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Abstract Spinocerebellar ataxia type 3 (SCA3) is caused by
the abnormal expansion of CAG repeats within the ataxin-3
gene. Previously, we generated transgenic mice (SCA3 mice)
that express a truncated form of ataxin-3 containing abnor-
mally expanded CAG repeats specifically in cerebellar
Purkinje cells (PCs). Here, we further characterize these
SCA3 mice. Whole-cell patch-clamp analysis of PCs from
advanced-stage SCA3 mice revealed a significant decrease in
membrane capacitance due to poor dendritic arborization and
the complete absence of metabotropic glutamate receptor
subtypel (mGluR1)-mediated retrograde suppression of syn-
aptic transmission at parallel fiber terminals, with an overall
preservation of AMPA receptor-mediated fast synaptic
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transmission. Because these cerebellar phenotypes are remi-
niscent of retinoic acid receptor-related orphan receptor «
(RORw)-defective staggerer mice, we examined the levels
of ROR« in the SCA3 mouse cerebellum by immunohisto-
chemistry and found a marked reduction of ROR«x in the
nuclei of SCA3 mouse PCs. To confirm that the defects in
SCA3 mice were caused by postnatal deposition of mutant
ataxin-3 in PCs, not by genome disruption via transgene
insertion, we tried to reduce the accumulation of mutant
ataxin-3 in developing PCs by viral vector-mediated expres-
sion of CRAG, a molecule that facilitates the degradation of
stress proteins. Concomitant with the removal of mutant
ataxin-3, CRAG-expressing PCs had greater numbers of dif-
ferentiated dendrites compared to non-transduced PCs and
exhibited retrograde suppression of synaptic transmission fol-
lowing mGluR 1 activation. These results suggest that postna-
tal nuclear accumulation of mutant ataxin-3 disrupts dendritic
differentiation and mGluR-signaling in SCA3 mouse PCs,
and this disruption may be caused by a defect in a RORx-
driven transcription pathway.

Keywords Purkinje cell - Metabotropic glutamate receptor -
Endocannabinoid - Spinocerebellar ataxiatype 3 - Patch clamp

Introduction

Spinocerebellar ataxia (SCA) is a neurodegenerative disease
that generally affects a wide range of areas in the central
nervous system (CNS) including the cerebellum, brain stem,
and spinal cord. About one third of the cases of SCA in
patients are hereditary, in which polyglutamine (polyQ) dis-
eases are most frequently observed. PolyQ diseases are caused
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by an abnormal expansion of the CAG trinucleotide repeat
within a coding region of a gene [1]. SCA type 3 (SCA3), also
known as Machado—Joseph disease, is the most frequently
observed polyQ disease and is caused by a CAG repeat
expansion within the coding region of the ataxin-3 gene [2].

Previously, we generated SCA3 model mice (SCA3 mice)
that express N-terminally truncated ataxin-3 with an abnor-
mally expanded polyQ stretch specifically within cerebellar
Purkinje cells (PCs). These SCA3 mice show polyQ aggre-
gates in the nuclei of PCs in addition to impaired PC dendritic
differentiation, which result in a markedly atrophied cerebel-
lum and severe ataxia [3]. We succeeded in removing the
polyQ depositions from affected PCs and consequently sig-
nificantly rescued SCA3 mice from ataxia through the cere-
bellar injection of lentiviral vectors expressing CRAG
(collapsin response mediator protein-associated molecule-
associated guanosine triphosphatase), a molecule that facili-
tates the ubiquitin proteasome pathway [4]. However, how the
mutant ataxin-3 with abnormally expanded polyQ affects PC
function remained to be examined. In this study, we charac-
terized the electrophysiological and morphological abnormal-
ities of mature SCA3 mice to clarify the pathology of mutant
ataxin-3 in PCs.

Material and Methods
Animals

C57BL/6 SCA3 mice expressing an N-terminal-truncated
ataxin-3 gene with 69 CAG repeats [3, 5] and their wild-
type littermates were used in this study. Animals were
maintained on a 12-h light/dark cycle with free access to food
and water. All animal experiments were approved by the
Gunma University Animal Care and Experimental Committee
and were conducted in accordance with the institutional and
national guide for the care and use laboratory animals.

