B. i3
1. bl

BRETIER &N/ F A7V RIND)(
T RFRFFERT) 2o Va2 BICBmL
#%. 100keVDOMn+%5x10"/cm?, 1x10"%/cm’
L 3x10"/cm*¥THIAATZ (Mn-ND), ZD#%, 7
—/VAVEL | ZE R BN E BT, &
RSN BEEND O # ML, Spring-8 TO#KX
Bk, BEXBR OB, I, 2hEnH

~fz,

2. MRIHIE

AF L EALZZND(Mn-ND) &, BE i e
T BEmL-%, EAL-,

<A THERIL, 11.7T MRI (Brukerfil)%
BT ol T/ E %1%, FLASHEZ A
Wz, Mn-NDOAE RN TOER LI T2
720 2BEOFERE T, O&21E, BEY
VAEICEER S TAER, b0l v
2 REPOEEL, B 5%, |BEHEICMRIER
BEITO, BT SEi~OBITER T,

3. WX

AV EAZEONDRNE TOC, BLUMnA
A OEFIREBEF D701, L%
RARTINEBRL, EABONBESEEOR
. BLOHEEZ O21lOMA A DEIE %
BAZEEBHEL, AR RITKREREAIC
HETHITEREBXBRIE D B E TS
o BEFHITERIL, Audf VAR T R
NF—FIE, ROBREMERICHNWS, &
BHE ~D A A IR AF70°IZE E T 5, #K
XBREIC T HERO = RN F—Hl K U R RE
FHEEIIISIO2EE D ELR A AT MV E RN
%, BBHIIE, 1x10"em®DOMnA A EEAL
=4nm®DF /Z A¥ERND (Mn-ND as imp
la.) &7 =— L7810 (Mn-ND with anneal)

-19-

LSBT == VBRI ERBELZb 0L
T == PIZERBREL 2B (Mn-ND  wi
th anneal +air oxidation) &\ /=, +7 b
1Z, 10mm’x0.5SmmBE DK EIDARLvheL
NoEOFEEDOMn L-edge 8RXRFENR

-

f—
So

JOENARTI % BL2ISUE W T, A4
VEANEOLEBBROE AMi( A DOEF
RE~OEEBOREF T, BIEIXEIRT
1777,

REGKB

B 1: 3 Ve REO B YL BT B

WIZ, 7T =— VREREN B & —
DIEFARBEZ T D128, 300, 400, 500, 600
. 700, 800, 1000°CC2HEH 7 =— VALE L=
Mn-NDDOMn L-edge BRXHRLIS HHIEE
1177,

IRBOREE, WEETOEENINELET
1372<, TERBRIAZ B N EIE TITo
7o

4. BXBRPUR 53¢

AF L EAFZLDONDHNE COMnA A D
RBRTFLOFEERBEFTAD2DIZ,

MnOKEXAFSARIMEREL, TORE
HOBEERZFELIZLERMEL,

FHEHTIZ, 1x10"cm’DMnA A2 EAL
TE#ZD4AnmD} /7 A ¥ELFND (Mn-ND-
ai) 87 =— A LH O (Mn-ND-a) , I51I27 =
—NARICIOI BRI D LT =— %
TIZEKE{EL7=H O (Mn-ND-ao) & iz,
B i, 10mm* k0. 5SmmEED K EID~
LyhblUlz, ZRHOEEIOMn K-edge X##
IR ARIMVE, BL14%E B O THRIEL.,
HEXEIR TITo7,



C. HFoEiE R

1. Mn-NDDAFVEAZDOMnAA YV DE
FIREBLFDOLREBEIZ OV TOIVFM
TofRAT

WEETIIND~DOMnA A FEAZ DY T
M LTIZESRE OMRIZEHI L7222 A, 2fff
A DFERERTV T FARENLIENRD
PoTWND, ZOZEF, UYli CHEALZAA
23, NDINERDsp38 (¥ AT RHY) IREREEIC
BWT, fAIGOE B T2l CLEICEFEET D
TEEBEBRL TS, ERBE MRICEIRZRE S
DI, WINbL2OFEHMEAA 2o 5
EDHTHY, TO2fliAA L LLTDOREMD
JRE % fEA 52 81%, hRARAF U EAE
DEASITEIZSIHEEZ NS,

ZDTD AFVFEAEZDOMA A DEFIK
REIZ DWW, I e TR~ TET, &<
{2, Mn LIG#RXHBRIN 73 3 H A ThDHZ L
MO MuAS D CIR ENDHIZE Fh
LT RTCOTENODEENEENIEEN
W TR IIETE ~T21-8, EEMZRFEM
TRERFEDEE LD o7,

ZZ AT, JASRIO &R 2 XY
EAINI-MnTTE T OESEZHH 55
438 FERIL I LY | LiMndRXHBRIR I 77
iTo77,

HEDRER, LFOZEN o7z, 1. A7
VEAEZOMnAA 1T, 2l L3 AEEL
7-(8) 2. EZethTD700°C, 28 DT =—
MZED, MnOD AT MUL(FE) EE—I 13—
L7zGR)ZEMBIFIET X TOMnA AV H324f
DIREEIZ 25T 3. T=—/L1#%D425°C, 5k
D2 K EL T, MnA 2 32D £E T,
T o T2(K). 4. EHIT, 641.5eV, BX
W643eVD2ODTRAF—TOE— I DE
MNIEZE Th-oTz, 643eVD(E B 1L, metal to
ligand charge transfer MLCTIWZ X A%hHEF
Baniz,

INHDOEENS, MRICEH RN HDEHIFEE
NEEBHMEAA L ThE2HOEFIREE LD
IO ABIE, T=— VRN ETHY, O
BIZ IV EAAL L DIFIET R THO2MIEAL
LCWBIENG Tz, A EDFERNG, A4
CENEIC LD M E22MRIE EHI A IR DN
MINTEEWVRD,

1e16 Mn-ND ati
—— "1e16 Mn-HND a700
—— 1616 Mn-ND-t400-1a+o

. d\\ /‘\
sl P

80 4 W,

\MN‘N’M

Ry S

660

[X2: SPring-8 CHUGL7zMn2p BRI A~
IMV(XAS)  EoraIERIZEY,
B E R OBLAR N FTRBIZARD . £ D%
R ERHIBAR A 72 5 iR e
MEhiz,

A A EANTE DB T OV T
SEUTEAS, ZHLTZ T IEN, ALV BEEC
L2 B DR EREHME Y Y —TEROEE

{LIZHFRIH TEBDNEIDANDT=D TEAA
F & (5el5, 1el6, 3el6/cm?) ZE{LIET2

HEx, 7=V EERB LML | 8K

220-

BRI 53 AT T2,

FORER, A AV EABIKFELT, F5H
A RONT-, ZOZLiE, 3e16/cm?E T,

MRUZEWEDHHITEAE DEAAA L DIMRI

N EROHD2UEDE T IREERNAZLEE
L., 5%i%, FOREE M4V EARE

HWMSEBTENTEEE, HXHRBIN 53
TOREFEEIFRHNL VKT ETHD.

5216 My 1D 14001
| 116 Ma-ND 4001
H 3216 M ND 2100 3

Y T
635 640

X3 : BARBMuAA L EABRDNDD2pK
IRAARZBIV(XAS)



lel6
1016 Mn-ND 2300
400 1216 Mn-ND 2400
1016 Mn-ND a500
A —— 1816 Mn-ND 3600
A 1616 Ma-ND a700
A 1216 Mn-ND 2800
“ \ 1e16 Mn-ND a1000
300 [\
.\
AW
J N\ -
v4“ | yv _— i
~ [\
200 4 7. W . e T
100
0+
100

WIZ, BEAMDA A NEEA L2 DIREEIC
BT =— VR EEZ DWW TERX AR IR U 55 e %
FAWT, SHIZA~ T,

FORER, LLTFOZENSh o7z, 1. 500°C
UEDT =—VRE T, HEALIZMnAA M
IFEAE2URDIREEIZ 2> TNDEEZLNDA
_RIMVIZI 5T 3. 642eVHTZD DY — %48
EIZHE 5L, T00°CE TR, T=—/ViRE
LEFBL EBMENRKEADH, 800°CIZ
RAHEFNAEFRENME T LIz, LA EORER
X, MnAs2fli ik E&IZ 725121, 600~700°CH2
ETT=—NT5LL0N, ZRULEDOBRET
T =—)LT3

@16 Mn-ND a+

R G Al SiaRha 1
640

- 1

645 850
energyleV.

