocampal mushroom spines, Orai2 and TRPC6 mediate STIM2-gated nSOC
[38]. Do any of these components mediate nSOC in MSNs? If so, do they contribute to spine
loss in YAC128MSNs?

J Huntingtons Dis. Author manuscript; available in PMC 2018 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 8

To answer these questions, we infected WT and YAC128 corticostriatal co-cultures with
lentiviruses encoding siRNA targeting members of TRPC and Orai gene families. The spine
morphology in infected cultures was evaluated by DARPP32-immunostaining and confocal
imaging. TRPC2 was not examined, as it is a pseudogene in humans but is expressed in
other species in a restricted pattern [40]. Western blots confirmed that siRNA reduced
relevant protein targets (Fig. 1A). Compared to the siRNA control, expression was reduced
from 1 to 0.57+0.089 for TRPC1, 0.68+0.019 for TRPC3, 0.11+0.0057 for TRPC4,
0.38+0.067 for TRPC5, 0.52+0.031 for TRPC6, 0.53+0.0017 for Orail, 0.46+0.094 for
Orai2 and 0.27+0.082 for STIM1 (=2 for all samples). TRPC7 and Orai3 antibodies were
not available to us. Consistent with our previous studies [13, 22], there was a substantial
reduction in the density of MSN spines on DIV 20 from 12.0+0.3 spines/10um (/7=10) in
WT co-cultures to 7.3+£0.4 spines/10um (/7=10) in YAC128 co-cultures (Fig. 1B, C). The
spine density of WT MSNs decreased significantly after knockdown of TRPC3, TRPC4 or
TRPCS5 (Fig. 1B, C). This indicates that TRPC3, TRPC4 and TRPC5 are necessary for WT
MSN spine stability. Knockdown of these subunits did not rescue spine density in YAC128
MSNs (Fig. 1B, C). In contrast, knockdown of TRPC1 or TRPC6 had no effect on WT MSN
spines but rescued the loss of spines in YAC128 MSNs. After knock down of TRPCL1 the
spine density in YAC128 MSNs was 13.0+1.0 spines/10 um (/=10) and after knockdown of
TRPC6 the spine density in YAC128 MSNs was 12.4+0.3 spines/10um (7=10) (Fig. 1B, C).
Knockdown of TRPC7 or Orai3 had no effect on spine density in WT and YAC128 MSNs
(Fig. 1B, C). Knockdown of Orail, Orai2 or STIM1 rescued the spine loss in YAC128
MSNSs, increasing spine densityto11.4+1.1 spines/10 pm (/7=10), 9.8+1.0 spines/10 pm
(7=10) or 14.3+0.4 spines/10 (/7=10), respectively (Fig. 1B, C).

To validate these findings we used lentiviral-delivered Cas9 and single guide RNA to disrupt
expression of candidate nSOC channels by CRISPR/Cas9. Western blots confirmed that
Cas9 reduced each protein target (Fig. 1D). Compared to the gLacZ control, expression was
reduced from 1 to 0.19 for TRPC4 (/7=1), 0.57+0.071 for TRPC5 (/7=2), 0.43+0.069 for
TRPC6 (17=3), 0.50+0.0052 for Orail (/7=3) and 0.47+0.10 for Orai2 (/=4). In agreement
with RNAI data, deletion of TRPC4 or TRPC5 genes reduced the WT MSN spine density
and did not rescue the YAC128 MSN spine density (Fig. 1E, F). Also consistent with RNAI
results, deletion of TRPC6, Orail or Orai2 had no effect on WT MSN spines but rescued the
density of YAC MSN spines (Fig. 1E, F). We used TRPC1 knockout mice to further examine
the viability of TRPC1 as a target (results presented later).

