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To determine the onset of motor dysfunction in transgenic mice,
we adopted a balance beam test using the stainless steel bar (500 mm
long and 9 mm in diameter). We assessed motor function in the hind
limbs at 12 weeks of age, and thereafter until the mice were unable to
stay on the bar. We used the following five arbitrary scales to evaluate
the motor function of mice; Grade 5 (swift walking and change of
directions on bar without hind limb slipping), Grade 4 (walking but
with occasional hind limb slipping), Grade 3 (walking awkwardly
with frequent hind limb slipping), Grade 2 (crawls few steps and falls
off), and Grade 1 (unable to stay on bar). In this study, the Grade 3 was
defined as the sign of the disease onset.

We commenced the daily administration of the compound(s) for
mice that showed signs of motor dysfunction (deemed age of onset)
between 121 days and 130 days, and continued until their terminal
phase (death).

Pharmacokinetics of BRC in mice

Wild type mice at 12 weeks of age (male, C57BL/6N) were used for
the analysis of BRC pharmacokinetics. BRC suspended with 0.5% CMC-
Na were injected intraperitoneally at a dose of 10 mg/5 mi/kg body
weight. After 5 min, 15 min, 30 min, 1 h, 2h, and 4 h, we draw the
blood samples from anethesized animals, thereafter transcardially
perfused with physiological saline containing 10% heparin under
anesthesia, and excised the whole brain. Each blood sample was
centrifuged at 1000xg for 10 min at 4 °C, and serum fraction was
collected. The brain was frozen in liquid nitrogen, and was
cryopreserved until used.

We mixed serum with deproteinization buffer (0.05M H,SO.,
2.5M K,COs, and diethylester), and collected organic layer after
centrifugation at 1500xg for 10 min. Organic layer was mixed with
0.05 M H,SO., and then collected water layer after centrifugation at
1500 xg for 10 min. After the addition of methanol, each sample
solution from serum was subjected to HPLC.

Mouse whole brain was homogenized with acetonitrile and left at
— 80 °C for 10 min. The supernatant was collected after centrifugation
at 10,000 x g for 10 min at 4 °C and was dried under vacuum. The dried
sample was re-dissolved in methanol and mixed with two volumes of
10 mM phosphate buffer (pH 7.0), and then the supernatant was
collected by centrifugation at 10,000 x g for 10 min at 4 °C after being
left at — 80 °C for 10 min. To further remove debris, the supernatant
was applied for the first filtration (0.45 pm filter) and centrifugation
(at 10,000 x g for 10 min at 4 °C), and the second filtration (0.22 pm
filter) and centrifugation. Each sample solution from the brain was
subjected to HPLC.

Concentrations of BRC in the serum and brain samples were
determined by HPLC on a Capcell Pak C18 column (Shiseido) with 50%
acetonitrile in 10 mM phosphate buffer (pH 7.0).

Observation of gross phenotypes in mice

Mice were weighted daily and assessed for gross behavior every
week from 12 weeks of age until death. In particular, hind limb
movement and rearing behavior of each animal were monitored
weekly from 12 weeks of age until the end stage. The days from the
disease onset to the endpoint were counted individually as the
survival interval.

Assessment of motor function

We assessed motor performance and coordination, and balance in
the mice by the balance beam, vertical pole, and footprint tests. To
determine the age that mice advanced to Gradel (unable to stay on
bar), the balance beam test was performed every day after the onset
(Grade 3). The vertical pole (500 mm long and 9 mm in diameter) test
was performed once a week until the mouse was incapable of the task.

Each mouse was given five trials of the vertical pole test, and the
highest vertical ascending distance was scored. The footprint trial was
conducted at 16, 21, and 22 weeks of age. Front and hind paws were
colored with blue and red inks, respectively. Stride length was defined
as the distance between prints made by hind limbs. The test was
performed until at least four clear continuous prints of both right and
left hind limbs were obtained, and each distance between steps of
both hind limbs was measured. The mice that accidentally died or
showed unmeasurable scores on vertical pole test and/or stride length
at a late symptomatic stage (21-22 weeks of age) were omitted from
the statistical analyses.

Histopathological analysis

At a late symptomatic stage (21-22 weeks of age), mice were
anesthetized with halothane (4%) in a mixture of N,O/O, (70:30).
Under anesthesia, mice were transcardially perfused with physiolog-
ical saline containing 10% heparin, followed by 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.2). The spinal cord was removed and
post-fixed with the same fixative for 48 h at 4 °C. Lumbar segment (3~
4 mm in length) was embedded in paraffin. Serial transverse sections
(6 um thickness) of the lumbar segment (L4-L5) were sliced and
stained with hematoxylin and eosin (H&E) for histopathological
evaluation.

Immunohistochemical analysis

Immunohistochemical analyses with anti-ChAT, anti-Iba-1, anti-
GFAP, anti-TNF-¢, and anti-8-OHdG antibodies were performed. For
immunostaining with anti-ChAT antibody, the deparaffinized sections
from late symptomatic mice were pre-treated by autoclaving at
121 °C for 5min in Histofine antigen retrieval solution (pH 9.0)
(Nichirei). For immunostaining with anti-Iba-1 antibody, the depar-
affinized sections from late symptomatic mice were pre-treated by
autoclaving at 121 °C for 5 min in 10 mM citrate buffer (pH 6.0). For
immunostaining with anti-GFAP antibody, the deparaffinized sections
were used without any pretreatments. The sections were incubated
with 0.3% H,0, in methanol for 30 min and then with phosphate-
buffered saline (PBS) (pH 7.2) containing 0.3% Triton X-100 for
30 min. After the treatment with PBS containing 5% normal goat
serum (NGS) {Vector Laboratories)/0.05% Triton X-100 or 5% normal
rabbit serum (NRS) (Vector Laboratories)/0.05% Triton X-100 for 1 h
at room temperature, the sections were incubated with anti-GFAP
antibody solution or with either anti-Iba-1 or anti-ChAT antibody in
PBS containing 1.5% NRS/0.05% Triton X-100 overnight at 4 °C. The
sections were then incubated with Histofine simple stain mouse Max-
Po (R) (Nichirei) or with Histofine simple stain mouse Max-po (G)
(Nichirei) for 1 h at room temperature. The sections were visualized
using 0.05% 3,3-diaminobenzidine tetrahydrochloride (DAB) (Wako)
and 0.015% H,0, in 50 mM Tris-HCl (pH 7.5) buffer, and the DAB
reaction products were observed under a light microscope (Biorevo
BZ-9000, Keyence).

