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Abstract

Spinocerebellar ataxia type 6 (SCA6) is dominantly inherited neurodegenerative disease, caused by an expansion of CAG repeat
encoding a polyglutamine (PolyQ) tract in the Ca,2.1 voltage-gated calcium channel. Its key pathological features include
selective degeneration of the cerebellar Purkinje cells (PCs), a common target for PolyQ-induced toxicity in various SCAs. Mutant
Ca,2.1 confers toxicity primarily through a toxic gain-of-function mechanism; however, its molecular basis remains elusive.
Here, we studied the cerebellar gene expression patterns of young Sca6-MPI*18¥18Q knockin (KI) mice, which expressed mutant
Ca,2.1 from an endogenous locus and recapitulated many phenotypic features of human SCA6. Transcriptional signatures in
the MPI'8¥118Q mice were distinct from those in the Sca1'**¥?2mice, a faithful SCA1 KI mouse model. Temporal expression
profiles of the candidate genes revealed that the up-regulation of genes associated with microglial activation was initiated
before PC degeneration and was augmented as the disease progressed. Histological analysis of the MPI'*8¥118Q cerebellum
showed the predominance of M1-like pro-inflammatory microglia and it was concomitant with elevated expression levels of
tumor necrosis factor, interleukin-6, Toll-like receptor (TLR) 2 and 7. Genetic ablation of MyD88, a major adaptor protein
conveying TLR signaling, altered expression patterns of M1/M2 microglial phenotypic markers in the MPI**#¥*8Q cerebellum.
More importantly, it ameliorated PC loss and partially rescued motor impairments in the early disease phase. These results
suggest that early neuroinflammatory response may play an important role in the pathogenesis of SCA6 and its modulation
could pave the way for slowing the disease progression during the early stage of the disease.
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Introduction

Spinocerebellar ataxias (SCAs) are a group of dominantly inher-
ited disorders characterized by the loss of balance, progressive
motor dysfunction and degeneration of the cerebellar Purkinje
cells (PCs). Among these diseases, SCA1, 2, 3, 6, 7 and 17 are
caused by an expansion of a CAG repeat encoding a polygluta-
mine (PolyQ) tract in their respective disease protein (1). Outside
the PolyQ tract, the implicated proteins do not share homology,
and each protein appears to be functionally distinct. In all disor-
ders, the length of the CAG repeat correlates directly with disease
severity: the longer the repeat, the more severe the symptoms
and the earlier the onset. Although the cellular and molecular
pathogenesis underlying these SCAs is not well understood, the
resemblance in their pathologies raised the possibility that they
might share common molecular mechanisms. Transcriptional
analysis using faithful knockin (KI) mouse models of SCA1 and
SCA7 revealed common cerebellar gene expression changes at
their early disease stages (2).

SCAG6 is caused by an expansion of a CAG repeat in the Cay2.1
voltage-gated calcium channel (3,4). The expanded CAG repeat
per se does not affect the functional properties of the channels
in SCA6 KI mice carrying expanded CAG repeats in the Cacnala
locus (5,6). The PolyQ-expanded protein confers virulence pri-
marily through the toxic gain-of-function mechanism (7).

The major subcellular site of SCA6 pathogenesis remains elu-
sive. The pathogenic mechanism of SCA6 appears to involve the
endolysosomal degradation pathway because mutant Cay2.1
channels were found to accumulate in the lysosomes of SCA6
PCs (6). Consistent with this notion, the lack of Cathepsin B, a
major lysosomal cysteine proteinase in the cerebellum, exacer-
bated PC loss and motor impairment in a KI mouse model of
SCAG6 (6). On the other hand, Du et al. (8) recently proposed that
the carboxyl-terminal fragment of Cay2.1 («1ACT), which con-
tains the PolyQ tract, might be produced independently from
the full-length Ca,2.1 transcript by means of a cellular internal
ribosomal entry site and translocation to the nucleus to function
as a transcription factor. An expanded PolyQ tract may cause
neuronal dysfunction by interrupting the transcriptional enhan-
cer function of a1ACT.

To develop a model of SCA6, we previously generated several KI
mouse models that expressed the mutant transcripts under the
control of an endogenous promoter. Among them, Sca6%¥#4Q
mice expressed a PolyQ-expanded humanized Ca,2.1 and devel-
oped slowly to progressive ataxia (5). Aggregation of mutant
Ca,2.1 channels was observed in the mutant PCs of these mice
at an old age. Meanwhile, the MPI**8¥118Q mjce expressed the
mutant channels with longer PolyQ tracts at modestly enhanced
levels because of the insertion of a splice acceptor site mutation
at the beginning of exon 47 of the Cacnala gene (6). Importantly,
the MPI'8118Q mjce recapitulated many key behavioral and
neuropathological features of human SCAS, including progressive
ataxia, selective PC loss, formation of non-ubiquitinated cytoplas-
mic inclusion and swollen PC axons.

We reasoned that these Sca6 KI models should replicate tran-
scriptional alterations associated with SCA6 pathogenesis. Thus,
using these models, we examined cerebellar gene expression to
elucidate the molecular pathways associated with the pathogen-
esis of SCA6 and clarify whether common transcriptional altera-
tions may be observed at the early symptomatic stages of several
PolyQ-associated SCA mouse models.

