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samples were used in this study after obtaining informed
consent from the family of each patient. All patients were
definitively diagnosed based on clinical and light micro-
scopic findings and some of the data from several patients
were previously reporied elsewhere [1,5,13]. Spinal cords
were fixed with 4% paraformaldehyde in phosphate-buffered
solution (PBS) (pH 7.4) and embedded in paraffin. 5-pm-
thick transverse paraffin sections were prepared for immu-
nohistochemistry, which was carried out using a guinea pig
polyclonal anti-N-terminal domain of human p62 antibody
(1:2000, GP62-N; Heidelberg, Germany) and a rabbit
polyclonal anti-ubiquitin antibody (1:2000, DAKO, Den-
mark). For enhancement, autoclave treatment for 5 min was
performed when anti-p62 antibody was used. Sections were
blocked in normal horse serum for 30 min at room temper-
ature, then labeled with the first antibody at 4 °C overnight,
washed in PBS for 30 min, incubated with the second
antibody provided by Histofine SAB-PO kit (Nichirei,
Tokyo, Japan), washed in PBS for 30 min, and finally
visualized by the avidin- -biotin-peroxidase method. Obser-
vation was performed using an Olympus BX50 microscope.

For Bunina bodies, Hematoxylin--Eosin (H & E) staining
was initially performed to obscrve where the Bunina bodies
were present. After we took pictures of Bunina bodics, we
tore the cover glasses out of the slides in xylene, decolorized

*

by alcohol, and then the same process concerning p62
immunostaining was followed.

3. Results

As previously reported [12], we confirmed that ubiquitin-
positive inclusions in the granule cells of dentate gyrus of the
hippocampus of ALS-D cases that were first reported by
Okamoto et al. [13] were also p62-positive (data not shown).

P62-positive mclusions were observed in the anterior
horn cells in 27 of 28 ALS cases, although the number of
inclusions varied in each spinal cord section, ranging from a
few to more than 20 per section. Since one ALS case showed
marked loss of anterior horn cells due to severe degeneration,
pb62-positive inclusions might not be found in a few
remaining anterior horn cells. The number of p62-positive
anterior hom cells in two cases showing the higher number
of p62-positive inclusions was more than 10 in each section.
The ubiquitin staining in their serial sections revealed that
the proportion of p62-positive to ubiquitin-positive anterior
horn cells was approximately 140% (23/16 and 16/11).

There were scveral different types of p62-positive
patterns in this study. Firsily, waste thread-like immunor-
eactivities (Fig. 1A and C) were observed, which were also
immunostained with anti-ubiquitio antibody (Fig. 1B and D)

Fig. 2. p62 immmumoreactivity for Lewy body-like inclusions and busophilic inclusions. A, C: Immunostaining for p62. B, D: H & E staining. Lewy body-like
inclusions (A) and basophilic inclusions () were p62-positive, and the presence of these structures was confirmed with H & E staining on serial sections (B and

D). Scale bar: 30 um.
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in the serial sections, indicating that these corresponded to
skein-like inclusions (SLI). Other waste thread-like patierns
are shown in Fig. 1E and F. Secondly, Lewy body-like
inclusions (LBLI) showing a round-shaped immunorcactiv-
ity with peripherally ambiguous staining (Fig. 2A), which we
confirmed their presence with H & E staining as an
cosinophilic core with an irregularly peripheral halo
appearance (Fig. 2B) were also p62-positive. The core
seemied homogencously immunostained. while the halo was
rregularly p62-positive (Fig. 2A and B). Thirdly, there were
cauliflower-like immunoreactivities (Fig. 2C) in our pre-
viously reported ALS cases that contained basophilic in-
clusion (BI). H & E staining showed multilobulated globular
inclusions surrounded by basophilic rims on serial scction
(Fig. 2D), indicating that BI was p62-positive. Fourthly,
other different types of p62-positive reaction from those of
SL.I, LBLL, and BT were scen in the sections; small do(-like
staining (Fig. 3A), homogencous round staining (Fig. 3B)
and round staining with peripherally stronger innmunoreac-

C

tivity at the rim (Fig. 3C) with both being obscrved in the
atrophic neurons, and staining in the processes (Fig. 3D).

Concerning the Bunina bodics, H & E staining was
performed to confinn where those showing cosinophilic
inclusions were located (Fig. 4A). Taking the pictures for
Bunina bodics, immunohistochemistry of p62 was examined
on the same section. The result showed that p62 immunor-
eactivies (Fig. 4B) were not scen at the same Jocation as
Bunina bodics (Fig. 4A and B), indicating that p62 was not
co-localized with Bunina bodics and that Bunina bodics
were nol related to p62 protein. SLI and LBLI were observed
as po2-positive on the same scetion (data not shown).

