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Spinocerebellar ataxia type 7 (SCA7) is a late-onset 
neurodegenerative disease characterized by ataxia and 
vision loss with no effective treatments in the clinic. The 
most striking feature is the degeneration of Purkinje 
neurons of the cerebellum caused by the presence of 
polyglutamine-expanded ataxin-7. Ataxin-7 is part of a 
transcriptional complex, and, in the setting of mutant 
ataxin-7, there is misregulation of target genes. Here, 
we designed RNAi sequences to reduce the expression 
of both wildtype and mutant ataxin-7 to test if reducing 
ataxin-7 in Purkinje cells is both tolerated and beneficial 
in an animal model of SCA7. We observed sustained 
reduction of both wildtype and mutant ataxin-7 as well 
as a significant improvement of ataxia phenotypes. 
Furthermore, we observed a reduction in cerebel-
lar molecular layer thinning and nuclear inclusions, a 
hallmark of SCA7. In addition, we observed recovery 
of cerebellar transcripts whose expression is disrupted 
in the presence of mutant ataxin-7. These data dem-
onstrate that reduction of both wildtype and mutant 
ataxin-7 by RNAi is well tolerated, and contrary to what 
may be expected from reducing a component of the 
Spt-Taf9-Gcn5 acetyltransferase complex, is efficacious 
in the SCA7 mouse.
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INTRODUCTION
Spinocerebellar ataxia type 7 (SCA7) is an autosomal dominant 
neurodegenerative disease and one of nine known polyglutamine 
(polyQ) diseases. SCA7 patients suffer from loss of vision and 
motor coordination including dysarthria, dysphagia, and slower 
reflexes.1 Anticipation is a feature of this disease, reflected in ear-
lier onset in offspring of affected individuals.2 Currently, there are 
no disease-modifying treatments for SCA7.

SCA7 is caused by an expansion of ≥37 CAG repeats in exon 3 
of the ataxin-7 gene (ATXN7).3 While patients with repeats <58 
present with cerebellar and brainstem degeneration prior to 
exhibiting retinal disease, patients with >59 CAG repeats typically 
present with retinal degeneration and then develop cerebellar 

ataxia.4 Ataxin-7 is ubiquitously expressed, yet only specific neu-
ronal populations are affected. The most prominent features are 
the loss of the Purkinje cells (PCs) and the loss of brainstem neu-
rons in the inferior olive (IO) that project to the molecular layer.5

A hallmark of SCA7 is the presence of nuclear inclusions (NIs), 
which contain aggregates of mutant polyQ expanded ATXN7 
and other ubiquitin-proteasome components.6 ATXN7 is a core 
component of the Spt-Taf9-Gcn5 acetyltransferase complex,7 a 
transcriptional coactivator complex that confers histone acetyl-
transferase activity to its target genes. Mutant polyQ ATXN7 alters 
Spt-Taf9-Gcn5 acetyltransferase recruitment to target genes, and 
disrupts its activity.8 Thus, reducing the levels of mutant polyQ 
ATXN7 could reduce the downstream effects induced by mutant 
ATXN7.

Previous studies have shown that ~50% reduction of mutant 
ataxin-7 in a SCA7 mouse model using Cre-medicated excision 
early after disease onset, alleviates motor symptoms.9 In human 
patients, targeting a disease associated SNP is one way to spe-
cifically reduce mutant ATXN7, leaving the wild-type protein 
intact. Taking advantage of a SNP on mutant ATXN7 found in 
50% of South African SCA7 patients, Scholefield et al. designed 
allele-specific short hairpin RNAs (shRNAs) to reduce mutant 
ataxin-7 and accomplished allele-specific decreases in ATXN7 
aggregate formation in vitro.10 However, targeting mutant 
alleles via SNPs is impractical from a drug development per-
spective. We therefore set out to test if partial reduction of both 
the mutant and normal alleles could be beneficial in the setting 
of SCA7.