Here, we showed that transcriptional signatures in the young
MPIM18¥118Q mice were distinct from those in the young Sca1%¥?2
mice, a faithful KI mouse model of SCA1. Our studies revealed that
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in the cerebellum of two Sca6 KI models, initiation of microglial
activation preceded the onset of PC loss. Moreover, modulation
of the neuroinflammtory response by genetically ablating myeloid
differentiation factor 88 (MyD88), a major adaptor molecule essen-
tial for Toll-like receptor (TLR) signaling pathway, significantly de-
layed the progression of PC degeneration in the MPI'#¥1%¥Q mjce.
Together, our data suggest a role of innate immune response in
the pathogenesis of SCA6 as well as a novel mechanism that
could be targeted to curb the disease progression.

Results

Cerebellar gene expression changes in early
symptomatic MPI*18¥118Q mjce

First, we surveyed transcriptional changes in the MPI!!8¥118Q
mouse cerebellum using the Affymetrix GeneChip Mouse Genome
430 2.0 Array. The experiments were conducted at an early symp-
tomatic disease stage (6 weeks) when the mutant animals
developed mild ataxia, and PCloss was yet to be observed (6). Com-
parison of the gene expression patterns between the MPI18¥/118Q
mice (n=3) and their wild-type (WT) littermates (n=3) revealed
that 150 genes were up-regulated and 364 genes were down-
regulated in the MPI*8¥%8Q mouse cerebellum (based on the cut-
off values of P<0.01 and fold change >1.5) (Fig. 1A and B and
Supplementary Fig. S1).

To exclude, the changes that were possibly caused by insert-
ing a splice mutation and/or ‘humanization’ of exon 47 (6), we
additionally compared the expression profiles of the 6-week-old
MPIM YR K] mice (n = 3) with their WT littermates (n = 3). Both
MPI'*?and MPI**#Qalleles carry similar splice acceptor site muta-
tions and humanized exon 47; however, the CAG repeat tract in
the former has a normal (11 pure CAG repeats) size. In this ana-
lysis, we found that a total of 110 genes (15 up-regulated and 95
down-regulated genes) were differentially expressed (Fig. 1A
and B and Supplementary Fig. S1). Of these, three genes (one
up-regulated and two down-regulated genes) were commonly
misregulated in both MPI**¥*1Q KT and MPI**8¥118Q mouse cere-
bella (Fig. 1A and B), suggesting that these changes were not spe-
cific to the MPI*'8¥*182 mjce. Therefore, we determined the up-/
down-regulation of the remaining 149/362 genes as candidate
changes caused by the expansion of a PolyQ tract in the channel.

To confirm the microarray data, quantitative real-time PCR
(gPCR) analysis of these candidate genes was performed using
the RNAs derived from another batch of 6-week-old MPI'18¥/115Q
mice and their WT littermates (n =3, each). Of the 186 genes ana-
lyzed, the analysis successfully validated differential expression
in the same direction for 150 genes (80.6%) (Supplementary
Fig. S2A and B). To examine the overall difference among the
gene expression profiles of the MPI*18¥118Q \p[11¥/11Q and WT
mice, we performed a principal component analysis (PCA). The
gene expression profiles of the MPI*18¥118Q mice were clearly dis-
tinguished from those of the WT and MPI*'¥*!® mice by the first
principal component (Fig. 1C). On the other hand, the MpI**¥/11Q
and WT mice showed gene expression changes based on the se-
cond principal component (Fig. 1C). Therefore, the first principal
component would reflect MPI*18¥118Q_gpecific gene expression
patterns.

Comparison of cerebellar gene expression patterns
with other SCA KI mouse models

Next, we compared the gene expression patterns of 6-week-old
MPI18¥118Q mice with those of Scal'**¥?? and Sca7?°°Y>2 mice
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Figure 1. Gene expression profile of MPI''®¥118Q K mice. (A) Venn diagram of genes that were significantly up-regulated in the MPI**8¥1*¥Q mice but not in the MPI*'¥/11Q
mice. (B) Venn diagram of genes that were significantly down-regulated in the MPI'*8¥1#Q mice but not in the MPI'*¥"'2mjce. (C) PCA of gene expression patterns in the
MPI18Y118Q and MPIM Y1 mice and their respective WT littermates. (D) GO enrichment analysis of the MPI**8¥118Q mice,

Table 1. Concordance analysis in SCA model mice

SCA model Kendall’s r rank P-Value
correlation coefficient
MPI'18Y/118Q yersys. Sca1l™4¥2? 0,083 <0.001
MPI'18Y118Q yargys. Sca7206¥Y5Q 0.020 <0.001
Sca1'**¥22 yersus. Sca72%6¥5Q 0.031 <0.001

