TINEG 2 VEERRAHIRRE

AMPASZEMAY 7 1=w F GIUR2
RNAFRE » ALS 12517 2 1 HIS5E

A . HHEWL WA WMEITE %
" - — FHEY 72y PO ABKELTEBRINE, b0y
l HEMIPEE 7V 2 ~RRE RS l T2z F OHRT, BSOS 54 Lk B Cat AR

WA BT AFREERDITLALED= 2 —1 IF,
FOEREELABEHELTIVY 2 VB HREEEY
Buzyo, SNy I VEBEEEE a-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid(AMPA)Z & &L T 5
P72z bTHD, 4OV T 2=y b+ GluR 1~GluR 4
BRED B WiET Tt 4 K heteromeric, homomeric
tetramer #FE L, ¥ 722y MEROEVLD, BRNA
75 4 &7 alternative splicing I & % flip #/flop &
variant # £ 3 Z LW XV EHFR2 Ty AN FERRT. S
V¥ I VEBEEEREA A Ty A VE BRI SE
BN, A F ¥ ANVEZEERITE 5 AMPA 5K, »
4 = > EB(KA)® & 1, N-methyl-D-aspartic acid
(NMDA)ZFER T o s SomEfiastcidzE L
LT NMDA Z2F&ENEST 20 L, EHEEREOH
faFE iz AMPA Z2HEOBRENRKE NI EHHEL P IT
o TETWS, FREHEH = —o i, BEEHER
TREBWHI: 5 AMPASREERT T =X bADOKEEICLD
Ca*FAZRS & & LBtz v 269
» 5, AMPA SEGEOHES T » MBI ICE RS T
HLTEDRBEN, MWAZTZy bERAWIIn vivo TO
BERIIBWTH, AMPAZBERT7IT=A M TH5 KA
RitREE W & - CERERE, BEHRETEOHEIESED
S5NBTEmBY, BE= -0 v EERICETERYE
FEOHRER, Thbb ALS L OEEEF O#EENE
BETHLETEMENDI ISR,

F cur:2 o/R#mtn e RNA EROEMFHEE [

AMPAZEERIIFTHLI~T ORI VY I VES

Lt e LY EEAZE/AEREERMEEEEARE
BERERSRE/mERE
VTRE 1ot ERA¥E/ AEEEERFERHERRE
phizs wEB [H
The Wistar Institute, Philadelphia, PA
7 LA BEERFEBHE/ AZEREEERFREHEARIE
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HET O RLVEERREEZEI> QIR GluR2 TH %Y. 74
bbb AMPAZBEEBGUR2 2y 722w bbb DL
Ca*ZBEMIHE L, GuR2MAD GIuR Y, 3, 4 D&BS
%5 ECaERERE Y. 20 GuR 2 &R, 5§
2EEHOFyANRTICET 5 Q/REL D RNAFRE
BER)icE s (). GuR2 Boy 72—y »EkE, &
EFLEZBLTIRQ) ; CAGH I —F AN TS, pre-
mMRNA O BB CTHALED Z2—0 > T, 1ZiF100%
RNABEZZT TR ;CHGG £ LTERaAD, 2D
Q/RE|AINFEEE NS 24, GluR2 @ Ca**EdfEF +
FNVEFEORERTELTEETHD. Lizh-T, KK
£ GuR 2(Q) o472 =v b ERFIC, AMPA %R
FEIHEAAETNTH Ca¥ BT E .

— BRI BRSO T, BEFD> 5 pre-mRNA
PEEINLIOLABE 7oy Y 7B I oTnb,
FOB 1 EEBERD L ISERBER L WO BN TER
BERPEEHEZSNZI NS, ThE RNARE L
29 1IEEERO RNAGSEZIE, Y b (C)-»oo v
W), 7F /vy A) =4 /vy Q02 BEBHS L TH
D EEEREY D SRAEE TEERHI TRESR TN,
—%, BEIIEE vavYaunz, 44, BRLECE
LTRPIRHEER CTERECITbATWE I EBELNT Y
% Exon NO RNABRE L ->T, BREOT 2 /BIE
ORI BEOEED B IEREET RS ERILED
(Bl :GluR 2), a2 Frasfkiba FYiEb % & TEHRE
DFR7EPEL BV EEOELEIERIT I LMD
L, ZLTEADX S CEICGIuR2 Q/REAIT RNARE
EBfTbhbivkwne, ZOMBEOEFRCERNKEE XS5 2
22em6FEZTH, RNAREREYENWCIERCEE
RHRTEETHL L VL5,

GluR 2 Q/RZuD RNARESHREAROER T L5
TEREE®RZHDOI L1, GluR2H»¥ Q/REITRNA
WMESNEVEECTAN, REESE  ~7 oEsHKn
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FREZBWTH TN ABRICH D Bt & D E&
20 BLIFZFET T2 &7, BLUQRELZ Q L EH
NDEZEZHOT7 AT Xy (N)E#H L 72 AR mini-
gene EEFEAL, REH GIuR 2(R) 347 76% 1 HS
Lz FNClE, 85 CA1ERO#EEIO Ca* E:@HE
O 545, PGB HEERREEST

412 BCBREEOEF -2 —n VEEFIERITZ
rRrX pRENTY S, GluR 2 OKRIE & HEEMIEZE & OB
B3, invivo TR GluR2 /v 7 7 v b= v AMREIEM
long-term potentiation (LTP) ToE, ERTEEE, BH
EFEER L CEEHEMEOERL Ca> ZakoBM
nERHH LY, FHEMELEESIEREI STV DDY

in vitro TIZ GIuR 2(R) #& % e v>» AMPA 2D & %
538§ % 853 /Np Purkinje #ifa2s, Ca**&E@ Q7 &
o CHEHERE RS SR ITOT—E TR, Z O,
alternative splicing variants T&% % flip &, flop B3 &%
DEBERER R b BEOF ¥y ANVEEREZ BRI LT, i
HaZRE O AMPA SEEEE 1B OZEEN» 5D Ca**
BARZE 2V, &L LToMERN Ca* A EE
2RIZT LT, HilEEBELTOCa"MALTER 3.

L L, 2o BHfseoEEER S 3w»,. UED
HBE» 5, GluR 2 DFIEEBOET B & U GluR 2 DfRER
ET25 in vivo B 2 HFHISEOEHRFERTH L I &
DHEHI X N85, BEORIZTHEOFVRI L PITKE W,

[l 3131 ALS 12517  GluR 2 RNA Rtk B

2 ¥ 4 8] 2 5 1k 5 amyotrophic lateral sclerosis
(ALS) ¥, AO10FAH1 D FREE0.5~3 A/FE, ARE
I~8 NBEOEETASH, 0% ERIFEEICHET 2
B a—urRETHD. REROFERIEI—IZH-T
FalRy, ETMEC AL THOESH =2 —u v BEEFZ
2, HEDI bRHEETLEBE WD, SEREE, IR
ERIBOTREDVDITFESFRTHS. HRHETE
%, RERHBO LT LER S o — o VA OBEERIIRIF R
NEEDICBEOERBIELHZLOTHY, RHERIKL
WERRVEEN TV IEBO—DTH 5. LrLRBS,
ZF OIS OWENLD 5 140 £/, #Hx ERESHIED
NTELD, VTR ZOREMNLFEERZTHBALI 210
Tk o7. ZO L3 pEHELULENAOF T, AMPAR
BEZN L COHRBEHEEHIEIEE T 7V & LIERME
B2 —u B LTOEERMENE O TER.

Kwak 51, AMPA Z&E %N LB HEIED A 4
ZX LN ALSHFHEH — o — o> TEHBTWERE I »

o

G

i il
luR2(Q}

|:V\
A

ris dyoke, T
IEF% %i: c

T b b et W - W

in vivo

1 AMPA S8/, JN8 I VEBRBRGEY 71y FOBE
(FEARSY, AHLUSYL VEE)

A) AMPA Z%&4#40 Ca>EibM L Mt 5 2 58 AMPA %
BERFTHIVRA~ATORING I VEBREEY 12y FD ¢
BiEr LR S 2. AMPA 254D Ca EilME X Q/R s
QOEEZTHIPRIEEEINTVLEIPIL> TRET 2. REH
GuR2R) % 128 k&, Ca*EBMHREL T Y, XKELEE
GIR2(Q) 52 WiE GluR2 2 xRV HDOTHE, Fw Ca* &M
ERUSZ LHIRBEROREZ &Y. bhdh W IEILE O MR
T3, 13T 100%GIuR 2 IREZ N GIUR 2(R) E LTHEET 5.

B) GuR 47 z2=v + O#E. Q/REMIZERF A4 > M2RAK
FETS, M3/MABOEBEMCIZPIRY RNAGE:2ZU S
R/GHAIHTEET 5. S1, S2RB7NS 2 VEBOFEESHAL

TM ; transmembrane domain, LTP ; long-term potentiation.