The BAC Prp SCA7-92Q mouse model expresses human 
mutant ataxin-7 cDNA containing 92 pathogenic CAG repeats.11 
The onset of PC degeneration is ~23 weeks of age, after which 
motor abnormalities become apparent. Ataxia is progressive and 
becomes severe as seen by clasping, rotarod, and gait deficits and 
worsening scores on the ledge test.9,12 Here, we show in proof-of-
concept studies that nonallele specific silencing of ataxin-7 by 
RNAi is safe and well tolerated long-term in the SCA7 mouse. We 
observed a delayed disease onset, significant improvement of the 
ataxic and molecular phenotypes, and dramatic reduction in NIs 
in cerebellar PCs with the recovery of cerebellar transcripts that 
are known to be dysregulated in this disease.
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RESULTS
Silencing ataxin-7 expression
Small interfering RNAs targeting ataxin-7 were generated using 
a low off-target prediction algorithm13 and were cloned into an 
artificial miRNA expression vector.14 Plasmids expressing the 
candidate miRNAs were tested for their ability to reduce ataxin-7 
expression in vitro, and one construct, miS4 was chosen for fur-
ther evaluation in vivo (data not shown). To target the mouse cer-
ebellar PCs, cassettes directing expression of miS4 and a control 
sequence, miC, were subsequently cloned into adeno-associated 

viral (AAV) shuttle vectors to generate AAV2/1 viruses also 
expressing eGFP for visualization of transduced cells (Figure 1a). 
AAV2/1 has been previously reported to transduce cerebellar 
PCs.15

We injected AAV2/1-miS4, AAV2/1-miC or saline into the 
deep cerebellar nucleus of the BAC Prp SCA7-92Q mouse to tar-
get human mutant ataxin-7 expression in cerebellar PCs. AAV2/1 
injections into the deep cerebellar nucleus resulted in trafficking 
of the viral particles to the PC cell bodies and dendrites by retro-
grade transport.15–17 We observed widespread transduction of the 

Figure 1  Efficient cerebellar transduction and reduction of ataxin-7 expression in vivo. (a) Cartoon of the AAV construct. The U6 promoter drives 
expression of the artificial miRNA, followed by a cytomegalovirus promoter driving expression of eGFP. (b) Sagittal section of miS4 SCA7 cerebellum 
showing transduction of the Purkinje cells (PC) and deep cerebellar nuclei. (c) miS4 expression validated by stem-loop PCR after RT reaction with 
miS4 specific primers in cerebellar extracts at 40 weeks. miC was used as a negative control. (d) Relative human (left panel) and mouse (right panel) 
ataxin-7 mRNA levels at 40 weeks from cerebellar tissue analyzed by RT-qPCR. Results are represented as mean ± SEM (n = 8 saline; n = 4 miC, n = 8 
miS4; n = 7 wildtype), ***P < 0.001. (e) Western blot to assess ataxin-7 protein knockdown in the cerebellum of miS4-injected mice relative to miC. 
Arrow denotes human ataxin-7. Right panel, quantitation of knockdown by densitometry. (n = 3), **P < 0.01
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PCs and the deep cerebellar nuclei as observed by eGFP expres-
sion (Figure 1b), and expression of the S4 RNAi trigger by stem 
loop PCR (Figure 1c). To assess the long-term effects of nonallele 
specific silencing of ataxin-7, we injected presymptomatic BAC 
Prp SCA7-92Q mice at 7 weeks and followed them until 40 weeks 
of age (SCA7 mice die at ~50 weeks of age). For this, SCA7 mice 
were injected bilaterally into the deep cerebellar nucleus with 
saline, AAV2/1-miC or AAV2/1-miS4. Untreated wild-type litter-
mates were used for assessing relative recovery of disease pheno-
types. At 33 weeks postinjection (40 weeks of age), we observed 
sustained reduction in both human and mouse ataxin-7 transcript 
levels (~50%, P < 0.001; Figure 1d) and overall protein levels 
(~35%, P < 0.01; Figure 1e).