at their early symptomatic stages (2) (Supplementary Fig. S3).
Both Sca1***¥2?Q and Sca72°°¥>2 mice carried expanded CAG re-
peats in the respective endogenous gene and faithfully recapitu-
lated the phenotypes of SCA1 and SCA7, respectively. The mice
used in these studies had a similar genetic background as those
used in the present study, and the Affymetrix oligonucleotide ar-
rays were used in all experiments. We confirmed significant con-
cordance (Kendall’s r rank correlation coefficient 0.031, P <0.001)
between the Scal'**¥?2and Sca72%°¥>Q cerebellar expression pat-
terns. We additionally found a weaker concordance in the cere-
bellar expression patterns between the MPI*8Y118Q and
Sca7%%¥5Q mice, and unexpectedly, a pair of MPI18¥/118Q apq
Sca1'**¥22mjce was found to be discordant (Table 1). We exam-
ined the gene expression levels of Igfbp5 in the MPI*8¥/118Q cere-
bellum because the down-regulation of Igfbp5 has been
implicated as a common pathogenic response in Scal®**¥22
and Sca7?°°*¥>Qmice (2). qPCR analysis, however, failed to detect

any significant difference in the levels of Igfbp5 expression be-
tween the MPI*'8¥18Q mjce and their WT littermates between 4
and 8 weeks of age (Supplementary Fig. S4), suggesting that the
insulin-like growth factor pathway may not be affected in SCA6.
Overall, these results suggest that the transcriptional signatures
in the MPI18¥118Q cerebellum were distinct from those in the
Sca1'®#¥2Q cerebellum and that the molecular pathogenesis of
SCA6 may be dissimilar from that in SCA1.

Elevated expression of neuroinflammatory genes
and microglial activation in the cerebellum of two
Sca6 mouse models

Gene ontology (GO) analysis revealed that the 6 GO terms were
significantly over-represented for the MPI*8¥118Q cerebellum
(Fig. 1D), whereas the similar analysis gave the over-representa-
tion of 36 terms for Scal'**¥?2 cerebellum (Supplementary
Fig. S5), further implying the difference in the gene expression
patterns between these two models. As three terms ‘G-protein
coupled receptor binding’, ‘chemokine activity’ and ‘chemokine
receptor binding’ were significantly enriched, we hypothesized
that the inflammatory response induced by the chemokine lig-
and binding to its receptor might be significantly enhanced in
the MPI'8¥118Q mytant cerebellum. We therefore selected 8 neu-
roinflammation-related genes of 22 genes based on their relative
expression levels at 6 weeks of age (Supplementary Fig. S2) and
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examined the temporal patterns of their expression in the
MPI18Y118Q cerebellum. It has been known that most of them
are chiefly expressed in microglia and/or astroglia, and all of
them showed more intense up-regulation at 8 weeks of age
(9,10) (Fig. 2A). Several genes (Clec7a, Cd68, Gfap and Fcgr3)
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showed significantly enhanced expression even at 5 weeks of
age when the neuritic degeneration of PC was not significant
(6). These results suggest that a neuroinflammatory response in-
volving microglial activation possibly occurs in the cerebellum of
the MPI'18¥118Qmjce at the early stage of the disease. To examine
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Figure 2. (A) Temporal expression patterns of eight neuroinflammatory genes in the MPI**8¥/118Q cerebellum. These eight genes (Clec7a, Cd68, Tyrobp, Trem2, Gfap, Ly86,
Pycard and Fcgr3) were selected from the microarray data of the MPI'*¥118Q KT mice. The qPCR data were evaluated using the ACt method. The statistically significant
differences were detected for Clec7a (5, 6 and 8 weeks, P < 0.02, <0.05 and <0.02, respectively), Cd68 (5, 6 and 8 weeks, P <0.05, <0.05 and <0.02, respectively), Gfap (5, 6 and 8
weeks, P <0.05, <0.05 and <0.02, respectively), Fcgr3 (5, 6 and 8 weeks, P < 0.05, <0.05 and <0.01, respectively), Ly86 (6 and 8 weeks, P <0.05 and <0.01, respectively), Tyrobp
(8 weeks, P <0.05), Trem?2 (8 weeks, P <0.01) and Pycard (8 weeks, P <0.02) by Student’s t-test. (B) The expression of eight neuroinflammatory genes (Clec7a, Cd68, Tyrobp,
Trem?, Gfap, Ly86, Pycard and Fcgr3) in the Sca6®*¥®4Q K1 cerebellum at 90 weeks of age. The error bars represent standard errors. The asterisks indicate a statistically
significant difference (P <0.05). (C) Immunohistochemical detection of Ibal-positive microglia in the 6-week-old MPI'**¥118Q (right) and WT (left) mice. The cerebellar
sections were immunostained with Ibal antibodies and counter-stained with hematoxylin (scale bars indicate 1 mm.)