For immunostaining with anti-TNF-a antibody, the deparaffinized
sections from late symptomatic mice were pre-treated by autoclaving
at 121 °C for 5 min in 10 mM citrate buffer (pH 6.0). The sections were
incubated with 0.3% H,0- in methanol for 30 min. After the treatment
with PBS containing 5% NRS/0.05% Triton X-100 for 1h at room
temperature, the sections were incubated with anti-TNF-o antibody
in PBS containing 1.5% NRS/0.05% Triton X-100 overnight at 4 °C. The
sections were then incubated with Histofine simple stain mouse Max-
Po (G) for 1h at room temperature. The sections were visualized
using 0.05% DAB and 0.015% H,0; in 50 mM Tris-HCI (pH 7.5) buffer,
and the DAB reaction products were observed under a light
microscope (Biorevo BZ-9000, Keyence).

For double immunostaining, the deparaffinized sections from late
symptomatic mice were pre-treated by autoclaving at 121 °C for
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10 min in 10 mM citrate buffer (pH 6.0). After the treatment with PBS
containing 5%NGS/0.05% Triton X-100, the sections were incubated
with anti-8-OHdG and anti-MAP2 or anti-GFAP antibodies in PBS
containing 1.5% NGS/0.05% Triton X-100 overnight at 4 °C. The
sections were then incubated with CF™555 Goat anti-mouse I1gG (H
+1L) (dilution in 1:200) (Biotium) and CF™488 Goat anti-rabbit IgG
(H+L) (dilution in 1:200) (Biotium) in PBS containing 1.5%
NGS/0.05% Triton X-100 for 1 h at room temperature, coverslipped
using glycerol/PBS containing anti-bleaching agent, and observed
under a light microscope (Biorevo BZ-9000, Keyence).

Quantitative analysis of the number of motor neurons in L4-L5
lumbar segment from mice at a late symptomatic stage was
conducted. Sections (6 um thickness) were immunostained with
anti-ChAT (see above), a marker of motor neurons, and observed
under a light microscope (Biorevo BZ-9000, Keyence). A total of 17
representative images of every tenth serial section throughout 14-L5
segment were analyzed. A size of neuron (cross-sectional area of each
soma) was also determined by utilizing BZ-II Analyzer (Keyence).
ChAT-positive neurons were counted as those fulfilling the following
two criteria; neurons located within ventral half of the gray matter of
the spinal cord (see Fig. 3D) and neurons whose the cross-sectional
area was >200 pym?.

In vitro cell viability assay

The human dopaminergic neuroblastoma cell line SH-SY5Y was
obtained from ATCC (CRL-2266). Cells were maintained at 37 °C in a
humid 5% C0,-95% air in Dulbecco’s modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
100 U/mi penicillin and 100 pg/ml streptomycin. Culture medium
was changed twice a week during cell growth. Cells at a density of
7.5 x 10° cells/well in 96-well culture plate were differentiated by the
incubation with 5 uM all-trans-retinoic acid (RA) for 5 days, and used
for the following cell viability assays. To investigate the effects of
dopamine receptor antagonists on the BRC-associated protection
against menadione-induced cell death, cells were preincubated for
30 min with either SCH23390 (SCH; 20 uM), Sulpiride (Sul; 20 uM), or
Raclopride (Rac; 20 uM), and then treated with 40 uM BRC. After 24 h,
medium was changed, and cells were exposed to 40 pM menadione
for 4 h. For the analysis of the BRC's neuroprotective effect against
various cytotoxins, cells were treated with 40 pM BRC for 24 h. After
medium change, cells were exposed to 40 M menadione (free radical
generating compound) for 4 h, 13 M a-naphtoquinone (free radical
generating compound) for 4h, 800 uM cisplatin (DNA-damaging
reagent) for 30 h, 25 UM staurosporine (kinase inhibitor) for 6 h,
0.5uM okadaic acid (phosphatase inhibitor) for 6 h, or 250 pM
etoposide (topoisomerase II inhibitor) for 30 h. For cell viability,
cells were treated with 0-50 pM BRC for 20 h. After medium change,
cells were exposed to 40 pM menadione for 4 h. Cells treated with
DMSO were used as controls. Cell viability was measured by the
Alamar blue assay according to the manufacturer's protocol
(Invitrogen).

Western blot analysis

Mice were anesthetized at a late symptomatic stage (21-22 weeks
of age) with halothane (4%) in a mixture of N,0/0, (70:30) and
transcardially perfused with physiological saline containing 10%
heparin, followed by excision of the lumbar spinal cord. We
homogenized tissues in lysis buffer [50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1% NP-40, Complete Protease Inhibitor Cocktail
(Roche), protein phosphatase inihibitor cocktail (Nacalai tesque)].
After centrifugation at 22,000 x g for 30 min at 4 °C, we collected the
resultant supernatant as a NP-40 soluble fraction. We determined
protein concentration by the Pierce 660 nm Protein Assay system
(Thermo Fisher Scientific). Protein samples (5-10 pg) were electro-

phoretically separated on a 5-20% SDS-polyacrylamide gel (Wako),
and transferred onto polyvinylidene difluoride (PVDF) membrane
(Bio-Rad Laboratories).

