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Figure 5. Effect of PG on NFkB signals in cellular model of SBMA. (A—H) Immunoblots of nuclear NFkBp65, cytoplasmic plkBa and IkBa in NSC34 (A—D) and
C2C12 cells (E—H) transfected with tAR-24Q or tAR-97Q and treated with or without PG. Quantitative analyses were performed using the densitometry of NFkBp65
(B, F), plkBa (C, G) and the ratio of pIkBa to IkBa (D, H) (n = 3 per group). Error bars indicate s.e.m. * P < 0.05 by ANOVA with Dunnett’s test (B—D, F—H).

to healthy tissue. Therefore, we investigated the state of micro-
glia and the effects of PG on these cells in AR-97Q mice. Immu-
nohistochemical analyses showed that cells in the anterior horn
of the spinal cords of untreated AR-97Q mice had more micro-
glia that were positive for CD86, an M1 glial cell surface
marker, than the corresponding cells in wild-type mice;
however, this phenomenon was mitigated by PG treatment
(Fig. 7A, B). In contrast, PG increased immunoreactivity
against Argl, an M2 glial marker, in the microglia of the anterior
horn of the spinal cords of AR-97Q mice; untreated AR-97Q
mice had decreased immunoreactivities to Argl (Fig. 7C, D).
Immunohistochemistry using anti-Ibal, a general microglial
marker, demonstrated little difference in the levels of this
marker among wild-type, untreated AR-97Q and PG-treated
AR-97Q mice (Fig. 7E, F). Similar findings were observed in
immunoblot analyses of the anterior part of the spinal cords of
13-week-old mice (Fig. 7G—1J). The M1/M2 ratio was therefore
markedly higher in the microglia of the anterior horn of the spinal
cords of untreated AR-97Q mice than in those of wild-type mice.
However, the M1/M2 ratio was restored to normal levels by PG
treatment, suggesting that the release of proinflammatory mole-
cules is associated with the pathogenesis of SBMA. In addition,
PG treatment induced the phenotypic conversion of microglia
from a proinflammatory M1 state to an anti-inflammatory M2
state, which is associated with neuroprotection. The results of
immunohistochemical analyses revealed that there were more
CD86-positive macrophages in the skeletal muscles of untreated
AR-97Q mice than those of wild-type mice, and this
phenomenon was suppressed by PG treatment (Supplementary
Material, Fig. S14A). In contrast, PG increased the number of
Argl-positive macrophage in the skeletal muscles of AR-97Q
mice; untreated AR-97Q mice had less immunoreactivities to
Argl compared with wild-type mice (Supplementary Material,
Fig. S14B).

The expression of genes related to inflammation
is significantly altered in the spinal cord and muscle
of PG-treated AR-97Q mice

To understand the global molecular changes induced by the
administration of PG, we prepared total mRNA samples from
the spinal cords and skeletal muscles of 13-week-old untreated
AR-97Q and PG-treated AR-97Q mice and performed gene
expression analyses. The microarray analyses found that the
expression levels of 83 genes and 422 genes were significantly
increased (>2-fold and >3-fold, respectively) in the spinal
cords and skeletal muscles, respectively, of PG-treated mice
(P < 0.05) (Supplementary Material, Fig. S15, S16). We then
performed functional analysis using gene ontology (GO) of
these genes, classifying them into several functional categories:
immune response, extracellular matrix, cell adhesion, metabolism
and others (Fig. 8A, B). As for the down-regulated genes, there
were no GO terms, the frequency of which was found to be sig-
nificantly decreased (less than one-half in the spinal cords and
less than one-third in the skeletal muscles). Genes related to
the immune response and extracellular matrix were predomin-
antly altered by PG treatment, suggesting that the PPAR<y
agonist modulates the inflammatory response (especially along
the NFkB pathway). The results also demonstrated that genes
from similar functional categories are found in the spinal cord
and skeletal muscle, indicating that PG attenuates the toxicity
of polyglutamine-expanded AR in both neural and muscular
tissues via a similar mechanism (Supplementary Material,
Fig. S17A, B).

