lemmumnm%mm

SHAHEEBOHE, SROHH S ORTER
2170, BOEHIEHNERINSE, HIHE
D L5 - FROBRD S BEEHENT 52 E45T
&% BT HLEEFHEESIEDN DB
HETEGERE DL ANS, BBE MR, H
BT o RMOBHY, B - HBREaHLY 2%
BTG T B REND B,

2. B -REHBRORNICE (5K - 778
BRUSS7T)

KRG ERFERERA SN S AHEEEE DR AL
RAMEME & BITKIES FRFLHET 2 2 &%
ETdH 5. Creutzfeldt-Jakobm (CID) TiiH
RMEIA 70— XX EPE LD periodic syn-
chronous discharge (PSD) & Ri3 % &4
»H5.

3. BERHRE
KB OBEBIFBIC L > THER I N B EHE
HRNEIEERRS HEHN BRRRH &
K X 4 long-loop reflex (HFHEERE R & spino-
bulbo-spinal reflex, fE®EH RSt transcortical
reflex) 2l ohsd RERFHEIF /70X
AT EEBRRAIIROCHEEL, CRELET
NaRENEEHFIND. IREICHTH Uy b3
BEHDIHELHD. BEIELC TS5 8% KR
THHRICHL TBRAESABE5A 5 EHER
BIE OB OAREHICHEN TREBORBAY 2y
FENBR, ZOFREBPABRN-F VR K

200ms) &EAHEMEIREE (100—120ms) TRIZ3.

4. Jerk-ocked back averaging (JLA)

iR & AREECE BN S I ER # FRsie L,
RIEDIL S LAV E ) —& U THITHICHK
HEMEFEETHIEICKD, FHEEEE)IZ KT
TOMBEEZRRTOIFETH LY. BEDM
¥ HEMR)T I 7 TRAMEESHOHREIC
o THE ERREREIEDSNABNFETH

CDBETRERBHMEMSEHIND I LMD 5.

REEIA 70~ ATRFORMEDHRE &5

floFLEHE ITFOFEBHITHI0~25ms EITL
THRBOMEM L CEHKTDHIENTES. h
BEHEEOREREZRLTHY, REHKEDZ
WMTES —HHETHEIAIZD-XATEIO
K ORFETHEMIEHENLZL,

5. {&iE %% TR E LI somatosensory evoked
potential (SEP)

EEREEIA70—-X A0S <R CREDH
BUZHRITUTSEP DRERASMIEFEICEKR (R
B0 VELE) EfnoTnd, /-2 BHEEZH
BEEA FBHEEEEATWLEEKXSEP
DOEZEOBREEBEREMHEOE/L (SEP BIE R
ERETESY,

6. BZEEMBET IR transcranial magnetic sti-

mulation (TMS)

FTHERES TILESHFOREN - MEIENEL
LTWaZ&EMNBn, HEMHIE MEP MIENEE
ERD, IFO—-XATIRETLTWSZEMR
%<, iTADAEDIRATHEH <25, Cortical
silent period (CSP) 13 RBAEDIEEL 23,
CHBMSHIMEE AN CGESEE WA NS
IR T MEP RIELA T O R AR & MEP Rf#
EoRBREE S X 5E 1 ~5ms THMHIZEMRS
EHOLNS, FHIIBRT S,

_] SRR ES AR E

R#zah

DEEEEDN A AHETEHZETHREDL
WL W EMBNY, ITOREMSERNT
5. ORKHIFEL, BARWERTHI NN, O
g, Bk, SENEEHL DTN, @BRBEED
BRPIEEL, VWA ARDEERETS. ©
placebo % suggestion THESH 5 W IIERT S,
OREEZTOTEERT S, TOBRIIM2DEH
LIBWETERWK DA EMIREEL EA 5008
PRATHS, @LENER DD, ERlE
RE) BEET D, FRREEEE NS
Tz, HNEIHERETERVWRERSKOZ LD




HD, IFI/O-IXAPPAPZTRETLEL
TEEENS BHICE->SEFABECERE
BERTORREZHRDIET.

.

1. KIMEHZELRRFEETHIHD
TRTOEEDFRAIGERIE — KEHE NS R
G50, TOREREBIZE>THFICHIET S
REHBBONIFIO—-XZATHS. 242
A— X 3 RAEL 2BEIR T jerky 2R FEEE
BTHD, EVHNMICLoTEL 2BEIFY
O— X X & FmaI i ImnI R RH A T 2RI A
O—-XRIZGtonsd, BEEBEMSIXEICKE
#, RETH THMEO3IDIZHEIhD, 35
128k, propriospinal myoclonus & B X
h3 FORNMTELLENDONKMKE 2R
ETHHEEHRIAI/O—XATHS, HHEERE
SIZHEREME S EBRICEL ), RERSMHE
RIBGBEMEN BV, FHERKE, B HERE
BRETHERIND), HetERT TAMAREeDI-
lepsia partalis continua (EPC) 2476 hs.
RIRXIF/O0-XADERERERLNIRERE
ERIMNEIEEARIA V70— XA0BMICEE
2HDTHB. propriospinal myoclonus 75E D
PHICRBRENS ORAHERNLBETHS
(M1, F3Aro0—-XATH@EEHIcEL
5b0MH5 KETHE (CIDTPSDICEFL
Zbo, ZIVYNAI—RO—E), Tt K
Hit (RINREEEEEMETO/ 0—XAHD
H?, familial cortical myoclonic tremor with
epilepsy TOREBHEDH D) B2ETH S, Mirror
movements b EEMRFICEEN, HEZML

Ixmﬁﬁﬁéﬁiﬁwéiié

F1 ZA/O0-RABKICLELBAERPHRIE

FZEMHER ERHNEM. ComhohaE %da\)

+ Giant SEP (10uV A L)

+ Jerk-locked back averaging & (JLA (;'E) [ )
SFEATHHI

- Long-loop reflex ®TLE (C &)

- AR CEBREEDET)

- SEP [ hi#g

THEER & BAEBORHY - HERRDRHK

PGS EE O BB ICHAZ Y O BRENIND D E4
TNy —2 2R

2. BEGEMI —T2ERBRLTIHOD
HESGESN — 73— KEBEF, KBKEEES)
PR & TR AR D O TEBORITIZEE
#%LY, TRO 3 DOEEKMERB THGZH
TWd, NAN—EFEBIIKMEE, S BEMEA
HEZFARK T 2 —0 2 B8O GABA
E#E = 2 — 0B T REI RS SRR
BETHRBTHS. Zhick D ETEK— KK
BERHF 2O BNE<ME NS, EERIE
GABA L H T RA¥ AP :BEOBEE_1—DO
UMHEARCE Y F 7 A RS T IRRTRE
gHAhzE S S (BMH) HEREEICLEIRE
M 2—DO AEHT 5. BEICE < OMSEERE
THD, GABAE I 4T 7V eEO8&Kk
Za—0rMNE ;T AMICHEIRI G D GABA
fEgfE— 2 — 0 ERETEOS IV Y 2 2 fEBhE
Za—-02ENLTEAZEHEL, B2 —
O OFESIEUARINS. ZOXIITKMNE
BORBRZTI TR H5EE = B FRINCED
WTEML, Tz > TEBAFIRTEHRAZ
BRL TS, IS5CH2ITRTLIICEERKIC
WWEML EBUNDOFEAET 2EB & NHT 58
% (B3040 : surround inhibition) A&, K
MM ESZ > b0 L TR, &
ERGEE) — T DRE D DNITEDNH ORI

KO TTFRICRT ST ERFHEEESNEL 5.