655

M4: BB 7=—/VIRETDXASA
V2N
THLIET =— )VIREDOEAMiAA T E %
BN BRE LY HEERCRERR 3720 FEXR
W A 43 e CRERR LTz
ZOFRER, LLFOZENRgnotc, 1. A4
EAB®OBZESMBALIL, 12O —2Lin
Rohiehor-0ke) 2. BEZ2HT0300, 40
0. 500, 600, 700, 800, 1000°C, 2B¢fHDT =
— I Brx B —, BLOE oy
—INRONAINT o7, £<IT, 300°CE40
0°CHOT =—/VIRE T, BHEREE ALK
DR RSN, 400°CT, F—. BXOFE -
O —IBRRLNALII ot ED4,
T —271%, 600~700°CETHMNY
503, 800°CLA EIZ7e 5K T LT,
YL EDFERID, 7 =— /VALERDE AMnA
ANKTHETRIE, BLOHEEFR72FT

21-

660

s, A4 EANER DR LMRIER
F A RRIEICET A1 TNV 25,

Mn-ND_a600"
—— Mn-ND a700'

Mn—-ND_a800

Mn~ND al1000’

R(A)

B5. A AV EAKOFLEIT X
LEVESMBIKOEAL

2. AEAEHLERY - BMBIEEMH~
NFET—F)WHSF T r—T DR O
foe & REEMIC L B BEHEOER L EE8S
H

AN EMEZEL e —7 2ERL, A&
N TOEBHIIaR L OHIIBER D AZ R
JITAEMRSTITHZ LR BT, 2=, B
FESERR LT Rt - 8OENDZR R L EE 71—
TNZT B2 OREERHIEIZ OV TEITR
L7 £ NDZDOLD~EF SR FE TN
¥, ZOHPEGIZIY, ABRE F CTOHE
MEHERF CEXBNMERLIZEZA, FRFILI,

Z D%, Mn-ND~b[RIER IR H LI
THIET, ARRICAERRE T CON#ME
EHER TEDDESRLIZEZ AL, ME
AL L THERE T 223 h o7,

FERAS CRLSEHAETWALST MRIZEE
TOMEEE CEBIERD NI EMN
5, WEETOSPIOTIL, EH5ET D=0
LW EEF DRI TEDAREM S



ALTERY, Mn-NDO LR/ BB NEIFF T
Z)O

3. =V AR NI RO R R

AHEDOBH THLIEMEEE T n—T
DEIEEF D0, v~V ARERI /R HiZ
B ISBEMEND S F 7 e — 7 ZlIA E
., ZORIFHREEARIELZE R,
B Z o7z o TR L T~ A 23R T T,
REFTIC, FRMBITHEELTH, B TFU 8
BN AL SNBZENR D> TEY, R
FalZXVIAENZMn-NDIZL DB R Th DL
HEN5D, 2, AR LI Zivinbik 5 LT
FER . DEERALOT SEFH R A RS &, M
BEERICHLAREILIZ (K6), LLEDZEN D,
A EIBFELI-Mn-NDIZ, A &R TOTIEHE
REZ A LIMRIEE R ELTE, DKt FEH
THHIEN 3ol

6. =7RY L 3HHIIZNn-NDEEA, 18R]
BICT MRAER CTEELEZE BERY /i
BEOIEROTIK(ETOARWVES) BARL
s,

3. BEAREMRIEE N~ A2A %% B
BUI-A06 - MRIBEZJIT /S A A0 B3

MEEE ETCIZILITERISMRIEEBN CTLE
KL~ )L OMRIE & ML~V O E 5

-2

ZRIFEUG T 5720 REIANVHNIZT TR Ty
NEDET NEN~T 7 A/ 3— % AV TER
SR D E (6907 1020nm ; Spectra Physics
$tMaitai) D7 = ANDPL— Y —FiliE S 2R i%
FETFAN—V AT DB LT, SEHE
%, BEEE~ORBEZ LT, WEETOYV
AT LLIMT, Bz ZHTR 7 =

LIS T 7 AR =L =P — L LD N FE AT A
EREEL, fMEEE T, FEY 77

AT fE gz AW =7 2 AN —HF —ZMRIE
BETOODORFERELEELID, VAT
LEREIToTEREND, EBRAMRIEE
BILOEERA—7 U MRIZEFIFRIZH DY A+
BT AR, L—Y —EBREELLT,
100kgll EHREBEZBENTHZ 40T, BFE
D HIZ T, EFICHENEL, F-HFER
DOFTHREEDOMEENICORNEBZNND
BIEMNGy ol I T, A—I—DH %1%
T, BEATHVLNAER—7 774/ —L
— W —ZHH T 7 AN—IZED S HDOEHT
HHT00~1100nmHFHRE THEETeA—/3—2
VT A=a T LH(SCH)EHAIR DI LT
L7z, ZOSCHT = LNET 7 A /38— —H —
1T, kel EDEILNRL, ZEHRHEOH
B FEREETEF A VT 7T —H
— I, EER@HERZD, BOBES TH
v, JVERIGCHICELEZNFE THDHES 2D,
S%iT, 2FERETIC, HERETORNREY
A7 L CHEE D EG FTREN ZARE A . B R A

MREEE COBEREBEIT>TOSTETH
50
kliNLFH‘DCF I
7 = SMF compressor 1
= MA compressor
@ 20
=
o)
E -40 1
Q
)
60 N (a) 3

04 06 08 10 12 14 16 1.8

wavelength (um)

R7:MRHGT 7 A 73— L —PF—n 5D
HAIhBIE#HIREE DK



TrAN—L—Y—

7 7 41N —RIRR LA

&

A
BYARFa T )V

MRIZ &

X8 : SL[F CTRER LIMRMIG 7 7 A X— 1
—P— DR & HE,

BLUSC, WEE TOEMERNFEREITL
AMEET7ANMEL, BEIRERSFEZBERL
T5H5Z LT, BERIGHIZSRIT S, HAE
L7 7 AN~ {LENTWAT20, NS
BE~OEERERL, MRIZEE ~LARNES
ThHb, SHIZENTRLIESCHRILIZL VG
5071400nmE THO 7 = A "L R % —
WZFIRATREIC 22 0 . AERIEES OB AMIBD
AR L ATEEIC A2 B L HIFTX 5,

D. 2%

EE OEREHIBNSELS B S5
RIEROBISIC I D E G2 W HAfF O
LBWHEE R ELLbiT, FHIEZOERE
BRODLNTNE, KR T BV =/ N Tl
B THREBODRVEBEIAIIRSL
WKERBER T EFIZE FEORELY
BigL, —EICEH 2 FERERG TE, 35
AR BEDN DI O LWV B E R EMRIE
FEECEGTHT NAAEBHFELTEE, &
Bz, - F 7Y T 7 r—TELT
AEREAEMTOBWEFBEINAIRERT
MBI AYELRNIND)DE HEEAR,
BIOEBMEAA L BEAICIDNERSZEIC
X, EFERERE R T AN

=2 7HAMEMSE 7 —

- WIS~ 8 — 7 (Magneto—Opti

cal NAnodiamond; MONAD) Z&fd4 5% = &
ZHEL, TOERICEH LTz, Z0E
AT, BEEMEA AR, NDOWNEIZE
Enadid, BB N7 v¥ 7 CRIE
LB ERA A OEMEEEREL OO, M
REMEARETE 5, ILICHEAEDN
Mz kv MlamE LRIk cE 5, Zh
b O AR TE L, MRlRE, &
SIZBAMIEZ T —THIBIZ X B
T 57Ot EHIRBEIEOHELS, T
NI NA 2 —IFOEITE LD B T2DIT I
Iy IVTIZLBATInAg RFI9—70
BRECIRRICEE TH 5 L BRI S4k
RERETRETE, AMECHLAROD
RVWEBE S AR E LWTFHEZMER
PBWHEORESZ D7 Y | [EEFGET
IR ELEOT LIS, MRIE
HNEFERICRET S X, FHHES
B RH S HEET, RENREET —
ZIZEXBBENDL, RBRIZRVRTWVE
MOTRIMRFREIC 2D | ZhFREY e HIEAN
AREIZ 72 D, FT. FREEMENTRE, L <IT
BBV L, BB IRE L2
BAE2—BIIRETHZ LBAREICRD
LHR SN D,

Lz, 5%, PETEE L D~ /LVFE—
INA A= THBRBEZEDDZ &
T, OF - A A =20 FEMTORBRE
BEAPEA T Z EBHIFEEINS,

TAFE—FIMn-NDREMORE X ¢

23

BBNREFHOEBEN
RTHET”

W

Mn-ND

w 'iif.!

MRITOMBRELER. TOLRREENRS
TRELZ®. RAAUNTHEHSEN R
ang
RIAROWRNS Y+ 7ICL ML RN MROMROWR
SIYEROREHIEEHALLBMER

BEERCRAREMAORK

10 : = VFE=—ZF WMn-NDDSHE D
B



E. %% N
ND~OAAV AR LAMRIERA AR - SHMEROHRE BRAR (FEEE

ir, )
ELVOHLUWEEFI A RIEFREL, TEE
BB & HONDRIFOARICRII LTz, 1. %EZFEW%
2L
F. EEARER 2. ERHER
T il
G. BFEes# 3F DM

L RXHER " o .
1) Preparation of Fluorescent Diamond MRIERA, ZREESE, BRI
B, HINEE, H)IE. BERE2010— 041460

Nanoparticles Stably Dispersed under a ‘
(2010) HFER : ¥pk224E2 A 26H

Physiological Environment through Multistep
Organic Transformations. Takimoto T, Chano
T, Shimizu S, Okabe H, Ito M, Morita M,
Kimura T, Inubushi T and Komatsu N.
Chemistry of Materials 22, 3462-3471 (2010)

2) Preparation for Highly Sensitive MRI
Contrast Agents Using Core/Shell Type
Nanoparticles Consisting of Multiple SPIO
Cores with Thin Silica Coating. Tanaka K,
Narita A, Kitamura N, Uchiyama W, Morita M,
Inubushi T, Chujo Y. Langmuir. 26, 11759~
11762 (2010)

3) Simple PEG conjugation of SPIO via an
Au-S bond improves its tumor targeting
potency as a novel MR tumor imaging agent.
Kojima H, Mukai Y, Yoshikawa M, Kamei K,
Yoshikawa T, Morita M, Inubushi T,
Yamamoto TA, Yoshioka Y, Okada N, Seino S,
Nakagawa S.