Electrophysiology Assay

Parasagittal cerebellar slices (200 pm in thickness) were pre-
pared, and whole-cell recordings were conducted as previous-
ly described [6, 7]. Briefly, mice were deeply anesthetized
using isoflurane (3 %) and were then euthanized. The entire
brain was quickly removed and immersed for several minutes
in an ice-cold solution containing (in millimolars) 234 su-
crose, 26 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 11 D-glucose,
10 MgSOQy,, and 0.5 CaCl, (pH 7.4, bubbled with 95 % O, and
5 % CO,). Parasagittal slices of the cerebellar vermis were
obtained using a microslicer (ZERO1; Dosaka-EM, Kyoto,
Japan). The slices were maintained in an extracellular solution
containing (in millimolars) 125 NaCl, 2.5 KCl, 2 CaCl,, 1
MgCl,, 1.25 NaH,PO,4, 26 NaHCOs;, 10 D-glucose, and 0.1
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picrotoxin. The solution was bubbled continuously with a
mixture of 95 % O, and 5 % CO, at room temperature for at
least 45 min prior to initiating the recordings. Whole-cell
voltage-clamp recordings were made using an intracellular
solution containing (in millimolars) 65 K-gluconate, 65 Cs-
methanesulfonate, 10 KCI, 1 MgCl,, 4 Na,ATP, 1 NaGTP, 20
HEPES, 0.4 EGTA, and 5 sucrose (pH 7.3, adjusted with
CsOH). PCs were voltage-clamped at =70 mV to record
parallel fiber (PF) EPSCs (excitatory postsynaptic currents)
and at =10 mV to record climbing fiber (CF) EPSCs. The
selective stimulation of CFs and PFs was confirmed by paired-
pulse depression and paired-pulse facilitation of EPSC ampli-
tudes, respectively, with a 50-ms interstimulus interval. Pas-
sive membrane properties such as the membrane capacitance
(Cm) and membrane resistance (Rm) were obtained by apply-
ing hyperpolarizing voltage steps from —70 to —80 mV for
500 ms. PF- and CF-excitatory postsynaptic currents (EPSCs)
were recorded from PCs voltage-clamped at =70 mV by
electrical stimulation to PFs or CFs. Decay time constants
for CF and PF EPSCs were measured by fitting the EPSC
decay with a single exponential.

Endocannabinoid-mediated short-term depression of PF—
PC synaptic transmission was examined using a Cs-based
intracellular solution (in millimolars): 140 Cs-gluconate, 8
KCl, 10 HEPES, 1 MgCl,, 2 MgATP, 0.4 NaGTP, and 0.2
EGTA. PF EPSCs were recorded from PCs voltage-clamped
at =70 mV at a frequency of 0.2 Hz for 1 min. For the
synaptically evoked suppression of excitation (SSE), the sta-
ble basal EPSC response was recorded for 1 min, and then a
high-frequency PF stimulation (PF burst, 50 pulses at 100 Hz)
was applied to activate the mGluR-mediated signaling cas-
cade. To evoke the depolarization-induced suppression of
excitation (DSE), a depolarizing pulse from —70 to 0 mV
was applied to PCs for 5 s. To stimulate a similar number of
PFs in each experiment, we adjusted the amplitude of PF
EPSCs to approximately 400 pA (397.0£53.8 pA for wild-
type mice PCs and 426.3+£99.7 pA for SCA3 mice PCs)
before the induction of SSE or DSE. PF EPSCs were recorded
for 100 s after the stimulation. To verify that the observed
suppression of PF EPSC amplitude was mediated by
endocannabinoid signaling, the same experiments were
conducted in the presence of AM251 (Tocris Bioscience,
Ellisville, MO, USA), a CB1 receptor antagonist, at a concen-
tration of 5 uM.

For the current-clamp experiments, the pipette solution was
a K-gluconate-based intracellular solution containing (in mil-
limolars) 130 K-gluconate, 4 KCl, 20 HEPES, 1 MgCl,, 4
MgATP, 1 NaGTP, and 0.4 EGTA. Initially, the passive mem-
brane properties of a PC voltage-clamped at =70 mV were
recorded. The recording was then changed to current-clamp
mode, and a depolarizing step current ranging from 0 to +
600 pA in increments of 50 pA with a step interval of 10 s was
applied to the recording PC for a duration of 1 s.
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Biocytin Infusion and Morphological Analysis

To visualize the morphology of PCs, 0.5 % biocytin (Sigma-
Aldrich, St. Louis, MO, USA) diluted in the intracellular
solution was infused by passive diffusion through a patch
pipette into whole-cell-clamped PCs. Cerebellar slices were
subsequently fixed with 4 % paraformaldehyde. Following an
overnight fixation at 4 °C, the slices were rinsed in 0.1 M
phosphate-buffered saline (PBS; pH 7.4) (3 times, 5 min each)
and treated with PBS containing a streptavidin-Alexa 594
conjugate. After a 2-h incubation at room temperature, the
slices were mounted with ProLong Gold Antifade Reagent
(Life Technologies, Grand Island, NY, USA). The slices were
then analyzed using a confocal laser-scanning microscope
(LSM 5 PASCAL, Carl Zeiss, Oberkochen, Germany). For
the confocal microscopic analysis, cerebellar slices were
scanned at 1-pm intervals in Z-stack mode to project the entire
dendritic tree onto a planar image.