Results obtained in these experiments and in our previous studies [22] suggest that STIM1/2,
TRPC1/6 and Orail/2 can support supranormal nSOC in YAC128 MSNSs. To test this
hypothesis, we measured the amplitude of nSOC in WT and YAC128 MSN spines following
knockdown of nSOC channel components. We focused on TRPC1, TRPCS, Orail, and
Orai2 because spine rescue data suggested that these proteins are potential therapeutic
targets. We also tested the contribution of STIML1 to spine nSOC. To image calcium in MSN
spines, we transfected a GCaMP5G plasmid into WT and YAC128 co-cultures [22, 34].
RNAi-mediated knockdown of TRPC1, TRPC6, Orail, Orai2 or STIM1 significantly
reduced spine SOC in both WT and YAC128 MSNs (Fig. 2A, B). These results suggest that
both STIM1 and STIM2 [22] gate nSOC channel components in MSNs, which may include
TRPCL1, TRPCS6, Orail and Orai2.
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In the next series of experiments, we used a biochemical approach to test whether STIM1
and/or STIM2 physically interact with TRPC and Orai channels in the striatum. We prepared
striatal synaptosomes and performed a series of co-immunoprecipitation experiments. We
found that antibodies Against Orail or Orai2 efficiently pulled down STIM1 and STIM2
from striatal synaptosomal lysates (Fig. 3). We also observed association of STIM1 and
STIM2 with TRPC1 and TRPC6 subunits (Fig. 3). No signal was observed in TRPC4
immunoprecipitation experiments (Fig. 3) and also no signal was observed in
immunoprecipitation experiments with TRPC3 and TRPC5 antibodies (data not shown).
Overall, these data are consistent with the involvement of TRPC1, TRPC6, Orail, Orai2,
STIM1 and STIM2 in spine nSOC in striatal MSNs.

Knockout of TRPC1 rescues spine loss and suppresses spine nSOC in YAC128 MSNs

In previous studies we demonstrated that knockdown of STIM2, TRPCS6, or Orai2 proteins
causes loss of mushroom spines in hippocampal neurons [34, 38], making them not suitable
targets for non-localized HD treatments. STIM1 and Orail are also not ideal for systemic
suppression, as mutations in them are associated with immunodeficiency in human patients
[41]. STIM1~/~ mice perish in utero or soon after birth from respiratory failure, although
early embryos appeared to develop normally [42]. Orail™~ mice suffer from immune
deficits and other detrimental phenotypes [43]. By contrast, the phenotype of TRPC17/~
mice is relatively mild [30], suggesting that TRPC1 may be a better target for suppressing
hyperactive nSOC in YAC128 MSNs. We therefore used TRPC1~/~ mice to further
investigate the role of TRPC1 in YAC128 MSN nSOC and

spineinstability. Fortheseexperiments YAC128mice were crossed with TRPC1~/~ mice [30] to
generate YAC128*/~ TRPC1~/~ mice.

In our experiments corticostriatal co-cultures were established from WT, YAC128,
TRPC17/~ and YAC128*~ TRPC1~/~ mice. As commercial TRPC1 antibodies are unable to
detect the absence of TRPC1 protein in TRPC1 knockout mice [44], we used gPCR and RT-
PCR to confirm that exon 8 of TRPC1, which encodes transmembrane domains 4 and 5 as
well as part of the pore region [45], was absent from striatal transcripts of TRPC1~/~ and
YAC128~~ TRPC1~/~ mice. TRPC1 message was not detectable by gPCR or visible when
RT-PCR products were analyzed by gel electrophoresis in TRPC1 ™/~ and YAC128*/~
TRPC17/~ samples (Fig. 4A), confirming the knockout. Striatal lysates from WT and
TRPC1~/~ mice (6 and 12 months of age) were analyzed by western blotting to check for
compensatory changes in Orai or STIM expression. Example blots are shown in Fig. 4B. We
did not observe any significant differences in expression levels of STIM and Orai isoforms
between WT and TRPC1~/~ mice (/=4 for WT mice at 6 months; 7=4 for TRPC1~/~ mice at
6 months; /=4 for WT mice at 12 months; 7=2 for TRPC1~/~ mice at 12 months).
GCaMP5G was transfected into these cultures to measure nSOC in the spines of WT,
YAC128, TRPC1~/~ and YAC128*"TRPC1~/~MSNSs. Spine nSOC was significantly
decreased in TRPC1~/~ and YAC128*/"TRPC1~/~ MSNs when compared with WT and
YAC128 MSNSs, respectively (Fig. 4C, D). This is consistent with results from TRPC1 RNAI
knockdown Ca2* imaging experiments (Fig. 2A, B) and with the decreased SOC observed in
submandibular gland acini and ductal cells prepared from TRPC1™~/~ mice [30]. We
evaluated spine morphology of striatal MSNs in corticostriatal co-cultures from WT,
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YAC128*~, TRPC17~ and YAC128*/~TRPC1~/~ mice by DARPP32 immunostaining and
confocal imaging. On average, the density of WT MSN spines was equal to 11.8+0.7 spines/
10um of dendritic length (7=10) and the density of YAC128 MSN spines was equal to
7.2£0.4 spines/10um (7=10) (Fig. 4E, F). There was no difference in spine density between
TRPC17/~ and WT MSNSs (Fig. 4E, F). The spine density of YAC128*~TRPC17/~ MSNs
was 14.7+0.5 spines/10um (7=10) (Fig. 4E, F), significantly increased when compared to
YAC128 MSNSs. These data are consistent with TRPC1 RNAI knock-down experiments (Fig.
1B, C). Our results suggest that knocking out TRPC1 is synaptoprotective for YAC128
MSNs /n vitro. Does the absence of TRPC1 rescue motor deficits and spine loss in YAC128
mice /in vive?