Differentiated SH-SY5Y cells (3 x 105 cells) treated with BRC were
washed twice with ice-cold PBS and were incubated in 1 ml of ice-cold
10% trichloroacetic acid solution for 30 min, and then were centri-
fuged at 22,000 x g for 15 min at 4 °C. The pellets were lysed with 80 1
of 9 M urea containing 2% Triton X-100 and 1% dithiothreitol. After the
addition of 20 pl of 10% lithium dodecyl sulfate and 2 pl of 2 M Tris
base, lysates were sonicated for reduced viscosity. Nuclear extracts
were prepared from undifferentiated SH-SYSY cells (3x10° cells)
treated with BRC using a nuclear extraction kit (Active Motif)
according to the manufacturer's protocol. Protein concentration was
quantified by Pierce 660 nm Protein Assay kit using bovine serum
albumin as a standard. Protein samples {5-10 pig) were electropho-
retically separated on a 5-20% SDS-polyacrylamide gel (ATTO or
Wako) and transferred onto PVDF membrane.

Membrane was blocked with Blocking One (Nacalai tesque) for 1 h
at room temperature and then incubated with the primary antibody in
Can Get signal solution 1 (Toyobo) overnight at 4 °C. After washing
with TBST buffer [50 mM Tris-HCI (pH 7.4), 150 mM Nadcl, 0.1% (w/v)
Tween-20], membranes were incubated with the peroxidase-conju-
gated secondary antibody in Can Get signal solution 2 (Toyobo) for 1 h
at room temperature. After washing with TBST, signals were
visualized by Immobilon Western HRP substrate (Millipore) and
Amersham Hyperfilm™ ECL (GE Healthcare).

Measurement of TNF-a in culture medium

Primary astrocyte cultures were established from the cerebral
cortex of E19 mouse embryos. In brief, the cerebral cortex was
isolated, placed into 5ml of ice-cold PBS devoid of calcium and
magnesium ion [PBS(—)], and dissected into small pieces. After
removing PBS(—) by aspiration, 3 ml of 0.25% trypsin-0.01% DNase |
was added and incubated for 15 min at 37 °C, and then 3 ml of horse
serum was added to terminate trypsin-DNase I reaction. The tissue
mixtures were centrifuged at 50 x g for 3 min, and the resulting tissue
pellets were suspended in 5 ml of DMEM supplemented with 10% FBS
by pipeting. Primary astrocytes were then seeded on 100-mm dish
(BD Falcon), and grown for 4 days in DMEM supplemented with 10%
FBS at 37 °C in a humid 5% C0,-95% air.

Primary astrocytes (1x10%cells/cm?) were exposed to LPS
(1 pg/ml) for 24 h after pre-treatment with 20 pM BRC or DMSO
(vehicle control) for 24 h. The concentration of TNF-cx in the culture
medium was determined using Murine TNF-a ELISA Development Kit
(PeproTech) according to the manufacturer's instructions.

Detection of protein carbonyl groups

Mice were anesthetized at a late symptomatic stage (21-22 weeks
of age) with halothane (4%) in a mixture of N,0/0, (70:30) and
transcardially perfused with physiological saline containing 10%
heparin, followed by excision of the soleus muscle. Oxidatively
modified proteins in the soleus muscle (0.7 pg of protein samples)
were detected by immunoblotting using the OxyBlot™ Protein
Oxidation Detection Kit (Millipore) according to the manufacturer's
instructions. The levels of protein carbonyl groups were quantified by
densitometric analysis.

Glutathione measurement

SH-SY5Y cells (7.5 x 107 cells/well) were plated in a 96-well plate,
and then were differentiated by incubation with 5 M all-trans-RA for
5 days. Differentiated SH-SY5Y cells were treated with various
concentrations of BRC (in a range between 10 and 50 ;M) or vehicle
control (DMSO). After 20h, the total cellular glutathione was
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measured using the GSH-Glo™ Glutathione Assay kit (Promega)
according to the manufacturer's instructions.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was extracted from cells using the TRIzol reagent
(Invitrogen). Isolated total RNA was purified using the SV Total RNA
Isolation System (Promega) according to the manufacturer's proto-
col. RT-PCR was performed with QIAGEN OneStep RT-PCR kit
(QIAGEN). The housekeeping gene of human peptidylprolyl isomer-
ase A (PPIA) was used as an internal control. PCR primers specific to
each gene and its target size are as follows: Nrf2, 5'-CGGTATGCAA-
CAGGACATTG-3", and 5'-ACTGGTTGGGGTCTTCTGTG-3’ (263 bp);
HO-1, 5'-ACATCTATGTGGCCCTGGAG-3/, and 5/-TGTTGGGGAAGGT-
GAAGAAG-3’ (348 bp); ATF3, 5'-CTCCTGGGTCACTGGTGTTT-3, and
5/-AGGCACTCCGTCTTCTCCTT-3’ (268 bp); GCLM, 5-TTTGGTCAGG-
GAGTTTCCAG-3’, and 5’-TGGTTTTACCTGTGCCCACT-3’ (367 bp);
NQOT1, 5'-CATTCTGAAAGGCTGGTTTGA-3', and 5'-TTTCTTCCATCCTT
CCAGGAT-3' (298 bp); PPIA, 5'-GACCCAACACAAATGGTTCC-3', and
5/-TCGAGTTGTCCACAGTCAGC-3' (184 bp). Amplified products were
electrophoretically separated on a 2.0% agarose gel, stained with
ethidium bromide, and photographed under ultraviolet light.

Statistical analysis

Data in this study were expressed as mean = SD or mean =+ SEM.
Statistical significance was evaluated by ANOVA (analysis of variance)
followed by Scheffe's post hoc test for multiple comparisons between
groups and by unpaired Student's t-test for comparisons between the
data of two groups (Excel statistics 2008). Survival data were
compared using Kaplan-Meier survival analysis with log-rank test
(SPSS 17.0 software). We considered p-values <0.05 to be statistically
significant.

Results
Concentrations of BRC in the brain and serum

To confirm the blood—-brain barrier penetration of BRC in mice, we
determined the area under the curve (AUC) of BRC in the brain and
serum after 10 mg/kg BRC intraperitoneal injection. The AUC of BRCin
the brain and serum were 47.4+13.8 ng-h/g (n=4) and 3489+
170.6 ng-h/ml (n=4), respectively.