miS4 improves motor phenotypes
We evaluated SCA7 mice motor phenotypes at baseline (6 weeks; 
data not shown) and postinjection at 25 and 40 weeks of age 
(Figure 2a). The polyQ SCA-7 disease mice clasp their hindlimbs 
when suspended by the tail, unlike wild-type mice, which splay 

their hindlimbs.15,18,19 The BAC PrP SCA7-92Q mouse also exhib-
its hindlimb clasping relative to their wild-type littermates,9 but in 
miS4-treated animals, there was a significant improvement in this 
phenotype, while saline or miC injected SCA7 mice continued to 
exhibit severe clasping (P < 0.001; Figure 2b). miS4-treated mice 
also improved on the ledge test, while untreated or control treated 
SCA7 mice showed progressive decline, as reported earlier9,20 (P < 
0.001; Figure 2c).

Motor skills and gait assays were also assessed, as BAC Prp 
SCA7-92Q mice exhibit progressive deficits in these tasks.9 At 25 
weeks, there was no difference in rotarod performance between 
the SCA7 and wild-type mice, but at 40 weeks, miS4-treated 
mice had a significantly improved rotarod phenotype compared 
to control-treated mice and performed at levels closer to wild-
type on day 4 (Figure 2d; P < 0.05 or P < 0.01). miS4 mice also 
demonstrated a significantly improved stride length relative 
to control-treated SCA7 mice (Figure 2e; P < 0.001), however, 
wild-type mice did significantly better relative to all groups 
(Figure 2e; P < 0.001).

Figure 2 miS4 treatment improves ataxia phenotypes. (a) Experimental scheme for long-term cerebellar studies. (b) Hindlimb clasping score at 
40 weeks, where 0 represents no clasping and 3 represents severe clasping. Results are represented as mean ± SEM (n = 10 saline; n = 13 miC, n = 
14 miS4; n = 15 wildtype), ***P < 0.001. (c) Ledge score at 40 weeks, where 0 represents good balance and coordination and 3 represents very poor 
or no balance and coordination. Results are represented as mean ± SEM (n = 10 saline; n = 13 miC, n = 14 miS4; n = 17 wildtype), ***P < 0.001. (d) 
Rotarod analysis at 25 and 40 weeks with the Y-axis representing the latency to fall. Results are represented as mean ± SEM (n = 10 saline; n = 13 miC, 
n = 14 miS4; n = 15 wildtype), ***P < 0.001, **P < 0.01; two-way ANOVA with Bonferroni posthoc tests. (e) Box plots representing stride length at 40 
weeks measured by footprint analysis. The median of 15–20 steps per mouse were included in the analysis (n = 10–13 mice per group), ***P < 0.001.
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Reduction of ataxin-7 in the PCs does not induce 
toxicity
As one measure of assessing the tolerability of reducing both 
wild-type and mutant ataxin-7 expression, we evaluated injected 
cerebella for microglial activation at 40 weeks using Iba-1 immu-
nohistochemistry. We found no notable increase in microglia 
activation in miS4 tissue sections relative to controls (Figure 3a). 
We also quantified the expression of glial fibrillary acidic pro-
tein (GFAP), an astrocyte marker whose expression increases in 
the presence of injury or inflammation. Untreated and control-
treated SCA7 mice exhibit higher mRNA (~25%, P < 0.05;) and 
protein (~50%, P < 0.01) levels of GFAP relative to wild-type 
tissues,21 while GFAP levels improved in miS4-treated cerebella 
and were no longer significantly different to those in wild-type 
animals(Figure  3b, Supplementary Figure S1a,b). Thus, miS4 

treatment did not exacerbate glial activation, but rather improved 
this progressive SCA7 neuroinflammation phenotype.

miS4 has a therapeutic impact on the SCA7 
cerebellum
We next assessed the effect of ataxin-7 gene silencing on NIs. 
NIs are a hallmark of SCA7 and other polyQ diseases and cells 
laden with NIs increase in number with progressing disease.9 We 
scored NIs, detected by immunohistochemistry for ataxin-7, in 
miC- and miS4-transduced PCs at 40 weeks, and compared these 
to the numbers of inclusions in matched lobules from saline-
treated or wild-type mice. miS4-transduced PCs had a dramatic 
~80% reduction in NIs relative to miC or saline-treated PCs (P 
< 0.001) supporting decreased levels of nuclear ataxin-7 protein 
(Figure 3c).