4784 | Human Molecular Genetics, 2015, Vol. 24, No. 17

whether microglial activation occurred in the MPI*8¥118Q cere-
bellum, cerebellar sections with anti-Ibal immunostaining
were examined. As shown in Figs 2C and 3A, Ibal-positive hyper-
trophic microglial cells were detected in the cerebellum of
6-week-old MPI''#¥118Q mjjce. The majority (64.0 + 2.6%) of these
Ibal-positive cells showed co-immunofluorescence with Cdes,
another microglial marker (Fig. 3A). Next, we examined whether
a similar neuroinflammatory response might occur in the cere-
bellum of Sca6®*¥®*Q mice, which gradually developed progres-
sive motor incoordination after 6 months of age but never
showed a distinct neurodegenerative phenotype even at 24
months of age (5). qPCR analysis using the cerebellar RNAs
obtained from 90-week-old animals showed that the expression
levels of the 7 neuroinflammation-related genes were signifi-
cantly increased in the Sca6®*¥®42 mice, compared with their
Sca64¥4Q Jittermates (Fig. 2B). Immunohistochemical analysis
using anti-Ibal antibodies revealed that microglial activation was
more intense in the cerebellum of the 90-week-old Sca6®*¥/84Q
mice, compared with their Sca64¥**Q littermates (Supplementary
Fig. S6). We also examined whether similar microglial activation
occurred in the cerebellum of aged heterozygous (MPI***¥*) mice,
as the majority of SCA6 patients are heterozygous for the mutant
allele (11). Iba-1 immunohistochemistry elucidated the patchy dis-
tribution of activated microglia, which partially (87.8 + 3.0%) showed
Tlr2-coimmunofluorescence, in the 1-year-old MPI**®¥* cerebellum
but notin the cerebellum of WT littermates (Supplementary Fig. S8A
and B). These results suggest that the neuroinflammatory response
associated with microglial activation took place before the onset of
PC degeneration in these two Sca6é mice models.

Characterization of neuroinflammatory response
in the cerebellum of Sca6 cerebella

There is increasing evidence that activated microglia contribute
to the pathogenesis of neurodegenerative diseases, such as
Alzheimer’s disease and Parkinson’s disease (12,13); however,
their role in SCA pathogenesis is unclear (14). Activated microglia
can have heterogeneous phenotypes that range from ‘classically
activated’ pro-inflammatory, cytotoxic M1 polarized cells to the
alternatively activated anti-inflammatory, protective M2 polar-
ized cells (15). To explore the role of early neuroinflammatory re-
sponses in Sca6 models, we assessed the expression of a variety
of M1 and M2 markers in microglia in the MPI**8¥?18Q cerebellum.
Consistent with the increased transcriptional expression of Fcgr3
and Cd86 (Fig. 2A and Supplementary Fig. S9A), several Ibal-posi-
tive microglia revealed co-immunofluorescence with two M1
microglial markers, Cd16/32 (51.1 +3.3%) and Cd86 (73.4 + 4.3%),
in the cerebella of the 6-week-old MPI*'8¥*18Q2 mice (Fig. 3A). On
the other hand, the mRNA expression levels of two M2 microglial
markers, Argl and Sphk1, were not significantly changed in the
MPI18¥118Q cerebellum between 4 and 8 weeks of age (Supple-
mentary Fig. S9B and C). We additionally examined the expression
of tumor necrosis factor (Tnf) and interleukin-6 (I1-6) because M1
microglia produce these pro-inflammatory cytokines (16). gPCR
analysis revealed that Tnf and I1-6 mRNAs were up-regulated in
the cerebellum of the 6-week-old MPI'18¥1182 mice (Fig. 4A and B),
and ELISA assay (Fig. 4C) showed that the I1-6 protein levels were
higher in the cerebella of the 8-week-old MPI***¥*1¥2 mice, com-
pared with their WT littermates. Altogether, these results suggest
that M1-like pro-inflammatory microglia constituted a major part
of the activated microglia in the cerebellum of the MPI*18¥/118Q
mice during the early stage of the disease.

Next, we investigated the expression patterns of TLRs, major
innate pattern recognition receptors expressed in microglia,

because microglia initiate innate and adaptive immune re-
sponses through multiple TLRs, and TLRs have been associated
with the pathogenesis of neurodegenerative diseases (12,13,17).
Of nine known Tlr genes (18), which are commonly expressed
in human and mice, the expression levels of Tlr1, Tlr2 and Tlr7
mRNAs, but not those of the other Tlr mRNAs, were significantly
increased in the cerebella of the 8-week-old MPI''8¥118Q mjce,
compared with those in their age-matched WT littermates (n=3,
each) (Fig. 3B and C and Supplementary Fig. S10A). Meanwhile,
gPCR analysis of the nine Tlr genes in the cerebella of the
90-week-old Sca6®*¥®42 mice revealed that the expression levels
of the Tlr2 and Tlr7 mRNAs were significantly enhanced com-
pared with the levels in age-matched Sca6*4¥**2 mice (Supple-
mentary Fig. S10B), suggesting that the up-regulation of Tlr2
and Tlr7 mRNAs may reflect a common microglial response in
these two Sca6 models. In the MPI*'8¥118Q carebellum, these
changes were initiated before 5 weeks of age and augmented at
8 weeks of age (Fig. 3B and C). We additionally performed immu-
nohistochemical analysis to examine the cellular localization of
TIr2 and Tlr7 in the MPI*8¥118Q cerebellum. Double-immuno-
fluorescence studies with antibodies against Tlr2 and Ibal re-
vealed co-localization of the two markers in the microglial cells
(Fig. 3D). In addition, double-immunofluorescence analysis
with antibodies against Tlr2 and Tlr7 showed co-localization of
these two Tlrs whereas Gfap-positive astroglia failed to show
co-immunofluorescence with Tlr7 (Supplementary Fig. S7B),
suggesting that both Tlr2 and Tlr7 were chiefly expressed in the
activated microglia in the MPI'*8¥18Q cerebellum (Fig. 3D). Simi-
lar co-immunofluorescence of Tlr2 and Ibal or Tlr2 and Tlr7 were
observed in the cerebellum of 2-year-old Sca6%*¥®*2 mice (Sup-
plementary Fig. $10C) and MPI*®¥* mice (Supplementary
Fig. S8B). Altogether, these results suggest that Tlr2 and Tlr7
may play a role in activating microglia in the two Scaé mouse
models. We also conducted a double-immunofluorescence ana-
lysis on the postmortem cerebellar tissues of an SCA6 patient
and found that Ibal-positive cells were scattered in the molecular
layer and many of these cells showed co-IF with TLR2 (Fig. 3E).