PREET D201, GuR2FEBEHOETBI U GlUR2 D
RNAREZRETOREEL2HELS» T 2 HBT, laser
beam % Fi\>7z micro-dissection JiZ & V¥ D H L Fo B—
Za—0OYHEEBTO, AMPAZEREY 72290
mRNA £8% L U GluR 2 Q/R #I RNARERDEIE
EEET LT, ZOEE, ALSEWHEH - —u ekl
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MEPurkinje s

B2 EEEALSILBS RNAEESETORRSEN  HEERE Kawshara 5 L DHE)
BAUCH VSR, DA ITER R, ALSAL-ASE B8z CI-CHE SREESEFML
MOE, SRR R/ SEEED L DB A BB GE FESH - —v >y, N
Purkinie S0 ¢ GluR 2 /R ﬁgm;éﬁﬁg&% T BB SVSECIBERES LT BRSO ERL

FEERGART. FEES s T

THIFEI VY Fo—AEOTTOERTRIZ INYBEIRTWED

L, ALSEHOHBETUH R EFE 2 o —A B L TEECRTLTH Y (Mann-Whitney U-test,
P, oL, 1B THilT L wks 7:4753 5 Pl oCwd, AN Pukinie BE T ALSE, SRS

HE, BRETERERA M EREER L LY
ney U-test, P>0.05).

}(}(} AN A M Ads K 4 A
*
& ) °t‘o'
880
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g7 _
g" 0 s EBEREE
i ¢ CRREERH
< _',{ x107
) () 20 40 60 80 100120 140 160 180
ADARZ2IGIUR2 mRNALL

® 3 GlR2O/R BEHEEFL ADAR 2 mRNA SR
. BoBbEk Kawahara £ % 0 HE)
. GR2 mENA WY 5 ADAR 2 mRNA @%?%thzﬁ’i
2010 P LUF OB, GIuR 2 Q/R S 0S8R 100%
CEEB R, 20X 10 BLEC 2 BEHE, GluR 2Q/R BT
i 19{?%%% BhA, TERESESCELTHGHR?E
Q/R B0 RNA a&%ﬁ%‘g_z& B4~99%TH D, HEO Y Y
FHEARERN L T 2 BEETEE 2V T 69-88%
wEELOE ﬁ*éfﬂ fvib g,

Z2GuR2 mRNADRBEEBABRET L TR WwI
2o U LB AEHE Y O TERSER - B
Q’J’k GluR 2 Q/RES RNABEEBSETLTR Y'Y, £

FALPHIAARROER = = — o VB TORENEL
2 ﬁ@'@” LOTHEDL I LHH/ELLY by, EEY
BREOEHES = - — v, ALS BB L UEHINKENERE

S Ru-AEL OB TEERCEERR o Mam-Whit-

O/ Purkinie $E T, GluR 2 Q/R 34 RNA BEZ
DI I0RCE AT WEOKHL, ALSEEH:ER
= T 0~100% (¥ﬁﬁ 38"“7"0 &, FOE
W0%WEBEL T/ (l{2), a5 KEH—x—n
235 S0D 1 BEFEE L 2B ALS(ALS D),
B R EMEATE spinal and bulbar wmuscular atrophy
SBMA)OZEHEL-BE =2~ i BWTH GluR2

/REGID RNA SR 100%E - Tns RS
LI CORBEER - SRRt oRwaFEL
25, GuR2 Q/R {10 RNA BESE DTS ALS D
EIREEAEIGSTORKRBIOR ELFHN Y O—D Lk
D35 EEZI

- f Avar2—xofrmcEENE |

WHEC B2 RNARERE L8R L LTR, adeno-
sine deaminase acting on RNA{(ADAR)1~ADAR3
O IFESHONT VLSS, ADARIOEEKE L THH
EEREDIBoTHRY, BWTFRdDtype b, 2~35 D
RNABSHML 1o FOoMBEEL b ORERSHEAE
BLTo% GuR2 Q/REAIZBI 2 RNASEER,
D55 ADARZ2 W > TiThii T % ADAR 2 U/ME
HEWEBARCERLTBY, BEFA 23 exon &F
FLod intron PRI & S A 552 2 HHEIREYY exon complemen- .
tary sequence(ECS) & 12 X 5, & 3 V> 1% exon 4O hairpin
BB L VBRSNS RS RNA KN L TEEFEREE b
., ADARZ2 D/ w7 7w r=w Ak, GluR2 ECS ik
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X RNABERBEELL YR EEBRORBFE 2R
L, &&lz, 2O ADAR2 /v 777 b=y AHRER
GluR 2 2RET 2 EETEART Y L RFABREET
2z 7919, ADAR2 DEMHETIZGluR2 DREEE ¢ &
U CHgEE s SR I T EFEISNS.

ADAR 2 & GluR 2 ® RNA £ & OB, t M
BT GluR 2 Q/R ﬁﬁﬁ@ﬁ%j\ 13 100% T2 <{ETL
THY, KEETIR 100% R n 5 2 Lt LT, i
i3 ADAR 2 mRNA (&%) /GluR 2 mRNA (28) btk
EINEHLI LS FEENEO(ES). Bb GluR?2
Q/R WAL DEEERIZ ADAR2 mRNA EREICKEL,
HLBEMEMETHILE, 10BIREEENEHOIL T L
EZ35h3 LEX->TGURZORNARERIL-ES
in vivo ADAR 2 &M IKEL, ADAR2 mRNA FERV
A ADARIEERRET 2RFO—2&%>Tw5

HREES DT oS,

¥ 7- ADAR 2 13, alternative splicing #» EE*PﬁT 3k
48 5B @O mRNA variants FET 2 RN H 528, E
D& variant D FELIEHETEI R IKRE 72(1% DHBH
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SBANEIRED D

HH =2 -V EREZ2D ZRLDES

CALS oS- 2 — T VI E SN I VIBREARDO S TEL®

i fis

SE= 2 — 1 v OMEEHIFEIC X, AMPA 28 ER A LA A X 28D B#lz R 1T
BY, ZOMRHKSICIE C2TERY AMPA ZEHROEENRIML, AMPAZEKEZMA TS
CltOFAMAT 2 2 LB FTELBE R R L Tw3, AMPA ZHED Ca2HEREERIL,
FEHEA GuR2 V712 v b 2E AMPA ZEKHGOHMOfIZ, BEY GuR2 V7=
FEE TR AMPA ZEKBEGORM, OAHALWBH S, MFEHE ALS EE— a2 —o o
RAIETE I BRTE O TR Y, RO —RERE L &> T35, %58 S0D1 i
U 72 ALS (ALSL) TIBEDO A A = A L5500%, R SopI OfiEEFEtz e Tw
ZLEZIONG, ¥7, EH=2—0YIRITIE, AMPA ZEGZ M I L OARMIKIELH Y, B
RIS (SBMA) 232 0RFETH B, 2D kI iz, HEilh— o —ovERIC X HHIlED S
FHBEBERZOT, BEELZNFRRBRENLZLOPRD 60D, MFEEALSICBIT S
GluR2 @ RNA SEERY 1L, FEBEFEEIE DT, GluR2 Q/R o RNA HEZPE T L
WINFEYE ALS ORFRIBIEIC DR HB EE AL 5N 5, GluR2 D RNA fF#1X ADAR2 23420
T, WFEH: ALS JHE = 2 — 1 VT3 2 QBRI S O RR TR RNIGET Liz7-d L
2 54, ADAR2 iFHE2E9 2 Z 23, GluR2 RNA SBEDIEHE{LEE U TREREOENI
b L ENS,

F—"7—K ! amyotrophic lateral sclerosis, AMPA receptor, GluR2, neuronal death, RNA editing

BLO&IC

M ISR (ALS) OBEFRIE, —EoR
R ALS CRETFEEVSEEI N SO0, 2 ES
Z 2= YBRRDDHE V) A A XL EETEET
DFEE (Rosen etal, 1993) & D 13 HEEB L - EE
cupper-zinc superoxide dismutase (SODI) & 15 ¥ B
itk ALS(ALS) THIRA L LTHE N TL RV,
—7%, ALS OXEE % 50 2 IMFEME ALS iKD0w» T,
BRI OR 2B NNEERIE S ©, BREEHREE

BRLEAEINTE, EH—a -0 rfkiE, 44
VFFNBTALEY I VBRREYTIATTHS
AMPA BAEEHE N LT, CETOBHLTAE EEE
A BESMRESE L LT3 Z L4, HRAKH
&I N T & ¥z (Kawahara & Kwak, 2005 ; Kwak &
Kawahara, 2005), Z£35 & i, TA56M: ALS OEH = = —
v icid, AMPA ZEED Ca2TERER TEI T 2 H
FEGOPETH, 722y FD1OTH S GluRZ D
Q/R ¥0ic RNA FREDRE T 5 L WHRIEE GluR2 H3Y
ZTCW3Z EZBS L % (Takuma et al, 1999 ;

2006 4F 8 H 29 HXH

* Molecular mechanism underlying death of motor neurons in sporadic ALS : towards specific therapy.
g e B e ST S R AR IR S B TR IR (T113-8655  BURUEBSCE X AP 7-3-1) : Shin Kwak :
Department of Neurology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113~