1) PRAMZ7 ,
PARZT ERBOFRORDPDENIRETAEL
ZHDTIPANTEREE A7 EEMNS /2
5. MFIREIEORREL TORELS - B
HEEMT, BREIRBIMIIED20-<DULE
BIChD, IhHRBFDERMICESTERNTH
D, BIfERRESERE BRN)yIEVSE
BEET D REHER TREEOBETIBNG
E TR IZ RN T A @ EIC & - T
N—=ZAMRICHEERIIET 2255, U
T ORERFIESY TN —F 2 BEOH
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AREEERR

‘ 0.5mv

100 ms

B 1 propriospinal myocionus IS 17 5 kTR
MHARHISHAEY, ETRERTZZ &0 5.

HEERVETES, TOBECLEZEHI¥A
HERICAMEE & EEKOMICHBR I N —E
DOEBHAN) OREELEZSNTVWS, R—N=
> DA « EHEREIN S 55 & EEE (DD
OBREES LURIEE D2) OREK L HHRE
RAMOBRE, BRTROMBOKE, HRER
A S OB N AIE BED) XhUX
Ro7RECBEELLNTNS, TOMEEL
TEBH A OFE L BE 2 OHEBHOMNEE
DRFDIETIT & o THEI AN - BB
TEY, WATAHECHMAELTLES T &
12723, BEDIHEIMSEE O FEMICIE H K TMS
HAVWSRTVS, EBFIEEBMEI9100
msHhSFEKETHEMENSHEAL, BHBICIIME
RAEMENAN>TND, ”3ICRTE D ICER

ETIHERRERETOEHG (E8I8NGEH
D MEP #A &5 (B—%HEME%) ©MEP
HEREDSNBNY XA =7 BETREHGO
MENEEENTNS, £/~ MEPEBHERE
TR - RIEE AR EHT BN
ANZT7HRETIHIZIEAEETHL 4 (M4).

2) 7Fh—%

77 h—FiREE L THEECRICHRATED
BL A 5NDBREGEREOLEICEL 0 EEMED
KU BLORBETHS. EBHEERHIIALY
UTIMEL, HEREBMNEE TEHND < DB
FRI<KOT—EOLRBEERFTERL, FRE
BE L TIIMERENB DS, REHGENTIE
1~ 3BHET 5 BRI IR R LR ENE
B L ERBICASL TIN5,
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SNitz&EH D
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3) BNE (BHES)

BREII AR <, HEMBb KREIBE -
e <Az, BEE, ik ERICRS2EED
THEEH Th 2. HHARECRMEES THER
FTEHIENZN, BELIDREZD, HETLIDHE
D, FE2ER BRI B/ADEVoLHEBER
MIRWRIBE ZT EHSNPT ., REHEXT
1350~300ms {if DFEFE 2 FF D /N — 2 M ROk
BIFREDKE ST DBRBARNITN AN ARHICHE
T5 BEEORAMKTE L TIXMBRORE L
EZONTHD, BEENSEKERNEG A DM

MENBZ LITED, BIRTEAOMFEAHEHEL,

RERANTHNOHABIEEANMET T 2201, #
BEIRNED S OMEEHAIAMETL, EEESZ
1T 2 BB AR EREE E NI TER A DD
IEBAE L1 B.

4) XU R A
NUZALBEES DN TREEZRTHT LS R
BLWEHETHAMEDOZ &A% (FREINY X
L), EEEEREZEN, MUY — 0%

BORTAH, BmEMEIZRN. NU ZAREIHBE
TEERLE L EFHERNRBRNICEEINSZ
EITKD, BERANOHAHIBNENTHET S, 0F
EEDHMENFEEE L TEW, HBRERRLE
DEGHHEREN TN S,

3. EHOT7 s — BNy I/EREELERET
3H0

REIFAHEESN TROEENZNDHDTH S
MNEDFHEFILEIE+HMBEINTORN, &
2O E<HETH0IEEICIIDDT 4 —R
Ny 7 EBNEEL TWBEEZSNTHEY, %
DEENREBORBEICHEBRL TNB Z LAHERS
NTVBY, KHERE L TS F 7 AEEHK
5 (MHERS) NHFensd FRERELT
/N — T & REEENL — T BT 5B,
AT, RRMECE — % — SR /N ER — iR
B — E/NREEIAS R — BRI DR — KAINEE % e
ELERBTHS ZhoDT7 11— BNy 7O
MZIC & > TEU = BEIRS & PIK T OHERIAE
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ER Changes in MEP amplitude of tested muscles
during motor preparation in 10 normal subjects
1.8
i —e— APB
o --0-- FDI
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Interval from go signal to TMS(ms)
b. Changes in MEP ratio of APB muscles in Dystonia
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B 3
a: EWETOENEBREE TOIHN (ERIENEH
® MEP K& H#ERH (E—HHERM) © MEP #ifF.
b AT BRETOERAGNMHOMESE,

BEEOEEKEETIRE (T4 —7#, K
RE) NERERREELRS., RRAELTIZ—FR
Ny JEIRRSERTUSRE OB EBIIE &5 L,
HREMEEA ORBIER L/ RBRIZBEA SO
B8 2 21712 <\, Parkinson Jgic B1F 2 %%
BHREEVE 3 ~ 6 Hz DR HIFIREAS A B0 £ A
SIAE BT ENZN. TORBOREICIIEER

EE—F LNV —THBHEIREEL TW3Z
EMHERINTNENE KITRBEIRNEEBET
ENEEHINTHS,
FEEMRBIIRDBEENLZVWAMBEH THD,
B KON A D L EEF E I E B iR AT
KT, BEEE, FOREAHONDIENHS. B
i 4 ~12Hz TParkinson/GDiEEE L D&, 24
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a. Rapid movement

23M

Control {n=14)

CVia 5.710.5%
CVamp 58.31:9.8%

i
’Wff G;ﬁ\?\,%

5mV
CVia 6.4% CVamp 73.9% 10ms
b.  Rapid movement CBD 65F
/\/—f 5ms
CVixt3.2% | CVamp 11.9% | 10ms