DISCUSSION

Recent studies have shown that mitochondrial dysfunction and
oxidative stress-mediated neuronal toxicity are implicated in
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Figure 6. Effect of PG on NFkB signals of SBMA mice. (A—-D) Immunohistochemistry for NFkBp65 (A, B) and plkBa (C, D) in 13-week-old mice. (E—L) Immuno-
blots for nuclear NFkBp65, cytoplasmic plkBa and IkBa in the spinal cords (E—H) and skeletal muscles (I-L) of 13-week-old mice. Quantitative analyses
were performed using the densitometry of NFkBp65 (F, J), plkBa (G, K) and the ratio of plkBa to IkBa (H, L) (n = 3 per group). Error bars indicate s.e.m.
* P < 0.05 by ANOVA with Dunnett’s test (F—H, J—L). Error bars indicate s.e.m. * P < 0.05 by ANOVA with Dunnett’s test (F—H, J—L). Scale bars: 25 um (A-D).

various neurodegenerative diseases, including Huntington’s
disease, amyotrophic lateral sclerosis (ALS) and Friedreich’s
ataxia (30—35). In the present study, we demonstrated that the
mRNA and protein levels of PPARYy, a regulator of mitochon-
drial function, were decreased in mouse and cellular models of
SBMA. The results of reporter assay showed that the pathogenic
AR suppressed the activity of PPAR7y promoter. The mRNA
levels of PGCla, the co-activator of PPARYy, were also down-
regulated in the spinal cord of our mouse model of SBMA, as
reported in another mouse model of this disease (17). Decreased
mRNA expression of PGCla and PGCla-regulated factors is
also reported in the ALS mouse model and in human sporadic
ALS, suggesting that mitochondrial dysfunction is a common
pathological feature of motor neuron diseases (36,37). We also

demonstrated that the overexpression of PPARy and the admin-
istration of PG, a PPAR‘y agonist, improved the viability of cel-
lular models of SBMA. Moreover, the oral administration of PG
to SBMA mice improved neurological symptoms and histo-
pathological findings. Pioglitazone mitigated oxidative stress,
mitochondrial dysfunction and the activation of the NF«B
pathway in mouse and cellular models of SBMA, providing a
mechanistic basis for this treatment. In addition, PG modulated
microglial populations in the spinal cord of the SBMA mice.
These findings suggest that the PPAR+y pathway can inhibit oxi-
dative stress, the NFkB pathway and inflammation in SBMA.
PPAR<y agonists have been proven effective in mouse and
cellular models of neurodegenerative disorders, trauma and
stroke (21,24,27,38—-45). For example, PG has been shown to
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Figure 7. Effect of PG on the microglia of SBMA mice. (A—F) Immunohistochemistry with quantitative analyses of CD86 (A, B), Argl (C, D) and Ibal (E, F) in
13-week-old mice. The arrows indicate the CD86- (A) and Argl- (C) positive cells. Quantitative analyses of the ratio of CD86- (B), Argl- (D) and Ibal- (F) positive
cellsinthe anterior horn were performed with n = 3 per group. (G) Immunoblots for CD86, Arg1 and Ibal in the anterior part of the spinal cord from 13-week-old mice.
(H-J) Quantitative analysis using densitometry of CD86 (H), Arg! (I) and Ibal (J) (n = 3 per group). Error barsindicate s.e.m.* P < 0.05 by ANOVA with Dunnett’s

test (B, D, F, H-J). N.S., not significant. Scale bars: 25 pm (A, C, E).

be neuroprotective in the G93A SOD1 transgenic mouse model
of ALS (38), improving motor performance and increasing sur-
vival by reducing microglial activation and gliosis. Despite the
promising preclinical trials using SOD1 mouse model, PG had
no beneficial effects on the survival of ALS patients as add-on
therapy to riluzole, indicating the difficulty of the translation
from mouse models to human (46).