Expression levels of Taf, Btg1l, Pmca2 and Grn mRNAs
in the MPI'*8¥118Q cerebella

Using chromatin immunoprecipitation-based cloning, Du et al. (8)
recently identified Taf, Btgl, Pmca2 and Grn as candidate genes for
the transcriptional targets of a1ACT. They also reported that the
mRNA expression levels of Btgl were reduced in the cerebellar
tissues of two SCA6 patients, compared with that in the normal
control. To examine a similar phenomenon in the cerebellum of
the MPI*18¥118Q moyse, we prepared mRNAs from the cerebella
of the MPI*18¥118Q mjce (from 4 to 8 weeks of age) and examined
the expression levels of these genes using gPCR. We found that
there was no significant difference in the relative amount
of these RNAs, normalized to Hprt, between the MPI'8¥/118Q
mice and their WT littermates (Supplementary Fig. S11A) except
for the expression of Grn in 8-week-old cerebellum. Similar results
were obtained when we examined their expression in the cere-
bella of 90-week-old Sca6®4¥®42 mice (Supplementary Fig. S11B).
These results suggest that the reduced expression of these candi-
date genes may not be necessary for inducing PC degeneration in
SCA®6.

Deficiency of MyD88 alters the expression of microglial
markers in the cerebellum of MPI-118Q KI mice

Upon ligand bindings, both Tlr2 and 7 have been shown to trigger
inflammatory response in a MyD88-dependent manner (18).
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express Tlr2 and Tlr7 in the Sca6 model. The scale bars indicate 50 um. (B) qPCR analysis of TIr2 in the MPI'*8¥/118Q cerebellum at 4, 5, 6 and 8 weeks of age. (C) gPCR
analysis of TIr7 in the MPI*'8¥!18Q cerebellum at 4, 5, 6 and 8 weeks of age. The asterisks indicate a statistically significant difference (P <0.05). The error bars
represent standard errors. (D) Co-immunofluorescence studies of the microglial marker Ibal with Tlr2 (top) and Tlr2 with Tlr7 (bottom). The scale bars indicate 50 um.
The arrows indicate doubly labeled cells. (E) Co-immunofluorescence studies of the microglial marker Ibal with TLR2 in SCA6 postmortem cerebellum. The scale bars
indicate 25 um. The arrows indicate doubly labeled cells.
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Figure 4. Expression analysis of two pro-inflammatory cytokines, Tnf and 11-6, in the MPI''#¥118Q cerebellum. The expression levels of the indicated pro-inflammatory
cytokines, Tnf (A) and 11-6 (B) in the 4-, 5-, 6- and 8-week-MPI'*®¥118Q cerebellum. The asterisks indicate P <0.05. (C) The protein level of the cerebellum of the 8-week-

MPI* 81182 mice measured using IL-6 ELISA. The error bars represent standard errors.

To test the possibility that Tlr2 and/or Tlr7-mediated microglial
activation may play a role in the pathogenesis of SCA6, we next
crossbred the MPI-118Q mice with well-characterized MyD88 de-
ficient mice (MyD88~'~) (19). Doubly heterozygous matings of
MPI*8¥*/MyD88*~ mice produced nine different genotypes
with all of them showing frequencies closely matching the pro-
geny expectation (data not shown). All the genotypes, including
MPIH8118Q \yD88 ™~ and MPI' Y1182 MyD88**, were indistin-
guishable in terms of cage behavior until P28.

To examine whether the lack of MyD88 affected the neuroin-
flammatory response in the MPI-118Q cerebellum, we first
evaluated the degree of microgliosis by quantifying Ibal immuno-
fluorescence in the cerebellum. As shown in Supplementary
Fig. S12A and B, Ibal immunofluorescence did not significantly
differ in the cerebellum of MPI**8¥118Q MyD88~~ (DM) in compari-
son with that of MPI'*8¥118Q gyggesting that MyD88 deficiency
did not affect the number of activated microglia in MPI'*8¥/118Q
mice. Macrophage undergoes classical M1 activation upon stimu-
lation by TLR ligands and IFN-y (20), and recent studies have
shown the evidence that MyD88-dependent signaling may influ-
ence macrophage polarization (21,22). We therefore next exam-
ined the expression levels of M1/M2 microglial phenotypic
markers in the MPI'8¥118Q MyD88~/~ cerebellum by qPCR ana-
lysis. Interestingly, the expression levels of Cd86 were significant-
ly decreased (Fig. 5B), whereas those of Argl and Sphkl were
significantly increased in the DM cerebellum (Fig. 5C and D)
when compared with the MPI**8¥118Q cerebellum. We also exam-
ined the gene expression of several cytokines and chemokine,
and found that the expression of Tgfb1, which is an anti-inflam-
matory cytokine known as an M2 marker, was significantly ele-
vated in the DM cerebellum (Fig. 5E). In contrast, the expression
levels of Ccl3, an M1 chemokine (23), were significantly sup-
pressed (Fig. 5A) although those of 11-6 and Tnf were not signifi-
cantly altered (Fig. S5F and G) in the DM cerebellum. Overall,
these results suggest that MyD88 deficiency altered the neuroin-
flammatory response and perhaps shifted the balance of micro-
glial activation toward M2 phenotype with a concomitant
reduction of M1 response in the cerebellum of MPI-118Q KI mice.