Immunohistochemistry

Deeply anesthetized mice aged 14 weeks were perfused intra-
cardially with 4 % paraformaldehyde in 0.1 M PBS (pH 7.4).
The entire brain was removed and immersed in 4 % parafor-
maldehyde in 0.1 M PBS overnight at 4 °C. Parasagittal
cerebellar slices (50 um thick) were prepared using a
vibratome (VT1000S, Leica, Wetzlar, Germany). These slices
were permeabilized and blocked with PBS containing 2 % (v/
v) normal donkey serum, 0.1 % (v/v) Triton X-100, and
0.05 % NaNj (blocking solution) and treated overnight with
the following antibodies: rabbit polyclonal anti-mGluR1
(1:300, Frontier Institute, Ishikari, Japan), goat polyclonal
anti-retinoic acid receptor-related orphan receptor & (ROR)
(1:400, Santa Cruz Biotechnology, CA, USA), mouse mono-
clonal anti-calbindin D-28 k (1:1,000, Swant, Bellinzona,
Switzerland), rabbit polyclonal anti-GFP (1:1,000; Frontier
Institute), or rat monoclonal anti-HA (1:1,000; clone 3F10;
Roche, Mannheim, Germany) in blocking solution. After
washing four times with 0.1 % Triton X-100 (washing solu-
tion) at room temperature in PBS, the slices were treated with
secondary antibodies in blocking solution. Alexa Fluor 488-
conjugated donkey anti-rabbit IgG (1:1,000; Life Technolo-
gies), Alexa Fluor 568-conjugated donkey anti-rat IgG
(1:1,000; Life Technologies), Alexa Fluor 568-conjugated
donkey anti-goat IgG (1:1,000, Life Technologies), or Alexa
Fluor 680-conjugated donkey anti-mouse IgG (1:1,000, Life
Technologies) were used as secondary antibodies. Finally, the
slices were washed four times in washing solution at room
temperature and were mounted on glass slides with ProLong
Gold Antifade Reagent (Life Technologies). Each specimen
was observed under an inverted fluorescence microscope
(DMI6000B, Leica) or a confocal laser-scanning microscope
(LSM 5 PASCAL, Carl Zeiss). The fluorescent areas that were

immunoreactive to HA were measured using WinROOF im-
age analysis software (Mitani Corporation, Tokyo, Japan).

Production of AAV Vectors

N-terminal truncated ataxin-3 with an abnormally expanded
polyQ repeat was specifically expressed in cerebellar PCs by
PC-specific L7 promoter [5]. To express a therapeutic gene in
PCs using adeno-associated viral vector serotype-9 (AAV9),
we used the murine stem cell virus (MSCV) promoter, which
possesses strong transcriptional activity in PCs [8]. The ex-
pression plasmid pAAV/MSCV-GFP-P2A-CRAG was
obtained via enzymatic reactions using pNAV [9] and
pCL20c/MSCV-GFP-P2A-CRAG [3]. Initially, pAAV/
MSCYV was generated by the insertion of the MSCV promoter
fragment with blunted-MIul and BamHI sites into blunted-
Xholand Bam HI sites of pNAV. Subsequently, the GFP-P2A-
CRAG cassette with blunted-NotI and BamHI sites was
subcloned into pAAV/MSCV with blunted-EcoRI and
BamHI sites.

Recombinant single-strand AAV9 vectors were generated
by the cotransfection of HEK293 cells with three plasmids,
PAAV/MSCV-GFP-P2A-CRAG, pHelper (Stratagene, La
Jolla, CA, USA), and pAAV2/9 (kindly provided by Dr. J.
Wilson). The viral particles were purified using ammonium
sulfate precipitation and iodixanol continuous gradient centri-
fugation as described previously [10]. The genomic titer of the
purified AAV9 vector as determined by real-time PCR was
9.9x10" vector genomes/ml.

Jugular Vein Injection

The mouse pups that were given viral injections were obtained
by crossing heterozygous SCA3 mice to wild-type mice. The
pups received an injection of purified AAV9 solution through
the external jugular vein using a 0.1-ml Hamilton syringe
(Hamilton Company, Reno, NV, USA) with a 30-gauge nee-
dle (Becton Dickinson & Co, Franklin Lakes, NJ, USA) on
postnatal day (P) 1 or 2. Three weeks after the injection, the
genotypes of the mice (heterozygous or wild type) were
determined by PCR using the specific primers 5'-
ATGTACCCATACGATGTTCC-3' (sense) and 5'-
CTAGCGAGGGAATGAAGAAT-3' (anti-sense). Non-
injected heterozygous and wild-type mice were used as
controls.

Statistical Analysis

The results are expressed as the mean+SEM unless otherwise
specified, and » indicates the number of tested PCs. Statistical
analyses of the groups with one independent and two depen-
dent variables were performed using the polynomial regres-
sion method. Statistical analyses of differences between
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groups were performed using an unpaired ¢ test, a one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test, or a Mann—Whitney U test. A probability of 0.05 was
considered to represent statistical significance.

Results
Decreased Membrane Capacitance in SCA3 Mouse PCs

The electrophysiological properties of PCs from 4-month-old
SCA3 mice and age-matched control mice were analyzed by
the slice patch-clamp technique. Passive membrane properties
in response to a 10-mV depolarizing pulse for 100 ms showed
a significantly smaller membrane capacitance (Cm) in SCA3-
mouse PCs (174.2+12.6 pF, n=27 PCs from four mice)
compared to wild-type-mouse PCs (808.8+20.1 pF, n=24
PCs from five mice) (Fig. 1a), suggesting a severe impairment
in dendrite arborization in SCA3-mouse PCs. Other passive
membrane properties such as membrane and access resistance
did not differ significantly between genotypes (Supplementa-
ry Table 1). Immunolabeling of biocytin infused into PCs
confirmed markedly poorer dendritic arborization in SCA3-
mouse PCs compared to wild-type PCs (Fig. 1b).