Pioglitazone has also been shown to reduce iNOS, NF«B and
3-nitrotyrosine immunoreactivity, and several of these findings
were replicated in the present study. Pioglitazone treatment
also improved motor function and mitigated oxidative stress

and mitochondrial enzyme activity in a rat model of Hunting-
ton’s disease induced by quinolinic acid (40). However, the ad-
ministration of rosiglitazone to R6/2 transgenic Huntington’s
disease mice did not alter the course of survival or weight loss
of the animals, possibly because insufficient levels of rosiglita-
zone were administered to sustain effective therapeutic levels
or prevent rapid neurodegeneration (47).

Interestingly, in the present study, similar molecular
changes related to oxidative stress and NFkB activation were
observed in the motor neurons and skeletal muscles of
SBMA mice. Microarray analyses showed that PG mitigated
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Figure 8. Gene ontology (GO) analysis. (A) The list of GO terms of the genes
with expression levels that were significantly higher (>2-fold) in the spinal
cords of PG-treated AR-97Q mice than in those of untreated AR-97Q mice at
13 weeks (n = 3 per group, P < 0.05). (B) The list of GO terms of the genes
with significantly higher (>3-fold) expression levels in the skeletal muscles of
PG-treated AR-97Q mice than in those of untreated AR-97Q mice at 13 weeks
(n = 3 per group, P < 0.05).

these cellular events in both neuronal and muscular tissues.
These effects were also observed in cellular experiments
using neuronal and muscular cell lines. The results of the

present study suggest that PG has direct effects on both neur-
onal and muscular degeneration in SBMA and that skeletal
muscle is an important target for therapies that alleviate neuro-
muscular symptoms of SBMA.

Although we tested the ability of PG to modify mitochondrial
function, our results also indicate that oxidative stress, the
activation of the NFkB pathway and neuroinflammation play
important roles in the pathogenesis of SBMA. Mitochondrial
dysfunction, NFkB activation and the M1 microglial phenotype
are known to be connected in several ways. For example, mito-
chondrial toxins caused by primary damage to the mitochondrial
respiratory chain induce microglial activation and neuroinflam-
matory processes. Proinflammatory cytokines (such as tumor
necrosis factor-a) released by M1 microglia alter the morph-
ology and function of mitochondria (48,49). Furthermore,
NFkB was recently identified as a physiological regulator of
mitochondrial respiration, and NF«kB-induced oxidative stress
is thought to contribute to mitochondrial dysfunction in diabetic
mice (50,51). NFkB activation in microglia also regulates
inflammatory processes that exacerbate diseases such as ische-
mia and Alzheimer’s disease (52). These findings implicate
mitochondrial dysfunction, NFkB and microglial alteration in
the pathogenesis of neurodegenerative diseases.

The results of the present study provide important insights
into the NFkB-mediated pathogenesis of SBMA. The NFkB
pathway was activated in the mouse and cellular models and in
patients with SBMA. The overexpression of NFkBp50 or p65,
key molecules of the signaling pathway, induced cellular
damage in neuronal and muscular cells; however, PG treatment
suppressed the activity of the NFkB pathway in the mouse and
cellular models of SBMA. These findings suggest that NFxkB sig-
naling plays an important role in the pathogenesis of SBMA.
NFkB activation has been implicated in the pathogenesis of
various neurodegenerative disorders (35,53,54), and this
pathway appears to be a commonly considered target of
therapy for devastating neurological diseases.

Neuroinflammation is a common pathological feature of
many neurodegenerative diseases and appears to play an import-
ant role in the non-cell autonomous pathogenesis (55,56) of
several animal models of neurodegenerative disease. In animal
models of ALS, lowering mutant superoxide dismutase 1
(SOD1) expression levels in microglia using the Cre—Lox
recombination system significantly extended the survival of
transgenic mice carrying a mutant human SOD1°*7® gene
(57-59). Moreover, microglia in the ALS mouse model
appear to switch from an M2 state to an M1 state as the disease
progresses (58,59). The present results suggest that PG exerts
a neuroprotective effect on SBMA mice via the modulation of
inflammation.