BRC abates disease progression in ALS(SOD174°%) mice

To evaluate the effect of BRC on disease symptoms, we conducted a
daily post-onset administration of BRC [0 mg/kg (vehicle), T mg/kg or
10 mg/kg body weight] in combination with/without riluzole, or
riluzole alone (vehicle/riluzole) to ALS(SOD1™4%) mice. The average
day of disease onset was 125.7£2.9 days (n=162). At 155 days of
age, a majority of the vehicle-treated mice showed a complete
paralysis of hind limbs, and thus never showed the feet-clasping
phenotype upon the tail suspension and a rearing behavior (Fig. 1A, a
and c). In contrast, the BRC-treated mice (10 mg/kg body weight) at
the same age still showed a feet-clasping phenotype and rearing
activity (Fig. 1A, b and d). Despite the significant effects, BRC did not
affect the weight in this study (Fig. 1B).

BRC sustains motor performance in ALS(SOD1#%%) mice

To assess whether BRC preserves motor functions in ALS(SOD1H4%%)
mice, we conducted the balance beam test, the vertical pole test and
footprint analysis. The balance beam test revealed that BRC treatment
prolonged the interval from onset to Grade 1 (unable to stay on the bar).
The intervals were significantly extended in 1 mg/kg and 10 mg/kg BRC-

treated groups (23.2-1.0days and 24.540.9 days, respectively)
compared with vehicle-treated controls (20.241.1days) (Fig. 1C).
The vertical pole test demonstrated that there was no observable
difference in the ability to perform vertical pole climbing between BRC
and vehicle-treated groups at a late pre-symptomatic stage (16-
17 weeks) (Fig. 1D). However, at a symptomatic stage (21 weeks),
10 mg/kg BRC-treated group showed significant preservation when
compared with vehicle control (Fig. 1D).

On the footprint analysis, all mice at 16 weeks of age, pre-
symptomatic stage, showed almost normal ambulation (Fig. 1E). At a
late symptomatic stage (21-22 weeks of age), vehicle, mice in the
control group, showed an abnormal gait with reduced foot stride
length and dragging of the legs, whereas age-matched mouse treated
with 10 mg/kg BRC showed a short but still steady gait (Figs. 1E and
F). These results demonstrate that the BRC treatment effectively
sustains the motor function in ALS(SOD1H4%%) mice.

No beneficial effect of the treatment with riluzole on motor function

Currently, riluzole is the only FDA-approved drug for the ALS
treatment, although it has only a modest impact (Bensimon et al,
1994: Miller et al, 2007). Next, we investigated whether BRC in
combination with riluzole would further ameliorate symptoms of ALS
(SOD1R) mice. The feet-clasping phenotype and rearing behavior
was observed in ALS(SOD1"4%) mice treated with BRC/riluzole at
159 days of age (Supplmentary Fig. 1A, b and d), while mice treated
with vehicle/riluzole (158 days of age) showed a complete paralysis
of hind limbs at the same age (Supplementary Fig. 1A, a and c). No
synergestic effects of BRC/riluzole including the weight gain or loss
were observed (Fig. 1B and Supplementary Fig. 1B).

On the balance beam test and the footprint analysis, ALS
(SOD176R) mice treated with BRC/riluzole showed sustained motor
performance compared to ALS(SOD1"#%%) mice treated with
vehicle/riluzole (Supplementary. Figs. 1C, D and E). However, BRC in
combination with riluzole treatment was not more effective than BRC
treatment alone (Figs. 1C, E and F). These results indicate that there is
no synergistic or additive therapeutic effect of riluzole on motor
function.

BRC treatment prolongs a post-onset survival interval

We then evaluated the effect of BRC on disease progression in ALS
(SOD1M4%%) mice using Kaplan-Meier survival analysis. The survival
intervals after onset in BRC-treated animals at a dose of 1 mg/kg
(39.0 £ 7.6 days) and 10 mg/kg (39.4+ 7.1 days) were extended in
comparison with those in vehicle group (35.2+6.7 days) (Fig. 2).

Further, ALS(SOD1H45R) mice treated with BRC/riluzole showed
prolonged post-onset life span (38.845.3 days) in comparison with
ALS(SOD1P4Ry mice treated with vehicle/riluzole (35.4-9.5 days)
(Supplementary Fig. 1F).

These results indicate that BRC, but not riluzole, alleviates disease
progression in ALS(SOD1"#%) mice.

BRC treatment does not affect the SOD1 expression

To ensure that the administration of BRC did not alter the
expression of the human SOD1 transgene in ALS(SOD1"4%%) mice,
we examined the levels of the SOD1 protein in the lumbar and sacral
spinal cord by Western blot analysis (Supplementary Fig. 2). There
were no significant differences in the NP-40 soluble mutant SOD1
levels between vehicle- and BRC-treated groups at a late symptomatic
stage (21-22 weeks of age). These results indicate that BRC has no
effect on mutant SOD1 expression, and that symptomatic ameliora-
tion observed in BRC-treated mice is not a consequence of SOD1
downregulation.
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Fig. 1. Effect of the BRC treatment on the gross clinical symptoms in ALS(SOD1746R) mice. (A) Representative photographs of vehicle-treated (a and c) and BRC-treated (b and d) ALS
(SOD1M45R) mice showing a typical hind limb posture upon the tail suspension (a and b) and rearing behavior (c and d) at 155 days of age. (B) Changes in the body weight of female
and male ALS(SOD1"%%) mice in vehicle (fernale, n= 16 and male, n= 15) and BRC [1 mg/kg (female, n= 16 and male, n=17) or 10 mg/kg (female, n= 19 and male, n=19)}-
treated groups between 12 and 24 weeks of age. Data are expressed as mean + SD. (C) Scores of the balance beam test. Duration of date from the onset to the day at which each
mouse was unable to stay on the bar was plotted. Data are expressed as mean 4 SEM [vehicle (n=31), 1 mg/kg BRC (n=233) and 10 mg/kg BRC (n =38)]. ** p<0.01 by one-way
ANOVA with Scheffe's post hoc test. (D) Vertical pole scores of vehicle (n=20), 1 mg/kg BRC (n=23) and 10 mg/kg BRC (n=23)-treated mice between 16 and 22 weeks of age. Data
are expressed as mean & SEM. * p<0.05 by one-way ANOVA with Scheffe's post lioc test when compared to the vehicle control. (E) Footprints of vehicle, 1 mg/kg BRC and 10 mg/kg
BRC-treated mice at 16, 21 and 22 weeks of age. Blue, front paws; red, hind paws. (F) Box and whisker plots of stride length. Data indicate the average distance between the hind paw
steps in vehicle (n=14), 1 mg/kg BRC- (n = 18) and 10 mg/kg BRC (n= 18)-treated mice at 16, 21 and 22 weeks of age. The median is depicted as mid-horizontal lines, and upper
and lower ends of boxes represent 75th and 25th percentiles, respectively. * p<0.05 by one-way ANOVA with Scheffe’s post hoc test. NS, not significant.