In our examination, anterior hom cells in 11 non-ALS
cases were not positive for antibody to p62.

4, Discussion

P62 can bind non-covalently to ubiquitin {14] and several
signaling proteins leading to activation of NF-xB [15]. Since

Fig. 3. Other p62 immunoreactivities. A: Small dot-like staining. B, C: Larger round staining. D: Staining in the vicinity of the node of Ranvier. Scale bar: 30 pum.
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Fig. 4. p62-negative immunoreactivity for Bunina bodies. A: Immunostain-
ing for H & E. B: Immunostaining for p62. Arrowheads indicate
eosinophilic inclusions, implying that these correspond to Bunina bodies
{A). On the same section, there was no p62-positive immunoreactivity in the
same location as Bunina bodies (B). Scale bar: 30 wm.

p62 fmamunoreactivities are observed in ubiquitin-containing
intraneuronal or intraglial inclusions in a number of human
neurodegenerative diseases [11], the expression of p62 in the
inclusions is associated with a dysfunction in the mechanism
involved in the removal of excessive, misfolded, or defective
proteins through the ubiquitin- proleasome pathway. Little
attention has been paid to p62 expression i the spinal cord
of ALS cases. Therefore, it was noteworthy to examine the
characteristic mclusions in details.

It was very interesting that SLI, LBLIL, and Bl were p62-
positive, because these inclusions have been reported to be
ubiquitinated. Although p62 and ubiquitin were simulta-
neously expressed in these inclusions, the sequence of
protein aggregation remains unclear. There is a report by
Nakano et al. [12] that the proportion of p62-positive
inclusions to the total number of ubiquitin-positive ones in
the dentate gyrus of the patients with ALS-D is 27.5%.
Contrarily, Kuusisto et al. [10] demonstrated the earlier
accumulation of p62 than ubiquitin in neurofibrillary
tangles in Alzheimer’s disease. Moreover, hyaline bodies

in liver carcinoma contain p62, while ubiquitin mmunor-
eactivities are weak or absent [16]. Mallory bodies seen in
the hepatocytes in alcoholic steatohepatitis consist of p62,
ubiquitin, and heat shock proteins such as HSP 70 and
HSP 25 [8]. In our study, the number of p62-positive
inclusions was apparently higher than that of ubiquitin-
positive inclusions. We think that there are several possible
interpretations; the antibody to p62 was more sensitive to
that component of inclusions than the antibody to
ubiquitin, the accumulation of p62 is earlier than ubiquitin,
and the antibody to p62 recognizes additional unidentified
proteins. We consider that p62 and ubiquitin may play a
common role to prevent necuronal death in the ALS
degenerative process. Even though re-expression or up-
regulation of p62 and ubiquitin occurs in degenerative
neurons, the cell death process is not highly variable
because the induction of these proteins could not stop the
degeneration, although the degenerative process might be
delayed. In any case, re-expression or up-regulation of
these proteins may be involved in the protective reaction
against neuronal death.

For Bunina bodies, attempts at H & E and p62 stainings in
the same section were conclusive. Taking into account that
the Bunina bodies are not ubiquitin-positive, a negative
reaction may be comprehensive. In case of small dot-like
staining, a similar pattern could be seen when SLI shown in
Fig. 1A was transversally cut. The round p62 immunor-
eactivity in atrophic neurons was inconclusive. When serial
sections were stained with H & E to see if the special structure
was present or not, there were no apparent delectable
structures probably because the neurons were strongly
atrophic. Although we found p62-positive immunostainings
in the neuronal processes, the origin was unknown.