4
a : E##TO MEP ZH),
b ¥Rk o7BEC BT S MEP EHOER,
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REMEIRR O R AR ARIZHEIL TWiRDS, KM
BERLOFRERH (ESRTFAHV-—TE-
MR D D NWIIKIUERFEEE) BNENTHS.
B ERFRE - SRIRRITESOBBER, S
%0, BESKRD S EHET 5 RN EERREL
TH5. eAHRTIISICEET S LENIILE S,
RERIIEICE>THEL 23~ 6Hz DR
BTHO, HORKAMM DI >THERL, D%
DLEBEROMBHEEMFFRT D, LT/
BEOE (BDARHERHETS) ORELEALGR
T3, Holmes RE; (PIRNIRED XRBRBL
UEBERICEU 2 3H2BEOD - <D &L
B TdH S, Guillain-Mollaret =& (81K % — %
FloOFE—-T4 U -7 OEFL ITHREEL
DOEENSEEMNS B 7 ARRAL TH R
BMECIRPRENEC D EELZSNTND,
OEFEWII2~3Hz DEROFBOIRETH O, M
E-BRECHELCS I EMNPH D, Guillain-Mol-

laret ZADBHFTEL 3.
_]I THEESHEROUXADSEZS
I EXEBEO= 2 —O S L SIRE
FHRTHHEND, HEEBCBEEL THD
NOBEF Y N7 NEET D, & ALED
DE §f & BT P 1 0 Gl o 2% 7 % &) ¥F 1Ic40~50
Hz gamma #38 ® event-related synchroniza-
tion (ERS) MEUS. EEHKET 1~ 20
121315~25Hz beta #EH D ERS AiFD 51 5.
ZhL DREN—HOREEER D REITHN
boTWhwaEEIONS £, TAMAVBET
HFEVEBIARSIC very fast oscillations (80~500
Hz) B@EHSNBIENHS. 4~ 7Hz oscilla-
tion IXEWHR Ry b T—ZIhhb D, GABAs
MEICRIRT A &, 15~25HziZidling %50
IEHHERREBICHEFRT S &, 40~50Hz I35
FIOMEEBICEETSEZEZA5NTNS, &<
WERBEIAI/D—-XATIHH AL THER
ENNEHL TWTBDY, 20U XLEERT
B=0HICHRIZREEE L T paired-pulse TMS

& jerk-locked MEP 73& 5.

1. 15~25Hz oscillation ,
RERHMIFI/OD-IXATEELEIZIEZ
BICCRHEVNERINDZIENHS. oD%
BCRAMOBKEIZIZEAELA~50msTH 3.
JLABZRAWT, CREICETT DREOE(LE
EEFTBHECREERU U X A THREMKKIES
NiEEREhs, SCKBREIFIO-XZHD
W CREZEBFUAT—IZL THRIBRHIRER AR
5 FOEENE 2 MEP BE T OME TRIMIKT
% (jerk-locked MEP) &H 5% 1 I/ THA
RIBL =B EIC MEP BESICRERIH, 0¥
AT TCREGHHFOREENTTEL TWaI L
MHERIEHN, ZDEEDIF/O—-XABHBNE
CRK#H & MEP O#RZE1340~50ms THS. T
BoHcEEEIAI70—-XAE2LE1HIES
WTEEGEMGRUZ I 7 TTRBOREME
F 70— B L THLEHEE Ehs Thé
FU U X LD20~25Hz RENMERRTEEIAS e S
iz (B5). EBEHEMERICILAKICBNTS
F70— X ZADR1#E T OREMEMIFIFEN THED
—REHTF HEDEEK LM S E Nz, paired-
pulse TMS TII KB EIRmA5~40ms T MEP A&
Bl EIN ZOXSICKRERMNEIAY
O—XR%ZELFEFDE S T15~25Hz D os-
cillation 43388 5 #1, beta ERS & DBIEMEAHE
Hxhzw,

2. 40~50Hz oscillation

BiEMEIA 0 —X X2 EL ZBRETII40~
50Hz oscillation #/RT Z & A&, (KB RIE
RBRCHEEIFI/O-XXEEU T 1 FlERET
LTI RY 2 HTEIEE S BEIEIN
50Hz DY X h%aEHT 2N E/INY—> &KL,
EEGEMG R VY S 71280 THHEHIT LT
LTRE UZXLADRBERENERENL. JLA
BERWERETIIA /70— X AHKREIZK
30ms Ffy U Tl oo i8R ik ik 2388
57, paired-pulse TMS CHEIED UL LD
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EEG - EMG polygraphy after left tibial nerve stimulation

A

ECE:S - A1A2 .H"erﬂ
Y
I

!

Lt. tibial n stim.

|~ “*'
” lll- v 1] 'I '.AIJJ ‘ ;
W““L | 1!'

Cortical myoclonus 80 F

S0uV

0.5mv

L
100ms

B5 BEMEREIF;IO0-IRAEHETRSSN/=20Hz oscilation

REWROEFMEHAINL?. TOXDREMEH
347 0—RX A TRHERIC40~50Hz O oscil-
lation M @EH SN, HEEHRICEEINS
gamma ERS & QRBEAHERI XN 5.,

3. very fast oscillation (80~500Hz)
EBRICBNTHMOKKEE & B#IZ very
fast oscillation METET 5 Z E NP XN B4
FThERTTABRERIZL W, C REHIERIX
simple 72 H & RTNFICZHEEL R ZBE8M0
H5 HE—I7OEIRIZ2.5~4ms (250~400
Hz) T& YD, very fast oscillation i L T
WHREEMEMNE X o™, i, TMSHEICH#H
B2 —0 24T 5 multiple | waves & &
HMRETHD, TORHHEEIZL500~700Hz
TH5 NHAEEREFOERHFTHEOHONS
high frequency oscillations (HFOs) &[& U
FHA2VWRBEEHOOMRHTH S, L,
HHEDTAMAT very fast oscillation DT
MBI, IFA/0-XABETEREHOD
HFOs #SHiRIETH 5 Z L AMME SN TH Y™,
FERERHOREZ4EU 2 5TRHILFEANSH 3.

