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BIZoWT, FERFCAMIEHMIZ B TALS TRIR
HEFMEES] CTOMEEZFED ., BRI
DN, BERFITER -T2, MBEEESD
SR A BT L., BEME~OH N EHET D
ALS BEICx L Cid, BRRIFSCE BN E DI 5y
REHAITV., MEBOERLERE (REE~
DEAL) HEBBICERFRIZSMLTH S
ST, BRI ALS B L OB R OHE
20, BIFOBENMEREICEDW T ERRAT
EIT LT,

C. ERR

1. ERRBIEO3ENM

NDDPX08-ALSEEFRAFZCEHE Tl HATERKME
ZE R FIALSERE SO 2 51E L7 (RRIRAFSEHA
M TERR20E12 A ~FR234E3H) o LarLlz
N6, ALSRIEFHOETIRSBERICER
HZlnb, BEY Gri) #¥ARERT
BB AR I IR 2 R WERIDERE LT, &
BHlz., BUSR3ET L A ALSERRERER DS AEE PR
e L RIREIT TR CH D Z M L, AEE
R R L OBERERBRBROMIICSMAE A
LT HMNIALSBEEFEOBHERTHHZ L2
5. KEEEMEICSNE FHET D ALSEEN
B OTFRBRBEFEE TE 2D L OB
EUT, FR22FEI0HERT, ZTNETDAH



SR EENE A BRI RRERI L
RE LER, YO RsTE Y 1EMEET S
EC LY WFSEEEE B S5 0E B & B AR T
x5 LofEwmESE, Lo T, KEEHED
W HIMAE R (EMEE. PR24E3AKT)
W L (PR3 EREA S @&
SHEBATFRFEERN  WAk234E2H25H)
W23 E (EERBIF) 13, KRR
7'a ha—L RERFEFHERMEES
L\THRH, FR204E128 25 B AT T A&, SkET
WR224E8 A 10H) TR | BYEREFE S
BIRPE 7 & N BRI ZE 1 SRS CGRIBRS
NEFFRE, BHAKRFERE V¥ — KRR,
JLERAFEFRE) . [ALSIGEEI T AEE S
& DEHE T B UARBRRPF R 2/ L7, ALS
TR EREE B K ORI A s L 5
ALSERIREFFEE R (B8 « SER23FETH 19
H. 289[E : 10H25H, &~ B VEERER
RKEREIZRWCEME) ZBEL, &% TxE
W S N AR ZE ORBRBE D & 03 T b
niz,

Fim, FRR2EEL, BRI ER T — &
D BES 7R FHMIZ AN C. ALSTREETEFMEER S
IZ K HFHM A BEEE Lz, FIEFESE
(CERk244E2 8108, B BENVERBRERZK
SEEIZRWTCERE) Tk, REBEMEORER
T—F EREEL, HEHOEICET 2T — F 5
ORI OWT OB Thiviz, FH2EFE
ik (CER24F3H16H, B B/ EREXR
FRRSEEITRWVTEME) Tk, PlEHHE
Wi R ORI TN, FHIEFHEESE CEk
244E3H29R . EREREMERFICRVTH
1) 1238\, NDDPXOSDZEa e & TN H L)
HEIZ DOV T OHEI T,

2. HRE~OHANXE, AEXER LV
ALSEEFRBFFRIT4% 5 ReeEFE DIERR

REERM IR EGET D12 DFEBRE ~DAK
EEARMFFRICR DA EB L OREXE R
&R 2) ZVERR LT,

0. RERFEICRDILUTO 2 2/ED
SEREEAER LT, 1. RBHRE, 2. K
BERE, 3. EFBHERE, 4. HREEH
AT, 5. RBEHME-1 (&) | 6.
RBEFHmER-2 (FavE) | 7. Bt
fnék-1 (BBEEBE) . 8. B2

CLIEBER) . 9. BEMFET&E-3 (B
EHES) | 100 BHAZE - FARE, 1L EER
BEERREE (BR) | 12. EBELRFESE
BAE (B #H) . 13 BEEHEE (EMF
TE) ., 4 BNMBGERKER BE-EF) |
15. BEMERIECH-1. 16. BEME®RTTG2. 1
7. FFFCEENIETRER (SEF) . 18, BE
FE, 19. ZEMFHR2SICETIHREE, 2
0. Query Form, 21. A7 U —=U 7% g U X
b.o22. BEEREBEREESR FMORESRH
EFEROER) , KERFRETH I EHE
3 & REERF R OME, FRhErER (B
AFERRALSSAQ40, ALSFRS-R, Modified Norris
Scale) . 7256 NIHEBRE ~DRALEE (B
EHREERE, BRI — R, KE
EBroBMLE) BIRAEER 3 ITA L,