An analysis of PF EPSC kinetics showed significantly
faster rise and decay time constants in SCA3 mice than in
wild-type littermates (Fig. 1c, d and Supplementary Table 1),
which could be explained by the markedly affected dendritic

Fig. 1 Impaired dendrite A
arborization of heterozygous
SCA3 mouse PCs at 13—16 weeks
of age. a Membrane capacitance
of PCs from wild-type (WT) and
heterozygous SCA3 mice. Each
point in the graph represents the
membrane capacitance (pF) of a
PC. Boxes and error bars show
the standard error of mean values
and standard deviation,
respectively. The middle lines in
boxes show the average value of 200
each group. Asterisks indicate

1000

600
400

Capacitance (pF)
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800 —H-

development and therefore an electrically more compact mor-
phology of SCA3 mouse PCs. There were no significant
differences in the kinetics of CF-mediated EPSCs and short-
term synaptic plasticity in response to paired pulse stimulation
of PFs or CFs (Fig. 1c, d and Supplementary Table 1).

Impairment of Endocannabinoid-Mediated Presynaptic
Inhibition in SCA3 Mouse PCs

A brief burst of PF stimulation in PCs causes the activation of
mGluR1 and local elevation of Ca** due to AMPA receptor-
mediated depolarization. These effects produce
endocannabinoids and lead to the retrograde suppression of
glutamate release from presynaptic PF terminals (synaptically
evoked suppression of excitation, SSE) [11-14]. Therefore,
we examined SSE to assess the function of mGIuR 1 in SCA3-
mouse PCs. In response to tetanic stimulation, the amplitudes
of PF EPSCs in control PCs from wild-type animals decreased
to approximately 20 % of the prestimulation levels, and more
than 60 s clapsed before the amplitudes returned to their
original levels. In contrast, the amplitudes of PF EPSCs in
SCA3-mouse PCs increased to approximately 140 % of the
prestimulation levels (Fig. 2a). These results could be ascribed
to an impairment of mGluR signaling in SCA3-mouse PCs.
In addition to the mGIuR signaling pathway, SCA3 mouse
PCs may also possess defects in the endocannabinoid-mediated
signaling pathway, such as an alteration in endocannabinoid
release from PCs. To test this possibility, we examined the
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Fig. 2 Impairment of synaptically evoked suppression of excitation
(SSE), but not depolarization-induced suppression of excitation (DSE),
of PF EPSCs in 13—16-week-old SCA3 mouse PCs. The amplitude of PF
EPSC was adjusted to approximately 400 pF before induction of SSE or
DSE. The SSE was induced by a PF burst (50 pulses at 100 Hz), while
DSE was evoked by depolarization of a PC from =70 to 0 mV for 5 s. a
Time course of changes in the PF EPSC amplitude before and after the PF
burst, showing a complete absence of SSE in SCA3-mouse PCs. The
right graph shows the percentage of the EPSC amplitude just after the PF
burst relative to the baseline value (right). b Time course of changes in

mGluR-independent form of endocannabinoid-mediated retro-
grade signaling (depolarization-induced suppression of excita-
tion, DSE). In DSE, endocannabinoid release from PCs is
driven solely by an exceptionally large increase in intracellular
calcium (in the micromolar range), which is induced by depo-
larization and does not rely on the activation of mGluRs
[15-18]. After PCs from SCA3 and wild-type mice were
depolarized from —70 to 0 mV for 5 s, the subsequent initial
PF EPSC amplitudes were reduced to approximately 20 % of
the basal amplitude prior to depolarization, and they returned to
basal levels 80 s after depolarization (Fig. 2b). There were no

the PF EPSC amplitude before and after 5-s depolarization of PCs,
showing a reliable occurrence of DSE in both wild-type and SCA3-
mouse PCs. The right graph shows the percentage of the EPSC ampli-
tude just after the depolarization. The inset traces in a and b represent the
last EPSC of the basal recordings (the EPSC just before the stimulation)
(1) and the first EPSC after the PF burst in each experimental condition
(2). The numbers (n) of tested PCs and animals (PCs/animals) are
indicated on the graph. Asterisks indicate a statistically significant dif-
ference in comparison to wild-type mice, as determined by an unpaired ¢
test, ¥*p <0.01

significant differences in the degree of DSE or the recovery
time course between SCA3-mouse PCs and control PCs. How-
ever, the depression in the SCA3-mouse PCs may have been
induced by mechanisms other than endocannabinoid signaling.
To confirm that the depolarization-induced suppression
of PF EPSCs observed in SCA3 mice was mediated by
endocannabinoid signaling and not by some other mechanism,
we conducted the same experiment in the presence of AM251,
an antagonist of the presynaptic endocannabinoid CB1 recep-
tor. Bath application of AM251 clearly abolished DSE in SCA3
mice (Supplementary figure 1), indicating that the DSE induced
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in the SCA3-mouse cerebellum was primarily mediated by
endocannabinoid signaling. Thus, we conclude that the observed
impairment in SSE in SCA3-mouse PCs is due to defects in
mGluR signaling rather than defects in endocannabinoid-
mediated retrograde signaling.