Figure 3 Histological and QPCR analysis of cerebellar tissue at 40 weeks. (a) Representative photomicrograph showing Iba-1 immunoreactivity in 
the DCN and cortex of the cerebellum (n = 3 mice per group). (b) Relative GFAP mRNA levels in the injected cerebella by QPCR analysis. Results are 
represented as mean ± SEM (n = 3 per group), *P < 0.05. (c) Representative photomicrographs showing the extent of nuclear inclusions observed 
by immunohistochemistry for ataxin-7 in saline injected (left panel), or in eGFP+ AAV.miC (middle panel) and AAV.miS4-treated animals (right 
panel). Quantitation was done as described in the methods (lower panel). Results are represented as mean ± SEM (n = 3 per group), ***P < 0.001. 
(d) Representative photomicrographs of cerebellar lobules from SCA7 mice treated as indicated, or from untreated Wt mice. Below, quantitation of 
molecular layer thickness in the various groups. All groups were normalized to saline-treated SCA7 mice. Results are represented as mean ± SEM (n = 
3 per group), ***P < 0.001, *P < 0.05.
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BAC Prp SCA7-92Q mice show progressive cerebellar lobule 
thinning.9 To assess potential benefit from ataxin-7 silencing, the 
molecular layer width was measured in miS4 versus control-treated 
cerebellar lobules at 40 weeks. miS4-treated mice showed improved 
cerebellar morphology (increase of ~10%, P < 0.001) than control-
treated SCA7 mice (Figure 3d). Wild-type mice retained signifi-
cantly larger molecular layer widths compared to all groups.

Lastly, we assessed if the reduction of mutant ataxin-7 affected 
cerebellar transcript levels that have been shown in earlier work 
to be dysregulated in cell and animal models of SCA7.21–24 One 
example is calbindin1, a PC specific marker that is also down-
regulated in other SCA mice.25,26 Here, we found that calbindin1 
mRNA levels were reduced by ~40% in the BAC PrP SCA7-92Q 
mice relative to wild-type mice (P < 0.001). miS4 treatment par-
tially restored calbindin1 mRNA and protein to wild-type lev-
els (P < 0.05 and P < 0.01, respectively) and were significantly 
(~20%) higher than those of control-treated SCA7 mice (P < 0.01) 
(Figure 4a, Supplementary Figure S1a,c). In addition to calbi-
ndin1, the insulin-like growth factor pathway was shown to be 
dysregulated in a knock-in model of SCA7, with Igfbp5 mRNA 
levels downregulated relative to normal.22 Igfbp5 transcript lev-
els were also lower in BAC PrP SCA7-92Q mice relative to wild-
type (Figure 4e; P < 0.05). These transcripts trended upward with 
miS4 expression, but were not significantly improved relative to 
control-treated SCA7 mice. Expression of Eaat4, a PC-expressed 
glutamate transporter, is reduced in SCA7-90Q mice,24 and miS4 
treatment restored Eaat4 mRNA and protein levels to normal lev-
els (Figure 4d, Supplementary Figure S1a,d; P < 0.05). Other 
cerebellar specific transcripts such as Pcp2, Reln, Itpr1, Glast, and 
Grid2, which are downregulated in other SCA7 models,21,23,24,27 
were not reduced in the BAC PrP SCA7-92Q mice, and there were 
no effects of treatment on their expression levels (Figure 4b,c,f–h).

DISCUSSION
In this study, we provide evidence that nonallele specific silencing 
of ataxin-7 by RNAi is well tolerated in a SCA7 mouse model. 