E BT, RERHEOEDETMD 7= DI
EATHEEOEEEIMER 4 12 LT,

3. FRPERFZE3E5) NDDPXO8 I ONZ{AFE DA

FEIR L OBIEORFNIE L EBNER 5N
EREBR T o Fa— LV ELUTIRYT, £/,
FANARHER GRAERS) 25EEH L
L TR LT,

[F%]
AEERITZCICHE AT 5 B3 (FLFE : 250mgks
L TOB500mg) 72 & Ribromocriptine mesylate
2.5mg E X B Al & L 7=, bromocriptine
mesylate 2. 5mg#E, 1$E DEEIX140mg Th 5,
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease characterized by a selective
loss of upper and lower motor neurons. Since oxidative stress plays a crucial role in the progression of motor
neuron loss observed in ALS, anti-oxidative agents could be an important therapeutic means for the ALS
treatment. We have previously developed a drug screening system allowing the identification of smali
chemical compounds that upregulate endogenous neuronal apoptosis inhibitory protein (NAIP), an oxidative
stress-induced cell death suppressor. Using this system, we identified the dopamine D2 receptor agonist
bromocriptine (BRC) as one of NAIP-upregulating compounds. In this study, to prove the efficacy of BRC in
ALS, we conducted a set of preclinical studies using a transgenic ALS mouse model carrying the H46R mutation
in the human Cu/Zn superoxide dismutase (SOD1) gene ALS(SOD1™%®) by the post-onset administration of
BRC. ALS(SOD1P4%%) mice receiving BRC showed sustained motor functions and modest prolonged survival
after onset. Further, BRC treatment delayed anterior horn cell loss, and reduced the number of reactive
astrocytes and the level of inflammatory factors such as inducible nitric oxide synthase (iNOS) and tumor
necrosis factor (TNF)-« in the spinal cord of late symptomatic mice. In vitro study showed the reduced level of
extracellular TNF-a after lipopolysaccharide (LPS) exposure in BRC-treated mouse astrocytes. BRC-treated
ALS(SOD1"4%%) mice also showed a reduced level of oxidative damage in the spinal cord. Notably, BRC
treatment resulted in an upregulation of anti-oxidative stress genes, activating transcription factor 3 (ATF3)
and heme oxygenase-1 (HO-1), and the generation of a glutathione (GSH) in SH-SY5Y cultured neuronal cells
in a dopamine receptor-independent manner. These results imply that BRC protects motor neurons from the
oxidative injury via suppression of astrogliosis in the spinal cord of ALS(SOD1"“®®) mice. Thus, BRC might be a
promising therapeutic agent for the treatment of ALS.

© 2011 Elsevier Inc. All rights reserved.

Abbreviations: ALS, amyotrophic lateral sclerosis; ANOVA, analysis of variance;
ATF3, activating transcription factor 3; AUC, area under the curve; BRC, bromocriptine
methylate; ChAT, choline acetyltransferase; CMC, carboxymethyl cellulose; DAB, 3,3~
diaminobenzidine tetrahydrochloride; DMEM, Dulbecco's modified Eagie's medium;
DNP, dinitrophenyl; FBS, fetal bovine serum; FDA, Food and Drug Administration;
GCLM, glutamate-cysteine ligase modifier subunit; GFAP, glial fibrillary acidic protein;
GSH, glutathione; GSSG, oxidized glutathione; H&E, hematoxylin and eosin; HO-1,
heme oxygenase-1; Iba-1, ionized calcium binding adaptor molecule 1; iNOS, inducible
nitric oxide synthase; LPS, lipopolysaccharide; MAP2, microtubule-associated protein
2; NAIP, neuronal apoptosis inhibitory protein; NGS, normal goat serum; non-Tg, non-
transgenic; NQO1, NAD(P)H dehydrogenase [quinone] 1; Nrf2, nuclear factor related
erythroid 2-related factor 2; NRS, normal rabbit serum; 8-OHdG, 8-hydroxy-2-
deoxyguanosine; PBS, phosphate-buffered saline; PPIA, peptidylprolyl isomerase A;
PVDF, polyvinylidene difluoride; RA. retinoic acid; ROS, reactive oxygen species; RT-
PCR, reverse transcriptase-polymerase chain reaction; SOD1, Cu/Zn superoxide
dismutase; TNF-o, tumor necrosis factor-c.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegen-
erative disorder characterized by a selective loss of upper motor
neurons in the motor cortex, and lower motor neurons in the
brainstem and spinal cord. The majority of ALS cases are sporadic,
while 5-10% of patients are familial ALS (Cleveland and Rothstein,
2001), among which approximately 20% have mutations in the gene
encoding for Cu/Zn superoxide dismutase (SOD1) (Rosen, 1993). Thus
far, riluzole, an antiglutamatergic agent, is the only Food and Drug
Administration (FDA)-approved drug for the treatment of ALS, but it
has only a modest impact (Bensimon et al., 1994; Miller et al., 2007).
Therefore, there is a clear unmet need for effective therapeutic
interventions to cure or even significantly improve symptoms and the
quality of life for patients.
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While the precise etiology of ALS remains unknown, a complex
interplay of many pathogenic factors, including oxidative stress,
excitotoxicity, mitochondrial dysfunction, disruption of neurofila-
ment network, neural inflammation, non-cell-autonomous damage
and protein aggregation (Barber and Shaw, 2010; Barber et al., 2006;
Boillee et al,, 2006a; Pasinelli and Brown, 2006), have all been
suggested as potential factors. Remarkably, an elevation of reactive
oxygen species (ROS) is known to be associated with mitoechondrial
dysfunction (Barber and Shaw, 2010; Barber et al, 2006). ROS
generated in motor neurons contributes to the reduction of glutamate
uptake through glutamate transporters (Rao and Weiss, 2004; Rao et
al., 2003) and induces oxidation in neighboring astrocytes (Rao et al,,
2003). Further, recent findings have suggested the link between
oxidative stress and inflammatory response in ALS (Barber and Shaw,
2010; Liu et al,, 2009). Thus, oxidative stress plays a pivotal role in the
ALS pathogenesis, and could be a main target for the development of
novel therapeutic agents for ALS.