Bioconjug Chem. 21:1026-31 (2010).

2. FEERE
FREIFSE 57 - Ml A— Y SO
DDOTNVFE—FNA A= ZEH, &

A A AEFELFEE TR T A, 2009
10218

24-



MREEOTIITIZE T —EE

=8
EERA | XYM e |EE2EO | F OE 4 MRt | HERt [HRE | -
EH 4
MEFHE |TATFE—LVE (BEEZ (T8O |-z L K 2007 |262-269
(B53F - MfaA A BR LIGH | —HR
— VT ~DIEA
HERS
REEHEKA B HA DV RFFEA B 2 Hi R
Takata K, Microglial transplantation | FEBS Lett. 581 475-478 2007
Kitamura Y, increases the Amyloid-B
Yanagisawa D, clearance in Alzheimer
Morikawa S, model rats.
Morita M, et al.
Yanagisawa D, DJ-1 protects against Journal of 28 563-578 2008
Kitamura Y, Inden |neurodegeneration caused | Cerebral Blood
M, Takata K, by focal cerebral Flow &
Taniguchi T, ischemia and reperfusion |Metabolism.
Morikawa S, in rats.
Morita M, et al.
Takimoto T, - [ Preparation of Chemistry of {22 3462-3471 |2010
Chano T, Shimizu |Fluorescent Diamond Materials
S, Okabe H, Ito M, | Nanoparticles Stably
Morita M, et al. Dispersed under a
Physiological
Environment through
Multistep Organic
Transformations.
Kojima H, Mukai |Simple PEG conjugation |Bioconjug 26 11759- 2010
Y, Yoshikawa M, [of SPIO via an Au-S Chem. 11762
Kamei K, bond improves its tumor
Yoshikawa T, targeting potency as a
Morita M, et al. novel MR tumor imaging
agent,
Tanaka K, Narita | Preparation for Highly Langmuir 21 1026-1031 {2010
A, Kitamura N, Sensitive MRI Contrast
Uchiyama W, Agents Using Core/Shell
Morita M, et al. Type Nanoparticles
Consisting of Multiple
SPIO Cores with Thin
Silica Coating.

25-




FEBS Letters 581 (2007) 475-478

Microglial transplantation increases amyloid-f3 clearance in
Alzheimer model rats

Kazuyuki Takata®, Yoshihisa Kitamura®*!, Daijiro Yanagisawa®, Shigehiro Morikawa®,
Masahito Morita®®, Toshiro Inubushi®, Daiju Tsuchiya®, Saori Chishiro®, Mana Saeki?,

Takashi Taniguchi®, Shun Shimohama®, Ikuo Tooyama

d,=,1

* Department of Neurobiology and 21st Century COE Program, Kyoto Pharmaceutical University, Misasagi, Yamashina-ku, Kyoto 607-8414, Japan
Biomedical MR Science Center, Shiga University of Medical Science, Seta Tsukinowa-cho, Otsu 520-2192, Japan
¢ Department of Neurology, Sapporo Medical University, School of Medicine, SIW17, Chuo-ku, Sapporo 060-8556, Japan
4 Molecular Neuroscience Research Center, Shiga University of Medical Science, Seta Tsukinowa-cho, Otsu 520-2192, Japan
€ PRESTO, Japan Science and Technology Agency, 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japan

Received | December 2006; revised 29 December 2006; accepted 8 January 2007

Available online 16 January 2007

Edited by Jesus Avila

Abstract Immunization with amyloid-f (Ap) peptides, a thera-
peutic approach in Alzheimer’s disease (AD), reduces brain Ap,
and microglial Ap phagocytosis has been proposed as an Af-low-
ering mechanism. We transplanted rat microglia into the rat lat-
eral ventricle just after intra-hippocampal Ap injection, and then
investigated the contribution of exogenous microglia to Ap clear-
ance. Migration of exogenous microglia from the lateral ventricle
to AP plaque was detected by magnetic resonance imaging and
histochemical analysis, and the clearance of A was increased
by transplantation. These results suggest the possible usefulness
of exogenous microglia to the therapeutic approach in AD.

© 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Keywords: Alzheimer’s disease; Microglia;
Amyloid-p peptide; Transplantation; Phagocytosis;
Magnetic resonance imaging

1. Introduction

Accumulation of amyloid-p (Ap) is a pathological hallmark
of Alzheimer’s disease (AD) and is thought to be a primary
event in AD pathologies in the amyloid hypothesis [1]. On the
other hand, accumulated AP in AD brains is surrounded by
activated microglia [2]. Among recent studies that support the
amyloid hypothesis, immunization with Ap peptides using
transgenic mouse models of AD indicated the effective reduc-
tion of brain AP and restoration of cognitive functions [3-6].

'Corresponding authors. Fax: +81 75 595 4796 (Y. Kitamura); +81 77
548 2402 (I. Tooyama).

E-mail addresses: yo-kita@mb.kyoto-phu.ac.jp (Y. Kitamura),
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Abbreviations: AP, amyloid-B; AD, Alzheimer’s disease; DAB, 3,3'-
diaminobenzidine; ELISA, enzyme-linked immunosorbent assay;
GFAP, glial fibrillary acidic protein; HVIJ-E, hemagglutinating virus
of Japan envelop; Ibal, ionized calcium binding adaptor molecule I:
MAP2, microtubule-associated protein-2; MRI, magnetic resonance
imaging; PBS, phosphate-buffered saline; TBS, tris-buffered saline;
TNF, tumor necrosis factor

Microglial AP phagocytosis has been proposed as an Af-lower-
ing mechanism of AB immunization, and AP phagocytosis of
exogenously administered microglia was indicated in experi-
mental ex vivo study using unfixed brain sections from both
AD cases and transgenic mice [4]. These findings suggest the po-
tential of exogenous microglia for the cell therapeutic approach
in AD; however, experimental evidence is insufficient to con-
sider whether the phagocytic function of exogenous microglia
effectively contributes to AP clearance in in vivo brains.

2. Materials and methods

2.1. Alzheimer model rat and microglial transplantation

Animal experiments were carried out in accordance with the guide-
lines of the National Institutes of Health, and protocols were approved
by the Committee for Animal Research at Kyoto Pharmaceutical Uni-
versity. For stereotaxic microinjection, male Wistar rats were immobi-
lized in a Kopf stereotaxic frame. Coordinates were set according to a
rat brain atlas [7]. Rats were microinjected with saline and | pg of syn-
thetic human AB1-42 (AB42) peptide (AnaSpec) into the right and left
hippocampus, respectively (i.e., 3.8 mm caudal from the bregma,
2.0 mm right and left lateral, 4.0 mm ventral, Fig. 1B). Lyophilized
human AB42 was dissolved at a high concentration and aliquots were
kept at —80°C. Subsequently, AB42 was diluted with phosphate-
buffered saline (PBS), and then immediately injected into the rat hippo-
campus. Microglial pure culture was prepared as described previously
[8]. For magnetic resonance imaging (MRI), microglia (over 97% pure)
were labeled with super-paramagnetic iron particles (Resovist; Nihon
Schering K.K.) using the hemagglutinating virus of Japan envelop
(HVIJ-E; GenomONE, Ishihara Sangyo Kaisha Ltd.) vector as
described previously [9]. Resovist-labeled microglia (Fig. 1A, inset)
were re-suspended in PBS to a final concentration of approximately
1.0 x 10° cells in 5 pl, and then transplanted to the left lateral ventricle
(i.e., 0.2 mm caudal from the bregma, 1.2 mm left lateral, 3.8 mm ven-
tral, Fig. 1A) just after AP injection.

2.2. MRI

At one and eight days after AB42 and microglial injection, magnetic
resonance (MR) images were acquired with a 7T Unity Inova MR
scanner (Varian). Gradient echo images of the rat brain were acquired
in sequential 8 slices of 1-mm thickness of the coronal plane with 300-
ms repetition time, 15-ms echo time, 30° flip angle, 35 x 35-mm? field
of view, 256 x 128 matrices, and one excitation for each phase encod-
ing step. During MRI sessions, the spontaneously breathing animals
were anesthetized with 1.5% isoflurane in 50% O, and 50% air.