4. KISpREBBEZLEME (CBD) ICH1FSos-
cillation

CBDIZBW 2470 -X XD EBRTH
VONDIFI/O—-XREHRTUTFTRARTES
RERZSIEFHEETS. OEBMLERT LK
CHED, OREFRLDDEMERICEEELRD,
RIEEHITREOANEZEA THRELZED S
ZETHERINDTL, TOBRARB—EEgHT
(6~7Hz). 7O0—XAFICRA S, Qgiant SEP
BJRHLNT, DL ARERGREREDZ &8
2\, @ILAE TS premyoclonic spike Ai588
oz, @CRHIIFERININFOREEZM
5atE 3N B cortical delay time 138 <, BE
FRALERHFEEEZEZIZY, ©®40~50Hz
oscillation MF@ED N5 Z &A%, EEG-EMG
KT T 72BN TH4A0Hz DERBEFEENDE
SNEFTOEREIA/O0-X 22N H—
& U7z jerk-locked MEP T3 C R &f & 23ms D H#!
BTMEPMBERINSRBY I TiI2H0-7
BRERENNAEL TWBIEMNRIN-

-
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—I FREERERER Y kT — o1
5EX5
MIOHHICHEE 52 5 AMEEERIIZHK

FET DN, E<IEHNE (PMd, PMv) #

BEEE, HEERXRR PPC), BREHFNEET

5. ElPRELSOFBLEETHS. 2hbd

DFy b7 — I HBEEED D HEE L TEOERKIC

TMS H2NIZITMS #4&GREE L TEZ,

MEP \OEE#HB ENTHORTNS'®,

1. EENETERRE

A PMAIZH L THME T ORFETMS H 50
iX1Hz rTMS 25 % % & MEP I3 iR1EE T L,
5Hz rTMS TIZRIBIM KT 2. Ths OHEE
AWTP A N7 TOPMd-MIMEHEREESET
MEHETN TS, ISICEZERGRBOR
o4l PMA 1S OFELRIEIN TN S,

2. NP B

N2 TMS 252 5 Z £12 & 0 RN E &S
HAO TMS 5N ESHBMICKDEHEND
MEP 28Il 3, /MMEFBETRENEZS

ZEMBEINTVSY, INRRERIED7-DIT
BTN a2 a1 OO0 REFLEE L&A
HILZ2HESR L2 RBEABEXD 3cm SHUl0E
fIiCBE, a2 bO—=)VERICHEAT, RIEERE
5ms TIHIMNIAE D, 3~4ms MHINEFLRET
5. ZOEBIZ/BEIBIZ X > TMNIRE-E DT )L
F TR E N, @RI 7OV AR
by, ME—HER-ANEEERARE SN,
REEHHLNHTI NN TNHS
ER S EMBEIGEL 2RETY TV a—-
a1V ERAWT/ARARIBEIC TMS Z2MA 5 & FH
D LR BN S BRR26~28ms TREAZIR
DEL, FHUTKENTHIS0ms #fid 5 HIIR
MNBDHENS, AHKENEG6 » BEBEL ZE»
S5EEROHGAESEZICMMA TH 3Hz DEIE
FFIREL % 300 /- BB T/NMRE AR IR BR D B A3 HE I
SN, ZOFETOEEHE_FEAH TORIGH
HEL TWE?,

.

TMS Z W EHHF OREN %4 HREER
F2IRTEICBHEMREINTNS. Ladt

I REPNICTIHETEHEZEZATHS

*® 2
a  BRYFRENZEH5H/CH0 MEP QTR

Single TMS
Motor threshold (MT)
MEP amplitude (MEP)

Cortical silent period (CSP)

Paired TMS

Short-interval intracortical inhibition (SICI) : 1 — 5ms
Intracortical facilitation (ICF) : 7 —20ms

Short-interval intracortical facilitation (SICF) : #1.5ms #&
Long-interval intracortical inhibition (LICI) : 50—200ms

AR

Short latency afferent inhibition (SAD :2 ~8ms

b : TMS & BB

MT : Na‘channel [RZEHITET

MEP : GABAAR agonists TfE T, SSRI T LR Y
CSP : GABALR # KB, S8F(M T GABAR B

SICI : GABAAR % Xt
ICF : GABA? glutamate?

SICF : BEMNME=Za1—0> (I wave E4)

LICI : GABAR % Rk
SAI : cholinergic function?
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GD%E‘HE SICI & F B L short latency affer-
ent inhibition (SAD) @i, EBESHRES T
CSPMEHE, SICIOHEES, long-interval intraco-
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Leucine-rich repeat kinase 2 (LRRK2) is the causal gene for autosomal dominant familial Parkinson’s
disease. We have previously reported a novel molecular feature characteristic to 12020T mutant LRRK2:
higher susceptibility to post-translational degradation than the wild-type LRRK2. In the present study, we
demonstrated that the protective effect of [2020T LRRK2 against hydrogen peroxide-induced apoptosis
was impaired in comparison with the wild-type molecule. When the intracellular level of the protein
had been allowed to recover by treatment with proteolysis inhibitors, the protective effect of 12020T
LRRK?2 against apoptosis was increased. We further confirmed that a decrease in the intracellular protein

Keywords:
Parkinson’s disease
Leucine-rich repeat kinase 2

,l:\ggl;fosis level of WT LRRK2 by knocking down resulted in a reduction of protectivity against apoptosis. These
results suggest that higher susceptibility of 12020T mutant LRRK2 to intracellular degradation than the
wild-type molecule may be one of the mechanisms involved in the neurodegeneration associated with
this LRRK2 mutation.

© 2009 Elsevier Inc. All rights reserved.
Introduction LRRK2 stabilize the kinase-active dimer and exacerbates the patho-

Parkinson’s disease (PD) is a movement disorder caused by
degeneration of dopaminergic neurons. Leucine-rich repeat kinase
2 (LRRK2) is the gene responsible for autosomal dominant PD,
PARKS8, which we originally defined by linkage analysis of a Japa-
nese family (Sagamihara family) [1-4]. LRRK2 belongs to the
receptor-interacting protein (RIP) family, which has LRR (leucine-
rich repeat), ROC (Ras of complex), COR (C-terminal ROC), kinase,
and WD40 domains [5]. The Sagamihara family patients have the
12020T mutation in the kinase domain [4,6]. Up to now, a total of
23 LRRK2 mutations in various domains have been reported world-
wide [2-4,7]. Patients with LRRK2 mutations exhibit clinical fea-
tures indistinguishable from those of patients with sporadic PD,
and LRRK2 is postulated to be a key molecule in the etiology of
the disease. However, its true physiological function or the mech-
anism of neurodegeneration resulting from the mutation has not
been conclusively clarified.

Accumulated data suggest that hyper-kinase activity reported for
mutant LRRK2 molecules, particularly G2019S LRRK2, may be one
possible mechanism for the pathogenesis induced by this molecule
[8-13]. It has also been postulated that autophosphorylation of
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genesis [14]. In the case of [2020T mutation, however, there is a de-
gree of controversy; some studies have reported augmented kinase
activity [9,15,16], whereas other studies of this mutation have dem-
onstrated unchanged or impaired phosphorylation activity
[11,17,18]. Thus, at least in the case of [2020T mutation, there is no
consensus on the mechanism responsible for neurodegeneration.