Knockout of TRPC1 improves motor coordination and prevents spine loss in YAC128 mice

Expression of YAC128 transgene or knockout of TRPC1 resulted in elevation of body
weight in these mutant mice (Fig. 5A). The weight of YAC128*/~TRPC1~/~ mice increased
even faster than for YAC128*/~ or TRPC1~/~ mice (Fig. 5A). At the age of 9.5 months, the
average weight of YAC128*/"TRPC1~/~ mice was 51.6+1.7g, 22% more than the weight of
YAC128*~ mice and 66% more than the weight of WT mice (Fig. 5A). In previous studies
we used 5 mm square, 11 mm round and 17 mm round beams to quantify motor impairment
of YAC128 mice in a beamwalk assay [21, 36, 46, 47]. However, the excessive body weight
of YAC128*/~TRPC1~/~ mice appeared to cause their reluctance to walk on the 11 mm or 5
mm beams. Therefore the 17 mm beam was used for all groups and ages. All 4 groups of
mice were trained to walk across 17 mm beam to reach an enclosed box, and the time to
traverse the beam and the number of foot slips while walking on the beam was recorded for
each trial. In this assay we found that the beamwalk performance of all 4 groups of mice was
similar at 1.5,4.5 and 6.5 months of age (Fig. 5B,C).Consistent with our previous studies,
aging YAC128 mice exhibited progressive impairment in beam walking ability when
compared to WT mice [21]. At 9.5 months and 12 months of age the beam crossing duration
was significantly longer for YAC128 mice (Fig. 5B) and they had a significantly increased
number of foot slips when compared to WT mice (Fig. 5C). TRPC1~/~ mice exhibited
similar behavior as WT mice from 1.5 months to 9.5 months of age. At 12 month of age,
TRPC17/~ mice showed a motor deficit compared to WT mice (Fig. 5B, C), but it was not as
severe as the deficit in YAC128 mice. These findings are consistent with a previous analysis
showing a delayed motor deficit in TRPC1~/~ mice [48]. YAC128*/~TRPC1~/~ mice
exhibited significantly decreased beam crossing latencies and fewer foot slips when
compared with YAC128 mice at 9.5 months and 12 months of age (Fig. 5B,C).The
performance of YAC128*/~"TRPC1~/~ mice was identical to the performance of TRPC1~/~
mice at all ages tested (Fig. 5B, C). Based on these results, we concluded that knocking out
TRPCL1 mitigates the motor coordination deficit in YAC128 mice.