2.3. Histochemistry

At nine days after AB42 and microglial injection, rats were perfused
with cold fixative consisting of 4% paraformaldehyde in 100 mM phos-
phate buffer. Brain sections were cut into 20 pm thick slices with a

0014-5793/$32.00 © 2007 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Resovist-labeled rat microglia were transplanted (inset in A)
into the left lateral ventricle (green in A) just after intra-hippocampal
injections of saline (blue in B) and AB42 peptide (red in B). MR images
in the control rat (non-microglial transplantation) at 1 day after Ap
injection are shown in (C) and (D). In MR images of rat grafted with
microglia, the accumulation of exogenous microglia was detected as
dark signals in the lateral ventricle (green arrowheads) and AB-injected
site (orange arrowheads) at | day (E and F) and 8 days (G and H) after
transplantation. Bars = 50 pm (inset in A), 2 mm (C-H).

cryostat. Serial hippocampal slices were incubated with primary anti-
bodies, including anti-Af (clone 6E10, Chemicon), anti-ionized cal-
cium binding adaptor molecule | (Ibal; Wako), and anti-CD68
(clone EDI, Serotec) antibodies. Other series were incubated with
anti-microtubule-associated protein-2 (MAP2; Sigma), anti-glial fibril-
lary acidic protein (GFAP; Chemicon), and anti-oligodendrocytes
(Chemicon) antibodies. Sections were followed by biotinylated second-
ary antibody, and then incubated with a Vectastain ABC elite kit (Vec-
tor). Subsequently, labeling was revealed with 3,3’-diaminobenzidine
(DAB) with or without nickel ammonium. Counterstaining for ferric
iron (Resovist) was examined by the Prussian blue method. In brief,
sections were incubated for 30 min with 1% potassium ferrocyanide
in 1% HCI at room temperature to stain iron particles blue.

2.4. ELISA

The amounts of AB42 and tumor necrosis factor (TNF)-o in hippo-
campi were measured by enzyme-linked immunosorbent assay (ELI-
SA) kits for human AB42 and rat TNF-o (BioSource) according to
the manufacturer’s instructions, respectively. In brief, hippocampi on
the AB-injected side were dissected and then the cytosolic fraction
was extracted by 500 pl of tris-buffered saline (TBS) and the formic
acid (FA) fraction extracted from the pellet by 500 pl of FA was pre-
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pared as described previously [10]. In our previous study, almost all
AP42 was recovered from the FA fraction but little or none was found
in the TBS fraction in Ap-injected rats [11,12]; therefore, the amount of
APB42 in the FA fractions was measured. Alternatively, expression lev-
els of TNF-o were determined in TBS fractions as a marker for
microglial activities. Results are given as the means * standard error
of the mean (S.E.M.). The statistical significance of differences was
determined by analysis of variance (ANOVA), and the Bonferroni/
Dunn test was carried out for post hoc comparisons.

3. Results

3.1. Exogenously transplanted microglia were detected on Af§
deposit by MRI

Transplanted microglia labeled with Resovist were traced by
T;-weighted MRI at a magnetic field of 7 T (Fig. IC-H). In the
control rat, which was an AB42-injected rat without microglial
transplantation, there were no obvious changes in MR signals
in both sides of lateral ventricles (Fig. 1C) and hippocampi
(Fig. 1D). In the AP42-injected rat transplanted with Reso-
vist-labeled microglia, a dark area indicating the decrease of
MR signals was detected along with the left lateral ventricle
at | day after transplantation (Fig. 1E). Furthermore, the dark
area appeared in the AB42-injected left hippocampus (Fig. | F).
At eight days following transplantation, the dark area in the
left lateral ventricle was decreased (Fig. 1G), while that in
the left hippocampus was still clearly detected (Fig. |H). These
results suggest that iron particles phagocytosed by microglia
reduce the MR signals and the dark areas may indicate the
accumulation of exogenous microglia.

3.2. Accumulation of exogenous microglia on Af deposit was
confirmed by histochemical analysis

The day after the MRI operation, the rat was sacrificed and
then hippocampal sections were prepared. At the AB42 injection
site (Fig. 2A), brown-colored microglia expressing Ibal
(Fig. 2B) or CD68 (phagocytic marker; Fig. 2C) infiltrated
and some contained blue iron particles visualized by the Prus-
sian blue method (Fig. 2D and E). We have reported recently
that MAP2 immunoreactivity (neuronal marker) was moder-
ately decreased by the neurotoxicity of AB42 in the AB42-in-
jected rat [12]. In this study, we also found moderate loss of
MAP2 immunoreactivity at the AB42 injection site (Fig. 2F).
In addition, oligodendrocytes (Fig. 2G) surrounded the Ap42
injection site and GFAP-immunoreactive astrocytes (Fig. 2H)
were slightly activated in the region adjacent to the AP deposit.
Blue iron was not co-localized with the immunoreactivity of
MAP2 (Fig. 2I), oligodendrocytes (Fig. 2J), or GFAP
(Fig. 2K); thus, iron-containing cells expressed a microglial
marker. These results suggest that exogenously transplanted
microglia in the lateral ventricle may migrate to the hippocam-
pus and accumulate on the AP deposit together with endoge-
nous microglia.

3.3. Microglial transplantation increased Af clearance
and the expression level of TNF-u in rat hippocampus

Subsequently, we measured the amount of human Ap42 in-
jected into the rat hippocampus (Fig. 3A). Although the
amount of AP42 was gradually reduced even in control rats,
reduction was significantly increased by microglial transplan-
tation at 7 and 14 days after the injection of AP42. Further-
more, we measured the expression levels of TNF-o, a
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Fig. 2. The day after the MRI operation, rats were sacrificed and then
fixed brain sections were prepared. One series of serial hippocampal
sections in the ApB-injected site was stained with antibodies against Af
(A), Ibal (marker for microglia; brown in B and D), and CD68
(phagocytic marker; brown in C and E). Another series was stained
with antibodies against MAP2 (marker for neurons; brown in F and I),
oligodendrocytes (ODCs; brown in G and J), and GFAP (marker for
astrocytes; brown in H and K). Resovist was visualized by the Prussian
blue method (blue particles in B-K). High magnifications of squares in
B, C, F, G, and H are shown in D, E, I, J, and K, respectively. Scale
bars = 100 pm (A-C and F-H), 20 pm (D, E and I-J). Asterisks and
daggers indicate identical blood vessels in A-C and F-H, respectively.

cytokine produced by microglia, as a marker of microglial
activities (Fig. 3B). The amounts of TNF-o were slightly in-
creased in control rats. At 7 and 14 days after the injection
of AP42, the amount of TNF-o in rats transplanted with
microglia was significantly higher than those in control rats.
These results indicate that exogenous microglia accumulated
on the AP deposit may retain its activities, such as phagocytic
function and cytokine production.

4. Discussion

Previous reports demonstrated that microglia are able to
phagocytose AP [4,13]. We also found that microglia markedly
phagocytosed AP (see Supplemental information and Supple-
mental movie 1) and then degraded it by cathepsin D and/or
insulin-degrading enzyme-like proteases in the in vitro study
[14]. Neurons [15] and astrocytes [16] are also involved in AP
clearance in in vivo brain. In the Ap42-injected rat, moderate
neuronal loss was induced and astrocytes were slightly acti-
vated in the region adjacent to the AP deposit, whereas endog-
enous microglia were accumulated on the AP deposit in our
present and previous studies [12]. In addition, we have found
regulatory factors of microglial Ap phagocytosis in in vitro
study, and the effects of these factors were well reflected by
the AP clearance in the AP42-injected rat [11,12,14]. Thus,
AP42-injected rats are a good model in the evaluation of
microglial contribution to A clearance in the in vivo brain.
Here, microglial transplantation did not seem to obviously
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Fig. 3. Amounts of AB42 (A) and TNF-uo (B) in rat hippocampus with
(hatched column) or without (black column) microglial transplanta-
tion were measured by ELISA. ***P <0.001 vs. the value in control
rats at day 0. TP < 0.05 vs. value at the same time point. 7: number of
rats.

influence residential cells around the AP deposit, such as neu-
rons, astrocytes, and endogenous microglia in morphological
analysis by immunohistochemistry, while exogenous microglia
markedly infiltrated the AP deposit. This infiltration may have
continued through the experimental period because the dark
area detected by MRI moved from the upper to middle and/
or lower regions of the Ap-injected hippocampus between 1
and 8 days. On the other hand, the dark area in the left lateral
ventricle was decreased at 8 days compared to that at 1 day.
Subsequently, lasting infiltration of exogenous microglia may
be responsible for the significant increase of AP clearance
and cytokine production after 7 days. Although we are not
sure about the mechanisms for the recruitment of exogenous
microglia in this study, we speculate that chemokines produced
by endogenous microglia and/or astrocytes activated around
the AP deposit are involved in this recruitment.

In the AD brain, microglial phagocytosis is suggested to
work for A clearance as shown in a case report of the human
clinical trial of AP immunotherapy [17]. This observation is
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supported by a report indicating positive correlations between
the accumulation of reactive microglia and the reduction of
senile plaques in an incomplete ischemic brain of a typical case
of AD [18]. Microglial Ap phagocytosis may have therapeutic
potential for AD; however, the non-specific activation of
microglia could alternatively cause harm as neuroinflamma-
tion [19]. Although further studies are required to confirm
the microglial influence on neuronal viability, recent studies
suggest that the signaling of P2X; receptors [20] and the
fractalkine receptor [21] may play a key role in microglial neu-
roprotection and the attenuation of microglial neurotoxicity,
respectively. Furthermore, several groups have recently dem-
onstrated that bone marrow-derived cells are able to differen-
tiate into functional microglia [22-24] and the implication of
bone marrow-derived microglia in AP clearance is also sug-
gested [25]. Thus, bone marrow cells may be a suitable source
of microglial progenitors in clinical application. Additionally,
previous studies have reported that intra-arterially injected
microglia can migrate through an intact or injured blood-
brain barrier to the brain parenchyma [26,27].