In conclusion, we demonstrated that PPAR‘y is down-regulated
in SBMA and that the activation of this nuclear receptor by
PG mitigates oxidative stress, NFkB activation and neuro-
inflammation and improves the symptoms and pathological
findings of SBMA mice. Our results corroborate the decrease
in PPARY expression and the increases in oxidative stress and
NFkB activity observed in autopsy samples from SBMA
patients. Given that PG is already used as an oral-hyperglycemic
drug and crosses the blood—brain barrier, this drug appears to be
asafe and effective therapy for SBMA and other neurodegenera-
tive diseases.
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MATERIALS AND METHODS
Cell culture and transfection

Mouse NSC34 motor neuron-like cells (kindly provided by N.R.
Cashman, University of British Columbia, Vancouver, Canada)
and mouse C2C12 myoblast cells (DS Pharma Biomedical,
Osaka, Japan) were cultured in a humidified atmosphere of 95%
air/5% CO2 in a 37°C incubator in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). DMEM/F12 with 10% FBS was used to culture
SH-SY5Y human neuroblastoma cells (ATCC No. CRL-2266)
and those stably expressing the human full-length AR-97Q. The
plasmids were transfected using OPTI-MEM (Gibco, Germany)
and Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. NSC34 cells were
differentiated in DMEM for 96 h. Fetal horse serum (2%) was
added to the medium for 48 h to differentiate the C2C12 cells.
SH-SYSY cells were differentiated in DMEM/F12 supplemented
with 2% FBS and 20 pM retinoic acid. SH-SY5Y cells stably
expressing AR-97Q were differentiated in DMEM/F12 supple-
mented with 20 pMretinoic acidand 1 nm Sa-dihydrotestosterone
as described earlier (6).

Plasmid constructs and siRNA

The pEVRF-p65 vector encoding the murine RelA protein and the
pPCMV4-p50 vector encoding the NFkBp50 subunit were kindly
provided by Drs. Genevieve Soucy and Jean-Pierre Julien (Depart-
ment of Psychiatry and Neuroscience, Laval University, Research
Centre of CHUL, Canada). The pcDNA3.1-PPARy expression
vector was cloned as previously described (60). The pCR3.1—
AR-24Q and pCR3.1-AR-97Q plasmids were cloned as previ-
ously described (61). This truncated protein consisted of an
N-terminal fragment of human AR containing 24 or 97 CAG
repeats (1-645 bp and 1-864 bp, respectively) subcloned into
pcDNA3.1 (6,62,63). To knock-down PPAR<y, the following
oligonucleotide siRNA duplexes were synthesized by Invitrogen
and used to transfect the NSC34 and C2C12 cells: sense sequence,
CAGAGCAAAGAGGUGGCCAUCCGAA; antisense sequence,
UUCGGAUGGCCACCUCUUUGCUCUG. We used Stealth
RNAI negative control duplex (Invitrogen) as the control siRNA.
The NSC34 and C2C12 cells were transfected with the siRNA
oligonucleotide duplex using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions.

Cell viability, toxicity and apoptosis assays

The cell viability assays were performed using WST-8 (Roche
Diagnostics, Mannheim, Germany). The cells were cultured in
24-well plates. Twenty-four hours after each treatment with
the indicated concentrations of PG, the cells were incubated
with the WST-8 substrate for 3—4 h and spectrophotometrically
assayed at 450 nm using a plate reader (Powerscan HT, Dainip-
pon Pharmaceutical, Osaka, Japan). The toxicity assays were
performed using the Cytotoxicity Detection Kit PLUS (Roche
Diagnostics, Indianapolis, IN). Twenty-four hours after the
treatment, 100 pl of the medium was extracted from the plate
and used for the assay. The medium was incubated with the sub-
strate for 15 min and spectrophotometrically assayed at 490 nm
using a plate reader. The number of dead cells was determined
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using a Countess cell counter (Invitrogen) after staining with
trypan blue. For detecting apoptotic cells, we used Multi-
Parameter Apoptosis Assay Kit (Cayman Chemical, MI,
USA). The cells were cultured in 96-well black plates. After
the treatment, plate reader fluorescence detection was performed
according to the manufacturer’s instructions.