Following conclusion of behavioral tests, all 4 groups of mice were anesthetized,
exsanguinated and perfused with fixative at 14 months of age. The brains were post-fixed,
coronally sliced at 300um and the striatal MSNs were microinjected with the fluorescent dye
Lucifer yellow [37].Analys is of spine morphology was performed by two-photon imaging
of the injected striatal sections. In agreement with the previous results [22], we observed a
significant reduction in the MSN spine density in 14 months old YAC128*/~ mice when
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compared with WT mice (Fig. 6A, B). On average, the MSN spine density was reduced from
16.9 £ 0.4 spines/10um dendritic length (/7=65 neurons from 10 mice) in WT mice to 11.2

+ 0.2 spines/10pum (=101 neurons from 13 mice; p<0.001) in YAC128*/~ mice (Fig. 6B).
The MSN spine density in TRPC1™~ mice was 16.1 + 0.5 spines/10um (/=47 neurons from
9 mice), the same as in WT mice (Fig. 6A, B). Deletion of TRPC1 gene rescued spine loss
in YAC128*"TRPC1~/~ mice, resulting in a spine density equal to 16.5 + 0.4 spines/10um
(/=48 neurons from 8 mice) (Fig. 6A, B). Compared to YAC128*/~ MSNSs,
YAC128*~TRPC1~/~ MSNs had a significantly increased spine density (Fig. 6B). These
results confirm that knocking out TRPC1 helps to stabilize MSN spines in YAC128 HD
mice /n vivo.

DISCUSSION

TRPC1 as a potential therapeutic target for Huntington’s disease

Store-operated Ca?* entry (SOC) plays an important role in non-excitable cells, in particular
in cells from immune system. The functional role and properties of neuronal SOC (nSOC)
are much less clear. nSOC is thought by some as redundant or even unnecessary, as there are
numerous kinds of Ca2*-conducting channels in neurons [49].However,recent evidence
implicates nSOC in the regulation of neuronal functions and there is a growing interest in
characterizing properties of nSOC [27, 34, 50-52]. In non-excitable cells, the molecular
composition of SOC pathway includes the ER Ca2* sensors STIM1 and STIM2, as well as
the store-operated Ca2*-channels from Orai and TRPC families [24]. STIM1 and STIM?2
proteins are expressed in neurons, with STIM2 most abundantly expressed in the
hippocampus and STIM1 in the cerebellar Purkinje cells. It has been demonstrated that
STIM1 and STIM2 mediate nSOC in neurons [38, 53-58]. Orail, Orai2 and Orai3 proteins
are expressed in neurons. The role of Orail and Orai2 proteins in supporting nSOC was
documented [38, 55]. Both STIM1 and STIM2 were implicated in the control of Orai
channel activity in neurons [38, 55, 57]. TRPC channels are also expressed in neurons and
may contribute to nSOC [26, 27, 38, 50, 59]. Different members of the TRPC family play
important signaling functions in neurons [25,60] and it has been suggested that neuronal
TRPC channels constitute potential therapeutic targets for treating neurodegenerative
disorders and other disorders of the nervous system [28, 61].

In our previous studies we identified enhanced nSOC as one of the potential causes of
synaptic and neuronal loss in HD [22,23].We found in an unbiased screen that a novel class
of nSOC inhibitors improved motor performance in HD flies and observed excessive nNSOC
in MSNs from the YAC128 transgenic mouse model of HD [23]. Similar enhancement of
nSOC was reported in studies with cultured cells transfected with a plasmid encoding the
exon 1 fragment of mHtt [62]. We further demonstrated the presence of enhanced hSOC in
synaptic spines of YAC128 MSNs and determined that STIM2 knock-down or knockout
rescued the spine loss phenotype in YAC128 MSNSs [22]. In the present study we set out to
identify additional molecular components of nSOC which can be targeted for therapeutic
interventions. We performed a systematic knockdown of TRPC and Orai family members
and analyzed resulting effects on the density of MSN spines in wild type corticostriatal co-
cultures and in cultures from YAC128 HD mice. We found that knockdown of TRPC1,
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TRPCS, Orail, Orai2 or STIML1, but not any other member of the TRPC family or Orai3,
was able to rescue spine loss in YAC128 MSNs without affecting the spine density of wild
type MSNs (Fig. 1B, C). This result was recapitulated by deleting TRPC6,Orail,or Orai2
using Cas9 (Fig. 1E, F) and by preparing cultures from TRPC1 knockout mice (Fig. 4).
Knockdown of TRPC1, TRPCS6, Orail, Orai2 or STIM1, suppresses spine nSOC in YAC128
MSNs (Fig. 2). In addition to STIM2 [22], these results suggest that TRPC1, TRPCS6, Orail,
Orai2 and STIM1 all contribute to supranormal nSOC in YAC128 MSN spines.