Here, we demonstrated the possible usefulness of
exogenously transplanted microglia for the clearance of AP
in the in vivo brain; however, further studies are needed before
the clinical use. In future studies, the methodology will be re-
quired to trace exogenous microglia after transplantation. In
this study, MRI is suggested to be one powerful tool as a
non-invasive means of detecting transplanted microglia. We
believe that investigations into microglia may provide a novel
insight for AD therapy.
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DJ-1 protects against neurodegeneration caused
by focal cerebral ischemia and reperfusion in rats
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Reactive oxygen species (ROS) is massively produced in the brain after cerebral ischemia and
reperfusion. It reacts strongly with cellular components, which has detrimental effects and leads to
neuronal cell death. DJ-1, which was found to be the causative gene of familial Parkinson’s disease
PARK7, is a multifunction protein, which plays a key role in transcriptional regulation, and a
molecular chaperone. In this study, we investigated the neuroprotective effect of DJ-1 against
neurodegeneration caused by ischemia/reperfusion injury. Cerebral ischemia was induced in rats by
120 mins of middle cerebral artery occlusion (MCAO) using an intraluminal introduction method. The
intrastriatal injection of recombinant glutathione S-transferase-tagged human DJ-1 (GST-DJ-1)
markedly reduced infarct size in 2,3,5-triphenyltetrazolium chioride staining at 3 days after MCAO. In
addition, we performed a noninvasive evaluation of ischemic size using magnetic resonance
imaging and found a significant reduction of infarct size with the administration of GST-DJ-1. In
GST-DJ-1-treated rats, behavioral dysfunction and nitrotyrosine formation were significantly
inhibited. Furthermore, GST-DJ-1 markedly inhibited H,0,-mediated ROS production in SH-SY5Y
cells. These results indicate that GST-DJ-1 exerts a neuroprotective effect by reducing ROS-
mediated neuronal injury, suggesting that DJ-1 may be a useful therapeutic target for ischemic
neurodegeneration.
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Cerebral ischemia occurs as a result of a local
reduction or an arrest of blood supply and can lead
to neuronal cell death in the ischemic region. The
pathophysiologic mechanisms of the ischemia/re-
perfusion injury are complex. Neurons and glial
cells are lethally damaged by several events such as
periinfarct depolarization, which occur within
hours after the onset of ischemia, and the produc-
tion of reactive oxygen species (ROS), which occurs
immediately after ischemia/reperfusion, is followed
by more delayed postischemic inflammation and
apoptosis, and these events are involved in the
progression and expansion of brain injury (Hata
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et al, 2000; Peters et al, 1998). This burst of ROS is
involved in direct cytotoxic effects, including pro-
tein and lipid peroxidation, oxidative DNA damage,
and postischemic inflammatory injury, through
redox-mediated signaling pathways (Andersen,
2004; Margaill et al, 2005). The oxidation of proteins
can have wide-ranging damaging effects such as
disruption of the active sites of enzymes or alteration
of the conformation of structural proteins. Oxidative
modification of susceptible unsaturated fatty acids
can result in the generation of lipid peroxides, which
can further oxidize nearby unsaturated fatty acids
in a chain-reaction event. This event can disrupt
both the plasma membrane and membranes that are
components of cellular organelles, such as mito-
chondria. Thus, the components of ROS are believed
to make a contribution to neuronal loss after
ischemia/reperfusion (Andersen, 2004; Margaill et
al, 2005). Therefore, the control of ROS production is
important for achieving neuroprotection against
ischemia/reperfusion injury.

DJ-1 was originally identified as a novel oncogene
in collaboration with activated small G-protein ras
(Nagakubo et al, 1997) and it was later found to be
the causative gene of familial Parkinson’s disease
PARK?7 (Bonifati et al, 2003). DJ-1 is a multifunction
protein, which is involved in transcriptional regula-
tion and acts as a molecular chaperone (Niki et al,
2003; Shendelman et al, 2004; Shinbo ef al, 2005;
Takahashi et al, 2001). X-ray crystallographic and
biologic analyses have shown that DJ-1 forms a
homodimer. Furthermore, these analyses have also
shown that the L166P mutation of DJ-1, which was
first found in a PARKY patient (Bonifati et al, 2003),
disrupts dimer formation, resulting in a loss of
function (Honbou et al, 2003; Huai et al, 2003; Inden
et al, 2006; Tac and Tong, 2003; Wilson et al, 2003).
It has been reported that the protein level of DJ-1
increased on exposure to oxidative stress (Jin ef al,
2005; Mitsumoto et al, 2001). Furthermore, DJ-1 is
directly oxidized by free radicals predominantly on
the cysteine residue at amino-acid number- 106
(Cys106) and it showed a shift in the isoelectric
point {p) from 6.2 to 5.8 (Canet-Aviles et al, 2004;
Kinumi et al, 2004; Mitsumoto et al, 2001; Taira
et al, 2004). However, tecent studies using DJ-1-
deficient mice have shown that loss of the DJ-1 gene
resulted in abrogation of dopamine receptor activity
and sensitization of cells against oxidative stress,
suggesting that loss of function of DJ-1 is correlated
with pathogenesis of Parkinson’s disease (Chen et al,
2005; Goldberg et al, 2005; Kim et al, 2005).
However, DJ-1 function on brain ischemia-induced
neurodegeneration is still unknown.

In this study, to evaluate the neuroprotective
effect of DJ-1 against ischemia/reperfusion injury,
we performed the intrastriatal injection of recombi-
nant human DJ-1 protein in rats that had been
subjected to middle cerebral artery occlusion
(MCAO) and reperfusion. We then investigated its
effects on infarct size, neuronal survival, and
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behavioral outcome. Moreover, we also examined
the effects of DJ-1 on ROS-mediated oxidative stress
in SH-SY5Y cells.

Materials and methods

Preparation of Recombinant Human DJ-1 Protein and
Anti-DJ-1 Antibody

Recombinant glutathione S-transferase (GST)-tagged hu-
man DJ-1 protein (GST-DJ-1) was used throughout the
present experiments. Recombinant proteins such as GST-
DJ-1 and GST-tagged L166P-mutant human DJ-1 (GST-
L166P-DJ-1) were expressed in and purified from Escher-
ichia coli as described previously {Nagakubo et al, 1997;
Takahashi et al, 2001). The preparation and specificity of a
rabbit polyclonal or a mouse monoclonal anti-human DJ-1
antibody have been described previously (Inden et al,
2006; Nagakubo et al, 1997; Takahashi et al, 2001; and the
specificity in this study was shown in Supplementary
Figure S1).

Animals

Wistar rats were purchased from Japan SLC Inc. (Hama-
matsu, Japan). The animals were acclimated to and
maintained at 23°C under a 12-h light/dark cycle (light
from 0800 to 2000 hours). Rats were housed in standard
laboratory cages and had free access to food and water
throughout the study period. All animal experiments were
performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals,
and the protocols were approved by the Committee for
Animal Research at Kyoto Pharmaceutical University.

Rat Model of Focal Ischemia

Male Wistar rats weighing 260 to 300g were used in this
study. Focal cerebral ischemia was induced by the
intraluminal introduction of a nylon thread (Nagasawa
and Kogure, 1989) as described previously (Kitamura et al,
2005). Briefly, animals were anesthetized with 4%
halothane (Takeda Pharmaceutical, Osaka, Japan) and
maintained on 1.5% halothane using a face mask. After
a midline neck incision was made, 20mm of 4-0 nylon
thread, with its tip rounded by heating and coated with
silicon (Xantopren M; Heraeus Kulzer, Hanau, Germany),
was inserted into the left internal carotid artery as far as
the proximal end using a globular stopper. The origin of
the middle cerebral artery was then occluded by a silicon-
coated embolus. Anesthesia was discontinued, and the
development of right hemiparesis with upper limb
dominance was used as a criterion for ischemic insult.
After 120 mins of MCAOQ, the embolus was withdrawn to
allow reperfusion of the ischemic region through the
anterior and posterior communicating arteries. Body
temperature was maintained at 37 to 37.5°C with a heating
pad and lamp during surgery. In the sham operation, a
midline neck incision was made to expose the arteries, but
the nylon thread was not inserted into the carotid artery.