8655, Japan.
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Kawahara et al, 2004), C DT EE, AMPA ZAF
o CatERER THES B ERD 1 0TH b, FE
H@FEO)~>5UE@L:7:¢ %35, GluR2 #& % 42\» AMPA 4
bbb 7 Ca T EBBEDE e, BB = 2 —w T
B 2%5E L OB T, AMPA ZREY T2y b
GuR2 OFERIE ALS & EHENEE THEED 2V
@ ¢ (Kawahara et al, 2003b), ALS O##)=a2—1 ¥
= AMPA & Z AT 2 ML REL TV S
SFEEE, ol 5REE GuR2 OHIMIZLZHD
Lz oD, KK GuR2 % &1 AMPA RAE,
e GluR2 # & % GuRl, 3, 4 L DBRIND
AMPA AL b, EEO L PRSI AR L
v, FONHIBRRY, WEIAERR (1Y
SFYFUFYT) CREET 3B 1 —u I3
RS, BERT A A FRHEED GABA {FEIE
MEZ 2 —n v P —BomEiacFEL, YRR
Mo EE o 2~ VI ObHEEAL T3 (Kwak &
Weiss, 2006), AMPA ZZ& 4% 4§ 5 FiEiast O
gem s, ZH6DHTFEIC & D MEMIETE 5 EE
S LI DA ICH ST Y, ST ERE
BB BRHEIC s TETYS,

AEH TR, Hr0EEH- 2 —u YEBOEE)
—a—u VI EREED, EOK) ROTFEED
5 LTWwEOMPCOWT, EELOBLMRAZPL
B R RS, ISR ALS AU TV 2 EREBREND
FP Lo BTV, BRIGEERRE O » O - F
BH IO\ CHERL L 72\, AMPA BB R/ 5 MR
HBEFE D X A = X LRIFEME ALS & GluR2 RNA piTheeS
BEoMEIcEL TR, ERolsizsREInY
(38, 2004 ; Hideyama et al, 2005 ; Kawahara & Kwak,
2005 ; Kwak & Kawahara, 2005 ; Pi4= et al, 2006),

1. B = 1 —OVERICHEIT S HEHERTEO
BFAH=X L

1. TE SODI cBE U fcRiEE ALS (ALS1)

g ToMmETTIE, GluR2 Q/R BBfI9 RNA &
13, FEREANMZEMSE - IS ALS /N7 L * v il
B, P4 e —IRAREE, ¥y 7 RAEERE,
NUF b ERSE, BHANEMESRE (Machado-
Joseph 5 - MERAL AR IRV A REHIE - R/
% 45 5E) @ /M B§ (Suzuki et al, 2003 ; Kawahara et al,
2004) % ¥, #4 MR EEEREORNZ 2 —u YR
EEHECRIEE - 2 —u AR 100% I FztTw
Fzo 7L, FHES= o — 0 VITB Y BRI
TWaDT, Mt ALS DSt OEE = 2 — 1 VKB T
AREOSGFEMREL T L2 RTHENRD -

-0 Mo, 25 SOD1 W BEET 5 SKiEtE ALS (ALS1)
11, 7 OEEF (e FZER SODI BAE) A% ALS
SEOEBEFALELTARAEN TV 3D T, KR
BREPHALHICTEDICH RNAREREOHRE
e B AENDH B,

COBENORD, TRE L SODI FI VAT 2y
55 v+ (SODIS™Tg 8 X U SODIMTg) D FEfE [ {F
B IURBEOHENRMZ AT, Ef-a—aXic
%3 LT\ % GluR2 mRNA Q/R SfiRENE 2 EE
Lz, Z0ERIZ, REBRETH>THHRRL LT
DEE = 2 —1 v (SODI®*Tg FHfE 7 v b (n=>55)
SODI™MRTg FIEF v + (n=62)) T, HEOTFEEF
HaRRE LD, SR 100% IR Twie, Thbb,
758 SOD1 o & 338F = = — 2 VFEicid GluR2 Q/R
WO RNA SERFEEDL>Twiw I LWL 2
1z % > 7 (Kawahara et al, 2006) .

ALSI Ti3, AMPA Z&ff% N T 2 AT RastHsEE
BELTw5 I e T AEY, T VEYEM
B TREINTVLE, Thbb, AMPAREHKD
Cat BB HET 2 GuR2 2 RIBLA VAL, &
BSODI PS5 VAY 2y 7T AOBTAEDLEIC
Ih, BEH7I/ BTHIIA = VBICNT 5EE
ML 7 & & (Van Damme et al, 2005), GluR2 D3
HRBCIHDEFLVHVYOEFENERL LI L
(Tateno et al, 2004) BTH 3, X5, Q/REMZET
249Xy (N) IKEBEHL, C2"%2E87T 5 ALY
GIuR2 (GIuR-B (N)) #@EFHAL=TRE, &
£ SODI1 EIEF 9 double transgenic © 7 A T b FHHEH
BaFE AR L 72 (Kuner et al, 2005) & & 225, ALS1 O
A UIEFEIC & AMPA A A Ca? M EEETUEDE
ELTw3 I LB EINS, EELORE T,
ALS]1 EFA S v MEE = 2 — o 23 GluR2 Q/R &
70 RNABERERASNRLOT, AMPA ZEHE
D CATEBER EI B ABI=ALELT, GluR2
O RNA S EE DSOS FEENRI 2TV 5IRY
ThH 5B,

FuFA Iy AREICLD, BERSODITg R T AT
AMPA S5y 721=y FTH % GuR3 DFERLME
MLTWw3 LW IMEHSH H, GluR3 mRNA OFEH L
BEASEH= 2 — 0 Y TH LN, HAMRETIE GuR2 ¥
VR DERBEVBIL TR I LBBEINTRS
(Spalloni et al, 2004 ; Tortarolo et al, 2006), & 5 {Z,
Z5E SODITg =% AW GR3 iKW § 37 v F ¥R
mRNA 28572 L, £EEMNEET 2 Z HES N
Tw» % (Rembach et al, 2004) (7272 L Z DE#IX T,
GluR3 D ¥ v R 7 BARBERTETCLRWOT, K
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G
120 1 X107
_=
i3}
® 80
a8
~
Z 40
&)
0 |
C KA—W2 —W4 —W§ —F2 —F4
H B GluRl
" £ GR2
g% E GRS
5 75 =5 il
§ O GluR4
e O %GR
3 50
%
E [ JaCSF-W/F 251 ;
P KA-F % RKQ“R‘“
g Tk Bxa-w 1 Human
‘H.§ & pder 0 "
c¥ 5k ook
= - ' GIvke — —
2= Bi1 A4=vEfFALS EFA 5 v b
EST s A TAASVEE3mM % 8 BREFFFIYICREE L7 Wistar 7 v b
- DI, B A LB EAOEAR. BEEHROLZS
g2} NI ERRT, C: HEAOHEAR, XKE=2—vvizra
A v F U DEE HERBEEOEHGER LUV THlEoE Y
Z a0 YidE~0EEETY, D BT v BRI,
0 E: LR v b OEGRRETE, F: 44 =vEE 2, 4, 8BF

F4 W4 w8

BEREE U 7= Wistar (W) 3 X Of Fischer (F) 5 v +F O KAl

Za—-u Vv, BiE T 4~ BOM, HBETE 2~ BoMT, MlEkoBRSBLEoNnG, G AL VBHEES v M E
- 2 —u BB AMPA ZAKY 722 v F mRNA OHEBEZE{, GuR3 DABERELTwa, H: Ef=a—1

VICBIT 5 GluR2 mRNA @, £ AMPA Z&EEY 72y

b mRNA IZX§ 2 R8BHEE, tFTdb Ty FTvEBiza—D

¥ (MN) TREFHBEA=2—0 ¥ (SN) KR, GluR2 OFEBEIENEY, I/ ZVEBEES v P TRIDHENE S

ET LT3, (CUH Sun et al, 2006 & b, EHWE)

WGMR3 D/ vy 78I Ik 2 A B R LHEI D
CRBEREIR LTI LR &0 BRI S 5 5, EE
Za—uVitB} 37 R EBROMEE, WAER
SO EEROICHEH T2 2 L BBEORED S FEBEIC
FEDT, BEj= 2 — 1 VIERER GIuR3 & v 87
DHEBELE*EEMCRAI 2 Z L 3B THETDH
B, BRBRTIAHL = VEBHET v B BES
=20 ¥® GluR3 mRNA 5 LA (Sun et al, 2006)
b, HAHBCRRETEY, Bl o —v @
BWEHOCTHDTHETH 7). GuR3 I Ca2T 58
oY T2y O T, GluR3 O AMPA 5
Ty FOHRETO GuR2 DR 7
5L, GuRZ &% R\ CPTERE AMPA REED
HEEHPL, Tk DEfim -2 LT

AMPA ZEEZ N L7 CE2TORAZREME &, HIIESE
ods LFRANS, Lo, FHED, £
PR GIuR2 DI Tk <, BEREGUR2IZ XD,
GluR2 2 & F 4 \» AMPA RAGHE AN L2 &
5, MO RERFICh> T3 EFELI5NS,
EE= o — 0 ITBIT 5 GluR3 mRNA O FEBN
13, BEEOIMEML A = VEBlECEE2 Sy b D
ALS EFMCBWTSH & 5317 (Sun et al, 2006), = D
Sy FALS EFNE, A4 = VEER 4~8 M, FE
BB DETEICRET A I LIk T2
DT, EEI= 2 — 0 VICEIRN G EMEE s 4~8 8
HOBBTERIEZD , B2 -y A= 2—
vl BBERA SRR (B 1A-F), EREdRE L
THEHREO AT, BE, BWEBSEEZNT
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AMPAR Activation