Mitochondrial activity assay

The assessment of mitochondrial membrane potential was deter-
mined using MitoTracker™ green FM (Invitrogen) dyes. The
dyes passively diffuse across the plasma membrane and accumu-
late in active mitochondria, whose accumulation is dependent
upon membrane potential. The cells were incubated with
100 nMm of the dyes for 30 min at 37°C in serum-free DMEM
and washed with pre-warmed serum-free DMEM. The cells
were then observed using a fluorescence microplate reader
(Powerscan HT) at excitation and emission wavelengths of
490 and 516 nm, respectively.

Animals

AR-97Q (Line #7-8) male mice were bred and maintained as
previously described (5,64). They have backcrossed at least 15
generations to C57BL/6 before used in the present study. The
mice were genotyped by PCR using DNA from their tail (5). In
the experiments, PG was administered at concentrations of
0.01 or 0.02% in the feed from 6 or 8 weeks of age until the
end of the analysis, unless otherwise mentioned. Only males
were used in this study. The litters were randomly allocated to
PG-containing or normal chow. For pathological and biochem-
ical analyses, the feed was administered to the mice beginning
at 6 weeks of age.

Behavioral analysis

All of the tests were performed on a weekly basis, and the data
were analyzed prospectively. The rotarod performance was
assessed weekly using an Economex Rotarod (Ugo Basile,
Comerio, Italy) as previously described (64). The grip strength
was measured with a Grip Strength Meter (MK-380M, Muroma-
chi Kikai, Tokyo, Japan) as described elsewhere (65).

Immunoblotting

Mice anesthetized with ketamine—xylazine were perfused with
4% paraformaldehyde fixative in phosphate buffer (pH 7.4).
The tissues (whole brain, spinal cord, brainstem and skeletal
muscle) were dissected and snap-frozen with powdered CO, in
acetone. The tissues were homogenized in buffer containing
50 mm Tris—HCI (pH 8.0), 150 mm NaCl, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS and 1 mm 2-mercaptoethanol
with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo
Scientific, Waltham, MA, USA) and centrifuged at 2500 x g for
15 min. The cultured cells were also lysed in the same reagent
after intervention. NE-PER Nuclear Cytoplasmic Reagents
(Thermo Scientific) were used for the analysis of the NFkB
pathway. Equal amounts of protein were separated by 5—20%
SDS—PAGE gels and transferred to Hybond-P membranes (GE
Healthcare, Piscataway, NJ, USA). Primary antibody binding
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was probed with horseradish peroxidase-conjugated secondary
antibodies at a dilution of 1 : 5000, and the bands were detected
using an immunoreaction enhancing solution (Can Get Signal;
Toyobo, Osaka, Japan) and enhanced chemiluminescence (ECL
Prime; GE Healthcare). An LAS-3000 imaging system (Fujifilm,
Tokyo, Japan) was used to produce digital images. The signal
intensities of these independent blots were quantified using
IMAGE GAUGE software version 4.22 (Fuji) and expressed
in arbitrary units. The membranes were reprobed with an anti-
GAPDH (MAB374, 1 : 5000; Santa Cruz) antibody or Histone
H1 (#05-457, 1:1000; Millipore, Billerica, MA, USA) for
normalization.