Earlier studies in SCA7 mice demonstrated that excision of ~50% 
mutant ataxin-7 expression via Cre endonuclease immediate 
to disease onset partially alleviated ataxic symptoms.9 Here, we 
observed significant and robust improvements in the ataxic and 
neuropathological phenotypes as well as a delayed disease onset 
in SCA7 mice upon sustained reduction of both mutant and wild-
type ataxin-7 expression in the cerebellar PCs

SCA7 is a core component of the Spt-Taf9-Gcn5 acetyltrans-
ferase co-activator complex, which confers Gcn5-mediated his-
tone acetyltransferase activity when recruited to its target genes.28 
Mutant ATXN7 causes a deregulation of histone acetyltransferase 
activity and decondensation of chromatin, interfering with tar-
get gene activation.8 While other alleles causative of SCA result 
in viable mice upon gene knock-out,29–31 it is not known if knock 
out of ataxin-7 expression is detrimental for survival. Thus it was 
important to understand the consequences of reducing the levels 
of ataxin-7 expression in vivo. Here, we found that reducing both 
mutant and wild-type ataxin-7 expression decreased neuroin-
flammation, improved ataxin-7-induced neuropathology and had 
a positive impact on dysregulated transcription. Together these 
data suggest that partial reduction of ataxin-7 expression by RNAi 
was tolerated and beneficial in the context of SCA7.

NIs are a hallmark of SCA7 and consist of the truncated 
mutant ATXN7 protein along with ubiquitin components that 
increasingly accumulate with age.32–34 In primary rat embryonic 
neuronal cultures, ATXN7-100Q expression caused toxicity 
and neuronal cell death.35 Although it is debated as to whether 
NIs per se are protective or toxic in vivo in SCA7, reducing lev-
els of misfolded polyQ-containing proteins should result in 
decreased NIs and aggregation of mutant polyQ proteins in the 
nucleus. Vos et al. demonstrated that overexpressing the heat 
shock protein HSPB7, a potent suppressor of polyQ aggregation, 
decreased polyQ induced toxicity and rescued retinal degen-
eration in a Drosophila polyQ disease model.36 Another study 
in mice showed that reducing nuclear accumulation of mutant 
ATXN3 using calpain inhibitors reduced neuronal degeneration 

Figure 4 Changes in cerebellar transcripts postinjection at 40 weeks. RT-qPCR experiments representing the relative mRNA expression levels 
of mouse (a) Calb1, (b) Pcp2, (c) Reln, (d) Eaat4, (e) Igfbp5, (f) Itpr1, (g) Glast, and (h) Grid2. Results are represented as mean ± SEM (n = 6 saline; 
n = 6 miC, n = 6 miS4; n = 4 wildtype), *P < 0.05; ***P < 0.001.
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and dysfunction.37 Similarly, induction of PGC-1α expression in 
HD mice virtually eliminated huntingtin protein aggregation in 
the CNS and yielded a marked rescue of motor function.38 Here, 
we observed a dramatic ~80% reduction in the number of NIs in 
the miS4-treated SCA7 mice, confirming a decrease in mutant 
protein aggregation in PC nuclei. Thus, reducing nuclear-resi-
dent mutant ATXN7 likely contributes to the beneficial effects 
that we and others have noted.17,39