SBMA,

poly Q disease

Q AI.Sl KA it rat ’ 0]
L‘> @ Ca?"-permeable
AMPAR

[Ca2+] i(zo*)if
\4

? Mitochondrial damage

¥
Neuronal death

B 2 Ef=2—0 URE0sFHEEOR4 | AMPA ZAE% T 5 HEEHIEEE diie
F#HOMEMIETIIIE & A ¥ D AMPA 244k (AMPAR) 348 GluR2 2 &4 Ca®*3k
BBWETH B, EH= 2 —vr (MN) % ETlE GuR2 28 $ v Ca2 kD AMPA
ZBEARD, PEBNROSFELTWB I ENREINTW S, IFEE ALS, £E SOD1
SR ALS (ALS1) ©WL s b AMPA 242 A3 285D 4 H = X L 5HHv
TS B, WMHEOLFHEMIIELD, ALSI Tk GuRz o# &0 I &
DEER GluR2 2 & 74\ AMPA SEAOEAHE B Z Lok b (B), MK ALS
TREFEER GUR2 228 AMPA ZAGSEZ 22 itk h (), CHEBRED
AMPA FAMAEML, HIFEN Ca®* Zn® ) REMSERT 3 & & OSHEMME% 5] 22

905

¥, HEL, BEIEMCHBAREEZIISEIL) 3oHL, HEICIER
SOD1 DAzl ¥ OEFMNE Sicilib b BENH B, Zhicw LT, BREHEHZE
HEIE (SBMA) BB = = — 1 »FRici3, AMPA ZEGF 2N T2 XA 4 = X L1 I-Twiz

L,

VW3, BEWRELD iz, HEilo 2 —0 Y 0&RT GluR3
mRNA OFEEH LR, Pl b 2 BEMBCALN
% (X 1G), GluR3 Li&to AMPA &MY 7=y b
KRERBOEABA SNV, 50T FEL
X AMPA ZBRBO 7y T2 A ML hHIEZNS,
GluR2 Q/R L0 RNA REEF A ok, BLE
DIEDS, TOEFATY MEBE)= 2 —0 v ORI
FHBIFRIC IE, AMPA Z&MAD Ca? BRI LH -

TVR3HDD, ZONTAH A LIS, MFH ALS &
IZE% Y, GluR3 MSBEN L 7 7= %12 GluR2 © AMPA 3%
BEY T 1oy VD 2 EEIRA GFiE 40% ikt
LEFLS y T2 29%) L, GluR2 & F kv Ca®t
ZEMED AMPA ZAEBHEG = 2 — v THWNT 3
HEEZzonD (M1H), b &b L BHER= 2 —
VBT B GluR2 mRNA OFEBIL, oMLk
REVOT (K 1H), GluR3 BRI L 5 GluR2
HEDEPIEH = 2 — 0 TR AE R LD
2%, COFFEEIZAISIEFTACYRICALNS

bDEE%THD, ALSL TiZ, AMPAZEEEZNL
T BAMEFED X S = X LW TR D, SOD1 OififaE
HEREETIRFICR>TwBEEEILND X5,
AMPA ZEH 7oA bk hiflflanhs o &
53, AMPAZABGFERREINICHE TS &8
GluR3 mRNA OBEHEKBlIc>ud3 2 LN TR I N,
ALS1 TiZ, FAF S VBV AT LIEFICEREL T

LMY S B

Dk, AMPA BEEENT HHIMETRICIE, &
B LY 2BEODFA A X LBMILITEHTY
BrEZLNS (M2), 12 Q/REPLIKFER
GluRZ DIINTH H, HIEREMN GluR2 DX IV
PTHD, Wb AMPA ZHED CPHEREZE
2 L THIRIAE® Bl B 2 ¥ (Kwak & Weiss, 2006)
7L, GR2 D/ v 779 b= ATCIE, #hiEEHia
WIS ENTWADT (Jia et al, 1996), #
£/ GluR2 DA I X 5 ARiERasEICIZ, AMPA &
HROBR L EESR, £ SODI 2 Xk kA% H Ay —
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F oL Y, MEIREFECA R &S E 5
HBEIEBHBAEDNLITH B, ThicHL, KiRER
GluR2 Mz & 2 MMl OBE I, BRI A
12k 28590 5 b (Brusa et al, 1995), ZOSTFEED
AT B SR ITICRD B EHFL LGNS,

2. RIEEEMEEHEAE (spinal and bulbar muscular

atrophy : SBMA)

SBMA i3, X #efafkBEzl% L 2EEH -2 —0¥
FEETHY, 5T, EROEEENEREERDRERT
rLCHLICE NS, RY TNy S CHHBEICED
MREHRETH S L0 ED S b, TFEME ALS O
BB EOA A AL EDRRAEBHTEI LIE, &
BEMERICR Y 3 HEHRILO X A = X b2 ERT
3 ETKERERVHS, Fio, KUY I #E
B BREERBEO VTN L PR VLRSS 7
Faolex L, TN ALS IEFASEV T, BIKRDY
B S L ANEHIIIED A A = X LB TH B L i
#2icd L, Bz 2 — 0 YIEOSRHELOBERIZ D
edsh, MEEEFL OB SR~ OWEREE 2R D
HFEEOLBLDEELD,

#5013, SBMA3 SER (PET-HEAEHR 60~78 3%, 7
v ROX v BEEEBETF CAG VY~ M 42~48)
BEEHES S, 100 @YU EORBZ 2 —u RO
Lt 2095 %, 744 8 (B1H 12~16 ) < GluR2
mRNA ICH¥%T 5 PCR BB ohn, 20L2TTQ/
R A1 100% 8548 X #1C V> 7= (Kawahara et al, 2006)
SBMA OREEEI— 2 — 0 v 3BT, HRL
J- e d GluR2 iKX$ % RT-PCR BH[#TH - 7=
bDIE, Z209% 3EHRTH o7z, WETEHEE
oo -0 VN ERESEETH B I ENTH
ENBZLOD, WEOETIRBRTHIZEEELS
L, BHEERENERT, BFE- -0 Y THLE
BB SR TV S EIFE LI, BT
GluR2 mRNA Q/R #L DFFEEED, 5 L /- SBMAE
Bfi= 2 — 0 V2T 100% IR/ N TwD 2 LS
ic7e b, SBMA Tl RNA BEE IS
LW 3 AR IR TR & A 5 DUEIRE L 7,
HIREOL A R ERERE 7L X v 2l 8T 3
GR2ZQREMDRNARE B RN TR I L
(Kawahara et al, 2004) ¢ EZAb¥ 2L, FYITNLF
T vgREICHE ) R EREEBEOMIEILIE, GluR2
RNA EEEBIZ X2 O TIERVL LR, ARt
OEBBEO TEHETHB L LT - T, MEE
ALSDLDEIRRRDANZAAITE DT EETE
75,

BY N I vEHRICH S SR ERBICBIES

HRFELBEE L Ty ) BT mAR, E
NVFVFVBEOEBEFARLDIESNTEY,

AMPA ZEMBEHIIITFER L 20 54D (Levine
et al, 1999 ; Zeron et al, 2002 ; Snider et al, 2003 ;
Zeron et al, 2004), & L 5 {&\> (Morton & Leavens, 2000)

v, LidoT, RY Ay S vEBREIEI M
RIS B O MRMIRRSEIC 1X, AMPA REG2NT 3
AAZZLBEE LTV ERELICWL (H2),

3. EH— 1 —OVEEOHTHAGE

BlLEIBRE X, BB a—n v ERBILETS
RO A A= XL IREFETHD, Lird AMPA
BRESNTEANZA LIS R LS 2EEFE
L, TNSEH: ALS & ALSL LB BT A =X AR
Bz, 20T EIE, ALS OREEREICEWTH,
SODITg EF N2 RV L HAERREET S I L 2Rk
LTw3,

ALS IxEERE S EZTH Y, MEEALS LAY
b, B—EBEZOD, EREHTHRLLAGEIET
PEBENEEZ AREZOPICELTHEROTY
Nz LZ2Ths, ALS1 & OREIC, FRMEIICD
BV FEMERERBONBERINEZI LSS
W, TREME ALS Offx LhERBIC R T 20 TEOR
EERHERBZEICEY, EERATEAET I LA
b LRy, ZOELAPS, BHoa—u i
1} % KR E GluR2 mRNA O#EiNE, &8 10 £ L0
FRPEII7: SPMA, HlEEER AT T 5 HESE
(Aizawa et al, 2000) 72 ¥ THED s, BRKGORL
ZIe 0 ALS THHBEOSTEESFREOA A=
AL >TwE Z EPREI NS,