Histology and immunohistochemistry

The mouse tissues were dissected, post-fixed in 10% phosphate-
buffered formalin and processed for paraffin embedding. The
sections to be stained with the anti-polyglutamine antibody (1C2)
were treated with formic acid for 5 min at room temperature.
The sections to be incubated with the anti-ChAT, GFAP, nitrotyr-
osine, plkBo and Iba-1 antibodies were boiled in 10 mu citrate
buffer for 15 min. The specificity of the monoclonal antibody
against 8-OHAG (N45.1) has been characterized in a previous
study (66). The sections to be incubated with the anti-§OHdG anti-
body were boiled in 0.1 M glycine buffer (pH 2.2) for 15 min. The
sections to be incubated with an anti-NFkBp65 antibody were
autoclaved using the 2100-Retriever (Funakoshi Corporation,
Tokyo, Japan). Primary antibody binding was probed with a sec-
ondary antibody labeled with a polymer as part of the Envision+
system containing horseradish peroxidase (Dako Cytomation,
Gostrup, Denmark). The immunohistochemical sections were
photographed with an optical microscope (Axio Imager M1,
Carl Zeiss AG, Gottingen, Germany). The immunoreactivity
and cell sizes were analyzed with WinROOF (Mitani, Tokyo,
Japan). The means + s.e.m. were expressed in arbitrary units.
For hematoxylin and eosin (H&E) staining, 6-pum-thick cryostat
sections of the gastrocnemius muscles were air-dried and stained.

Quantitative analysis of immunohistochemistry

To assess 1C2-, CD86-, Argl- and Ibal-positive cells, at least 50
consecutive 6-pm-thick axial sections of the thoracic spinal cord
and skeletal muscle were prepared, and every fifth section was
immunostained with each antibody. The numbers of 1C2-positive
cells were counted in all of the neurons of the anterior horn of the
10 axial sections from the thoracic spinal cord of each group of
mice (n = 3) under a light microscope (Bx51; Olympus, Tokyo,
Japan). For the purposes of counting, we defined a motor neuron
by its presence within the anterior horn and the obvious nucleolus
in a given 6-pm-thick section. The numbers of 1C2-positive cells
in skeletal muscles were calculated for > 500 fibers in randomly
selected areas of the 10 axial sections. To quantify the expression
levels of nitrotyrosine, SOHAG, NFxkBp65 and plkBa, we per-
formed immunohistochemistry on every fifth section of the 25 con-
secutive sections. We measured the intensity of nuclear
immunoreactivities for SOHAG and NFkBp65 and the intensity
of the cytoplasmic immunoreactivities for nitrotyrosine and
plkBa in the thoracic anterior horn of the 5 axial sections and
in >500 cells in 5 randomly selected x 400 microscopic fields
of the 5 sections of skeletal muscles from each group of mice

(n = 3). We calculated the intensities by multiplying the staining
concentration by cell sizes or nuclear sizes, which were quantified
with WinROOF. To quantify the size of the motor neurons and the
region of anti-GFAP immunoreactivity in the spinal anterior hom,
we analyzed every fifth section of the 25 consecutive 6-pum-thick
axial sections from the thoracic spinal cord using an image analyzer
(WinROOF). To calculate the cell size of the skeletal muscles,
>500 H&E stained fibers in randomly selected areas were exam-
ined using an image analyzer (WinROOF).

Cytochrome c oxidase staining of skeletal muscle

Cryostat sections (6 pm) were first incubated in the medium con-
taining 0.1% manganese chloride, 0.1% hydrogen peroxide and
5.5 mm of diaminobenzidine tetrahydrochloride in 0.1 M sodium
acetate pH 5.6 at 37°C for 60 min. The sections were washed in
distilled water, incubated in 1% copper sulfate medium for 5
min, dehydrated in a graded ethanol series (70, 80, 90 and
100%) and cleared in xylene.