In the previous study, we demonstrated that 12020T LRRK2 is
more susceptible to post-translational degradation than the wild-
type LRRK2 and G2019S LRRK2, indicating a novel molecular fea-
ture characteristic to 12020T LRRK2 [19]. In the present study, we
investigated whether the high degradation rate of 12020T LRRK2
is related to the pathogenesis associated with this mutant mole-
cule. We found that the wild-type LRRK2 exhibited a protective
effect against apoptosis whereas 12020T mutant LRRK2 had im-
paired protectivity. Prevention of the intracellular degradation of
12020T LRRK2 markedly increased its protective effect against
apoptosis. Finally, we investigated the relationship between the
intracellular protein level of LRRK2 and its protectivity against
apoptosis employing a LRRK2-knockdown experiment.

Materials and methods

Transfection of LRRK2. The mammalian expression cDNA con-
struct of wild-type (WT) and 12020T mutant LRRK2 cDNA with a
V5 tag at the C-terminus was described previously [19]. Sequence
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analysis proved that T6059>C (12020T) at exon 41 was the only dif-
ference between the WT and the 12020T LRRK2 cDNA construct
throughout the whole plasmid. HEK293 cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) (Sigma) supplemented
with 10% FCS and antibiotics. SH-SY5Y cells were cultured in
DMEM nutrient mixture F-12 HAM (Sigma) supplemented with
10% FCS, and antibiotics. Transfection of the LRRK2 cDNA plasmid
was performed using Lipofectamine™ 2000 (Invitrogen) for
HEK293 cells, and FUGENE® HD Transfection Reagent (Roche) for
SH-SY5Y cells in accordance with the manufacturers’ protocols.
SH-SY5Y clones stably and uniformly expressing WT or 12020T
LRRK2 have been described previously [19].

Western analysis. LRRK2-transfected cells were suspended in
cell lysis buffer [Tris-HCl-buffered saline (pH 7.6) containing 1%
digitonin, 1 mM phenylmethylsulfonyl fluoride, and 1 tablet of
Complete mini protease inhibitor cocktail® (Roche)]. Cell lysates
were obtained by centrifugation and subjected to Western analysis
using horseradish peroxidase (HRP)-labeled antibody against the
V5 tag (Invitrogen) for LRRK2 expression and HRP-labeled antibody
against B-actin (Abcam) as an internal control.

Prevention of intracellular degradation of LRRK2. After 24 h of
transfection with WT and 12020T LRRK2 cDNA, HEK293 cells were
treated with a cocktail of three proteolysis inhibitors, 1 uM MG-
132 (Calbiochem) and 1 uM lactacystin (Sigma), both of which
are proteasome inhibitors, and with 200 nM chloroquine (Sigma),
a lysosome inhibitor. After 24 h of treatment, the cells were har-
vested and their lysates were analyzed by Western blotting, as de-
scribed above. The stably LRRK2-expressing SH-SY5Y clones were
also treated with the proteolysis inhibitors for 24 h and analyzed
in the same manner.

Hydrogen peroxide (H,0,)-induced apoptosis. Apoptosis was in-
duced by treatment of LRRK2-transfected cells with various con-
centrations (1-6 mM) of H,O, for 50 min at 37°C. In some
experiments, the cells were treated with a cocktail of the proteol-
ysis inhibitors MG-132, lactacystin and chloroquine for 24 h before
addition of H,0,. Percentage of apoptotic cells was measured using
an Annexin V-PE apoptosis Kit I™ (BD Biosciences) and an EPICS
XL™ Flow Cytometer (Beckman Coulter) in accordance with the
manufacturer’s protocol. Apoptotic cells were also assessed by
Western analysis of the lysates of transfected cells using an anti-
body against caspase-9 (Cell Signaling). For cell viability analysis,
LRRK2-transfected cells were treated with 0.5 mM H,0, for
30 min at 37 °C, and subjected to assay using a Cell Counting Kit-
8™ (Dojindo) in accordance with the manufacturer’s protocol.

Knockdown of transfected LRRK2. HEK293 cells were transfected
with WT LRRK2 cDNA together with 25mer of Stealth™ RNAI for
LRRK2 (5-GAGCUGCUCCUUUGAAGAUACUAAA-3'; Invitrogen) or
with an RNAi-control with the scrambled sequence. The effective-
ness of knockdown of transfected LRRK2 was confirmed by Western
analysis using anti-V5 antibody. After 24 h of co-transfection, the
cells were treated with various concentrations (0.05-3 mM) of
H,0, for 30 min to induce apoptosis, and cell viability was analyzed.

Results
H,0»-induced apoptosis in LRRK2-transfected cells

To elucidate the physiological function of LRRK2 in the mainte-
nance of cell viability, H,0,-induced apoptosis in LRRK2-transfected
HEK293 cells was analyzed using annexin V staining. Among WT
LRRK2-transfected cells treated with H,0,, the percentage of apop-
totic cells was significantly lower than among untransfected cells,
which expressed only endogenous LRRK2 molecules (Fig. 1A). In
contrast, the percentage of apoptotic cells among 12020T mutant
LRRK2-transfected HEK293 cells was significantly higher than that
among WT LRRK2-transfected cells, and not significantly different
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Fig. 1. H,0,-induced apoptosis in LRRK2-transfected cells. (A) WT and 12020T (IT)
LRRK2-transfected HEK293 cells were treated with 1 or 3 mM H,0, for 50 min. The
percentage of cells showing apoptosis was measured by annexin V staining. (B) WT
and 12020T (IT) LRRK2-transfected HEK293 cells were treated with 0.5 mM H,0, for
30 min and the cell viability was measured. UT: Untransfected HEK293 cells. Stars
represent statistical comparisons by one-way ANOVA (n=3); **p<0.005.
***p < 0.0005.

from the situation in untransfected cells. Similar results were
obtained for the LRRK2-transfected neuroblastoma cell line SH-
SY5Y, although to a less marked extent due to the low transfection
efficiency, and for SH-SY5Y clones stably and uniformly expressing
WT or 12020T LRRK2 (Supplementary Fig. 1A and B). Consistently,
the viability of 12020T LRRK2-transfected HEK293 cells was signifi-
cantly lower than that of the WT LRRK2-transfected cells (Fig. 1B).
These results suggest that WT LRRK2, but not [2020T mutant LRRK2,
exerts a protective effect against H,O,-induced apoptosis.