RNAi therapy in other polyQ diseases have shown that sus-
tained reduction of mutant polyQ alleles can alleviate disease 
phenotypes. RNAi-induced knockdown of the mutant SCA1 
allele in PCs resulted in a complete rescue of motor and neu-
ropathological phenotypes in a PC specific and a knock-in 
model of SCA1.15,40 On the other hand, RNAi-induced knock-
down of the mutant SCA3 allele in PCs resulted in a rescue of 
the neuropathological phenotypes but surprisingly, no rescue 
of motor phenotypes in a YAC model.17,41 The robust rescue of 
motor phenotypes in SCA1 and lack of rescue in SCA3 could 
arise from the fact that SCA1, like SCA7, primarily affects the 
PCs, while in SCA3, significant neuronal loss occurs in the sub-
stantia nigra and basal ganglia,42,43 areas that were not targeted 
in their study. In other work, knockdown of mutant ATXN3 
in the PCs in a PC specific SCA3 mouse model rescued motor 
and neuropathological phenotypes,44 while knockdown in the 
striatum of a striatal specific rat model improved neuropathol-
ogy,45 suggesting that RNAi therapy for SCA3 has potential if 
applied to the appropriate affected areas in combination. In our 
study, we used a BAC transgenic model with ubiquitous mutant 
ATXN7 expression. Upon RNAi treatment, there was signifi-
cant improvement in motor phenotypes and a delay in disease 
onset. In addition, we observed partial protection from the 
noted cerebellar molecular layer thinning and normalization 
of transcripts altered in SCA7. Our main target was cerebellar 
PCs, but miS4 injected mice also expressed miS4 in the brain-
stem with modest reduction (~20%, *P < 0.05) of ataxin-7 tran-
scripts in that region (Supplementary Figure S2a), while there 
was no change in ataxin-7 mRNA levels in the striatum or thala-
mus (Supplementary Figure S2b,c). Recent work by Furrer et 
al. showed that the Bergman glia, PCs, and the IO together con-
tribute to the pathology of this mouse model.11 They crossed 
mice with a floxed mutant ataxin-7 allele to a Cre-Pcp2 line for 
Cre-mediated excision in PCs and the IO, and showed partial 
improvement in behavior phenotypes.11 However, when the 
transgene was excised from the Bergman glia, PCs and IO, a 
delayed disease onset and more robust improvements in behav-
ior were seen.11 We did not observe complete rescue of motor 
phenotypes and neuropathology upon presymptomatic RNAi 
expression, possibly due to the fact that the PCs were the major 
site of knock-down and that treatment of the Bergman glia and 
more robust knock down in IO is required.

SCA7 is unique among the polyQ diseases as mutant ataxin-7 
causes vision loss and ataxia. While other studies have demon-
strated partial improvement of some SCA7 motor phenotypes by 
overexpression of HGF46 and IFN-β,39 here, we chose to target the 
causative gene directly and assess therapeutic efficacy. It will be 
interesting in future work to assess the effects of RNAi therapy for 
SCA7 retinal disease.

MATERIALS AND METHODS
Animals. The University of Iowa Animal Care and Use Committee 
(IACUC) approved all animal protocols. PrP-floxed-SCA7-92Q BAC 
transgenic mice were generated in the La Spada lab and were maintained 
on the C57BL/6J background. Mice were genotyped using primers specific 
for the mutant human ataxin-7 transgene.9 Hemizygous and age-matched 
wild type littermates were used for the experiments. In the therapeutic tri-
als, the treatment groups comprised approximately equal numbers of male 
and female mice. Mice were housed in a controlled temperature environ-
ment on a 12-hour light/dark cycle. Food and water were provided ad 
libitum.

Viral vectors. The plasmids expressing mouse U6-driven artificial miRNAs 
(S1-S4, HS5, mm, and C) were cloned as previously described using DNA 
oligonucleotides.14 U6 is an empty vector control, C (miC), and mm are 
scrambled RNAi control sequences, S1-S5 were sequences designed to tar-
get both mutant and wild-type ataxin-7, while HS5 was designed to target 
human ataxin-7.10 The following primers were used to construct miS4—S4 
forward primer: AAAACTCGAGTGAGCGGGGCTCAGGAAAGAAA 
CGCAAACTGTAAAGCCACAGATGGG, S4 Reverse Primer: AAAAACT 
AGTAGGCGCGGCTCAGGAAAGAAACGCAAACCCATCTGTGG 
CTTTACAG). Artificial miRNA expression cassettes were cloned into 
pAAVmcsCMVeGFP plasmids which co-expressed CMV-driven eGFP.14 
Recombinant AAV serotype 2/1 vectors (AAV.miC.eGFP and AAV.miS4.
eGFP) were generated by the University of Iowa Vector Core facility, as 
previously described.47 AAV vectors were dialyzed and resuspended in 
Formulation Buffer 18 (University of Iowa Gene Transfer Vector Core, 
Iowa City, IA) and titers (viral genomes/ml) were determined by RT-qPCR.