Decreased Expression Levels of ROR« in the Nuclei
of SCA3-Mouse PCs

We have recently shown that homozygous staggerer mutant
mice, which lack ROR« protein, exhibit an impaired devel-
opment of PC dendritic arborization, a disruption in the ar-
rangement of PC soma in the PC layer, and a functional loss of
mGluR signaling with relative preservation of fast synaptic
transmission at PF-PC synapses [19]. All of these phenotypes
were shared with the present SCA3 mice, although the phe-
notypes of SCA3 mice were less severe than those of stag-
gerer mice (Supplementary figure 2). ROR« is abundantly
expressed in PCs and is a transcription factor that triggers the
expression of various molecules including those involved in
dendritic differentiation and glutamate signaling [20]. The
staggerer mouse is a loss-of-function mutant caused by a
122-bp deletion of the rora gene [21], and they show a defect
in RORx-mediated transcription.

To examine the pathological convergence of the SCA3
mouse with the staggerer mutants, the expression of ROR«x
and mGIuR1 protein in the SCA3-mouse cerebellum was
examined by immunohistochemistry. High amounts of RORx
were expressed in PC nuclei with modest levels of ROR«x
expression in stellate and basket cells of wild-type mice
(Fig. 3). In contrast, SCA3-mouse PCs exhibited markedly
decreased levels of ROR« although the amount of ROR« in
the interneurons was maintained or enhanced (Fig. 3b). More-
over, similar to homozygous staggerer mutant mice, mGIuR 1
protein, which is localized precisely in the dendritic spines
opposing presynaptic PF terminals in the wild-type mouse PC
(Fig. 3a), formed granular aggregates in the dendrites of SCA3
mouse PCs (Fig. 3b and Supplementary figure 2). These
results suggest that a reduction in ROR« within PC nuclei
and the subsequent defects of ROR«x-driven transcription in
SCA3 mice may underlie the aberrant phenotypes shared
with the ROR«-defective homozygous staggerer mice,
such as the impaired development of PC dendrites, the
disrupted arrangement of PC somata, and the loss of mGluR
signaling.

Limited Expression of a Transgene by AAV9 Vectors in SCA3
Mouse Cerebellum

To confirm that the morphological and electrophysiological
defects of SCA3 mice were caused by postnatal deposition of
mutant ataxin-3, not by specific genome disruption via trans-
gene insertion, we tried to reduce the amount of mutant ataxin-
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Fig. 3 Defect in RORo expression in the nuclei of SCA3-mouse PCs. P>
Cerebellar slices were triple-immunostained for mGluR1 (green ), ROR«
(magenta), and calbindin (blue). a In a wild-type mouse, ROR«x was
present in the nuclei of PCs (arrows in right panels) and interneurons,
while mGluR1 was localized in the dendritic spines (upper left and lower
right panels). b In the SCA3 mouse cerebellum, the nuclei of
interneurons were clearly immunolabeled for ROR«x, whereas the PC
soma (arrows in right panels) displayed no or very faint immunolabeling
for RORx. mGIluR1 was expressed in SCA3-mouse PC dendrites but
formed larger clusters (upper left and lower right panels) compared to the
fine clusters in the dendritic spines of wild-type-mouse PCs (upper left
and lower right panels in a). Scale bar, 20 pm

3 from PC nuclei by the AAV9-mediated expression of CRAG
in PCs. AAV9 expressing CRAG together with GFP was
administered to SCA3 mice and their wild-type littermates at
P 1 or 2 through the jugular vein. The expression of the
transgene in the cerebellum was examined 14 weeks after
the viral injection. Figure 4 shows representative sagittal
sections of the cerebellar vermis from wild-type and SCA3
mice. GFP was diffusely expressed in all lobules of the wild-
type mouse cerebellum with strong expression in lobule X
(Fig. 4a, c, d). Interestingly, the expression was limited to PCs,
most likely because of the nature of the MSCV promoter [8].
In contrast, only a trace of transgene expression was observed
in most lobules of SCA3 mice except lobule X, where GFP
was robustly expressed in PCs (Fig. 4b, e, f). A recent study
has shown that ataxin-1 with abnormally expanded polyQ
represses the transcription of vascular endothelial growth fac-
tor (VEGF) and causes a decrease in cerebellar microvessel
density and total vessel length [22]. Therefore, a possible
explanation that accounts for the reduced transgene expres-
sion in most lobules of the SCA3 mouse cerebellum may be
poor vascularization in the cerebellar cortex. To verify this
hypothesis, expression levels of VEGF mRNA and protein in
wild-type and SCA3-mouse cerebellum were examined
by quantitative RT-PCR and western blot analysis. The
results showed that the expression levels of VEGF were
significantly decreased in the SCA3-mouse cerebellum com-
pared with wild-type control mice (Supplementary figure 3).
These results suggest poor vascularization in the SCA3-mouse
cerebellum.