Quantitative RT-PCR

Total RNA was extracted from the cells using the RNeasy Mini
Kit (Qiagen) and from mouse spinal cords and skeletal muscles
using TRIzol (Invitrogen). The extracted RNA was then reverse-
transcribed into first-strand ¢cDNA using the SuperScript III
First-Strand synthesis system (Invitrogen). RT-PCR was per-
formed in a total volume of 25 pl that contained 12.5 pl of 2 x
QuantiTect SYBR Green PCR Master Mix and 0.3 uM of each
primer (Sigma-—Aldrich, MO, USA); the amplified products
were detected with the iCycler system (Bio-rad Laboratories,
Hercules, CA, USA). The reaction conditions were as follows:
95°C for 1 min, 40 cycles of 15 s at 94°C, 15 s at 59°C and
30 s at 72°C. The expression level of the internal control 32
microglobulin was simultaneously quantified. The following
primers were used: 5 ctgtgagaccaacagcctga 3’ and 5 aatge-
gagtggtcttccatc 3’ for the cell and mouse PPARYy, 5’ acagctccaa-
gaccaggaaa 3’ and 5 ctgaagtcgecatccttag 3’ for the mouse
PGCla, 5’ gtgtgagccaggatatagaaagac 3’ and 5" aagccgaacatact-
gaactge 3’ for the cell and mouse B2 microglobulin. The weight
of the gene contained in each sample was equal to the log of the
starting quantity, and the standardized expression level of each
cell and mouse was equal to the weight ratio of each gene to
that of B2 microglobulin.

Microarray analysis of the mouse spinal cord and skeletal
muscle

Gene expression in the spinal cords and skeletal muscles of un-
treated and PG-treated AR-97Q mice was assessed using a Sure-
Print G3 Mouse GE 8 x 60K Microarray (Agilent Technologies,
Santa Clara, CA, USA). For each group (untreated AR-97Q and
PG-treated AR-97Q), we examined the male mice at 13 weeks
of age. Most of the 13-week untreated AR-97Q mice were very
weak and had experienced profound muscle atrophy. The RNA
from the spinal cord and skeletal muscle was isolated from three
mice of each group using TRIzol (Life Technologies Corporation,
Carlsbad, CA, USA) according to the manufacturer’s specifica-
tions. The RNA samples were purified using the PureLink™
RNA Mini Kit (Life Technologies Corporation). The cDNA
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preparation, hybridization process and microarray data analysis
were performed by TAKARA BIO (Otsu, Japan). The quality of
total RNA was assessed with the Agilent 2100 Bioanalyzer, and
the RNA integrity number values showed sufficiently high
quality (ranging from 8.7 to 9.2). Agilent one-color microarray-
based gene expression profiling was used to detect differential
gene expression in the spinal cords and skeletal muscles of un-
treated and PG-treated AR-97Q mice. Array image analysis and
the calculation of spot intensity measurements were performed
with Agilent’s Feature Extraction Software. The criteria used
to detect the differences in gene expression were a 2-fold and
3-fold change in the spinal cords and muscles, respectively, of
PG-treated AR-97Q mice compared with untreated AR-97Q
mice. The expression profiles were analyzed using GeneSpring
12.5 software (Silicon Genetics, CA, USA). The microarray
profiling data were deposited in the Gene Expression Omnibus
data base with the accession number GSE51807.

Urinary analyses of the AR-97Q mice

The mice were placed in metabolic cages, and urine was col-
lected over a 24-h period. The concentration of 8-OHdG was
measured with an ELISA kit for 8-hydroxy-2’-deoxyguanosine
(Japan Institute for the Control of Aging (JaICA), Shizuoka,
Japan) and that of creatinine was measured with an ELISA kit
for creatinine (Cayman) according to the manufacturer’s instruc-
tions. The urinary levels of 8-OHdG were normalized in relation
to creatinine levels to adjust for the urine volume.