Genetic ablation of MyD88 ameliorates PC loss
and improves motor performance in MPI-118Q KI mice
at the early stage of the disease

To evaluate the effects of MyD88 deficiency on PC loss in the
MPIH8Y118Q mijce, we quantified the number of remaining PCs on
mid-sagittal cerebellar sections stained with anti-calbindin Abs.
The number of remaining PCs was significantly larger in the DM
cerebellum in comparison with that in the MPI**8¥1152 cerebellum
(Fig. 5H and I) at 7 weeks of age, suggesting that the lack of MyD88
ameliorated PC loss in the MPI-118Q KI mice. To examine the ef-
fects of loss of MyD88 expression on the ataxic phenotype seen
in the MPI'8¥1182 mjce, we tested the animals on the accelerating
Rota-rod at 6 weeks of age (Fig. 5J). MyD88™/~ mice performed simi-
larly to WT littermates, whereas the motor impairments of
MPI*18Y/118Q yrere reproduced in these litters. Importantly, DM
mice performed significantly better than MPI'8¥18Q mjce
(Fig. 5], *"repeated measures ANOVA, group effect; F=11.608, P =
0.0061), indicating that the lack of MyD88 expression improved
motor coordination in the MPI**8¥118Q mjjce at 6 weeks. We further
examined the effects of MyD88 deficiency at a later age. At 10 weeks
of age, when more than 35% of total PCs were already lost in the
MPI18Y118Q cerebellum (6) (Supplementary Fig. S13B), the degree
of PC loss was comparable between the two groups (Supplemen-
tary Fig. S13A and B). Overall, these results suggested that MyD88
deficiency ameliorated PC degeneration during the early stage of
the disease in MPI*8¥18Q mjce.

Discussion

This study showed that a set of genes involved in neuroinflam-
mation and innate immune processes was up-regulated in the
cerebella of both Sca6®*¥#4Q K1 and MPI**#¥*15Q mjce before sig-
nificant PC degeneration began. These changes were concomi-
tant with microglial activation and became pronounced in the
MPI'8Y118Q mjce as they aged. Significance of such an early in-
duction of neuroinflammatory responses in these Sca6é models
was underscored by the observation that the loss of MyD88
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Figure 5. Deficiency of MyD88 ameliorated PC death and motor impairment in MPI'**¥118Qmjce. (A-F) qPCR analyses of Ccl3 (A), Cd86 (B), Argl (C), Sphk1 (D), Tgfb1 (E), 11-6
(F) and Tnf (G) in the WT (n=4), MyD88~/~ (n = 3), MPI''8¥118Q (3 — 5) and MPI'1#¥118%; MyD88 ™/~ (n = 4) cerebellum at 8 weeks of age. Statistically significant difference
P <0.05 by Student’s t-test. (H) Anti-calbindin Abs immunohistochemistry on cerebellar sections of 7-week-old WT, MyD88~/~, MPI*18¥/118Q and MPI* 18118 MyD88 ™/~
mice (scale bars indicate 1 mm). (I) Quantitative analysis showed that a decrease in the number of PCs was more pronounced in the MPI'**¥11#Q cerebellum compared
with the MPI'8¥118, \MyDg8 ™/~ cerebellum at 7-week-old age (‘P < 0.05 by Student’s t-test). Error bars indicate SEM. (J) Rota-rod analysis of the DM mice. Mice were trained
for four trials per day for 4 days (D1-D4). Error bars indicate SEM. MPI**8¥/118Q yersus MPI'*# %1189/ MyD88 '~ (“repeated measures ANOVA, group effect; F = 11.608, P = 0.006,

time effect; F=0.296, P =0.693, group and time interaction; F =4.052, P = 0.045).

gene, a key player in TLR signaling, not only altered the patterns
of microglial activation but also ameliorated PC loss in the early
phase of neurodegeneration in MPI'**¥!'8Q mjce. Thus, we
propose that the innate immune response could now emerge as
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a potential target in PC degeneration at least in the early phase of
SCA®6.