Elimination of Mutant Ataxin-3 Aggregates in SCA3-Mouse
PCs Expressing CRAG

We examined whether mutant ataxin-3 aggregates were elim-
inated by intravenously applied AAV9 expressing CRAG.
The aggregates were visualized by immunostaining cerebellar
slices for the HA tag on the N-terminus of mutant ataxin-3 [5].
The aggregates were found in almost all PCs in the non-
injected SCA3 mouse cerebellum (Fig. 5a, lower panels). In
sharp contrast, almost no aggregates were observed in lobule
X of AAVO9-treated SCA3 mice, where CRAG was robustly
expressed (Fig. 5a, upper panels). The aggregates were not
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Fig. 4 Transduction of PCs by

intravenously applied AAV9

expressing GFP and CRAG.
Cerebellar slices were
immunostained for GFP. a, b A
Cerebellum slices from an AAV9-

injected wild-type mouse (a) and

an AAV9-injected SCA3 mouse

(b). c—f Magnified images of the
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showed a significant decrease in the number and size of the
aggregates in the AAV9-infected and CRAG-expressing lob-
ule X compared to non-transduced lobule IX (Fig. 5b). More-
over, CRAG-expressing PC soma were arranged in an orderly
monolayer (arrows in Fig. 5a, upper panels) in contrast to the
disrupted arrangement of PC soma in lobule X of the non-
injected mouse cerebellum (arrows in Fig. 5a, lower panels).

Attenuation of Dendrite Development Defects
in SCA3-Mouse PCs by the Induced Expression of CRAG

We next examined whether the impaired development of PC
dendrites, which was observed in 14-week-old SCA3 mice,
was inhibited or attenuated by the expression of recombinant
CRAG. As shown in Fig. 1a, the membrane capacitance of
SCA3-mouse PCs was significantly smaller than that of wild-
type PCs. The AAV9-mediated expression of CRAG in mu-
tant PCs significantly increased their membrane capacitance
by 1.5-fold (Fig. 6a). There was a statistically significant
difference in membrane capacitance between CRAG-
expressing PCs (262.1+16.0 pF, n=28 PCs from four mice)
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and non-injected SCA3 mice (174.2+12.6 pF, n=27 PCs
from four mice) (**p <0.01) or non-transduced PCs from
AAVO-treated SCA3 mice (155.7£9.5 pF, n=7 PCs from
three mice) (71p <0.01), suggesting that the impairment of
dendritic differentiation in SCA3-mouse PCs had been attenu-
ated by CRAG-mediated decrease in the amount of mutant
ataxin-3. Indeed, immunostaining of biocytin infused through
a patch pipette showed more elongated and arborized dendrites
in SCA3-mouse PCs expressing CRAG when compared to
neighboring, non-transduced PCs (Fig. 6b).

Presence of SSE in SCA3-Mouse PCs Overexpressing CRAG

We examined whether SCA3-mouse PCs expressing CRAG
show SSE at the PF to PC synapses of SCA3 mice (Fig. 2a).
The amplitudes of PF EPSCs in non-transduced PCs increased
to approximately 140 % of the original amplitude in response
to tetanic stimulation, indicating a complete defect in mGIuR-
mediated SSE. In contrast, the PF EPSC amplitude decreased
drastically to approximately 30 % of prestimulation levels in
CRAG-expressing PCs in the same animal (Fig. 7a), clearly
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Fig. 5 Clearance of mutant
ataxin-3 aggregates by AAV9-
mediated expression of CRAG. a
Cerebellar slices double-
immunolabeled for GFP and HA-
tagged mutant ataxin-3. GFP-
expressing PCs simultaneously
express recombinant CRAG. The
upper and lower panels are slices
from AA9-injected and non-
injected SCA3 mice, respectively.
Arrowheads indicate the
transduced area in lobule X of an
AAV9-injected SCA3 mouse
(upper panels) and the
corresponding region in a non-
injected SCA3 mouse (lower
panels). Scale bar, 200 pm. b
Quantitative analysis of
aggregates in transduced lobule X
and nearly non-transduced lobule
IX. The areas of aggregates
immunolabeled for HA are
plotted on the graph . Asterisks
indicate a statistically significant
difference as determined by the
Mann—Whitney U test, *p <0.05

showing the existence of SSE, although the suppressed transmis-
sion recovered to the initial levels more quickly (approximately

A

Capacitance (pF)