BRC treatment reduces motor neuron loss in the spinal cord

To determine whether BRC protects motor neurons from the
progressive dysfunction leading to the neuron loss, we counted ChAT-
positive motor neurons in the spinal cord. At a late symptomatic stage
(21-22 weeks of age), ALS(SOD1™R) mice treated with vehicle
showed a massive loss of ChAT-positive motor neurons (Fig. 3B)

compared with non-transgenic (non-Tg) littermates (Fig. 32A). Nota-
bly, ChAT-positive motor neurons of ALS(SOD1"4%) mice treated
with BRC were relatively spared (Fig. 3C).

To confirm this finding, we conducted a quantitative analysis of the
number of ChAT-positive motor neurons whose soma sizes were
larger than 200 pym? in the anterior horn located within ventral half of
the gray matter of the spinal cord (Fig. 3D). At a late symptomatic
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Fig. 2. Effect of the BRC treatment on the survival in ALS(SOD1"“%%) mice. The Kaplan-
Meier curves demonstrate the probability of survival interval of vehicle control, 1 mg/kg
BRC-treated and 10 mg/kg BRC-treated ALS(SOD1"®) mice. The average onset of ALS
(SOD1M8%) mice was 125.7 2.9 days (n=162). Survival intervals in BRC-treated groups
at doses of 1 mg/kg (39.0 4 7.6 days, n=33) and 10 mg/kg (394 + 7.1 days, n=38) were
significantly longer than that in vehicle group (35.24:6.7 days, n=31) (p<0.05 by log-
rank test). These data are expressed as mean = SD.

stage (21-22 weeks of age), vehicle-treated ALS(SOD17*®%) mice
(n=4) showed a 36.4% loss of ChAT-positive motor neurons when
compared with non-Tg littermates (n=4) (Fig. 3E). By contrast, BRC-
treated ALS(SOD1"6R) mice (n=4) showed a 23.3% loss of ChAT-
positive motor neurons (Fig. 3E). Further, the BRC treatment
preferentially preserved larger ChAT-positive motor neurons
(>400 pm?) in SOD1™4%R mice (Fig. 3F). These results indicate that
BRC moderately protects motor neurons in the spinal cord from
progressive degeneration in an ALS(SOD1"“®%) mouse model.

BRC treatment reduces reactive astrocytes

Astrogliosis and microglial activation are prominent histopatho-
logical hallmarks of the spinal cord in ALS patients and mutant SOD1-
expressing mouse model of ALS (Hall et al., 1998; Kawamata et al,
1992: Schiffer et al., 1996). To assess whether the BRC treatment
affects the glial cell activation at sites of motor neuron loss in ALS
(SOD1746R) mice, we immunostained lumbar L4-L5 sections with
anti-GFAP (for astrocytes) and anti-Iba-1 (for activated microglia)
antibodies. At a late symptomatic stage (21-22 weeks of age), vehicle-
treated ALS(SOD1M6R) mice showed marked immunoreactivity both
for GFAP and Iba-1 in the anterior horn of the lumbar spinal cord
(Figs. 4E and H), normally the site of motor neurons loss (Fig. 4B),
while the lumbar spinal cord of non-Tg siblings was almost devoid of
immunoreactivity (Figs. 4D and G). BRC-treated ALS(SOD1R) mice
exhibited significantly less GFAP (Fig. 4F) and a slightly decreased Iba-
1 (Fig. 4I) immunoreactivity in the anterior horn accompanied by the
preservation of anterior horn cells (Fig. 4C) compared with vehicle-
treated ALS(SOD1™#R) mice (Fig. 4B). Further, Western blot analysis
showed a marked decrease in the level of GFAP in BRC-treated ALS
(SOD1M45®%) mice compared to those in vehicle-treated ALS
(SOD1M46R) mice (Figs. 5A and C), while the BRC treatment did not
affect the level of the Iba-1 protein in ALS(SOD1"4®®) mice (Figs. 5B
and D). These results indicate that the BRC treatment alleviates
astrogliosis in the spinal cord of ALS(SOD1H4%) mice.

BRC treatment decreases the levels of inflammatory factors

As reactive astrocytes intensify the production of inflammatory
factors (Barbeitc et al., 2004; Moisse and Strong, 2006), we next
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Fig, 3. Effect of the BRC treatment on motor neuron loss in the spinal cord. Representative images for immunohistochemical staining with anti-ChAT antibody in the anterior horn of
the lumbar spinal cord (L4-L5) prepared from non-Tg (A), vehicle-treated ALS(SOD1"4%%) (B), and 10 mg/kg BRC-treated ALS(SOD1"5%) (C) mice at a late symptomatic stage (21~
22 weeks of age). Arrows indicate ChAT-positive motor neurons. Scale bar indicates 100 pm. The number of the neurons within the hatched region (D) of the cross-sectional L4-L5
segment in the lumbar spinal cord was counted. The total number (E) and the size distribution (F) of ChAT-positive neurons (>200 pm?) within the ventral half of the gray matter
(hatched region shown in D) in the L4-L5 lumbar spinal cord of non-Tg (n= 4), vehicle-treated ALS(SOD1%*%%) (n = 4), and 10 mg/kg BRC-treated ALS(SOD1"46R) mice (n=4). Data
are expressed as mean - SEM. ** p<0.01, * p<0.05 by one-way ANOVA with Scheffe's post hoc test.
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Fig. 4. Effect of the BRC treatment on astrocytic and microglial activation in the spinal cord. The lumbar spinal cord sections prepared from non-Tg (A, D, and G), vehicle-treated ALS
(SOD1%) (B, E, and H), and 10 mg/kg BRC-treated ALS(SOD1™%) (C, F, and I) mice at a late symptomatic stage (21-22 weeks of age) were immunostained with anti-GFAP (D-F)
and anti-Iba-1 antibodies (G-1), and stained with hematoxylin-eosin (H&E) (A-C). Scale bar indicates 100 pm.