Apoptosis of LRRK2-transfected cells after treatment with proteolysis
inhibitors

In the previous study, we demonstrated that the 12020T mutant
LRRK2 is more susceptible to post-translational degradation than
the WT LRRK2 [19]. To investigate whether prevention of degrada-
tion of the mutant LRRK2 influences its ability to protect against
H,0,-induced apoptosis, WT- and [2020T LRRK2-transfected
HEK293 cells were treated with a cocktail of proteolysis inhibitors,
MG-132 (a proteasome inhibitor), lactacystin (a proteasome inhib-
itor), and chloroquine (a lysosome inhibitor). As reported, treat-
ment with this inhibitor cocktail increased the 12020T LRRK2
protein to a level similar to that of WT LRRK2 (Fig. 2A). Possibly
because of the apoptosis-promoting effect of the protease inhibi-
tors [20,21], the treatment significantly increased the percentage
of annexin V-positive apoptotic cells among WT LRRK2-transfected
cells, although the percentage was still lower than that among
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Fig. 2. Effect of proteolysis inhibitors on apoptosis in LRRK2-transfected cells. (A) HEK293 cells were transfected with WT or 12020T LRRK2 cDNA and treated with a cocktail
of three proteolysis inhibitors (1 pM MG-132, 1 uM lactacystin, and 200 nM chloroquine) for 24 h. The LRRK2 level in the lysates was then analyzed by Western blotting with
an antibody against V5 tag. (B) WT and 12020T (IT) LRRK2-transfected HEK293 cells were treated for 24 h with a cocktail of proteolysis inhibitors, and apoptosis was induced
with 1 or 3 mM H,0; for 50 min. UT: Untransfected HEK293 cells. (C) SH-SY5Y clones stably and uniformly expressing WT and 12020T LRRK2 (IT) were treated for 24 h with a
cocktail of proteolysis inhibitors, and apoptosis was induced with 6 mM H,0, for 4 h. UT: Untransfected SH-SY5Y cells. The percentage of apoptotic cells was measured by
annexin V staining. Stars represent statistical comparisons by one-way ANOVA (n = 3); ***p < 0.0005.

untransfected cells subjected to the same treatment (Fig. 2B). Nev-
ertheless, the same treatment of 12020T LRRK2-transfected cells
markedly decreased the percentage of apoptotic cells to a level
even lower than that among WT LRRK2-transfected cells.

Next, the effect of proteolysis inhibitors on apoptosis was ana-
lyzed using SH-SY5Y clones that over-expressed the WT and
12020T LRRK2 molecules stably and uniformly. Treatment with
the proteolysis inhibitors increased the percentage of apoptotic
cells among the WT LRRK2-expressing clones, although the per-
centage was still lower than that among the control cells
(Fig. 2C). On the other hand, in 12020T LRRK2-expressing clones,
the same treatment, which would otherwise have impaired the
ability to protect against apoptosis, dramatically reduced the per-
centage of apoptotic cells to a level similar to that among the WT
LRRK2-expressing clones. These results indicated that the ability
of 12020T LRRK2 to protect against apoptosis could be restored
by preventing its intracellular degradation.

Apoptosis was also analyzed by activation of caspase-9. The
molecular ratio of activated relative to inactive caspase-9 in
H,0,-treated cells was higher in I12020T LRRK2-transfected

HEK293 cells than in WT LRRK2-transfected cells (Fig. 3). Although
treatment with the proteolysis inhibitors increased the molecular
ratio of activated caspase-9 in both WT- and 12020T LRRK2-trans-
fected cells, this treatment reduced the ratio of activated caspase-9
in the 12020T LRRK2-transfected cells to a level lower than that in
the WT LRRK2-transfected cells. These results, in terms of both an-
nexin V staining and caspase-9 activation, indicated that the ability
of 12020T LRRK2 to protect cells against apoptosis can be increased
by preventing its degradation.

Influence of LRRK2-knockdown on protectivity against apoptosis

Finally, the relationship between the intracellular protein level
of LRRK2 and protectivity against apoptosis was investigated in a
knockdown experiment. Transfection of LRRK2-specific RNAi to-
gether with WT LRRK2 cDNA into HEK293 reduced the protein level
of transfected WT LRRK2 to 18% in comparison with the use of an
RNAi-control (Fig. 4A). As described above, transfection of WT
LRRK2 cDNA into HEK293 markedly improved the viability of
H,0,-treated cells (Fig. 4B). This protectivity of WT LRRK2 against
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Fig. 3. Caspase-9 activation in LRRK2-transfected cells. (A) WT- and 12020T LRRK2-
transfected HEK293 cells were treated with a cocktail of proteolysis inhibitors (MG-
132, lactacystin and chloroquine), and apoptosis was induced with 3 mM H,0, for
50 min. The level of cleaved and activated caspase-9 in the lysates was analyzed by
Western blotting. UT: Untransfected HEK293 cells. (B) Graphical representation of
the molecular ratio of activated caspase-9 relative to inactive caspase-9. Stars
*p <0.05.
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apoptosis was significantly abrogated by co-transfection of the
LRRK2-specific RNAi but not the RNAi-control. These results indi-
cate that the ability of LRRK2 to protect cells from H,0,-induced
apoptosis is related with its intracellular protein level.-

Discussion

We have previously reported a novel molecular feature charac-
teristic to [2020T LRRK2: that it is more susceptible to post-trans-
lational degradation than the wild-type LRRK2 and G2019S mutant
LRRK2 [19]. In the present study, we found that the increased
intracellular protein level achieved by preventing degradation of
[2020T LRRK2 restore its protectivity against apoptosis. Indeed
the protease inhibitors used in this study have been reported to
show various additional cellular effects, e.g., promotion of apopto-
sis (MG-132, lactacystin, and chloroquine) and activation of the
CMV promoter (lactacystin) [20-25]. However, such effects, if
any, would have appeared in both WT- and 12020T LRRK2-transfec-
ted cells in a similar manner. Therefore, an increased amount of
12020T LRRK2 after treatment with proteolysis inhibitors would
be the most plausible explanation for the increased protective ef-
fect against apoptosis. The notion that the intracellular protein le-
vel of LRRK2 determines its protective effect against apoptosis is
further supported by the fact that knockdown of transfected WT
LRRK2 impaired its cell-protective effect. Similarly, the apparently
opposite effects in WT- and [2020T LRRK2-transfected cells after
proteolysis treatment would have been due to the fact that, in
the latter case, the extent of the increased protective effect might
have overcome the toxic effects of the inhibitors. When its degra-
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Fig. 4. Effect of a decrease in LRRK2 protein level on protectivity against apoptosis. HEK293 cells were transfected with WT LRRK2 cDNA together with the LRRK2-specific
RNAI or with the RNAi-control having the scrambled sequence. (A) After 24 h of co-transfection, the protein level of transfected WT LRRK2 was analyzed by Western blotting
using anti-V5 antibody. (B) The cells after 24 h co-transfection were treated with 0.05, 03, 0.5, 1, or 3 mM H,0, for 30 min to induce apoptosis, and cell viability was
measured. Dash-dotted line (--—-): vehicle, solid line (—): WT LRRK2 cDNA, dashed line (- -): WT LRRK2 + LRRK2 RNAI, dotted line (----): WT LRRK2 + RNAi-control. The results
of treatment with 0.3 and 0.5 mM H,0, are also represented by bar graph. Stars represent statistical comparisons by one-way ANOVA (n = 6); **p <0.005. ***p < 0.0005.
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dation was prevented, the 12020T LRRK2 expressed by HEK293
exhibited an even stronger protective effect against apoptosis, in
terms of both annexin V and caspase-9 analysis, than WT LRRK2,
suggesting that [2020T LRRK2 might have a higher intrinsic poten-
tial than WT LRRK2 to activate a yet unknown apoptosis-protec-
tion pathway.