AAV injections and tissue harvesting. SCA7 transgenic mice were injected 
with AAV vectors as previously reported.48 For all cerebellar studies, trans-
genic mice were injected bilaterally into the deep cerebellar nuclei (coor-
dinates −6.0 mm caudal to bregma, ± 2.0 mm from midline, and −2.2 mm 
deep from cerebellar surface) with 4 μl of AAV1 virus (at 4.26 × 1012 viral 
genomes/ml) or saline. Following the injections, a topical antibiotic oint-
ment was applied and the mice were allowed to recover according to the 
University of Iowa Animal Care and Use Committee’s (IACUC) guidelines 
for Postanesthesia monitoring, including monitoring of breathing and mus-
cle tone. To harvest the cerebella, mice were killed with a ketamine/xylazine 
mix and transcardially perfused with 20 ml of cold saline. Mice were decapi-
tated, and for histological analyses, brains were removed and postfixed over-
night in 4% paraformaldehyde. Brains were stored in a 30% sucrose/0.05% 
azide solution at 4 °C and cut on a sliding knife microtome at 45 μm thick-
ness and stored at −20 °C in a cryoprotectant solution. For RT-qPCR analy-
ses, brains were removed, sectioned into 1-mm thick coronal slices using 
a brain matrix (Roboz, Gaithersburg, MD) and eGFP expression was veri-
fied. Total RNA was isolated from whole cerebellum using the TRIzol (Life 
Technologies, Grand Island, NY) extraction. RNA quantity and quality were 
measured using a NanoDrop ND-1000 (NanoDrop, Wilmington, DE).

Immunohistochemistry and western blotting. Free-floating sagittal cer-
ebellar sections (45 μm thick) were washed in 1× phosphate-buffered 
saline at room temperature and blocked for 1 hour in 5% serum, 0.03% 
TritonX100 in 1× PBS. Sections were incubated with primary antibody 
in 3% serum and 0.03% TritonX in 1× PBS overnight at 4 °C. Primary 
antibodies used for IHC and western blotting were polyclonal rabbit anti-
Iba1 (1:1000; WAKO, Richmond, VA), polyclonal rabbit anti-Calbindin 
(1:2000; Cell Signaling Technology, Danvers, MA), polyclonal rabbit anti-
ATXN7 (1:1000; #PA1-749, Thermo Fisher Scientific, Rockford, IL), anti-
EAAT4 (1:2000, Ab41650; Abcam, Cambridge, MA) GFAP (1:1000, zo334, 
Dako, Glostrup, Denmark), anti-myc antibody (1:1000, Cell Signaling 
Technology, Danvers, MA) and β actin (1:10000, A5441, Sigma-Aldrich, 
St Louis, MO), and quantification was performed using Image J software 
(Rasband, W.S., Image J, U.S. National Institutes of Health, Bethesda, MD). 
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For fluorescent IHC, sections were incubated with goat antirabbit Alexa 
Fluor 568 (1:1000; Life Technologies) in 3% serum and 0.03% Triton-100 
in 1× PBS for 1 hour at room temperature. For 3,3′ diaminobenzidine 
immunohistochemical staining, sections were incubated in goat antirabbit 
biotin-labeled secondary antibody (1:200; Jackson Immunoresearch, West 
Grove, PA) in 3% serum and 0.03% Triton-X at room temperature for 1 
hour. Tissues were developed with VECTASTAIN ABC Elite Kit (Vector 
Laboratories, Burlingame, CA), according to the manufacturer’s instruc-
tions. All sections were mounted onto Superfrost Plus slides (Fischer 
Scientific, Pittsburgh, PA) and cover slipped with Fluoro-Gel (Electron 
Microscopy Sciences, Hatfield, PA). Images were captured on Leica Leitz 
DMR fluorescence microscope connected to an Olympus DP72 camera 
using the Olympus DP2-BSW software (Olympus, Melville, NY).