Administration of Glutathione S-Transferase-Tagged
Human DJ-1

For stereotaxic microinjection, rats were anesthetized
(sodium pentobarbital; 50 mg/kg, intraperitoneally, Abbott
Laboratories, North Chicago, IL, USA) and immobilized in
a Kopf stereotaxic frame. Subsequently, rats were injected
with GST (320 pmol}, GST-DJ-1 (4, 40, 160, or 320 pmol},
or phosphate-buffered saline (PBS) as the vehicle control
in a final volume of 4 L. of PBS at 110 mins after the onset
of MCAQO (10 mins before reperfusion). To investigate the
time window of efficacy, we injected GST-DJ-1 (320 pmol)
at 60, 110, 180, and 300 mins after the onset of MCAO. The
intrastriatal injection coordinates (1.0mm anterior,
4.0 mm left lateral, 5.0 mm ventral from the bregma) were
taken from a rat brain atlas (Paxinos and Watson, 2005).
Injection was given by a motor-driven 10-yL. Hamilton
syringe using a 26-gauge needle. The infusion rate was
1 uL/min, and the injection cannula was kept in place for a
further 5 mins after the injection.

Measurement of Infarct Size

At 3 days after MCAOQ, the brains were removed and cut into
2-mm-thick coronal sections. These sections were immersed
in a 2% solution of 2,3,5-triphenyltetrazolium chloride
(TTC; Wako Pure Chemical Industries, Osaka, Japan) in
saline at 37°C for 20 mins and then fixed in 4% paraformal-
dehyde in 100mmol/L phosphate buffer at 4°C. For
quantification of infarct size, the brain sections were
scanned using a camera (KY-F55MD; Victor, Tokyo, Japan),
and the infarct size was then analyzed by computerized
image analysis (WinRoof; Mitani, Fukui, Japan). Briefly, the
infarct area in each section was calculated by subtracting the
area of the normally stained ipsilateral hemisphere from the
area of the contralateral hemisphere to reduce errors because
of cerebral edema (Lin et al, 1993; Swanson et al, 1989). The
infarct volume was calculated by multiplying the sum of the
infarct areas by the distance between the sections.

Magnetic Resonance Imaging

Rats were sham-operated or operated on the MCAO and
then received an intrastriatal injection with PBS (a vehicle
control) or GST-DJ-1 (320 pmol) at 110 mins after the onset
of MCAO (10mins before reperfusion). After 7 days,
magnetic resonance (MR) images of these rat heads were
acquired with a 7 T Unity Inova MR scanner (Varian, Palo
Alto, CA, USA). A T2-weighted MR sequence was used
with acquisition parameters of 2,000 ms repetition time,
40ms echo time, 35 x 35 mm? field of view, 1-mm slice
thickness (total 24 slices) and 256 x 128 matrices. During
the MR sessions, spontaneously breathing animals were
anesthetized with 1.5% isoflurane in 50% O, and 50% air.

The infarct area was calculated from T2-weighted MR
images using imaging software (WinRoof), as described
above. For each slice, areas of high intensity in T2-
weighted MR images were marked as ischemic lesion
areas, and the infarct volume was calculated by taking
slice thickness (1 mm/slice) into account.
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Neurologic Evaluation

Neurologic deficits were assessed at 30mins after the
onset of MCAO (80 mins before injection of PBS, GST, or
GST-DJ-1), and subsequently every day until the rats were
killed at 7 days after MCAO. Neurologic findings were
graded as severe, moderate, mild, or absent on a 4-point
scale, according to the method described by Bederson et al
(1986); a grade 3 (severe) neurologic deficit indicates
reduced resistance to lateral pushing toward the right side
and forelimb flexion with consistent circling toward the
paretic side; a grade 2 (moderate) neurologic deficit
indicates reduced resistance to lateral pushing toward
the right side and forelimb flexion but without circling
movement; a grade 1 {mild) neurologic deficit indicates
any amount of consistent forelimb flexion but no other
abnormality; and grade 0 indicates no observable neuro-
logic deficit. In this study, the protection against ischemia-
induced neurologic deficits was evaluated by this method,
similar to previous studies (Gao et al 2005; Suzuki et al,
2005).

Rota-rod Test

Spontaneous motor activity was measured using the rota-
rod treadmill for rats (accelerating model 7750; Ugo
Basile, Varese, Italy), and the accelerating rotor mode
was used (10 speeds from 4 to 40r.p.m. for 5mins). The
interval from when the animal mounted the rod to when it
fell off was recorded as the performance time (Kitamura et
al, 2005). The animals were trained for five trials per day
for 2 days before MCAO to obtain stable baseline values.
The mean duration on the rod was recorded with five
trials at 1 day before surgery. Performance on the rota-rod
test was measured five times a day at 2 and 5 days after
MCAQ, and these data are presented as the mean duration
on the rod. Subsequently, time-dependent change in the
percentage (%) of walking rats on the rotating rod was
calculated by the Kaplan-Meier method.

Methamphetamine-Induced Rotation Test

At 6 days after MCAO, the methamphetamine-induced
rotation test was assessed in rotometer bowls as described
previously (Inden et al, 2006; Kitamura et al, 2005).
Briefly, the total number of full-turn rotations in the
ipsilateral direction was counted for 60mins after the
intraperitoneal administration of methamphetamine
(2.5mg/kg; Dainippon Pharmaceutical, Osaka, Japan),
which stimulates dopamine release on the intact right
side and induces marked ipsilateral circling in animals
with stroke.

Immunohistochemistry

The animals were perfused through the aorta with 150 mL
of 10 mmol/L PBS, followed by 300mL of a cold fixative
consisting of 4% paraformaldehyde in 100 mmol/L phos-
phate buffer under deep anesthesia with sodium pento-
barbital (50 mg/kg, intraperitoneally). After perfusion, the
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brains were quickly removed and postfixed for 2 days with
4% paraformaldehyde in 100 mmol/L phosphate buffer
and then transferred to 15% sucrose solution in
100 mmol/L phosphate buffer containing 0.1% sodium
azide at 4°C. The brain pieces were cut 20 um thick using a
cryostat and collected in 100mmol/L PBS containing
0.3% Triton X-100. The free-floating sections were treated
with 0.3% hydrogen peroxide in PBS containing 0.3%
Triton X-100 to eliminate endogenous peroxidase activity.
After several washes, the sections were incubated for 3
days at 4°C with the following primary antibodies: mouse
monoclonal antibodies against DJ-1 (dilution, 1:10,000),
microtubule-associated protein-2 (MAP2) (1:3,000; Sigma,
St Louis, MO, USA}, and tyrosine hydroxylase (TH)
(1:3,000; Sigma); rabbit polyclonal antibodies against
GST (1:10,000; Cell Signaling Technology, Danvers, MA,
USA); and nitrotyrosine (1:500; Chemicon International,
Temecula, CA, USA). After several washes, the sections
were incubated with biotinylated antibodies against
mouse or rabbit IgG (1:2,000; Vector Laboratories, Burlin-
game, CA, USA) as appropriate for 2h at room tempera-
ture. The sections were then incubated with avidin
peroxidase (1:4,000; Vectastatin ABC Elite kit, Vector
Laboratories) for 1h at room temperature. All of the
sections were washed several times with PBS containing
0.3% Triton X-100 between each incubation, and labeling
was then revealed by 3,3-diaminobenzidine {(Dojindo
Laboratories, Kumamoto, Japan), with nickel ammonium,
which yielded a dark blue color.

For the semiquantitative analysis' of GST-immuno-
reactive areas, the immunostained sections at +4, +3, +2,
+1, +0, -1, and —2mm anterior—posterior from the
bregma were also scanned using a camera, and these
immunoreactive areas were measured- by computerized
image analysis (WinRoof).

To evaluate the level of oxidative and nitrosative stress,
the sections that had been immunostained with anti-
nitrotyrosine antibody at +1mm anterior from the bregma
were scanned using a camera. The number of nitro-
tyrosine-immunopositive cells was counted in a prede-
fined area (2.015 mm?) within the boundary zones of the
ischemic core in the cérebral cortex and the striatum and
in the ischemic core in the striatum using computerized
image analysis (WinRoof). )

Double-Immunofluerescence Staining

For double-immunofluorescence staining, the sections
were simultaneously incubated for 3 days at 4°C with
the following primary antibodies: mouse monoclonal
antibodies against neuronal nuclei (NeuN, 1:5,000; Che-
micon International), glial fibrillary acidic protein
(1:3,000;, Chemicon International), and CD11b (1:500;
Serotec); and a rabbit polyclonal anti-GST antibody
(1:5,000). The primary antibodies were detected with
anti-mouse IgG antibody conjugated with Alexa Fluor 488
and a anti-rabbit IgG antibody conjugated with Alexa
Fluor 546 (1:500; Molecular Probes, Eugene, OR, USA) for
2h at room temperature. In addition, the sections were
incubated with Hoechst 33342 (Molecular Probes) for
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15mins at room temperature. Fluorescence was then
detected using a laser scanning confocal microscope
(LSM410; Carl Zeiss, Jena, Germany)

Establishment of DJ-1-Knockdown Cell Line

The human neuroblastoma cell line SH-SY5Y was
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) fetal calf serum, 50ug/mL
penicillin, and 100 gg/mL streptomycin, and kept at 37°C
in humidified 5% C0O,/95% air.