Although in the present study we found that the WT LRRK2 had
a protective effect against H,O,-induced apoptosis and that knock-
down of the WT LRRK2 abrogated this effect, there has been some
controversy as to whether LRRK2 is protective or toxic for cells
{12,15,26-28]. Under our experimental conditions, we did not ob-
serve any increase of apoptosis in WT LRRK2-transfected cells
without H,0, treatment. However, we could not exclude the pos-
sibility that over-expressed WT LRRK2 exerts a cytotoxic effect
on cells in a steady state, whereas it functions as a maintenance
or protective molecule when cells are exposed to oxidative stress.
Interestingly, loss of the LRRK2-orthologue in Drosophila has been
reported to induce an increase in susceptibility to oxidative stress
and a lower survival rate, being consistent with the results of our
LRRK2-knockdown experiments [29)].

Although hyper-kinase activity of mutant LRRK2 molecules,
particularly G2019S LRRK2, has been reported to be one possible
mechanism for the pathogenesis induced by this molecule [8-
13,15], there is controversy in the case of 12020T mutation. Some
studies have reported augmented kinase activity [9,15,16],
whereas other studies of this mutation have demonstrated un-
changed or impaired kinase activity [11,17,18]. The results pre-
sented here suggest a new neurodegenerative mechanism
induced by 12020T LRRK2, i.e., higher susceptibility to degradation
gives rise to insufficiency of functional molecules to protect neu-
rons from apoptosis. Several reports have revealed that insuffi-
ciency of gene products can cause dominant hereditary
neurodegeneration, e.g., progranulin in frontotemporal lobar
degeneration linked to chromosome 17 [30], transforming growth
factor beta 2 and neurotrophin receptor trkB/C in the mouse PD
model [31,32}, and p73 in the mouse Alzheimer's disease model
[33]. In addition, because LRRK2 has been reported to form dimers
[9.34), any postulated molecular instability leading to degradation
of 12020T LRRK2 may influence the stability and/or function of not
only the 12020T/I2020T-homodimer but also the WT/I2020T-het-
erodimer, as is the case for GTP cyclohydrolase I in DYT5 dystonia
[35,36] and KIT (mast/stem cell growth factor receptor) in piebald-
ism [37,38]. Finally, as in the case of 12020T LRRK2, the G2019S
mutant LRRK2 exhibited impaired protectivity against H0,-in-
duced apoptosis (data not shown). As we reported previously,
the G2019S LRRK2 does not differ from WT LRRK2 in susceptibility
to degradation [19]. It cannot be excluded that each type of LRRK2
mutation affects a different molecular aspect of LRRK2, i.e., kinase
activity, dimer formation, or susceptibility to degradation, all of
which finally lead to neurodegeneration through a common and/
or an independent pathway.

Conclusion

The intracellular protein level of LRRK2 determines protectivity
against H,0,-induced apoptosis. The protective effect of 12020T
mutant LRRK2 against apoptosis can be restored by preventing
its intracellular degradation. Qur results suggest a new etiology
of neurodegeneration in PD caused by the LRRK2 mutation.
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Leucine-rich repeat kinase 2 (LRRK2) is the causal molecule of familial Parkinson's disease (PD), but
its true physiological function remains unknown. In the normal mouse, LRRK2 is expressed in kidney,
spleen, and lung at much higher levels than in brain, suggesting that LRRK2 may play an important
role in these organs. Analysis of age-related changes in LRRK2 expression demonstrated that expres-
sion in kidney, lung, and various brain regions was constant throughout adult life. On the other hand,
expression of both LRRK2 mRNA and protein decreased markedly in spleen in an age-dependent man-
ner. Analysis of purified spleen cells indicated that B lymphocytes were the major population express-
ing LRRK2, and that T lymphocytes showed no expression. Consistently, the B lymphocyte surface
marker CD19 exhibited an age-dependent decrease of mRNA expression in spleen. These results sug-

gest a possibly novel function of LRRK2 in the immune system, especially in B lymphocytes.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Leucine-rich repeat kinase 2 (LRRK2) is the causal molecule of
autosomal-dominant familial Parkinson’s disease (PD), PARKS,
which was originally defined in a study of a large Japanese PD fam-
ily, the Sagamihara family [1-4]. LRRK2 is a large complex protein
with an approximate molecular mass of 260 kDa and contains sev-
eral domains including the LRR (leucine-rich repeat), ROC (Ras of
complex), COR (C-terminal ROC), RIP (receptor interacting protein)
kinase, and WD40 domains [3-5]. Although the kinase activity to-
ward candidate substrate molecules as well as regulation of the
activity by the ROC domain have been studied extensively, the true
physiological role of LRRK2 or the mechanism of neurodegenera-
tion resulting from its mutation remains undisclosed.

Analyses of LRRK2 mRNA expression in human, mouse, and
rat brain have demonstrated that LRRK2 is expressed in various
regions including the substantia nigra, putamen, striatum, amyg-
dala, hippocampus, cortex, and cerebellum [3,4,6-12]. In other
organs such as kidney, lung, spleen, and lymph node, expression
of LRRK2 mRNA has been reported to be far higher than in brain
[6,13,14]. A similar tissue distribution has been reported for
LRRK2 protein expression [11,12,15-18]. In contrast to mRNA
analysis that uses nucleotide probes and primers specific to the
LRRK2 sequence, however, the results of LRRK2 protein expres-
sion studies using commercial polyclonal anti-LRRK2 antibodies
require careful interpretation because some of the antibodies

* Corresponding author. Fax: +81 42 778 8075.
E-mail address: obata@ahs.kitasato-u.ac.jp (F. Obata).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.01.041

have been reported to react with proteins around 260 kDa in
size other than LRRK2 [13]. With regard to age-related change,
LRRK2 mRNA expression in mouse brain, lung, heart, and liver
has been reported to increase from embryonic day 11 to birth
[13]. After birth, LRRK2 protein in mouse brain has been shown
to increase until postnatal day 60 [18]. However, no later adult-
hood age-related changes in the expression of mouse LRRK2
mRNA or protein have been analyzed in either the brain or other
organs, although rat striatum LRRK2 mRNA has been reported to
increase until postnatal day 29, remaining constant thereafter
until 24 months of age [6].