Fig. 6 Development of dendritic arborization in CRAG-expressing PCs
from SCA3 mice. a Summary graph showing the averaged membrane
capacitance of naive PCs from non-injected SCA3 mice, recombinant
CRAG-expressing PCs (CRAG (+)) and non-transduced PCs (CRAG
(—)) from SCA3 mice. b Representative images of biocytin-immunolabeled
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mined by one-way ANOVA followed by Tukey’s post hoc test, **p <0.01,
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Fig. 7 Decrease in the amount of
mutant ataxin-3 in SCA3-mouse
PCs restored the mGluR-triggered
SSE at PF-PC synapses. PF
EPSCs were recorded from
transduced PCs (CRAG (+)) and
non-transduced PCs (CRAG (-)).
a Time course of changes in the
PF EPSC amplitude (/eft) and the
percentage of the EPSC
amplitude just after the burst
stimulation relative to the baseline
value (right), showing the
restoration of the SSE in SCA3-
mouse PCs expressing CRAG. b
Time course of changes in the PF
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EPSC amplitude after a 5-s
depolarization of PCs, showing
the reliable occurrence of the DSE
in wild-type and SCA3 mouse
PCs. The right graph shows the
percentage of the EPSC
amplitude just after the
depolarization. Inset traces in a
and b represent the last EPSC of
the basal recordings (the EPSC
just before the stimulation) (/)
and the first EPSC after the PF
burst in each experimental
condition (2). The numbers (n) of
tested PCs and animals (PCs/
animals) are indicated in the
graph. Asterisks indicate a
statistically significant difference
in comparison to wild-type mice
as determined by an unpaired ¢
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amplitude 5 s after tetanic stimulation between non-transduced
PCs (102.1+12.7 %, n=10 cells from three animals) and
CRAG-expressing PCs (36.9+8.3 %, n=5 cells from three
animals) (*p <0.05).

Again, DSE was observed in both CRAG-expressing and
non-transduced PCs, and the reduction in PF amplitude did
not significantly differ between the two groups (Fig. 7b, right
graph) (p =0.21). These results suggest that, in addition to the
impairment of dendritic development, the postnatal deposition
of mutant ataxin-3 is responsible for the defect in mGIluR
signaling within SCA3-mouse PCs.

High-Frequency Firing in SCA3-Mouse PCs Expressing
CRAG

A recent study using yeast artificial chromosome SCA3 Q84

transgenic mice in early stages (before morphological defects in
PCs) showed aberrant, spontaneous firing in PCs such as burst
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firing and loss of repetitive firing; this is in contrast to the tonic
and repetitive spontaneous firing observed in wild-type PCs
[23]. We have previously shown that the frequency of action
potentials in response to various amounts of current injection
was consistently lower in SCA3 mice than in wild-type animals
[5]. Although the firing profiles in transgenic mouse PCs likely
differed depending on which transgene was expressed (full
length or truncated) and their pathological stages (before or
after the appearance of morphological alteration), these results
suggest aberrant properties in the generation of action potentials
in the PCs of SCA3 model mice expressing mutant ataxin-3
with abnormally expanded polyQ. We then examined whether
a decrease in the amount of mutant ataxin-3 by CRAG expres-
sion could prevent SCA3-mouse PCs from decreasing the
firing rate. In the current-clamp mode, a current injection into
a cell generated action potentials in CRAG-expressing PCs and
non-transduced PCs from AAV9-injected SCA3 mice and also
PCs from non-injected mice (Fig. 8 inset traces). As we
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Fig. 8 Increased firing rates normalized to membrane capacitance (Cm)
in recombinant CRAG-expressing PCs from AAV9-treated SCA3 mice.
A depolarizing step current was applied to naive PCs from non-injected
SCA3 mice and to non-transduced PCs (CRAG (—)) and recombinant
CRAGe-expressing PCs (CRAG (+)) from SCA3 mice. The frequencies
(in hertz) of the action potentials were plotted against the volume of
injected currents (pA) per unit of Cm (pF). To compare the firing rates
of these groups with different pA/pF ratios, we used a polynomial

expected, the frequency of the action potentials (firing rate) to
the injected current per unit of membrane capacitance was
consistently higher in CRAG-expressing PCs compared to
non-transduced PCs from AAV9-injected SCA3 mice and
those from non-injected SCA3 mice (Fig. 8). There was a
significant difference in the frequency of action potential gen-
eration between CRAG-expressing PCs from AAV9-injected
mice and PCs from non-injected SCA3 mice (p=0.012).

Discussion

Our patch-clamp analysis of cerebellar slices showed a signif-
icantly smaller Cm in PCs from SCA3 mice than in those from
wild-type mice, suggesting a reduction in dendritic arboriza-
tion in SCA3-mouse PCs that was confirmed by biocytin
immunolabeling of recorded PCs. Moreover, in contrast to
the overall preservation of AMPA receptor-mediated fast syn-
aptic transmission, mGluR-triggered retrograde suppression
of PF-PC synapses was almost completely abrogated in
SCA3-mouse PCs. Postmortem brain examinations of SCA3
patients show marked neuronal loss primarily in pontine nu-
clei, dentate nucleus of the cerebellum, and the substantia
nigra [24, 25]. PCs also show neurodegeneration but are
relatively preserved [26]. A critical question is whether the
preserved PCs are functionally intact or not. Our study clearly
showed functional impairment of mGluR signaling in SCA3-

Polynomial regression

Injected current/capacitance (pA/pF)

® CRAG (+) (n=6)

— Polynomial regression
CRAG (+)

() (n=6)

CRAG (-)

regression method. The quadratic function for each group is plotted near
their function diagram. R is the coefficient of regression and shows the
adequate accuracy of averaged data. There are statistically significant
differences determined by one-way ANOVA followed by Tukey’s post
hoc test in the firing rates between recombinant CRAG-expressing PCs
from AAV9-treated SCA3 mice and naive PCs from non-injected SCA3
mice. Insets show representative traces of current injection-evoked repet-
itive action potentials recorded at similar pA/pF ratios

mouse PCs, which could contribute to the ataxia observed in
SCA3 patients.