II. GluR2 @ RNA BEBRRES|ERIT
BFANZX L

GIuR2 Q/R BBfizo> RNA iFH 13, MO LRI
LoTHATHY, REMI D 100%IFENTVES,
ZOEND RNABESR I SR wEREe Y RiL, T
WHABERO- DA% 20 AT L TLE S (Brusa
etal, 1995), ZOB/FEHKICI VEH =2 -V K
HHBEL 20 E I prEERAL»ICLARERRY
2%, GIuRZ @ Q/R B % 7 A7 ¥ v (N) B L%
GluR2 # 7 — F ¥ 2 mini-gene GluR-B (N) 2 BET
WA LEERC YR, 1E2%EL CERRMEES
LM AMIERORS % 5 #E 2T (Feldmeyer et
al, 1999 ; Kuner et al, 2005), 2 1 7 3 / BRiE#RIZ, K
B4 GluR2 OGN L AU F v 2 VLR AMPA A
Hic b 59O T, GluR2 Q/R#BAIO RNA RERF
PRICER S . — OV RFATEETSZLERLT
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B 3 ISEME ALS (ZERmIEIUSREEILIE) O RFiRe:
DUFEHE ALS Tk, ADAR2 IBMEDETIC LY, HKIFHE GuR2 2 5T AMPA RAHE]
EMHA, WA G RED LRI ERCHBEOA R - FORETS5LELS
N30T, ADARZ A= 2 — 0 THRET 2 Z B TENE, RER GuR2 %
BWeT I LIk DEE = 2 — 0 IR RBIETE, INFEENE ALS ORI HRIK LD L
Zohb,

w3,

GluR2 Q/R #4717 RNA #itEl, RNA RERHTH
% adenosine deaminase acting on RNA type 2 (ADAR2)
EREIEN D 2 ASH RNA ICfEAI T BBERIC X - TR
XNB T ENBRETHREN,ADARZ D/ v 7 77 b
<% 2%, GluRZ Q/R M2 RNA HREHHR I 5k
o, BROZEE YT AR, DL AERICED
44 20 HTHLC LTL £ ) (Higuchi et al, 2000), ¥
7o, BOROME T, —iBEMEmE ORIt
T THE CAL $E/EME Tid ADAR2 mRNA O %H
EPETL, GuR2 Q/REM D RNARERFH 4
IoTw3 Ik, ¥, ZOMKEIE ADAR2 ORIE
FEHARCIOEETCE 5 2 L #57R X1 (Peng et al,
2006), ADAR2 iEHEET 5 GluR2 Q/R 70> RNA i
SRR IR EORRIC R 5 2 L 58 6 i
NS, TOHETIE, GluR2 Q/R D RNA FH&
MBI L IZBRD, 0%~100%ETHLOHLT
BY, EELHAISEH— o —orTHL I LEE
RS O T X BIT V3 SHAEKE, EE,
4 3 1T 5% 0D S M AR BB BE VT 13 GIuR2 mRNA O %
BHEWNEL37:0TH 5 LT 5N > 7253 (Pelle-
grini-Giampietro et al, 1997 ; Kwak & Weiss, 2006),
CAMPARBEZNTEAAI=ALTHoTH
GIuR2 Q/R ¥ RNA SBEEE I X 2 TH 3
ZEBHES I o, Lo T, GluR2 Q/R EBfr
D RNASREREIZ, (1) MEAREORERTHS T

L, (2) A L bESI— 2 — 1 v RHEE CAL S
BRI A BEREZFIER T2k, (3) Z oMk
I IEREOBBRETETH B 2 &, (4) ADAR2
EHEOETIZEID LRI NZ LD THD I L, 5
WTE3,

B O A% 5T METYH, ADAR2 mRNA i
KEE%PIcRELTEY, ADAR2 mRNA HEE
DAV EE Tl GluR2 Q/R #4670 RNA SREF LT
Ld 100% Itk EflicHmEd 3L,
ADARZ mRNA O3 GluR2 mRNA HCcOFRBEHH 2
B X bK< %25 &, GluR2 Q/R H{7 > RNA HER
M100% 2 E s oIk D, AETRIEEN
Th 60%EDH DD H B (Kawahara et al, 2003a), = D
ZEiE, BT GluR2 Q/R B2 RNA HRE% fik
B4 2013 ADAR2 Td b, ADAR2 mRNA OFEEED
WMELZZBEELTVLERD1IDOTHBILEZRL
T W 3% (Kawahara et al, 2003a ; Kwak & Kawahara,
2005)

HEZ &6, AISOERH =2 —0 v Tk
ADAR2 EHEAIMET L T RNAREREESE I > Tw
ZAMEHLVE VO T, ALSHIAEB THREL a3
L, ADARZmRNAEBH L LB HEETH % GluR2
mRNA DEBRBH TABBHIERICETLTED
(Kawahara and Kwak, 2005), GluR2 Q/R ¥ £z © RNA
FEFR L ADAR2/GIuR2 Hi & oI HHBM R SN B,
BB L 7= & 9 I, ADAR2 mRNA BB X ADAR2 &t
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| H i v
E [G  femmd 10 |
= ol o]
ponte | [ |
T L xzekmeine
:NSL  [J:RBD 2= . deaminase domain
WH S1 PI1NE 2a C
KDa C-terminal variants mRNA protein
190
~80% -
2~5% long C
120
1~3% long C
12 y 10~20% short C
o s : * » (in vitro)

B 4 t Fi4D adenosine deaminase acting on RNA type 2 (ADAR2)
A:ADARMRNAY 7V 7Py b, I FALVICR 2EE (exonla ZETHDEEELVLD) B
DFAXAYICRIBHEUWRILAF P2y P2ATLIOEREERLLD, BXUexon2
skipping), I FAA 0 2 B A AT LD LEERVH D), BIVFAAL VI 4HE
35 (intron 9 retention, 25 exon 9, M exon 9 —F) OV 7 V7 ¥ FBHFEET D, TS BT
WATS ALY I %ZF 50T, BHRIVICE 2X3X2X4=48 IO mRNA 7' 7 U 7 ¥ F BFET
BIrichd, B b MNESEINT 34 4A 2 Ty b, i ADAR2 FilES T T 58V FiZ 2 &K
b, BOWCBET L, 028, BOFAL VI A EABEENEHLLE ) PTY A XD
b, FA4 1, DORLE BNVFALy0E2, 3BERLET 7 YTy MoK ENS 4
B mRNA AP LEIRE NS L#EZ 505, WH : whole homogenate, S1 © first supernatant, P1 :
first pellet, NE : nuclear extract, 2a : recombinant ADAR2a, C: EIVF AL DY 7 Y7 DL k
A BT 2 HBHE, 4> oY 9retention ¥ 4 7OFKBEBENRLE LD, IRV YTV LR
£ mRNA 125 v 32 KB SI kv, KIS0k, 5 exon 9 23> mRNA TH 5%, I
NbF Y AZIKEREAL L, LidoT, £mRNADS 5, BRENIZEIVE XL VERED
mRNA 1320 3~8%Ic T Fi\s, X5z, FH FAL > T, exon? skipping ¥ A 7 RERES >~
RZRERDBEVICLPLH LT, BIFPAL YD 20%2ED20T, BEERY V7 ICHlIRS
1% mRNA i 2~6%FRE L & % 5415, (UM Kawahara et al, 2005 & 1, $HHE)

PHETZEFO12THD, ALSEE)— 2 -0 VI
17 % GuR2 Q/R Hhd RNA HEEH I3, ADAR?2 &
HoETICEBEEZONS,

0k RBEE»S, BEEGUREASLES
Sa—R Y THERT I L DS, TS ALS DR RIGHIC
oRMBEELLND, ZOLOOEIEL LT, RNA
EHEEETH S ADAR B METZ I LB 100
AEEdcH b (3), iy, ADARZ &M HEIBRE

R OEICHREE LT, EoBEEBHTS LML
h B ERBREOHRIC O RS,

ADARZ EMFREHEMIc > vk, REHOT TS
Vv, SE S ORETIE, ADAR2 mRNA 213, 48 #iC
HOIES ADARZMRNA R 754 AT 7 YTV M 3F
#% % (Kawahara et al, 2005) (% 4A), E b o/
BOBNTII, ADAR2 ¥ v "7 L LTRETESD
B 2EoATHY (Kawahara et al, 2005) (X 4B), \»



RS - 50% 67

TNy in vitro TDIEVE% 5 2 (Gerber et al, 1997 ;
Liuetal, 1997), ZhoQEES V7 %23 —FT 3
mRNA 77 U 7 v Fid 48 T 4 FE IEES, Lad
7 OHEEIZ, ADAR2 # mRNA @ 5%FIRTH 5, #&
mRNA FEREBED 80% M EEZ HD5DE, A EuY
9retention DH BT 7 VTV FTHDY, FURIICE
R 17z v> (Kawahara et al, 2005) (B 4C), 2D X9 %
mRNA SRBIEETHEHELLT, A7/ I94> 07
WESYEL, nonsense-mediated decay (NMD) 75>
o Poficd, FEWEAFLVARIYVKEDY
VAIBBBEILE oL EDDDA LY I TH B,
LT AN ERAT R T2EALTLH S (Pras-
anth et al, 2005), ZOEZAHIELITHIE, KREILF
ET3BRINBVT YT MG, LWIEEDLD
OFERETH Y, #HEEEoEicuERED Y 7
Y7 P REBNEETLEROOLDTDHELEEALS
N3, ZOBHE, FENCERERET YTV IO
SRBOTRZ VDT, bEPICATIA TV IHE
ZEF2 7T THEMICRNARELHETES
ALSEH = o — 0 VT I OFEBH B AR
PEL, EEEY Y 7 OEENTED T HEERE
HHMED T WATREHE DS B B,