examined whether the BRC treatment reduces the levels of inflam-
matory marker iNOS and proinflammatory mediator TNF-a. We
detected an increased level of iNOS in vehicle-treated ALS(SOD1H46%)
mice by Western blotting using the extracts from the lumbar-sacral
spinal cord of the mice at 21-22 weeks of age compared to those in
non-Tg littermates (Figs. 5E and F). Notably, the degree of iNOS
induction in ALS(SOD1P4®R) mice was lowered by the treatment of
BRC (Figs. 5E and F).

At a late symptomatic stage (21-22 weeks of age), vehicle-treated
ALS(SOD1M45R) mice showed a marked immunoreactivity for TNF-o.
particularly in large anterior horn cells of the Jumbar spinal cord
(Fig. 5G), which was consistent with the recent findings (Bigini et al.,
2008; Petri et al.,, 2007), compared to non-Tg littermates (Fig. 5G).
Importantly, the TNF-ow imuunoreactivity in BRC-treated ALS
(SOD17#¢R) mice was reduced when compared to vehicle-treated Tg
animals (Fig. 5G).

To confirm the direct effects of BRC on astrocytic inflammation, we
measured the level of extracellular TNF-o using mouse primary
astrocytes after LPS exposure. The extraceliular TNF-av level was
increased by LPS exposure under the BRC-untreated condition, while
the BRC treatment reduced the level of increased extracellular TNF-o¢
induced by LPS exposure (Supplementary Fig. 3).

These results indicate that the BRC treatment suppresses the
inflammatory responses in astrocytes in the lumbar spinal cord of ALS
(SOD145RY mice,

BRC treatment reduces oxidative damage in ALS(SOD1P4R) mice

Cellular constituents attacked by ROS include DNA, proteins, and
lipids. Oxidative damage to DNA has been found in the spinal cord

from ALS patients (Fitzmaurice et al., 1996). To assess whether the
BRC treatment suppressed DNA oxidative damage, we performed
immunostaining using anti-80HdG antibody in the spinal cord of ALS
(SOD1H48R) mice. At a Jate symptomatic stage (21-22 weeks of age),
vehicle-treated ALS(SOD1"5%) mice showed marked DNA oxidation
in not only neurons (Fig. 5H) but also astrocytes (Fig. 51) of the lumbar
spinal cord compared to non-Tg littermates, whereas BRC-treated ALS
(SOD1"6%) mice exhibited a less significant DNA oxidation (Figs. 5H
and I). These results reveal that BRC reduces oxidative damage to
DNA.

We further examined whether the BRC treatment suppressed the
generation of protein carbonyl groups adducts in the soleus muscle of
ALS(SOD1146%) mice at a late symptomatic stage. The result showed a
tendency that the BRC treatment reduced the level of protein
oxidation in the soleus muscle compared to vehicle control (Supple-
mentary Fig. 4), although the difference was not statistically
significant. This result suggests that BRC could also reduce protein
oxidation.

BRC selectively protects neuronal cells against oxidative stress injury via
dopamine receptor-independent pathway

We previously showed that BRC protected cells from menadione-
induced oxidative stress (Okada et al.,, 2005). Here, we evaluated the
effectiveness of BRC against various cytotoxins. Cell viability analysis
revealed that BRC suppressed cell death induced by oxidative
stressors, menadione and o-naphtoquinone (Supplementary Fig.
5A). However, it offered no protection against non-oxidative
stressors, such as cisplatin, staurosporine, okadaic acid, and etoposide
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(Supplementary Fig. 5A). These results indicate that BRC selectively
protects cells from oxidative stress injury.

As BRC acts as a dopamine D2 receptor agonist (Radad et al., 2005),
we tested whether the anti-oxidative cell death function of BRC is
mediated via the activation of dopamine D2 receptor. Differentiated
SH-SY5Y cells were treated with BRC in the presence or absence of
dopamine receptor antagonists, and then exposed to the oxidative
stress insult, menadione. Neither antagonist affected the protective
effect of BRC against oxidative stress-induced cell death (Supplemen-
tary Fig. 5B). This result suggests that the neuroprotective effect of
BRC in the ALS mice is independent of the dopamine D2 receptor
activation.

BRC increases the level of antioxidant proteins

As GSH is an abundant antioxidant that scavenges reactive oxygen
species, we investigated whether BRC affects the level of GSH in
differentiated SH-SY5Y cells. As shown in Fig. 6A, we observed a BRC
dose-dependent upregulation of GSH accompanied by increased cell
viability.

Recent studies have demonstrated that the generation of GSH is
associated with induction of ATF3 (Kim et al., 2010), and that BRC
regulates the activation of Nrf2 and its downstream factor, NQO1, in
PC12 cells (Lim et al., 2008). These results prompted us to investigate
whether the BRC treatment induces mRNA expression of Nri2-
regulated genes including ATF3, HO-1, GCLM, and NQO1 in neuronal
cell. As shown in Fig. 6B, the levels of both ATF3 and HO-1 mRNAs
were increased in a BRC dose-dependent manner. However, the BRC
treatment did not affect the expression levels of Nrf2, GCLM and
NQO1 (Fig. 6B).

Consistent with increased mRNA expression, we detected in-
creased level of ATF3 and HO-1 proteins (Fig. 6C). Notably, despite
constant cellular levels of Nrf2 transcript, a greater fraction of Nrf2
was translocated into the nucleus upon the BRC treatment (Fig. 6D).

Collectively, these data suggest that BRC upregulates the levels of
several anti-oxidative factors.