Immunohistochemistry showed that mGluR1 protein was
clearly expressed but aberrantly localized and aggregated in
PC dendrites of SCA3 mice (Fig. 3). These findings are remi-
niscent of the spontaneously occurring classical staggerer mu-
tant mice [27], which show severe ataxia with an atrophied
cerebellum and a complete loss of mGluR-signaling and abnor-
mally aggregated mGluR1 in their PCs [19] (Supplementary
figure 2). The staggerer mouse is a loss-of-function mutant
caused by a 122-bp deletion of the rora gene, which encodes
the ligand-binding domain of the ROR« protein [21]. ROR« is
a transcription factor that triggers the expression of various
molecules including some involved in dendritic differentiation
and glutamate signaling [20], and staggerer mice show a defect
in ROR«-mediated transcription. Interestingly, ataxin-1, the
protein responsible for SCA typel (SCAI), forms a transcrip-
tional complex with ROR« via Tip60. The abnormal expansion
of the polyQ tract in ataxin-1 disrupts the binding of ataxin-1
with ROR«, which results in the disruption of ROR «-mediated
gene transcription [20, 28]. Therefore, it is suggested that stag-
gerer mutant mice and SCA 1 patients share a similar pathology.
Our present results showing a markedly decreased amount of
ROR« in the nuclei of SCA3-mouse PCs (Fig. 3) suggest that
although the underlying mechanism remains to be defined, the
abnormal phenotypes in the cerebellum and the resultant ataxia
of SCA3 mice are likely caused by a disruption of ROR«-
mediated transcription.
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However, it is possible that the transgene insertion and
resultant gene disruption caused observed defects in our
SCA3 mouse line. To exclude this possibility, we tried to
reduce the amount of mutant ataxin-3 in postnatal SCA3
mouse PCs. For this purpose, we used AAV9 because its
intravenous administration allows us to deliver a transgene
into the CNS [29-31]. Fourteen weeks after the AAV9 injec-
tion, CRAG was diffusely expressed in whole cerebellar lob-
ules of wild-type animals, whereas it was largely limited to
lobule X in the SCA3 cerebellum (Fig. 4). In regard to defects
of transgene expression in other lobules of the SCA3 mouse
cerebellum, we hypothesized poor vascularization in the cer-
ebellar cortex of SCA3 mice because ataxin-1 with abnormal-
ly expanded polyQ repressed the transcription of VEGF and
caused a decrease in cerebellar microvessel density and total
vessel length [22]. The quantitative RT-PCR and western
blot analysis confirmed significantly reduced expression
levels of VEGF in the SCA3-mouse cerebellum (Supplemen-
tary figure 3), suggesting poor vascularization of the SCA3-
mouse cerebellum. High expression levels of the transgene in
lobule X of both the wild-type and mutant cerebellum are
thought to be due to seepage of the cerebrospinal fluid (CSF)
containing AAV9 from the choroid plexus of the fourth ven-
tricle. Lobule X is close to the choroid plexus and in the path
of CSF flow, which allows secreted AAV9 particles easy
access to PCs. Although neonatal intravenous administration
of AAV9 transduced only a limited area in the cerebellum, the
efficient transduction of PCs in lobule X suggests that AAV
delivery via the CSF flow, i.e., intrathecal administration of
AAV9, could be a better alternative for transduction of brain
tissue broadly.

AAV9-mediated expression of CRAG in SCA3-mouse
PCs significantly prevented the accumulation of mutant
ataxin-3 aggregates (Fig. 5), leading to improved dendritic
differentiation, expression of SSE upon mGlIuR1 activation,
and a more efficient spike generation in response to current
injection (Figs. 6, 7, and 8). These results confirm that the
postnatal deposition of mutant ataxin-3 with abnormally ex-
panded polyQ in PCs in vivo disrupts dendritic development
and mGluR signaling at PF-PC synapses.

Conclusions

We characterized advanced-stage SCA3 mice, which express
truncated ataxin-3 with abnormally expanded CAG repeats in
PCs and exhibit severe ataxia. Electrophysiological examina-
tion of SCA3-mouse PCs revealed a significant reduction in the
Cm, a loss of synaptically evoked mGluR-mediated suppres-
sion of excitation at PF-PC synapses and impaired generation
of action potentials upon current injection. Immunohistochem-
istry showed poor dendritic arborization and a marked decrease
in the amount of nuclear ROR ¢ in PCs. A postnatal decrease in

GRO @ Springer

the amount of mutant ataxin-3 through AAV9-mediated CRAG
expression prevented PCs from progressing to severe aberrant
phenotypes.
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