It is important to note that the density of WT MSN spines was not affected by reduced spine
nSOC levels (Fig. 2) from knockdown of TRPC1, TRPCS6, Orail, Orai2 or STIM1 (Fig. 1).
Likewise, WT MSN spine prevalence was unaffected by knockdown of InsP3R1, a
manipulation that lowers spine nSOC [22]. However, knockdown of STIM2 resulted in a
partial loss of WT MSN spines [22]. As nSOC reduction (Fig. 2) is generally insufficient to
decrease the density of WT MSN spines (Fig.1), STIM2 may have a pleiotropic role in
regulating MSN spine integrity that is independent of SOC. For example, perhaps STIM2
dynamically remodels the ER [63], a process that could impact synaptic plasticity [64]. In
contrast to spines of MSNs, stability of mushroom spines of hippocampal neurons requires
nSOC [34]. Thus, different populations of neurons maintain spines though distinct
mechanisms that are not fully understood.

In biochemical experiments, we observed an association of endogenous STIM1 or STIM2
with TRPC1, TRPCS6, Orail and Orai2, but not TRPC3, TRPC4 or TRPC5 in synaptosomal
lysates from WT striata (Fig. 3 and data not shown). This further supports the role of these
channels in the regulation of nSOC in MSN spines, as the channels that contribute to spine
loss and nSOC in YAC MSNs more strongly interacted with STIM1/2. STIM1/2 binding to
Orail/2 is likely direct, whereas TRPC1/6 may interface with Orai channels to augment
signaling [40]. Alternatively, TRPC1 was reported to directly interact with STIM1, but
STIM1 may indirectly regulate TRPC6 via STIM1-dependent regulation of
heteromultimerization [65]. TRPC1 dynamically interacts with STIM1 and Orail in
response to store depletion and a TRPC1/STIM1/Orail complex was observed in human
salivary gland cells [66], mouse pulmonary arterial smooth muscle cells [67] and rat kidney
fibroblasts [68]. Also, TRPC6/STIM1/Orail association was observed in human platelets
[69]. Knockdown of any of these SOC components can rescue the spine loss of YAC128
MSNSs. This indicates that these components are not functionally redundant, but rather they
cooperate to mediate nSOC.

We focused on TRPC1 as a potential therapeutic target. Role of TRPC1 in supporting
supranormal nSOC in YAC128 MSNs was also supported by the previous studies [23, 62].
The phenotype of TRPC17~ mice is relatively mild [30]. In the present study, we crossed
TRPC17/~ mice with the YAC128 mice to further evaluate the role of TRPC1 in MSN spine
nSOC. Genetic ablation of TRPC1 was associated with suppression of nSOC and prevented
YAC128 MSN spine loss in vitro (Fig. 4). nSOC was partially attenuated in WT MSNs
lacking TRPCL1, indicating that it contributes to non-pathological nSOC as well. We
evaluated motor performance of WT, YAC128, TRPC17/~ and YAC128*"TRPC1~/~ mice
using the beamwalk assay (Fig. 5). Knocking out TRPC1 had no effect on motor
performance until after 9.5 months of age, in agreement with delayed motor deficits
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previously reported for TRPC1~/~ mice [48]. However, deletion of TRPC1 in YAC128 mice
improved their motor performance relative to YAC128 mice to levels that were comparable
to TRPC1~/~ mice. This indicates that TRPC1 contributes to the development of motor
symptoms in YAC128 mice. We also established that knockout of TRPC1 prevented the loss
of MSN spines in YAC128 mice /n vivo (Fig. 6), confirming a critical role for TRPC1 in
synaptic loss in the YAC128 model of HD. From these studies we concluded that TRPC1 is
a potential therapeutic target for treatment of HD.