In the present study, we analyzed the organ/tissue distribution
and age-related changes in the expression of mouse LRRK2 at both
the mRNA and protein levels, using in the latter case an antibody of
validated specificity. We found that LRRK2 was expressed in kid-
ney, lung, and spleen at a level much higher than in any region
of the brain. Levels of LRRK2 expression in brain and lung did not
change during adulthood. By contrast, in spleen, a marked and
age-dependent decrease of LRRK2 expression was found. This find-
ing was explained by an age-dependent decrease of B-lympho-
cytes, the major LRRK2-expressing cell population, in the spleen.

Materials and methods

Animals. C57BL/6] (B6) mice aged 6-110 weeks were housed in
a light- and temperature-controlled room with water and food ad
libitum. Organs were removed after euthanasia with carbon diox-
ide. All procedures had been approved by the Animal Experimenta-
tion and Ethics Committee of Kitasato University.
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Reverse transcription-polymerase chain reaction (RT-PCR). Organs
were homogenized in TRIzol Reagent (Invitrogen) and total RNA
was isolated in accordance with the manufacturer's instructions.
cDNA synthesis was performed by a ThermoScript RT-PCR System
(Invitrogen). Quantitative (real-time) PCR was performed using
SYBR Green PCR Master Mix and a 7500 Real Time PCR System (Ap-
plied Biosystems). PCR primers used were as follows: mouse LRRK2
forward 5'-TCTGGCTGGAACCCTGCTAT-3' and reverse 5'- AACTGGC
CATCTTCATCTCC-3’, mouse CD19 forward 5'-AGCGAATGACTGACCC
CGCC-3’ and reverse 5'- CCAGGCCCATGCTCAGCGTT-3’, mouse glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) forward 5’- GAGGC
CGGTGCTGAGTATGTCGTG-3' and reverse 5'- TCGGCAGAAGGGGCG
GAGAT-3'. The threshold cycle (C;) value of LRRK2 was normalized
by the C; value of the GAPDH gene.

Western blotting. Tissues were homogenized in digitonin buffer
[1% digitonin, Tris-buffered saline (pH 7.6), 1 mM phenylmethyl-
sulfonyl fluoride, and a protease inhibitor cocktail tablet (Roche)],
and rotated at 4 °C for 1 h. Tissue lysates obtained by centrifuga-
tion were subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) using a 5-20% gradient e-PAGEL
(ATTO), and blotted onto polyvinylidene fluoride membranes. The
membranes were blocked in 2% skim milk or 2% ECL Advance
Blocking Agent (GE Healthcare) in phosphate-buffered saline
(PBS)-Tween 20 overnight at 4 °C. The membranes were probed
with a rabbit polyclonal antibody against LRRK2 (AT106, Alexis)
for 45 min at room temperature. After incubation with horseradish
peroxidase (HRP)-labeled donkey anti-rabbit IgG (BioLegend) sec-
ondary antibody, bands were visualized using an ECL or ECL Ad-
vance Western Blotting Detection Kit (GE Healthcare). HRP-
labeled monoclonal antibody against beta actin (Abcam) was used
as a control.

Purification of spleen cell subpopulations. Spleens were cut into
small pieces, filtered through nylon mesh to disperse single cells,
and treated with hypotonic solution to lyse erythrocytes. T lym-
phocytes, B lymphocytes, and macrophages were separated using
magnetic beads conjugated with antibodies against the cell surface
markers, CD3, CD19, and CD11b, respectively, and LS Column
Adaptor (Miltenyi Biotec). Cell population purity was confirmed
by flow cytometry to be 92.5% for CD3, 96.8% for CD19, and
88.5% for CD11b.

Results
Expression of LRRK2 mRNA in adult mouse organs

To examine the expression level of mouse LRRK2 mRNA, quan-
titative PCR of various organs from C57BL/6] mice aged 20, 50, and
98 weeks was performed. This revealed that expression of LRRK2
mRNA in kidney, spleen, lung, and testis was high in mice at these
ages, whereas expression in each of the brain regions examined
(cortex, cerebellum, midbrain, medulla, and olfactory bulb), as well
as in liver and heart, was low at the same ages (Fig. 1). Notably, the
level of LRRK2 mRNA in the spleen of mice aged 98 weeks was
much lower than that at 20 and 50 weeks, suggesting an age-re-
lated change in the mRNA level.

Relationship between expression of LRRK2 mRNA and aging

To further investigate the age-dependency of LRRK2 mRNA
expression, spleen, lung, cortex, midbrain, and cerebellum of mice
aged 6, 18, 34, 70, and 110 weeks were analyzed. In accordance
with the results shown in Fig. 1, quantitative PCR analysis of the
spleen indicated that expression of LRRK2 mRNA decreased mark-
edly in an age-dependent manner (Fig. 2). The splenic level of
LRRK2 mRNA at 70 and 110 weeks was about one fifth and one
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Fig. 1. Expression of LRRK2 mRNA in various organs of adult mouse. RNA was
isolated from various organs of C57BL/6] mice aged 20, 50, and 98 weeks and
subjected to quantitative PCR. Relative expression of LRRK2 normalized by GAPDH is
shown.

eighth of that at 6 weeks, respectively. On the other hand, the lev-
els of LRRK2 mRNA in lung, cortex, midbrain, and cerebellum re-
mained almost constant as aging progressed.

Expression of LRRK2 protein in adult mouse organs

AT106 is one of two commercial polyclonal antibodies that have
been proved to recognize the endogenous mouse LRRK2 molecule
by using knockout mice as a negative control [13]. As reported,
Western analysis using this antibody identified LRRK2 proteins of
about 260 kDa just below the nonspecific band (Supplementary
Fig. 1A). Western analysis of lysates of various tissues from mice
aged 50 weeks revealed that the levels of LRRK2 protein in these
organs were consistent with the corresponding mRNA levels in
each organ at the same age, as shown in Fig. 1, i.e., high in kidney,
spleen, lung, and testis, but low in various brain regions (cortex,
cerebellum, midbrain, medulla, and olfactory bulb), liver, and heart
(Supplementary Fig. 1B).

Age-related changes in the splenic level of LRRK2 protein

To investigate age-related changes in the expression of LRRK2
protein in the spleen, tissue lysates of spleen and lung from mice
aged 6, 18, 34, 70, and 110 weeks were subjected to Western anal-
ysis using AT106 antibody. Consistent with the results of mRNA
analysis, the splenic level of LRRK2 protein decreased markedly
with aging (Fig. 3). The level of LRRK2 protein at 70 and 110 weeks
was about one third and one twelfth of that at 6 weeks, respec-
tively. Thus, LRRK2 protein expression in the spleen was found to
exhibit an age-dependent decrease like that of the mRNA.

LRRK2 expression in spleen cell subpopulations

Because the spleen contains various populations of immune
cells, we next purified each population with magnetic bead-conju-