We established DJ-1-knockdown SH-SY5Y cell line by
essentially similar method in mouse Flp-In3T3 cells
(Takahashi-Niki et al, 2004). In brief, the nucleotide
sequence of the upper strand of the oligonucleotide used
for construction of an siRNA vector targeting human DJ-1
gene is 5-GGATCCCGTCAAGGCTGGCATCAGGACAATT
GATATCCGTTGTCCTGATGCCAGCCTTGATTTTTTCCAA
AAGCTT-3'. After annealing oligonucleotides correspond-
ing to the upper and lower strands of DNA, they were
inserted into BamHI-HindIIl sites of pRNA-U6.1/Neo.
These plasmids were transfected into SH-SYS5Y cells by
the calcium phosphate precipitation method, and the cells
were cultured in RPMI-1640 medium in the presence of
400 pg/mL G418 for 14 days. The cells that were resistant
to the drug were then selected and the intrinsic expression
of DJ-1 was checked by western blotting with an anti-
human Dj-1 antibody.

6-carboxy-2',7'-Dichloredihydrofluorescein Diacetate
Di(acetoxymethyl) Ester Staining

To detect H,O,-induced ROS production, we used a redox-
sensitive dye, 6-carboxy-2',7'-dichlorodihydrofluorescein
diacetate di(acetoxymethyl) ester (Molecular Probes)
(Kitamura et al, 1998). 6-Carboxy-2',7'-dichlorodihydro-
fluorescein diacetate di(acetoxymethyl) ester is readily
taken up by cells. When it reacts with ROS, it is converted
into 6-carboxy-2',7'-dichlorodihydrofluorescence (C-DCF),
and subsequently illuminates at an excitation wavelength
of 488nm. After the SH-SY5Y cells were prepared in
uncoated glass-bottomed microwells (inner diameter,
18 mm), 6-carboxy-2',7’-dichlorodihydrofluorescein diace-
tate di(acetoxymethyl) ester was added to the cell culture
to a final concentration of 2 umol/L for 10mins at 37°C.
After two rinses with a serum-free medium, the fluores-
cence intensity of C-DCF was scanned under a confocal
microscope {LSM410). As illumination at an excitation
wavelength of 488 nm causes increased fluorescence due
to oxidation of this dye (Kitarmura et al, 1998), each field
was exposed to light for exactly the same amount of time.
Fluorescence intensity was quantified by computerized
image analysis (WinRoof).

Measurement of Cell Viability

To evaluate cell viability, we performed a 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT; Do-
jindo Laboratories) assay as an index of surviving cells. In
living cells, MTT is converted to formazan, which has a



specific absorption maximum. SH-SY5Y cells, in which
endogenous DJ-1 expression was normal or knocked down
by an siRNA vector, were seeded at 3 x 10%cells/well in a
96-microwell plate and treated with 50 or 100 umol/L
H,O, at 24h after plating. At 24h after treatment, the
culture medium was changed to a medium containing
5mg/mL MTT, and the cells were incubated for an
additional 4h. They were then mixed thoroughly with
an equal volume of isopropanol/0.04 mol/L HCl and
sonicated to dissolve formazan completely. Absorbance
was then measured at 570nm with a microplate reader
(Bio-Rad Laboratories, Hercules, CA, USA).

Western Blot Analysis

Cell lysates were diluted with Laemmli’s sample buffer and
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (15% polyacrylamide gel), and immuno-
blotting was then carried out using antibodies against
human DJ-1 (1:5,000) and f-actin (1:10,000). For semi-
quantitative analysis, the bands of these proteins on
radiographic films were scanned with a charge-coupled
device color scanner (DuoScan; AGFA, Leverkusen,
Germany), and then analyzed. Densitometric analysis was
performed using the public domain program NIH Image
1.56 (written by Wayne Rasband at the US National
Institutes of Health and available from the Internet through
anonymous FTP from zippy.nimh. nih.gov).

Statistical Analysis

Results are given as the mean +s.e.m. The significance of
differences was determined by Student’s t-test for single
comparisons and an analysis of variance (ANOVA) and
post hoc Bonferroni/Dunn test for multiple comparisons
(StatView; Abacus Concepts, Berkeley, CA, USA). In
neurologic evaluation, the significance of differences
was determined by the nonparametric Kruskal-Wallis test
followed by post hoc Scheffe’s test for multiple compar-
isons. In rota-rod test, time-dependent change in the
percentage (%) of walking rats on the rotating rod (walking
survivor) was calculated by the Kaplan-Meier method.
The statistical significance of differences was analyzed by
the log-rank (Mantel-Cox) test.

Results

Effect of Recombinant Glutathione S-Transferase-
Tagged Human DJ-1 on Infarct Size

In a preliminary experiment, to detect the human DJ-
1 protein, which was exogenously injected into the
rat striatum, we compared immunohistochemical
staining between anti-human DJ-1 antibody and anti-
GST antibody. Anti-human DJ-1 antibody induced
nonspecific staining with moderate intensity of some
neural staining, but this antibody did not recognize
rat DJ-1 by immunoblotting (Supplementary Figure
S1). While anti-GST antibody specifically reacted
with GST-DJ-1 without nonspecific staining in the
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rat brain (Supplementary Figure S1). As we reported
previously antioxidative and cellular protective
effects of GST-free DJ-1 (Taira et al, 2004) and GST-
DJ-1 (Inden et al, 2006), we basically consider that
GST-DJ-1 has almost the same properties as GST-free
DJ-1. On the basis of these observations, we used
GST-DJ-1 in this study, while we utilized PBS and
GST (320 pmol) as vehicle controls, as GST-DJ-1 (4 to
320 pmol) was injected with PBS.

At 3 days after MCAO, although a regional loss of
TTC staining was observed in the ipsilateral cerebral
cortex and the striatum in PBS- and GST-injected
rats, the area of TTC staining lost was smaller with
the administration of GST-DJ-1 at 110 mins after the
onset of MCAO (10 mins before reperfusion; Figure
1A). In the quantitative analysis, the infarct area was
reduced in a dose-dependent manner by the admin-
istration of GST-DJ-1, and the total infarct volume
was significantly reduced by the administration of
GST-DJ-1 at 160 and 320 pmol, compared with PBS-
and GST-injected rats (Figures 1B and 1C).

The delayed administration of GST-DJ-1 (320 pmol)
significantly reduced the infarct volume when the
injection was performed at 60 and 110 mins after the
onset of MCAO. However, this effect was lost when
the injection was delayed to 180 mins {Figures 1D and
1E}). At that time, although the total infarct volume
did not significantly change, the infarct area at the
level of —1mm from the bregma was significantly
smaller with the administration of GST-DJ-1 at
180 mins after the onset of MCAO (Figure 1D).

Quantification of Infarct Lesion Using Magnetic
Resonance Imaging

We further investigated the neuroprotective effect of
GST-DJ-1 using MR imaging. In sham-operated rats,
which had been injected with PBS and GST-DJ-1
(320 pmol), any difference of MR signal between
PBS- and GST-DJ-1-injected rats was not detected on
T2-weighted MR images at 7 days after the injection
(Figure 2A). In ischemic rats, which had been
injected with PBS at 110mins after the onset of
MCAO, the infarct lesion, as represented by an area
of hyperintensity (white), was markedly observed in
the ipsilateral cortex and striatum at 7 days after
MCAO (Figure 2B and Supplementary Movie S2). In
contrast, the infarct lesion was markedly smaller in
ischemic rats, which had been injected with GST-DJ-
1 (320 pmol) at 110mins after the onset of MCAO
(Figure 2B and Supplementary Movie S2). In the
quantitative analysis, GST-DJ-1-injected rats showed
a significant reduction of infarct size, compared
with PBS-injected rats (Figures 2C and 2D).

Effect of Glutathione S-Transferase-Tagged Human
DJ-1 on Ischemia-Induced Behavioral Dysfunction

To evaluate the effect of GST-DJ-1 on behavior, the
animals were subjected to sham operation or MCAQO,
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Figure 1 Glutathione S-transferase-tagged human DJ-1 (GST-DJ-1) reduces infarct size after cerebral ischemia and reperfusion. (A)
Representative photographs showing coronal brain sections at + 5, + 3, + 1, —1, —3, —5, and —7 mm anterior—posterior from the
bregma with TTC staining at 3 days after MCAO in sham-operated rats and middle cerebral artery-ischemic rats injected with
phosphate-buffered saline (PBS), Glutathione S-transferase (GST, 320 pmol), which is as controls or GST-DJ-1 (320 pmol) at
110 mins after the onset of MCAO (10 mins before reperfusion). (B, C) Dose-dependent protection by GST-DJ-1. Phosphate-buffered
saline (n = 8), GST (320 pmol, n = 7), or GST-DJ-1 at a dose of 4 (n = 4), 40 (n = 6), 160 (n = 6), or 320 pmol (n = 7) was injected
at 110 mins after the onset of MCAO, and the infarct area (B) and volume (C) were measured on the basis of the regional loss of TTC
staining (as indicated in the brain section in (A)). The sham group (n = 4) was subjected to a sham operation followed by PBS
injection. (D, E) Time window of the efficacy of GST-DJ-1. Glutathione S-transferase-tagged human DJ-1 (320 pmol) was injected at
60 (n=6), 110 (h=7), 180 (n=4), or 300 mins (n = 4) after the onset of MCAO, and infarct area (D) and volume (E) were
measured. Data are the mean 4s.e.m. Significance (Bonferroni/Dunn post hoc comparisons after ANOVA): *P < 0.05, **P < 0.01,
***P < 0.001 versus PBS-injected rats. 'P < 0.05, ""P < 0.01, ""P < 0.001 versus GST-injected rats. Scale bar: 1 mm (A).
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Figure 2 Changes in T2-weighted magnetic resonance (MR) images after the injection of GST-tagged human DJ-1 (GST-DJ-1). (A,
B) Representative photographs showing coronal brain sections at +5, +3, +1, -1, =3, =5, and =7 mm anterior-postetrior from
the bregma with T2-weighted MR imaging at 7 days after sham operation (A) or MCAQ (B), followed by the injection with PBS or
GST-DJ-1 (320 pmol). The injection with PBS or GST-DJ-1 was performed at 110 mins after the sham operation or after the onset of
MCAO. (B) Infarct regions (high-intensity regions) were clearly reduced in the cerebral cortex and the striatum in GST-DJ-1-injected
ischemic rats, compared with PBS-injected ischemic rats. (C, D) infarct area was measured by computerized image analysis in
coronal brain sections, and then infarct volume was estimated. n=5 per group. Data are the meanzs.e.m., based on the
contralateral hemisphere as 100%. Significance (Student’s t-test): *P < 0.05, **P < 0.01 versus PBS-injected ischemic rats. Scale

bar: 2mm (A, B).