Our data suggests that the rescue of YAC128 MSN spines relates to reducing nSOC below
synaptotoxic levels, but we cannot rule out additional mechanisms. For example, it has been
reported that glutamate activates cell death by massive influx of Ca2+ via the TRPC1
channel [70]. They reported that TRPC1 expression was increased after glutamate treatment
and that blockade of TRPCL1 significantly reduces cell death in hippocampal organotypic
slice cultures. Potential limitations of TRPC1 as a target involve its function in other brain
regions. Reduced nSOC was recently demonstrated to be linked with the loss of substantia
nigra neurons in Parkinson’s disease (PD) [71]. TRPC1 knockout mice exhibit a spatial
memory deficit [72], reduced activity in swimming and locomotion and some neuronal loss
in basal ganglia and substantia nigra [48, 73]. Enhanced expression of TRPC1 resulted in
neuroprotective effects in cellular models of PD [73-76]. These results suggest that the
therapeutic window for TRPC1 inhibitors in HD maybe limited by detrimental effects of
these inhibitors in substantia nigra dopaminergic neurons. TRPC1 was also identified as a
mediator of postsynaptic Ca2+ influx required for BDNF-induced synaptic plasticity at the
developing neuromuscular junction [77].

Our data suggest that aberrant calcium signals mediated by TRPC1 and possibly other nSOC
channel subunits (TRPC6, Orail and Orai2) leads to synaptic and motor pathology in the
YAC128 mouse model of HD. We conclude that TRPC1 could be a suitable neuroprotective
target for treatment of HD. The therapeutic window for TRPC1 inhibitors in HD maybe
limited by potential detrimental effects of these inhibitors in substantia nigra dopaminergic
neurons.
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Fig. 1.

MSN spine density measurements in WT and YAC128 corticostriatal cultures. (A, D)
Western blots of lysates from corticostriatal co-cultures after lenti-viral infection of neurons
with siRNA (A) or Cas9/gRNA (D) targeting nSOC pathway components. The X in gX
represents the indicated subunit. (B, E) 3D reconstructions from confocal images of
DARPP32-immunostained MSN dendrites. Spines are shown for DIV 20 corticostriatal co-
cultures prepared from WT and YAC128 pups. Co-cultures were infected with lentiviruses to
express scrambled siRNA (Ctrl) or siRNA targeting TRPC1-7 (siT1-siT7), Orail-3 (siO1-
si03), or STIM1 (siS1) (B). Co-cultures infected with lentiviruses to express Cas9 and
control sgRNA (gLacZ), sgRNA targeting TRPC4-6 (gT4, gT5, gT6), or Orail-2 (gO1,
g02) (E). (C, F) Quantification of spine density per 10um of dendritic length in WT and
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YAC128 cultures for RNAIi knockdown experiments (C) and CRISPR/Cas9 knockout
experiments (F). The results are shown as mean#S.E. (/7=5-10). *p<0.05, ™ p<0.01,
***p<0.001 when compared to spine density in WT control cultures.
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Fig. 2.

nSOC measurements in WT and YAC128 corticostriatal cultures. (A) GCaMP5G
fluorescence traces in WT and YAC128 MSN spines following Ca2* “add-back” protocol.
The data are shown as change in relative GCaMP5G fluorescence over time. The time of
“Ca2* add-back” is shown above the fluorescence traces. Activity of SERCA pump in these
experiments is blocked by 1uM thapsigargin (Tg). Individual cell traces are shown by thin
grey lines, and average traces are shown by thick red lines. The traces are shown for cultures
treated with control siRNA (Ctrl) and for the cultures treated with siRNA targeting TRPC1
(siT1), TRPCG (siT6), Orail (si01), Orai2 (siO2) or STIML1 (siS1). (B) Quantification of
MSN spine nSOC in WT and YAC128 co-cultures expressing scrambled siRNA or siRNA
targeting candidate nSOC channels or STIM1. The average peak of spine SOC was
normalized to WT control cultures and shown as mean+SE (WT, 7=15; YAC128, n/=31; WT
+siT1, 7=13; YAC128+siT1, n=12; WT+siT6, n/=20; YAC128+siT6, n=17; WT+siO1, n=9;
YAC128+si01, r=17; WT+si02, r=19; YAC128+si02, =25; WT+siS1, r=15;
YAC128+siS1, /=25). ™ p<0.001 when compared to the nSOC amplitude in WT control
cultures.
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Fig. 3.
Association of candidate nSOC channels with STIM1 or STIM2 in synaptosomal lysates