Discussion

There are a limited number of therapeutic strategies to effectively
relieve symptoms and improve the quality of life for ALS patients.
Although the molecular mechanism of the selective motor neuron
death remains elusive, there is substantial evidence suggesting
oxidative stress as one of the major factors underlying motor neuron
loss (Barber et al, 2006). Our present study explored a novel
therapeutic agent that could alleviate neural cell damage induced by
oxidative stress in ALS.

Based on the anti-oxidative stress therapeutic strategy, we
established NAIP-ELISA-based drug screening system to detect a
transient upregulation of the endogenous NAIP level, and identified
BRC as well as [-745,870 as NAIP-upregulating compounds (Okada
et al., 2005). Indeed, we have shown that L-745, 870 alleviates disease
progression and delays motor neuron loss accompanying with the
suppression of microglial activation in the spinal cord of ALS
(SOD1H46Ry mice (Tanaka et al., 2008). Importantly, the post-onset
administration: of [-745,870 also prolonged survival after onset
(Tanaka et al;, 2008).

On the other hand, BRC possesses free radical scavenging action
and antioxidant property in-in vitro and-in vivo studies:(Kitamura
et al.. 2003 Kondo et al, 1994; Lim et al., 2008; Ogawa et al.,, 1994;
Yoshikawa et al.,, 1994). Further, BRC confers neuroprotection against
ischemia-induced neuronal insults (Liu et al., 1995; O'Neill et al,
1998). In the present study, we sought to evaluate the neuroprotec-
tive effect of BRC in ALS(SOD174®®) mice, and demonstrated that the
post-onset administration of BRC significantly ameliorated clinical
symptoms at late symptomatic stage (22 weeks of age) compared to

vehicle control mice (Fig. 1A). Further, the BRC treatment prolonged
12% of the survival interval after onset in ALS(SOD1™4%) mice.
Interestingly, BRC treatment mitigates motor neuron loss in the spinal
cord accompanied by the suppression of reactive astracytes and partly
by the reduced level of microglial activation in ALS(SOD1746%) mice.

Inflammatory response in ALS is characterized by the accumula-
tion of large numbers of activated microglia and astrocytes (Glass et
al., 2010; McGeer and McGeer,.2002). Accumulating evidence has
indicated that perturbation of the crosstalk between astrocytes and
neurons is associated with motor neuron degeneration (Di Giorgio et
al., 2007; Nagai et al., 2007; Yamanaka et al., 2008), while microglia
contributes to disease propagation (Boillee et al., 2006b). Previous
studies have demonstrated that activated microglia induces the
production of neurotoxic factors such as superoxide, nitric oxide
and proinflammatory cytokines, while reactive astrocytes express
inflammatory markers such as iNOS (Barbeito et al., 2004; Block et al.,
2007; Moisse and'Strong; 2006). Recent findings have also suggested
the link between oxidative stress and inflammatory response in ALS
(Barber-and Shaw, 2010; Liu et al.,; 2009). In this study, we revealed
that BRC treatment remarkably suppressed the activation of astro-
cytes in the spinal cord of ALS(SOD1"®®) mice. Moreover, BRC-
treated ALS(SOD1M4%R) mice showed a decreased level of iNOS and
TNF-cx. Consistent with in vivo data, BRC reduced TNF-a release by LPS
treatment in mouse primary astrocytes, indicating a direct effect of
BRC on astrocytes. In addition, BRC treatment reduced the level of
DNA oxidation in neurons and astrocytes of the spinal cord in ALS
(SOD1M46Ry mice. Although the detailed mechanism of the BRC effect
onv astrocytes remains elusive, our results strongly suggest that BRC
attenuates astrogliosis and concomitantly reduces the levels of
inflammatory factors and the oxidative damage in the spinal cord,
thereby protecting from motor neuron loss.

Currently, the mechanisms by which BRC preserves motor neurons
are still unclarified. A previous study has reported that BRC is
associated with the induction of Nrf2-dependent antioxidant defense
system, and that Nrf2-mediated cytoprotection of BRC is independent
of dopamine D2 receptor (Lim et al, 2008). Consistent with these
findings, our present study suggested that the cytoprotective effect of
BRC against oxidative stress in SH-SY5Y neuronal cells was mainly
mediated via a dopamine receptor-independent pathway, and that
BRC increased the levels of Nrf2-regulated factors, such as HO-1.
Besides, Nrf2 also mediates ATF3 induction that contributes to the
cytoprotection of Nrf2 in astrocytes (Kim et al, 2010). ATF3 is
required for the generation of GSH (Kim et al,, 2010). In this study, we
demonstrated for the first time that BRC treatment led to an increased
Jevel of ATE3 protein and to the GSH generation accompanying
cytoprotection against oxidative stress in cultured cells. It has also
been shown that depletion of GSH induces the release of proin-
flammatory factors (Lee et al,, 2010). Our results showed decreased
levels of not only iNOS and TNF-c, but also oxidative damage to DNA
and protein in BRC-treated ALS(SOD1"4%%) mice, Moreover, NAIP is
known to selectively suppress oxidative stress-induced cell death
(Liston et al;; 1996). Taken together, it seems reasonable that BRC
exerts its potency by the combined mechanism involving the
enhanced NAIP-mediated cytoprotection, the activation of Nrf2
signaling cascades, and the upregulation of the ATF3-GSH axis in
ALS(SOD1148Ry mice.