Statistical analysis

We analyzed the data using the unpaired Student’s #-test for two
group comparisons and analysis of variance (ANOVA) with
Dunnett’s test for multiple comparisons using PASW Statistics
18 (Chicago, IL, USA). The survival rate was analyzed by
Kaplan—Meier and log-rank tests using STATVIEW software
version 5 (Hulinks, Tokyo, Japan). We denoted P-values of
0.05 or less as statistically significant.

Study approval

The collection of autopsied human tissues and their use for this
study were approved by the Ethics Committee of Nagoya Uni-
versity Graduate School of Medicine (No. 902-3), and written
informed consent was obtained from the patients’ next-of-kin.
Experimental procedures involving human subjects were con-
ducted in conformance with the principles expressed in the Dec-
laration of Helsinki. All of the animal experiments were
performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and under
the approval of the Nagoya University Animal Experiment Com-
mittee (No. 25087).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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" Evaluation of SLC20A2 mutations that

cause idiopathic basal ganglia calcification
in Japan

ABSTRACT

Objective: To investigate the clinical, genetic, and neuroradiologic presentations of idiopathic
basal ganglia calcification (IBGC) in a nationwide study in Japan.

Methods: We documented clinical and neuroimaging data of a total of 69 subjects including
23 subjects from 10 families and 46 subjects in sporadic cases of IBGC in Japan. Mutational
analysis of SLC20A2 was performed.

Results: Six new mutations in SLC20A2 were found in patients with IBGC: 4 missense mutations,
1 nonsense mutation, and 1 frameshift mutation. Four of them were familial cases and 2 were
sporadic cases in our survey. The frequency of families with mutations in SLC20A2 in Japan was
50%, which was as high as in a previous report on other regions. The clinical features varied
widely among the patients with SLC20A2 mutations. However, 2 distinct families have the same
mutation of S637R in SLC20A2 and they have similar characteristics in the clinical course,
symptoms, neurologic findings, and neuroimaging. In our study, all the patients with SLC20A2
mutations showed calcification. In familial cases, there were symptomatic and asymptomatic
patients in the same family.

Conclusion: SLC20A2 mutations are a major cause of familial IBGC in Japan. The members in the
families with the same mutation had similar patterns of calcification in the brain and the affected
members showed similar clinical manifestations. Neurology® 2014;82:1-8

GLOSSARY

DNTC = diffuse neurofibrillary tangles with calcification; FIBGC = familial idiopathic basal ganglia calcification; IBGC =
idiopathic basal ganglia calcification; MMSE = Mini-Mental State Examination; PDGF = platelet-derived growth factor;
PDGFRB = platelet-derived growth factor receptor-8; Pi = inorganic phosphate; PiB = Pittsburgh compound B; PiT = type
Il sodium-dependent phosphate transporter; PKC = paroxysmal kinesigenic choreoathetosis.

Idiopathic basal ganglia calcification (IBGC), also known as Fahr disease, is thought to be a rare
neuropsychiatric disorder characterized by symmetrical calcification in the basal ganglia and
other brain regions. Clinical manifestations range widely from asymptomatic to variable symp-
toms including headaches, psychosis, and dementia." The diagnosis of IBGC generally relies on
the visualization of bilateral calcification mainly in the basal ganglia by neuroimaging and the
absence of metabolic, infectious, toxic, or traumatic causes.>>

The mode of inheritance of familial IBGC (FIBGC) has been thought to be autosomal dom-
inantand, to date, 4 responsible chromosomal regions have been identified, namely 14q (IBGC1),
2q37 (IBGC2), 8p11.21 (IBGC3), and 5¢32 (IBGC4).>"** The causative gene at the IBGC3
locus was identified as SLC20A42 encoding type III sodium-dependent phosphate transporter 2
(PiT-2). Screening of a large series of patients with IBGC revealed that mutations in SLC20A2 are
a major cause of FIBGC'% moreover, other mutations in SLC20A2 have recently been reported in

China and Brazil.'"""> The mutations of PDGFRB encoding platelet-derived growth factor

*These authors contributed equally to this work.
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