BWEERIC

EEL LTI T o ENBREL LI EL
TWLEEEE T, ALS OFBASHE I 0RY, EEDE,
%Fﬁﬁ KOWTHEEREERITOTFAN=RALDS

FhhaBRIc kIR ho0dh 5, MEE ALS £
SnTh, FEOLOMELAONZZ LILLD, KA
RN TFEEC owf@ﬁ »OLRRIBE~DE
LbAILTERERTHD, L OMEEBREIR, I
%%bk@&zﬁbé# FIEFHI OB L HFRED
FRIITREICEAT, LaL, ALSOBAEII,
ALS1 2 RF LT 2HRBEMALS O R 6 XESH
Za—-nrREYELRPOBBRELTLLEEZST,
LB, Ay vBERLE L RBEERETO A
AR L DOFEEEE - £ - SRR O FH 5 O
D T oABbNbNEEAREOERRY FED s
5., ZOMEOHND, WHEEHELELTOI L
Z I VB AT LADEESEREBROMEILICET
VB LWL R ED, B S OREERFREMEI
DhPoTwE, I DTTFEEOERICE -HRD
EBDOBEBENORIGKETFS2L T TcoREE,
Charcot IESEB L -BE#E2 2 &, 3508 S
THEL LW FRNTS,
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Abstract
Molecular mechanism underlying death of motor neurons in sporadic ALS : towards specific therapy
Shin Kwak
from

Department of Neurology, Graduate School of Medicine, The University of Tokyo,
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan.

AMPA receptor-mediated neuronal death plays a pivotal role in motor neuron diseases, and an increase of Ca?"
influx has been proposed to initiate the death cascade. Both a decrease of RNA editing at the GluR2 Q/R site and
a decrease of relative GluR2 level among AMPA receptor subunits result in an increase of Ca?*~permeable
AMPA receptors expressed on neurons. The former mechanism plays in sporadic amyotrophic lateral sclerosis
(ALS), whereas the latter is the mechanism underlying familial ALS (ALS1)linked to mutated cupper-zinc super-
oxide dismutase gene (SODI). On the other hand, AMPA receptor-mediated mechanism does not seem to play
any role in death of motor neurons in X-linked spinal and bulbar muscular atrophy (SBMA). The difference of mo-
lecular mechanism underlying neuronal death in sporadic ALS and ALS1 implies that the effective therapy to
ALS1 may not be applicable to sporadic ALS and a specific strategy may be necessary to develop specific therapy
for sporadic ALS.

(Received : August 29, 2006)

Shinkei Kenkyu no Shinpo (Advances in Neurological Sciences), Vol. 50, No. 6, pp902-911, 2006.
IGAKU-SHOIN Ltd., Tokyo, Japan.
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1¢ proteins are negative regulators of basic helix~loop-helix transcription factors and are
involved in cellular differentiation and proliferation. Four members of the 1d gene family
exhibit closely related but distinct expression patterns in various mammaealian organs of

Available onkin

not only embryos but also adults. Among them, Id2 is known to be expressed in Purkinje
Keywords: cells and neurons in the cortical layers of the adult mouse brain, suggesting that id2 is
Helix-loop-helix protein involved in some neural functions in the adult. To get insight into the role of 1d2 in the
1d2 nervous system, we investigated the localization of 142 mRNA-expressing cells in the
Gene expression

Aduit brain

adult mouse brain in detall by in situ hybridization with the radiolabeled antisense probe
and compared it with the localization of other Id gene family members. The results
Mouse indicated that 1dZ mRNA is detected in more varied brain regions than previously

reported. These regions include the amygdaloid complex, caudate putamen, globus
pallidus, substantia nigra pars reticulata, suprachiasmatic nucleus, and the anterior part
of the subventriculer zone. These results suggest the possibility that 1d2 plays a role in
HLH, helix-loop-helix the neural activity and cognitive functions. On the other hand, 1d1 was barely detectable.
DEPC, diethylpyrocarbonate i

Abbreviations:
BHLH, basic helix~loop-helix

Although moderate or low expression of 1d3 was observed diffusely, high expression was
observed in some specific regions including the molecular layer of the dentate gyrus and
the external capsule. Id4 mRNA was detected in the regions such as the caudate putamen
and the lateral amygdaloid nucleus. Thus, the expression pattern: of 1d2 is distinct from
those of other Id gene family members.

@ 2005 Elsevier B.V. All rights reserved.

Transcription factors play essential roles in various biological
processes including celluler differentiation and proliferation
by regulating gene expression. They are categorized according
to their structural similarities. The basic helix-loop-helix
{bHLH) protein family is a typical example. The members of
this family share structural characteristics of the basic region
and the helix-loop-helix (HLH) domain, which are required for
DNA binding and dimerization, respectively (Massari and
Muire, 2000). In general, tissue-specific bHLH factors form

* Corresponding author. Fax: +81 776 61 8164,
E-mail address: yyokota@fmsrsa fukui-med.acjp (Y. Yokota}.

heterodimers with ubiquitously expressed bHLE factors, so-
called E proteins consisting of E2A gene products {E12 and E47),
HEB and E2-2, and regulate the expression of their respective
target genes via the consensus-binding site, the E box (Messarni
and Murre, 2000). Tissue-specific bHLH factors that exhibit a
high degree of sequence conservation constitute subfamilies
and are involved in similar biclogical processes {Kageyama
and Nakanishi, 1997; Massari and Murre, 2000}. For example,
neurogenic bHLH factors, such as NeuroD and Mashi, play

0006-8993/% ~ see front matter © 2005 Elsevier B.V. All rights reserved.
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important roles in cell fate determination, specification and
proliferation control during neurogenesis in a wide variety of
species by constituting gene regulatory cascades and carrying
out their specific functions (Kageyama and Nakanishi, 1987,
Massari and Murre, 2000},

1d proteins, inhibitors of DNA binding/differentiation, are
negative regulators of bHLH transcription factors, and four
members of this protein family, Id1~Id4, have been identified
in mammals (Massari and Murre, 2000; Ruzinova and Benezre,
2003). They possess HLH domains and form heterodimers with
bHLH factors, but the resultant heterodimers are unable to
bind DNA due to the lack of a DNA-binding domain in Id
proteins (Massari and Murre, 2000; Ruzinova and Benezre,
2003). Thus, Id proteins inhibit the functions of bHLH factors in
a dominant negative manner and suppress bHLH factor-
dependent cellular differentiation (Massari and Murre, 2000;
Ruzinova and Benezia, 2003). On the other hand, Id proteins
have the ability to stimulate cell cycle progression. Although
the mechanism remains unclear, Id proteins have been
reported to have abilities to inhibit the enhanced expression
of cyclin-dependent inhibitors such as p21 by bHLH factors
and to antagonize the activity of Rb family proteins (Ruzinova
and Benezra, 2003; Yokotz and Meri, 2002). Based on these
functional characteristics, Id proteins are thought to be
involved in the regulation of cell differentiation and in the
expansion of immature cell populetions (Ruzinova and
Benezra, 2003; Yokota and Mori, 2002). In fact, each member
of the 1d gene family is expressed in a wide range of embryonic
tissues including the central nervous system, and different
members show similar but distinct expression patterns
{Andres-Barquin et al,, 2000; Jen et al,, 1996, 1997; Neurnan et
al, 1991; Rubenstein et al., 1999, Tzeng and de Vellis, 1988). Id
genes are also expressed in the adult central nervous system
{Andres-Barquin et al., 2000; Eiliott et al,, 2001; Neuman et al,
18%91; Riechmann et al, 1994; Rubenstein et al., 1999; Tzeng
and de Vellis, 1998), although there is a tendency for the
expression levels to decrease {Andres-Barquin et al, 200G;
Neuman et al.,, 1991; Tzeng and de Vellis, 1998}. For example,
1d2 is expressed in neurons in all layers of the cerebral cortex
except layer 4, Purkinje cells of the cerebellum, the olfactory
bulb {the mitral cell, glomerular and internal granule cell
layers), the hippocampus, and the suprachiasmatic nucleus
(SCN) of the adult rodent brain {Andres-Barquin et al.,, 2000;
Eliott et al., 2001; Neuman et 2l,, 1991; Rubenstein et al,, 1999;
Tzeng and de Vellis, 1998; Ueda et al,, 2002). These observa-
tions suggest that Id proteins are involved in celtular functions
in terminally differentiated and non-dividing cells, in addition
to playing roles in cell differentiation and proliferation control.