Preclinical animal studies are an essential step for the develop-
ment of novel and effective therapeutic agents for the ALS treatment.
However; the outcomes of drug. efficacy. tests using animal models
were varied due to different methodological conditions such as the
pre-symptomatic or the symptomatic administration of agent
(Benatar, 2007; Turner and Talbot, 2008). A recently issued article
outlining standard operating procedures for preclinical animal study
for ALS/MND strongly recommends the use of post-onset adminis-
tration of candidate agents to animal model because of the relevance
to clinical settings (Ludolph et al, 2010). In the present study, we
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conducted the BRC preclinical study in observance of these recommen- preclinical animal study. Thus, although the exact target of BRC on motor
dations, and demonstrated an obvious neuroprotective activity of BRC in neuron protection in ALS(SOD17%R) mouse model remains unclear, BRC
mutant SOD1 mouse model of ALS, proving the efficacy of BRC in the is a promising candidate as a therapeutic agent for the ALS treatment.
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Fig. G. Effect of BRC on the expression of anti-oxidative factors. (A) Differentiated SH-SY5Y cells were treated with the indicated concentrations of BRC for 20 h. Total intracellular
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bars) was measured with the Alamar blue assay (Invitrogen). Data are expressed as mean = SEM (n=4).*** p<0.001, ** p<0.01 by one-way ANOVA with Scheffe's post hoc test
compared with vehicle. (B) Differentiated SH-SY5Y cells were treated with the indicated concentrations of BRC for 6 h. The expression levels of Nrf2, HO-1, ATF3, GCLM, and NQO1
were assessed by RT-PCR, The housekeeping PPIA gene was used as an internal control. (C) Differentiated SH-SY5Y cells were treated with the indicated concentrations of BRC for
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Supplementary Fig. 1. Effect of the combined BRC/riluzole treatment on the survival of ALS(SOD1"eRy mice. (A) Representative photographs of vehicle/riluzole-treated (158 days of «
10 mg/kg BRC/riluzole-treated (159 days of age) (b and d) ALS(SOD1 48Ry mice showing a typical hind limb posture upon the tail suspension (a and b) and rearing behavier (¢ and d)
body weight of female and male ALS(SOD1"%®) mice in vehiclefriluzole (female, n = 15 and male, n = 15) and 10 mg/kg BRC/riluzole (female, n = 15 and male, n = 15)-treated group
24 weeks of age. Data are expressed as mean * SD. (C) Scores of the balance beam test. Duration of date from the onset to the day at which each mouse was unable to stay on the
Data are expressed as mean + SEM [vehicle/riluzole (19.8 + 1.2 days, n = 30) and 10 mg/kg BRC/riluzole (23.7 + 0.9 days, n = 30)]. (D) Footprints of vehicle/riluzole- and 10 mg/kg B
mice at 16, 21 and 22 weeks of age. Blue, front paws; red, hind paws. (E) Box and whisker plots of siride length. Data indicate the average distance between the hind paw steps in ve
(n = 19) and 10 mg/kg BRC/riluzole (n = 23)-treated mice at 16, 21 and 22 weeks of age. The median is depicted as mid-horizontal lines, and upper and lower ends of boxes represer
percentiles, respectively. ** p < 0.01, * p < 0.05 by Student's t-test compared with each corresponding control. (F) The Kaplan—-Meier curves demonstrate the probability of survival int
vehicle/riluzole-treated and 10 mg/kg BRC/riluzole-treated ALS(SOD1"%R) mice. The average onset of ALS(SOD1"*F) mice was 125.7 + 2.9 days (n = 162). Survival intervals after t
prolonged in 10 mgfkg BRC/riluzole-treated group (38.8 + 5.3 days, n = 30) compared with vehicle/riluzole control group (35.4 + 9.5 days, n = 30). These data are expressed as mear
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Supplementary Fig. 2. Effect of the BRC treatment on the mutant SOD1 level. The expression levels of the SOD1 protein in the lumbar spinal cord from ALS(SOD1"%R) mice treated"
10 mg/kg BRC at a late symptomatic stage (2122 weeks of age) (n = 4) and from age-matched non-Tg littermates (n = 4) were analyzed. The NP-40 soluble fractions (5 pg proteins;

immunoblotting with anti-SOD1 antibody. hSOD1 and mSOD1 represent the mutated (H46R) human SOD1 protein and endogenous mouse SOD1 protein, respectively. B-tubulin was
control.
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Supplementary Fig. 3. The level of TNF-a in BRC-treated astrocytes. Mouse primary astrocytes were treated with 20 pM BRC or DMSO (vehicle control) for 24 h, and then exposed t
24 h. The amount of TNF-a in the culture medium, which was released from the cells, was measured by ELISA. Data are expressed as mean + SEM (n = 3). ** p < 0.01 by Student's
each corresponding control.
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Supplementary Fig. 4. Effect of the BRC treatment on oxidative damage to tissue proteins. (A) Formation of protein carbonyl in the soleus muscle from non-Tg, vehicle-treated ALS(S
10 mg/kg BRC-treated ALS(SOD1"%R) mice at a late symptomatic stage (21-22 weeks of age) was detected by immunoblotting using anti-dinitrophenyl (DNP) antibody. (B) Quantita
protein carbonyl groups in non-Tg, vehicle-treated ALS(SOD1"®), and 10 mg/kg BRC-treated ALS(SOD1"**%) mice are shown. Data are expressed as mean + SEM (n = 4).
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Supplementary Fig. 5. (A) Effect of BRC on cell death induced by various cytotoxic insults. Differentiated SH-SY5Y cells were treated with 40 uM BRC. After 24 h, cells were exposed
cytotoxins; menadione and a-naphthoquinone (free radical generating compound), cisplatin (DNA-damaging reagent), staurosporin (kinase inhibitor), ckadaic acid (phosphatase inhit
(topoisomerase 1l inhibitor). Cell viability was measured with the Alamar biue assay (invitrogen). Data are expressed as mean SEM (n = 3). Statistical analysis was performed using
p < 0.01, versus each corresponding vehicle. (B) Effect of dopamine receptor antagonists on the BRC-mediated neuroprotection. Differentiated SH-SY5Y celis were preincubated for
SCH23390 (SCH; 20 uM) (n = 4), Sulpiride (Su; 20 uM) (n = 4), or Raclopride (Rac; 20 uM) (n = 4), followed by the treatment with 40 UM BRC. After 24 h, cells were exposed to 40 i
radical inducer) for 4 h. Celi viability was measured with the Alamar blue assay (Invitrogen). Percentages refative to non-treated cells are shown. Data are expressed as mean + SEM
cells exposed to menadione alone and BRC followed by menadione, n = 12). *** p < 0.0001 by one-way ANOVA with Scheffe's post hoc test compared with cells exposed to menadic
significant.
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