We have previously developed the neuronal apoptosis inhibitory
protein (NAIP)-ELISA-based drug screening system (Okada et al,
2005). NAIP is a founding member of anti-apoptosis IAP family (Roy et
al, 1995) and selectively suppresses oxidative stress-induced cell
death (Liston et al, 1996). Using this system, we have identified
several compounds that transiently upregulate NAIP, including L-
745,870, a dopamine D4 receptor antagonist, and bromocriptine
methylate (BRC), a dopamine D2 receptor agonist (Okada et al., 2005).
Indeed, we revealed that the [-745,870 treatment alleviated disease
progression of a transgenic ALS mouse model carrying the H46R
mutation in SOD1 gene (Tanaka et al., 2008). However, the efficacy of
BRC in the ALS treatment remains untested.

It has been reported that BRC inhibits prolactin-secretion with
resulting suppression of lactation, binds to a dopamine D2 receptor
and is thus used as a treatment for Parkinson's disease (Radad et al.,
2005). It has also been shown that BRC confers protection against
oxidative stress-induced cell death (Lim et al., 2008). Further, BRC
exerts protective activity against ischemic neuronal insults in gerbils
(Liu et al., 1995; O'Neill et al., 1998). These findings suggest that BRC
could be a therapeutic agent for ALS besides Parkinson's disease.

In this study, to evaluate the efficacy of BRC in the ALS treatment,
we initiated intraperitoneal administration of BRC after the onset of
symptom in ALS(SOD1"®R) transgenic mice. The BRC administration
remarkably sustained the motor performance and prolonged 12% of
the post-onset survival interval of the mice. The BRC treatment in ALS
(SOD1™45R) mice also resulted in a suppression of motor neuron loss
in the spinal cord accompanied not only by a significant reduction of
activated astrocytes but also by reduced levels of inflammatory
factors, inducible nitric oxide synthase (iNOS) and tumor necrosis
factor (TNF)-o, and oxidative damage. We also demonstrated that in
mouse primary astrocyte cultures the release of TNF-a after
lipopolysaccharide (LPS) exposure was reduced by the BRC tretament.
Further, in vitro studies using SH-SY5Y cells suggested that the
neuroprotective efficacy of BRC in ALS(SOD1™%) mice attributed, at
least in part, to the upregulation of several anti-oxidative-stress
genes, nuclear factor related erythroid 2-related factor 2 (Nrf2),
activating transcription factor 3 (ATF3), and heme oxygenase-1 (HO-
1), and mediated an effective synthesis of glutathione (GSH).
Collectively, BRC might be a potent therapeutic agent for the
treatment of ALS.