Comparison of microarray data between Scal'**¥?2 and
MPIM8Y18Q KT mice suggested that although cerebellar PCs are
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a major target for PolyQ-induced neurotoxicity in both SCA1 and
SCA®6, distinct pathogenic cascade(s) may be involved in the
pathogenesis of each disease. This seems consistent with the no-
tion that native biochemistry and function of the host protein are
crucial for pathogenesis of PolyQ diseases (24). GO analysis
showed that a couple of GO terms, such as ‘structural-constituent-
of ribosome’ and ‘chloride-channel-function’, are specifically en-
riched in the MPI**8¥118Q cerebellum. Detailed analysis of these
pathways would be useful for further dissecting the molecular
pathogenesis of SCA6.

Innate immune response has been thought to play an import-
ant role in the progression of major neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s disease, but little is
known about the role of microglial activation in the pathogenesis
of SCAs (14). Our data indicated the predominance of M1-like
microglia in the MPI**8¥1182 cerebellum. Although M1/M2 classifi-
cation oversimplifies the complexity of microglial activation
(15,25,26), these results suggest that the majority of activated
microglia might mediate the pro-inflammatory cytotoxic response
in the Sca6 models. Enhanced microglial activation and persistent
skewing toward M1-like polarization in the MPI**8¥118Q cerebel-
lum may be associated with PC loss because persistence of an
inflammatory stimulus can result in neurodegenerative pathology
(27). Partial recovery of PC loss in the DM cerebellum seemed to
support the hypothesis, because it was concomitant with the ele-
vated expression levels of three M2 markers (Argl, Sphkl and
Tgfbl) as well as the decreased expression of Cd86 and Ccl3.

Itis of interest that the expression levels of Tgfb1 were signifi-
cantly increased in the DM cerebellum. It has been shown that
astroglial overexpression of TGF-p1 protects adult mice against
neurodegeneration (28), whereas the enhanced TGF-f signaling
was shown to rescue PolyQ-induced cytotoxicity in a neuroblast-
oma cell line expressing the mutant androgen receptor (29).
Thus, the elevated expression of Tgfbl might play a protective
role against neurotoxicity induced by the mutant Ca,2.1 channel.

A characteristic neuropathological feature in SCA6 is the for-
mation of a non-ubiquitinated inclusion in the cytoplasm (i.e. the
cell body or cell processes) of the PCs. We previously revealed the
evidence that the pathogenesis of SCA6 involves the endolysoso-
mal degradation pathway. Lysosomal accumulation or ‘storage’
of mutant Ca,2.1 appeared to correlate with disease progression
in MPI*18¥/118Q mjce (6), leading to the hypothesis that the patho-
genic mechanism underlying SCA6 might overlap, at leastin part,
with thatin lysosomal storage diseases (LSDs). It has been shown
that neuroinflammation is a common and universal feature in
LSDs with CNS pathology (30), and in several mouse models of
LSDs, such as GM1 gangliosidosis and globoid cell leukodystro-
phy, neuroinflammation was activated prior to the onset of clin-
ical signs and neuronal loss (31). Thus, the early onset of the
neuroinflammatory response in the two Scaé models appeared
to further support the hypothesis.

We found enhanced expression of the TLR family members
TIr2 and TIr7 in the activated microglia in both the MPI*18%118Q
and Sca6%4¥®%Q cerebellum at the early stages of their conditions.
The activation of Tlr2 on microglia has been linked with the
pathogenesis of other neurodegenerative diseases, and it has
been proposed that amyloid-g and mutant superoxide dismu-
tase-1 can bind to Tlr2 on microglia and promote microglial acti-
vation (32). Up-regulation of Tlr2 mRNA was detected in the
brains of other neurodegenerative disease mouse models, such
as APP/PS1 KI mice and Thy1-A30P a-synuclein transgenic mice
(33,34). Furthermore, one recent report identified enhanced Tlr2
expression on microglia as the earliest change in the cerebellum
of twitcher mice, a murine model for globoid cell leukodystrophy

(31). Therefore, although the cause of Tlr2 up-regulation and its
ligands may differ in the respective disease, it appears that the
neuroinflammatory response mediated through TIr2 and its
downstream signal transducer MyD88 (18) might be a common
mechanism during the early phase of neurodegeneration.

Overexpression of the SCA6-expanded o1ACT fragment in mice
was reported to cause mild ataxia at their late age without devel-
oping PC loss (8). It is hard to directly compare those a1ACT Tg
mice with our MPI**8¥118Q mjice because many parameters regard-
ing mutant protein expression, such as protein length (fragment
versus full-length), promotor (exogenous versus endogenous),
repeat length (disease range versus hyper-expanded) and expres-
sion levels (highly enhanced versus modestly enhanced), were
completely different between the two models. It should be
noted, however, that we could not detect such a fragment in the
cerebellum of the MPI*18¥118Q mjice (6), suggesting that a1 ACT frag-
ment may not be essential for reproducing SCA6 in mice.

Recently, Cvetanovic et al. (35) reported that the initiation of
microglial activation preceded the PC loss in the Sca1***¥?2cerebel-
lum, but its significance is largely unknown. Future investigation
on the role of neuroinflammatory response in the SCA1 pathogen-
esis would be expected to further advance our understanding on
the role of neuroinflammation in the pathogenesis of SCAs.