RT-qPCR and stem loop PCR. First-strand cDNA synthesis was performed 
using 1 μg total RNA (High Capacity cDNA Reverse Transcription Kit; 
Life Technologies) as per manufacturer’s instructions. RT-qPCR assays 
were performed on a sequence detection system using primers/probe sets 
specific for human or mouse ataxin-7, mouse GFAP, mouse Calbindin, 
Pcp2, Reln, Itpr1, Glast, Grid2, Eaat4, Igfbp5, or mouse β-actin (ABI 
Prism 7900 HT, TaqMan 2Xuniversal master mix and power SYBR green 
PCR master mix;, Life Technologies). RT-qPCR values were normalized 
to mouse β-actin. Stem loop PCR was performed as describer earlier.49 
Briefly, PCR primers were designed to identify miS4. Reverse transcrip-
tion was performed with RT-specific primers (S4:GTCGTATCCAGTGCA 
GGGTCCGAGGTATTCGCACTGGATACGACGGCTCA) using the High 
Capacity cDNA Reverse Transcription Kit; Life Technologies and cDNA  
obtained was subject to PCR using a specific forward primer (S4 Fwd: 
GCCCTTTGCGTTTCTTTCC) and a reverse primer (5′ GTGCAGGG 
TCCGAGGT).

Behavior analysis. All behavior assays were performed at 6, 25, and 40 weeks 
of age and 25- and 40-week data are presented here as means ± SEM unless 
otherwise specified. For all studies, P values were obtained by using one-
way analysis of variance followed by Bonferroni posthoc analysis to assess 
for significant differences between individual groups, unless indicated oth-
erwise. In all statistical analyses, P < 0.05 was considered significant.

Ledge test and hindlimb clasping assays and their scoring parameters 
are detailed previously.12 To take stride length measurements, mice were 
allowed to walk across a paper-lined chamber (100 cm × 10 cm with 
10 cm walls) and into an enclosed recess. Nontoxic red and blue paint was 
applied to their fore- and hind paws, respectively. Mice were then tested 
three times to produce three separate footprint tracings. Stride lengths 
were measured from the middle of each paw print between the same paws 
for steps taken during their gait. Steps were discarded in instances where 
a mouse stopped walking or turned around. Measurements were averaged 
for all four paws.

Rotarod mice were tested on an accelerated rotarod apparatus (model 
47600; Ugo Basile, Comerio, Italy). Baseline testing was conducted at 6 weeks 
of age to separate SCA7 mice equally into treatment groups. No difference 
between SCA7 and wild-type mice was seen at 4 weeks of age (data not 
shown). Mice were first habituated on the rotarod for 4 minutes. Mice were 
then tested three trials per day (with at least 30 minutes of rest between trials) 
for four consecutive days. For each trial, acceleration was from 4 to 40 rpm 
over 5 minutes, and then speed maintained at 40 rpm. Latency to fall (or if 
mice hung on for two consecutive rotations without running) was recorded 
for each mouse per trial. The trials were stopped at 400 seconds, and mice 
remaining on the rotarod at that time were scored as 400 seconds. Two-way 
analysis of variance followed by Bonferroni posthoc analysis was used to 
assess for significant differences. Variables were time and treatment.

Figure preparation. All photographs were formatted with Adobe 
Photoshop software (Adobe Systems, San Jose, CA), all graphs were made 
with Prism GraphPad software (GraphPad Software, La Jolla, CA), and all 
figures were constructed with Adobe Illustrator software (Adobe Systems).

SUPPLEMENTARY MATERIAL
Figure  S1.  Recovery of cerebellar proteins at 40 weeks of age.
Figure  S2.  Mutant ataxin-7 mRNA levels in the SCA7 brain at 40 
weeks of age.
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