Methods
Chemicals and antibodies

We purchased (5'S)-2-Bromo-12'-hydroxy-5'-isobutyl-2’-isopro-
pylergotaman-3',6/,18-trione monomethanesulfonate (2-bromo-o-

ergocryptine mesylate/bromocriptine mesylate) (Molecular Weight:
750.70), SCH23390, Sulpiride, and Raciopride from Tocris bioscience,

2-amino-6-(trifluoromethoxy)-1,3-benzothiazole (riluzole) from
Apollo Scientific Limited, a-naphthoquinoneand okadaic acid from
Wako, cisplatin and etoposide from Calbiochem, staurosporin from
Alexis Biochemicals, and dimethyl sulfoxide and menadione sodium
bisulfate from Sigma-Aldrich. All other chemicals are from commer-
cial sources and of analytical grade. Primary antibodies used for
immunoblotting included rabbit polyclonal anti-SOD1 (dilution
1:50,000) (Santa Cruz Biotechnology), rabbit polyclonal anti-NOS2
(INOS) (M-19) (dilution 1:1000) (Santa Cruz Biotechnology), rabbit
polyclonal anti-glial fibrillary acidic protein (GFAP) (dilution
1:50,000) (Biomeda), rabbit polyclonal anti-ionized calcium binding
adaptor molecule 1 (Iba-1) (dilution 1:1000) (Wako), anti-Nrf2
(EP1808Y) (dilution 1:2000) (Epitomics), anti-ATF3 (C-19) (dilution
1:1000) (Santa Cruz Biotechnology), anti-HO-1 (H105) (dilution
1:1000) (Santa Cruz Biotechnology), anti-NAD(P)H dehydrogenase
[quinone] 1 (NQO1) (A180) (dilution 1:1000) (Santa Cruz Biotech-
nology), anti-glutamate-cysteine ligase modifier subunit (GCLM) (FL-
274) (dilution 1:1000) (Santa Cruz Biotechnology), anti-lamin B1
(dilution 1:10,000) (Abcam) and anti-P-tubulin mouse monoclonal
(dilution 1:500,000) (Chemicon) antibodies. For primary antibodies
for immunchistochemistry, goat polyclonal anti-Iba-1 (dilution
1:100) (Abcam), Histofine rabbit polyclonal anti-GFAP (Nichirei),
goat anti-choline acetyltransferase (ChAT) polyclonal (dilution 1:100)
(Chemicon), goat polyclonal anti-TNF-«¢ (dilution 1:50) (R&D
Systems), mouse monoclonal anti-8-hydroxy-2-deoxyguanosine (8-
OHdG) (2 pg/ml) (Nikken Seil Co., Ltd.) and rabbit polyclonal anti-
microtubule-associated protein 2 (MAP2) (dilution 1:500) (Abcam)
antibodies were used. For double immunostaining with anti-8-OHdG
antibody, rabbit polyclonal anti-GFAP antibody (dilution 1:200) (Lab
Vision) was used. Secondary antibodies used in this study included
ECL™ anti-rabbit IgG, Horseradish Peroxidase linked whole antibody
(dilution 1:5000) (Amersham Biosciences) and ECL™ anti-mouse IgG,
Horseradish Peroxidase linked whole antibody (dilution 1:5000)
(Amersham Biosciences) for immunoblotting.

Animals

Transgenic mice carrying the H46R mutation in the human SOD1
gene(SOD1™4RY ‘were used as a familial ALS mouse model. ALS
(SOD1P4%) transgenic mouse exhibits rather slow disease progression
with widespread axonal degeneration in the spinal cord (Chang-Hong
et al.,, 2005; Sasaki et al.,, 2007; Tanaka et al., 2008), when compared
with ALS(SOD1%%*4) transgenic mice. Since genetic background is one
of the important factors modulating disease phenotypes in mutant
SOD1 transgenic mice (Heiman-Patterson et al, 2005), we first
generated a congenic line of ALS(SOD1"“%R) transgenic mice by
backcrossing more than 15 generations to C57BL/6N mice. The line
was maintained as hemizygotes by mating ALS(SOD14%) males with
C57BL/6N females. Offsprings were genotyped by PCR using genomic
DNA from tail tissue. Mice were housed at 23 °Cwith a 12 h light/dark
cycle, in which water and food was available ad libitum. All animal
experimental procedures were approved by the Institutional Animal
Care and Use Committee at Tokai University.

Administration of the compound and assessment of the onset of the
symptom

BRC was suspended in 0.5% carboxymethy! cellulose (CMC)-Na
(carmellose sodium, Maruishi Pharmaceutical Co., Ltd.) and injected
intraperitoneally at a dose of 1 mg or 10 mg/5 ml/kg body weight. In
parallel, animals treated with 0.5% CMC-Na (vehicle group, 5 mi/kg)
were used as controls. )

Two other mice groups were treated with vehicle or 10 mg/kg BRC
in combination with riluzole, which was given in drinking water
(100 pg/ml) ad libitum (Gurney et al., 1996).