followed by injection with PBS, GST (320 pmol), or
GST-DJ-1 (320 pmol) at 110 mins, and reperfusion at
120 mins after the onset of MCAO. Neurologic
evaluation was assessed at 30mins after the onset of
MCAO (0 day) and subsequently every day until the
rats were killed at 7 days after MCAO. Sham-operated
rats showed no abnormal behavior at any time points.
At 30mins after the onset of MCAO (80 mins before
injection of PBS, GST, or GST-DJ-1), ischemic rats
caused severe neurologic deficits and did not show
any difference in neurologic score among these
rats (at 0 day). Subsequently, the neurologic grade
in PBS- and GST-injected ischemic rats gradually
decreased. However, GST-DJ-1-injected rats showed
more improvement of neurologic grade than PBS- and
GST-injected rats. In brief, neurologic deficits were
significantly recovered at 3, 4, 5, and 6 days by GST-
DJ-1 injection, in comparison with those by injection
of PBS or GST (Figure 3A).

In the rota-rod test, there was no difference among
PBS-, GST-, and GST-DJ-1-injected rats at 1 day
before MCAO (preperformance). At 2 and 5 days
after MCAOQ, the retention time on the rod markedly
shortened in PBS- and GST-injected rats, compared
with preperformance. In contrast, shortening of
retention time was significantly inhibited by admin-
istration of GST-DJ-1 (Figure 3B). In addition, the
population of ischemic rats, which walked for a long
time on the accelerating rotating rod, significantly
increased by GST-DJ-1 injection at 2 and 5 days after
MCAQ, in comparison with that by PBS injection
(P=0.0067 and P=0.0117 by the log-rank test}) or
GST injection (P=0.0286 and P=0.0027), respec-
tively (Figure 3C).

We further examined methamphetamine-induced
rotation asymmetry. In PBS- or GST-injected rats, the
total number of rotations every 5mins gradually
increased until 30mins after methamphetamine
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Figure 3 Effect of GST-tagged human DJ-1 (GST-DJ-1) on behavioral dysfunction induced by cerebral ischemia and reperfusion.
Rats were subjected to MCAO followed by injection with PBS (n = 8), GST (320 pmol; n =7), or GST-DJ-1 (320 pmol; n = 9) at

110 mins after the onset of MCAO. (A) Neurologic evaluation was

assessed daily after reperfusion until the rats were killed. (B, C)

Spontaneous motor activity was evaluated by the rota-rod test before MCAO (pre) and at 2 and 5 days after MCAQ. (B) Comparison of
endurance on the rotating rod. (C) Time-dependent changes in the percentage (%) of walking rats on the rotating rod before MCAO
(preperformance) and at 2 and 5 days after MCAO. (D, E) The number of full-turn rotations in the ipsilateral direction was counted

every 5 mins (D) for 60 mins (E) after the intraperitoneal adminis

tration of methamphetamine (2.5 mg/kg) at 6 days after MCAOQ.

Data are the mean+s.e.m. Significance (Scheffe’s post hoc comparisons after Kruskal-Wallis test or Bonferroni/Dunn post hoc
comparisons after ANOVA): *P < 0.05, **P < 0.01 versus PBS-injected ischemic rats. P < 0.05, 7P < 0.01 versus GST-injected

ischemic rats.

injection, and then the rats showed stable rotation of
approximately 30 turns for 5mins (Figure 3D). The
total number of rotations in 60mins reached 300
turns in PBS- and GST-injected rats. In contrast, the
total number of rotations in GST-DJ-1-injected rats
was significantly reduced (Figure 3E).
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Changes in Immunoreactivities for Microtubule-
Associated Protein-2, Tyrosine Hydroxylase, and
Nitrotyrosine

It is known that damaged tissues sometimes cause
nonspecific staining. To reduce this possibility, we



usually performed the incubation at 4°C (in a cold
room) with a lower concentration of primary anti-
body. In addition, when brain slices were incubated
with mouse IgG1 or rabbit IgG as control, instead of
the primary antibody, nonspecific staining was
undetectable in the ischemic core and in the
boundary zone of the ischemic region, under our
experimental condition (Supplementary Figure S3).

At 7 days after MCAO, the treated rats were killed.
For immunohistochemical analysis, sections were
prepared and immunostaining with antibodies
against MAP2, TH, and nitrotyrosine was per-
formed. In sham-operated rats, although MAP2
immunoreactivity was detected in the cerebral
cortex and the striatum (Figures 4A and 4E), this
immunoreactivity was markedly reduced in the
ipsilateral cerebral cortex and the striatum in PBS-
and GST-injected rats (Figures 4B, 4C, 4F, and 4G).
In contrast, GST-DJ-1-injected rats showed a reduc-
tion in the loss of MAP2 immunoreactivity in both
the cerebral cortex and the striatum (Figures 4D and
4H). In addition, we evaluated TH immunoreactivity
as an index of the level of dopaminergic neuronal
injury. Presynaptic and neural fiber TH immuno-
reactivity was mainly detected in the striatum
(Figure 4I), and TH-immunopositive neural cell
bodies were detected in the SNpc in sham-operated
rats (Figure 4M). Although fibrillar TH immuno-
reactivity in the striatum and the number of TH-
immunopositive neurons in the SNpc were reduced
by MCAO (Figures 4], 4K, 4N, and 40), these
reductions were markedly inhibited in GST-DJ-1-

TH
(striatum)

TH
(SNpc)

Figure 4 Immunohistochemical changes after the injection with GST-tagged human DJ-1 (GST-DJ-1) in ischemic rats. (A to P) '
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injected rats (Figures 4L and 4P). By semiquanti-
tative analysis, similar results were obtained
(Supplementary Figure S4).

However, normal rats that were injected with GST-
DJ-1 did not exhibit any abnormal behavior (data not
shown). In addition, as MAP2-immunoreactive neural
fibers in GST-DJ-1-injected ipsilateral hemisphere did
not change for 7 days after injection (Supplementary
Figure S5), GST-DJ-1 may not affect naive neurons.

We further estimated nitrotyrosine immunoreac-
tivity as an index of the level of oxidative and
nitrosative stress. Although immunoreactivity for
nitrotyrosine was hardly detected in sham-operated
rats (Figures 5A, 5E, 51, and 5M), this immuno-
reactivity was markedly increased in PBS- and GST-
injected rats in the boundary zones of the ischemic
core in the cerebral cortex and the striatum and in
the ischemic core in the striatum (Figures 5B, 5C, 5F,
5G, 5], 5K, 5N, and 50). In contrast, in GST-D}-1-
injected rats, the number of nitrotyrosine-immuno-
positive cells was significantly reduced in the
boundary zones of the ischemic core in the cerebral
cortex and striatum, but not in the ischemic core in
the striatum (Figures 5D, 5H, 5L, 5P, 5Q, 5R, and 5S).

Distribution of Glutathione S-Transferase-Tagged
Human DJ-1 after Intrastriatal Injection

To investigate the distribution of exogenous human
DJ-1 in the rat brain, we performed the intrastriatal
injection of GST-DJ-1 (320 pmol). Exogenous GST-
DJ-1 was then detected using an anti-GST antibody.

GST-DJ-1

Representative photographs showing brain sections at + 1 (A to L) and —5 (M to P) mm anterior—posterior from the bregma, which
were immunostained with antibodies against MAP2 (A to H) and TH (1 to P) in sham-operated rats (A, E, 1, and M) and ischemic rats
at 7 days after MCAO, which had been injected with PBS (B, F, J, and N), GST (320 pmol) (C, G, K, and O), or GST-DJ-1 (320 pmol)
(D, H, L, and P) at 110 mins after the onset of MCAQ. (E to H) High-magnification images are indicated in (A to D). Scale bars: 1 mm

(A to D and 1 to L), 200 um (E to H), and 500 um (M to P).
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