To get insight into the role of 142 in neural functions, we
investigated the distribution of id2 mRNA ir the adult mouse
brain by in situ hybridization. Adult male mice of ICR or the
mixed genetic background between NMRI and 129/Sv were
used in this study. Similar results were obtained from the two
strains. Mice were deeply anesthetized with diethyl ether and
perfused transcardially with PBS followed by fixative contain-
ing4% paraformaldehyde in PBS. After perfusion, the brain was
taken out of the skull, immersed in the same fixative for 24 h at
4 °C, transferred to 0.1% diethylpyrocarbonate (DEPC)-treated
20% sucrose in PBS for 48 h at 4 °C, and then frozen with OCT
compound a2t -80 °C. The brain was cut into 10-pm-thick

sections on a cryostat and mounted on glass slides. Sections
were stored at -80 °C until use. All animal procedures were
performed in accordance with the guidelines of the University
of Fukui for animal experiments. In situ hybridization was
performed as described (ishii et al, 1850; Mori et al,
2000). Briefly, 10-um-thick coronzl sections were treated
with 5 pg/ml proteinase K and acetylated before hybridi-
zation. An *°S-labeled RNA probe spanning nt 61-759 of
the mouse id2 ¢<DNA was generated by transcription with
RNA polymerase using the pBS-id2 plasmid as template
{Mori et al, 2000). The sections were hybridized in the
presence of 50% formamide at 60 °C overnight, washed at
high stringency, dipped with NTB2 emulsion (Kodakj, and
zutoradiographed. The sections were then counterstained
with the Cresyl Fast Violet solution to allow morphological
identification. Anatomical determinations were made
according to a standard atlas {Paxinos and Franklin, 2001).
In situ hybridization of brain sections with the **S-labeled
sense probe gave no appreciable signal and confirmed the
specificity of the *S-labeled antisense probe for the detec-
tion of the 1d2 mRNA {data not shown).

in the main olfactory bulb, Id2 mRNA was expressed in
the mitral, glomerular, and granule cell layers {Mi, Gl, Gr0)
{Fig. 1A and Table 1}, as reported {Neuman et al, 1931). In
the anterior olfactory nucleus, both medial (AOM) and
posterior {AOP) parts were stained {Fig. 1B). In the septum,
1d2 mRNA was moderately expressed in the lateral septal
nucleus, intermediate and ventral part {LSI and LSV,
respectively) (Fig. 1C), although the expression level was
lower in the lateral septal nucleus, dorsal part (LSD), and
medial septal nucleus (MS) (Fig. 1C). Some Id2-expressing
cells were distributed in the corpus callosum {cc} (Figs. 1C,
3E), in accordance with the report about Id2 mRNA
expression in S100°GFAP" astrocytes and GFAP" and 04~
cells in the rat corpus callosum (Tzeng and de Veliis, 1998).

In the cerebral cortex, 1d2 mRNA was detected in all
layers except layer 4, and scattered cells were positive for Id2
mRNA in layer i (Figs. 1B-G, 24-C). Strong 1d2 mRNA
expression was observed in layer 5 of the neocortex as
reported {Figs. 1C-F) and in layer 2 in the piriform cortex (Pir)
{Figs. 1B-D). In the cingulate (Cg/RS) and retrosplenial
cortices (RS}, the level of 1d2 mRNA expression was high in
layers 2 and 3 (Figs. 1E and F).

Strong expression of Id2 mRNA was observed in the many
regions of the amygdaloid complex: the basolateral amygda-
loid nucleus anterior part (BLA), lateral amygdaloid nucleus
dorsolateral part (LaDL), ventromedial part (LaVM), ventrolat-
eral part {LaVl), medial amygdaloid nucleus postercdersal
part (MePD), posteroventral part {MePV), posteromedial corti-
cal amygdaloid nucleus {PMCo), and intercalated nuclei of the
amygdala {I} (Figs. 1D-G and 3A). In the other subnuclei,
moderately expressing cells were distributed (Fig. 3A). In
additon, moderate expression was observed in the dorsal
and ventral parts of the anterior amygdaloid atea {AAD, AAV),
anterior cortical amygdaloid nucleus {ACo}, and nucleus of the
lateral olfactory tract {LOT) (Fig 1D). High expression was also
seen in the dorsal endopiriform nucleus {DEn} {Figs. 1B and F,
34). Moderate expression was also observed in the bed
nucleus of stria terminalis (BST) (Fig. 1D} and the intraamyg-
daloid division of the bed nucleus of the stria terminalis
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Fig. 1 — Expression of Id2 mRNA in the forebrain and thalamus. Dark field photomicrographs showing Id2 mRNA expression in
coronal sections. Strong expression was observed in the piriform cortex (B) (C), bed nucleus of the stria terminalis, intercalated
nuclei of the amygdala (D), cingulate/retrosplenial cortex (E}, dorsal endopiriform nucleus, lateral amygdaloid nucleus
dorsolateral part, medial amygdaloid nucleus posterodorsal part {F}, subiculum, superficial gray layer of the superior colliculus,
and medial terminal nucleus of the accessory optic tract {G). Scale bar, 500 pm. Abbreviations are listed in Table 1.

{BSTIA} {Fig. 1F). Cells expressing Id2 mRNA moderately or
strongly were dispersed throughout the hippocampus. It has
been reported that Id2-expressing cells in the hippocampus
are interneurons and/or glial cells (Eilioit et al, 2001). 1d2
positive cells were found in subgranular zone (SGZ) of the
dentate, but most of the granule cells and pyramidal cells
were not Iabeled (Fig. 3B). [d2 mRNA was clearly detectable
in the subiculum (S} (Figs. iG, 24 and B). Macroscopic
observation of the sections demonstrated that the globus
pallidus showed the strongest reactivity in the basal ganglia.
In the microscopic study of the globus pallidus, most cells
were moderately labeled for Id2 mRNA (LGF) {Fig. 1E).
Although medium- to large-sized neurons and some glial
cells were moderately labeled in the caudate putamen, the
majority of striatal neurons were not positive for 1d2
expression {Figs. 1C-E and 3Q).

In the subventricular zone (SVZ) and ependymal region,
some cells were labeled {Fig. 3E). In the anterior part of

the subventricular zone (SVZa), which is a source of
neuronal progenitor cells for the olfactory bulb (Luskin,
1993), strongly labeled cells were detected (Fig. 3F). In
ventral pallidum (VP), moderately labeled cells were
detected {Fig. 1C).

Id2 mRNA was expressed in some thalamic subnuclei:
moderate expression was seen in the ventral anterior
thalamic nucleus {VA) and ventral posteromedial thalamic
nucleus {VPM) and weak expression in other regions (Figs. 1E
and F). Moderate Id2 expression was detected in the lateral
and medial geniculate nucleus (LG, MG) (Figs. IF and G} and
in the subthalamic nucleus (STh) {Fig. 1F). [d2 mRNA was also
moderately expressed in the suprachiasmatic nuclei (SCh)
{Figs. iE and 3D), paraventricular hypothalamic nucleus
anterior parvicellular part (PaAP) {Fig. 1iE), and dorsomedial
hypothalamic nucleus (DM) (Fig. 1F). In other nuclei located
in this area, the expression level was weak or undetectable
{Fig. 1E).
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10N
12N
AAD
AAV
Alo
AOM
AQP
BLA
BST
BESTIA

MePD
WeaPV
MG
MED
Mi
MnR
MoS
Mol
MS
MT
FaAP

Oculomotor nuciaus

Trochiear nucleus

Dorsal motor nucleus of vagus

Hypoglossal nucleus

Anterior amygdaloid area, dorsal part

Anterior amygdaloid area, ventzal part
Anterior commissure, intrabulbar part
Anterior cortical amygdaloid nucieus

Anterior olfactory nucleus, medial part
Anterior olfactory nucieus, posterior part
Basolateral amygdaloid nucleus, anterior part
Red nucleus of the stria terminalis

Bed nucleus of the stria terminalis, intrnamygdaloid
division

Corpus callosum

Cingulum

Cinguiate/retrosplenial cortex

Czudate putamen

Dorsal cochlear nucleus

Dorsal endopiriform nucleus

Dorsomedial hypothalamic nucleus

Dorgal raphe nucleus

Dorsal raphe nucleus, dorsal part

Dorsal raphe nucleus, ventral part

External capsule

CGlomerular layer of the olfactory bulb
Granular cell layer of the olfactory bulb
Habenular commissure

Intercalated nuclel of the amygdalea

Internal capsule

intermediate gray layer of the superior coliculus
Interposed cerebellar nucieus,

Interpeduncular nucleus

Interpeduncular nucleus, lateral submucleus
Interpeduncalar nucleus, rostral subnucieus
Lateral amygdaloid nucieus, dorsolateral part
Lateral dentate cerebellar nudleus

Lateral amygdaloid nucleus, ventrolateral part
Lateral amygdaloid nucleus, ventromedial part
Lateral geniculate nucieus

Lateral globus pallidus

Lateral lemmniscus

Nucleus of the latera] olfactory tract

Lateral paragigantocelinlar nucleus

Lateral septal nucleus, dorsal pant

Lateral septal nucleus, intermediate part
Lateral superior olive

Lateral septal nuciens, ventral part

Luteral vestibular nucleus

Medial amygdaloid nucleus, postarodorsal part
Medial amygdaloid nucleus, posteroventral part
Medial geniculate nucieus

Medial habenular nucieus

Mitral celf layer of the olfactory bulb

Median raphe nudeuns

Motor trigeminal nucdleus

Molecular layer of the dentate gyrus

Medial septal nucleus

Medial terminal nucleus of the accessory Optic tract
Paraventricular hypothalamic nucleus, anterior
parvicellular part