In conclusion, our gene expression analysis of the two Sca6 KI
mouse models revealed distinct patterns of cerebellar gene ex-
pression including an induction of innate immune response dur-
ing the early disease stage. Modulation of innate immune
response by genetically ablating MyD88 partially rescued the pro-
gression of PC loss and motor incoordination in MPI**8¥118Q mjce
in its early stage. These beneficial effects seemed to be disease
stage-dependent as it was no longer apparent at 10 weeks. Fur-
ther analysis is necessary to disclose the mechanism for such
dependence but one possible reason is that the role of microglial
response in the SCA6 pathogenesis may change as the disease
progresses. In any case, our results suggest that neuroinflamma-
tion may play a pivotal role in the early SCA6 pathogenesis and
that modulation of the innate immune response in the brain
may pave the way for slowing disease progression during its
early stage.

Materials and Methods
Mice

Sca6 KI models including, MPI**8118Q \p[11U11Q 5cq684/84Q 30
Sca6'*¥14Q mice were reported in the literature (5,6). MyD88
knockout mice (19) on a C57BL/6 background were obtained
from Oriental Bio Service (Kyoto, Japan). All animal procedures
were performed in accordance with the protocols approved by
the Animal Experiment Committee of the Tokyo Medical and
Dental University (0090078).

Human sample

Postmortem cerebellar tissues were obtained from an SCA6 pa-
tient who developed ataxia at 63 years of age and was 83 years
old at the time of her death. Immunohistochemical analysis
with antibodies raised against carboxyl-terminal part of Ca,2.1
(36,37) revealed abundant cytoplasmic inclusion formation in
the remaining PCs in this sample.

Gene expression analysis

Total RNA was extracted from the WT, MPI'18¥118Q g d MpI11Y11IQ
mice (n=3 in each group) using the RNeasy mini kit (QIAGEN,



Hilden, Germany). The quality of the RNA samples was assessed
using Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA), and
specimens with RNA integrity number values >7.5 were used.
Sample labeling, hybridization and fluorescence detection were
performed according to the manufacturer’s instructions, using
the GeneChip Mouse Genome 430 2.0 arrays (Affymetrix, Santa
Clara, CA, USA). The gene expression data obtained were then
normalized using the Robust Multi-array Average method (38).
To avoid possible bias from differences in age, separate normal-
ization was performed for 6-week-old mice. We used R statistical
software version 2.1 (http:/www.r-project.org/) and Bioconduc-
tor packages (http://www.bioconductor.org/) for analyzing the
microarray data, unless otherwise noted. The gene expression
data are available at the Gene Expression Omnibus database
under the accession ID GSE61908. Statistical analysis of differently
expressed genes (DEGs) was performed using the Linear Models
for Microarray Data (limma) package (39). Genes with a P-value
of <0.01 and with a 1.5-fold difference in the average expression
levels were considered as DEGs. For biological interpretation of
the gene expression changes, we used the Gene Set Enrichment
Analysis version 2.0.14 with MSigDB 4.0 (40). The gene set category
C5.all, which is based on the ontology terms defined in the GO
database (http:/www.geneontology.org/), was used.

Reverse transcription-quantitative PCR

The first strand of cDNA was synthesized using Superscript II Re-
verse Transcriptase (Life Technologies) and oligod(T);,-1g (Life
Technologies). Five micrograms of total RNA was used in the RT
reaction. The reaction of gPCR was quantified with Light cycler
480 SYBR Green I Master Mix (Roche Applied Science) and the
Light cycler 480 instrument II system (Roche Applied Science).

Antibodies

Anti-Calbindin (McAB300), Ibal, Cd68 (clone ED-1), Tlr2 (clone
T2.5) and Tlr7 antibodies were from Swant, Wako, Santa Cruz,
Hycult biotech and Abcam, respectively. Anti-Cd86 (B7-2) and
Cd16/32 (clone 93) were from eBiosciences.

Immunohistochemistry

Formalin-fixed, paraffin-embedded, 6-um-thick sections were
deparaffinized, exposed to microwave in a citrate buffer, and
treated with primary antibodies. After treating with primary anti-
bodies, the section was washed with phosphate-buffered saline
(PBS) and incubated with biotin-conjugated secondary antibodies
(Vector laboratories) for 1 h and colored with 3,3'-diaminobenzi-
dine solution (simple stain DAB, Nichirei Bioscience). For double-
immunofluorescence labeling, formalin-fixed, O.C.T. compound
(Tissue-Tek)-embedded frozen sections were washed with PBS
and incubated with primary antibodies in Dako REAL (Dako) over-
night. After washing with PBS containing 0.01% Tween 20, the
primary antibodies were detected using Alexa 488 or 555 conju-
gated secondary antibodies (Life Technologies) diluted at 1:500
for 3h at room temperature. The sections were then washed,
counter-stained with 4’,6-diamidine-2’-phenylindole dihy-
drochloride (Roche diagnostics) and examined under a confocal
microscope (LSM 510META, Carl Zeiss).

Rota-rod test

Animals were placed on an accelerated rotating rod (UGO Basile)
in four trials every day for a period of 4 days, as described in
Ref. (41).
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Statistical analysis

Student’s t-test was used for quantifying qPCR, the biochemical
analysis and immunohistochemical analysis. A one-way repeated
measures ANOVA was used for quantifying the Rota-rod analysis.

Supplementary Material

Supplementary Material is available at HMG online.
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