from WT striatum. Striatal synaptosomal lysates were prepared, solubilized and used in
immunoprecipitation experiments with antibodies against Orail, Orai2, TRPC1, TRPCS,
and TRPC4. RabbitlgGwasusedasanegative control for the antibodies. Beads were washed,
suspended in SDS loading buffer, boiled and analyzed by western blotting for STIM1 or
STIM2.
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Knockout of TRPC1 prevents YAC128 MSN spine loss and reduces MSN spine nSOC. (A)
RT-PCR was used to detect exon 8 of TRPC1 from WT, YAC128*~, TRPC1™/~ and
YAC128*"TRPC1~/~ mice. (B) Striatal lysates from 6 months and 12 months old WT and
TRPC1~/~ mice were analyzed by western blotting for STIM1, STIM2, Orail and Orai2. (C)
GCaMP5G was used to image spine Ca2+ signals in response to calcium add back in co-
cultures from WT, YAC128*/~, TRPC1~/~ and YAC128*/~TRPC1~/~ pups. The data are
shown as change in relative GCaMP5G fluorescence over time. The time of “Ca2+ add-
back” is shown above the fluorescence traces. Activity of SERCA pump in these
experiments is blocked by 1uM thapsigargin (Tg). Individual cell traces are shown by thin
grey lines, and average traces are shown by thick red lines. (D) Quantification of spine
nSOC. The average peak of spine SOC was normalized to peak nSOC in WT control
cultures and shown as mean + SE (WT, 7=8; YAC128, =6; TRPC1~/~, n=17; and
YAC128*~TRPC17/~, /=21). (E) Reconstructions from confocal images of DARPP32-
immunostained MSN dendrites and spines are shown for DIV 20 corticostriatal co-cultures

prepared from WT, YAC128*/~, TRPC1~/~ and YAC128*"TRPC1~/~ pups. (F)

Quantification of spine density. An average spine density in corticostriatal co-cultures is
shown as mean + SE (WT, 7=10; YAC128, 7=10; TRPC1~/~, n=10; and
YAC128*"TRPC17/~, ni=10). ***<0.001 for pairwise comparisons as shown.
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Knockout of TRPC1 improves motor performance of YAC128 mice in the beam walk assay.
(A) Average body weight of WT, YAC128*/~, TRPC1~/~ and YAC128*~TRPC1~/~ mice at

different ages. (B) Beam crossing latencies and (C) number of foot slips for WT,

YAC128*~, TRPC17/~ and YAC128*/~"TRPC1~/~ mice at ages 1.5-12 months for the 17 mm
beam are shown as mean + SE (WT, =14 female mice; YAC128, =14 female mice;
TRPC17/~, =11 female mice; and YAC128*"TRPC1~/~, =11 female mice). *p<0.05,
**<0.01, ***p<0.001, ****p<0.0001 when the YAC128 group is compared to the WT
group. #p<0.05, # p<0.01, ### p<0.001, ### p<0.0001 when the YAC128 group is compared
to YAC128*~TRPC1~/~ group.
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Fig. 6.
Knockout of TRPC1 prevents YAC128 MSN spine loss in vivo. (A) 14 months old WT,

YAC128*~, TRPC17/~ and YAC128*"TRPC1~/~ mice were perfused with fixative and
MSNss in brain slices were microinjected with Lucifer yellow and visualized with2-photon
microscopy.(B) Quantification of spine density in WT,YAC128*/~, TRPC1~/~ and
YAC128*~TRPC1~/~ mice.The average MSN spine density in striatal slices is shown as
mean + SE (WT, 7=65; YAC128, 7=101; TRPC1~/~, 7=47; and YAC128*/~"TRPC17/",
n=48). The data were pooled together from 8-13 mice for each group. ***p<0.001 for
pairwise comparisons as shown.
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