Periagueductal gray

Piriform cortex

Posteromedial cortical amygdaloid nucieus (U3}
Pontine nuclei

Pontine reticular nucleus, oral part

Po Posterior thalamic nuclear group

PO Periolivary region

P13 Principal sensory trigeminal nucisus
RMC  Red nucleus, magnoceilular part
RPO  Rostral periolivary region

RS Retrosplenial cortex

RVL  Rostroventrolateral reticulmr nucleus

s Subiculum

SCh  Suprachiasmatic nucieus

sm Strin medullaris of the thatamus
SNR  Substantia nigra, reticular part
Sp5  Spinal trigeminal nudleus

st Stria terminalis

STk Subthalamic nucleus

SuG  Superficial gray layer of the superior coliicuius
TS Triangular septal nucleus

Tz Nucleus of the trapezoid body

VA Ventral anterior thalamic nucleus

Vi Ventral cochienr nucleus

VP Ventral palitdum

VP  Ventral posterolateral thalamic nucleus

VPM  Ventral posteromedial thalamic nucieus

While most cells in the pars reticulatz of the substantia
nigra (SNR) were moderately labeled for Id2 mRNA, no signais
were detected in the pars compacta, pars lateralis, or ventral
tegmental area {Fig. 2A}. Moderate expression was observed in
the interpeduncular nucleus {IP) {Fig. 24). Strongly labeled
cells were seen in the medial terminal nucleus of the
accessory optic tract (MT) {Fig. 1G). Moderate 1d2 mRNA
expression was detected in the red nucleus, magnocellular
part (RMC) {Fig. 24). Id2 mRNA was expressed moderately in
the superficial gray layer of the superier colliculus {SuG) and
weakly in the oculomotor nucleus {3N), the trochlear nucleus
{4N) and the intermediate gray layer of the superior colliculus
{InG) (Figs. 2A and B}.

In the pons, Id2 mRNA was strongly expressed in the
pontine nucleus (Pn), while weak expression was observed in
the median raphe nucleus (MnR), dorsal raphe nucleus (DR),
periagueductal gray (PAG), and pontine reticular nucleus, oral
part (PnO) {Fig. 2B}. Id2 mRNA was expressed strongly in the
nucleus of lateral lemniscus (ll), rostral periolivary region
(RPOJ, and the ventral and dorsal cochlear nuclei (VG, BC) and
moderately in the nucleus of the trapezoid body (Tz), lateral
superior olive {LSO}, and periolivary region (PO} {Figs. 2C, D, and
E). Id2 mRNA was weakly expressed in the motor trigeminal
nucleus {Mo5) and principal sensory trigeminal nucleus (Pr5)
{Fig. 2D). In the medulla, moderately labeled cells were found in
the dorsal motor nucleus of the vagus (10N) (Fig. 2F). Id2 mRNA
was weakly expressed in the hypoglossal nucleus {12N), lateral
paragigantocellular nucleus (LPGI}, spinal trigeminal nucleus
{Sp5), and rostroventrolateral reticular nucleus {RVL} (Fig. 2F) In
the cerebellum, 1d2 was strongly expressed in Purkinje cells,
but not in the external granule, molecular, or internal granule
cell layers at 8 weeks old of age (Fig. 2E). The cells in the
cerebeliar nuclei {Int, Lat) showed moderate expression of Id2
mRNA {Fig. 2E}. The lateral vestibular nucleus {LVe} displayed
moderate expression of 142 {Fig. 2E).

Northern blot analysis has revealed that the expression
level of 1d2 in the adult mouse brain is similar to that in the
embryonic brain (Andres-Barquin et al., 2000; Neuman et &l,,
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Fig. 2 — Expression of 1d2 mRNA in the brainstem. Dark field photomicrographs showing 1d2 mRNA expression in coronal
sections. Strong expression was observed in the pontine nuclei, lateral lemniscus (B), dorsal and ventral cochlear nucleus (g},
and dorsal motor nucleus of vagus {F). Scale bar, 500 pm. Abbreviations are listed in Table 1.

1991). We examined the regional expression level of Id2 in the
adult mouse brain. Total RNA was purified from the cerebral
cortex, cerebellum, and caudate putamen of the adult mouse
brain. Twenty micrograms of total RNA was separated by
electrophoresis on a 1.0% agarose-formaldehyde gel, trans-
ferred onto filters, and cross-linked in & UV chamber.
Hybridization with the probe derived from the full-length [d2
¢DNA and washing were performed under high stringency
conditions as described {Mori et 2l, 2000}, X-ray films were
exposed with an intensifying screen at -80 °C for 72 h. As
shown in Fig. 3G, Id2 expression was high in the cerebral
cortex and cerebellum and low in the caudate putamen.

The Id gene family consists of 4 members, 1d1-1d4. To
examine the difference of their expression patterns in the
adult mouse brain, we performed in situ hybridization with
the respective radiolabeled probes. The probes forid1, Id3, and
Id4 corresponded to the regions spanning nt 1-927, nt 560-969,
and nt 2927-4701 of the respective cDNAs (Benezra et al., 1990;
Christy et al,, 1991; Riechmann et a},, 1994). Since no apparent
signal was detected for Id1 mRNA, we show the resulis for the

expression of 143 and Id4 mRNAs. Although Id3 mRNA was
detected in many brain regions at a low or moderate level,
some specific regions showed higher expression. In the main
olfactory bulb, 1d3 mRNA was expressed in the glomerular
layer (Gl} (Fig. 4A). In the septum, 1d3 mRNA was expressed in
the medial septal nucleus {MS) and triangular septal nucleus
{TS) (Figs. 4B and C}. In the stria medullaris of the thalamus
(smy}, stria terminalis (st), habenular commissure (hbc), and
medial habenular nucleus {(MHb}, Id3 mRNA was moderately
expressed ({Figs. 4C and D). Some Id3-expressing cells were
also distributed in the corpus callosum (cc), externsal and
internai capsule (ec, ic}, and cingulum (cg) (Figs. 4B, D, and E).
In the cerebral cortex, id3 mRNA was detected in layers 5 and
6, and scattered cells were positive for Id2 mRNA in layer 1
{Figs. 4B-E). Some cells were moderately labeled in the caudate
putamen (CPu) and lateral globus paliidus (LGP} {Figs. 4B and
C). In the SVZ-ependymal region, some cells were labeled (Fig.
8B). In the hippocampus, Id3 was expressed in the molecular
layer of the dentate gyrus (Mol {Figs. 4D and E}. Moderately
labeled cells were scattered in the posterior thalamic nuciear
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Fig. 3 - Expression of Id2 mRNA in the brain regions. {A} Dark field photomicrographs showing 1d2 mRNA expression in the
amygdala. Coronal sections. High magnification of the area indicated by a square is shown on the right. I1d2 mRNA expression
was observed widely in the subnuclet in the amygdala. Strong expression was observed in the dorsal endopiriform nucleus,
lateral amygdaloid nucleus dorsolateral part and ventromedial part, medial amygdaloid nucleus posterodorsal part and
posteroventral part, intercalated nuclei. Scale bar, 500 pm, Abbreviations are listed in Table 1. (B) Bright field photomicrograph
showing high magnification of the granule layer and subgranular zone of the hippocampus. Note that1d2 mRNA was detected
in the subgranular zone of the dentate where neurogenesis is known to occur (arrowheads). Most of the granule cells and
pyramidal cells were not labeled. Scale bar, 50 pm. (C) Bright field photomicrograph showing 1d2 mRNA expression in the
caudate putamen. Strongly labeled cells were scattered sparsely in the caudate putamen. Scale bar, 100 pm. (D} Bright field
photomicrograph showing 1d2 mRNA expression in the suprachiasmatic nucleus, Scale bar, 200 pm. (E) Dark field
photomicrograph showing the expression of 142 mRNA in the subventricular zone~ependymal region (arrow) and anterior part
of the subventricular zone (SVZa) (arrowhead). Scale bar, 200 pm. Abbreviations are listed in Table 1. {F) Bright field

" photomicrograph showing higher magnification of SVZa. Scale bar, 100 pm. (G} Northern blot analysis for Id2 expression. Total
RNA was isolated from the cerebral cortex (Ctx), cerebellum {Cb), and caudate putamen (CPu)} of the adult mouse brain and
subjected to Northern blotting. Twenty-eight S ribosomal RNA is shown as a loading control.

group {Po), ventral posteromedial thalamic nucleus (VPM), and
ventral posterolatera! thalamic nucleus (VPL) (Fig. 4D}. In the
midbrain, Id3 was expressed in the interpeduncular nucleus,
rostral subnucleus {[PR) (Fig. 4E). On the other hand, the
expression level of Id4 mRNA was low, and long exposure was
required fo obtain signals. Although we encountered high

background, some regions were identified as positive for Id4
expression. In the main olfactory bulb, [d4 mRNA was
expressed in the anterior comnmissure, intrabulbar part (aci),
and glomerular layer {Gl) (Fig. 54). In the caudate putamen,
some cells were labeled (Fig. 5B). In the SVZ-ependymal
region, some cells were labeled (Fig. 5B). Id4 mRNA expression