62 probably plays a role associated with the ubiquitin
proteasome system, because abnormal protein aggregates
consist of both ubiquitin and p62. The primary mechanism
for degradation of p62-ubiquitin-containing inclusions
should be commeon not only to ALS cases but also other
human degenerative diseases. Detailed examination of how
the inclusions are formed, how the neurons survive by
forming the inclusions, and what effects the inclusions have
on the remaining neurons could contribute to clarifying the
pathogenesis of ALS.
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2OowdH, &R L MFEM ALS O EREBE~OAY O
Fmiie, Bl & 5w ADAR 2 OEERHEET 2 EH
D—2iZ, EE T 3 ADAR2 ® mRNA L~
BEnd s ci#fllans. 727 L ADAR 2 EHO T
13, B ADAR2mRNA Yov vy v FE#ER I 00
fREAST NERERILBEL TS, SRkoBEL LTI
ADAR 2 DIEHIEEI L I FEEALIGAI NS HA8L
b L. EFITINFEE ALS ORBENIBEEDR
REBRLUT, SHEIrZEED 2o THEATLS,
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60 B4R EYTEIIk

BEl— 2 —u EERD S ZREDED

ALS OB =2 —a VIR E TNV Y I VIRZBR DR

0 ™=

SEE = 2 — 0 v ORRHIIEIRICIE, AMPA ZAFEH LA D ALPRLNRRER R LC
BY, ZOMEMIEREICIE C2TERME AMPA ZEKOEAIIHEML, AMPAREHE2M T3
CETDWADEART 2 2 L BFELGEZEL LT3, AMPA ZE&D CLTEBIETUER I,
FIRER GuR2 ¥ 722y F & AMPA A& OMMOMIZ, REM GuR2 7 2=y
FEE TR AMPA ZERKEHEOMMN, DA A LWH 5, MFEE ALS Eii— 2 —a O
ERINFLIZ AT E O TSR, MEHEAO—RIERE 2o Tw» 553, R SODI i
L7 ALS (ALSY) TIRBEDA D =X LHMEE, £E SoDI OMilEEE2»EMmI ¥ Tw
BLEIONDG, ¥, HEB=2-0YRBICIE, AMPA ZEEENIROHEAIEELH D, K
LM (SBMA) BM20RETH 2, 0L I i, =2 —0 VERIC K D AIEFED S
FEEBELLOT, BEERLZINITNEENLbORKRD SN S, INFEME ALS IKEBIT 3
GluR2 @ RNA BRI, HEERENE DT, GluR2 Q/R FAL0) RNA REZRETLI L
MINFEM: ALS ORBRIBFICOLRMB L EZ 5N B, GluR2 @ RNA fRE X ADAR2 PlE§ 50
T, INFEME ALS BB 2 — 1 > T3 2 DEEREESE & » O FHECHAEBEMNICET Licko
#z o, ADAR2 JEHERPET S Z &35, GluR2 RNA REDIEE/LZ2E U CHRIGROENIC
b EHIRFING,

F -7~ K : amyotrophic lateral sclerosis, AMPA receptor, GluR2, neuronal death, RNA editing

G e PRLEHEINTE, EE- o —u IRk, 1.
VFYRVBINVY I VBRERY TS TTH
R RISRIE(LIE (ALS) OWREIRIZ, —H DK AMPA ZREZ AL, CPTOBEARRADIE E&
Btk ALS CREFEENPHAEI N L OO0, 2 EE 7% BB E L L Clb 3 228, e
Za—-RYPRADP EVH XX LAIELEREF 5 HIz TN T E 72 (Kawahara & Kwak, 2005 ; Kwak
DEE (Rosen et al, 1993) L h 13 EMRBLALEE Kawahara, 2005), 2% 5 13, IFME ALS &) = =2
cupper—zinc superoxide dismutase (SODI) # {5 FEE o vIZid, AMPA BEKD CERHEREFTLEZSE S
FiEtE ALS(ALSY) THEM E L THEBAS N TWIR, FEDOTTE, ¥ 722y D 12TH S GluR2
—7, ALS OREH% & BINFME ALS iILDWTH, Q/R EBAZIC RNA SREDHL T 5 2 W RIFE GluR2 23
BEICOH 2BANDREREov©, BEERRET ZTWB I EFRES I L 7 (Takuma et al, 1999

2006 4£ 8 A 29 HER
* Molecular mechanism underlying death of motor neurons in sporadic ALS : towards specific therapy.
** EECRSASEREE R AR R E S RN R E (T113-8655 HSERSUR XA 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.

0001-8724/06/ ¥ 500/343C/JCLS
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Kawahara et al, 2004), I DOTFZE{LIZ, AMPA 54
O CTEBER TES Y 3 ERD 1 2TH b, HEkm
JEFED—RIFEIC & 228, GluR2 # & F v AMPA &
HED Ei CEEBENE ., BB 2 —u i
B 2EE S OBEITIE, AMPA B&MAEY 722w b
GluR2 DFEHRE ALS E FEMBE TEEEN L
@ T (Kawahara et al, 2003b), ALS OBEBj= 2 —w >
T AMPA RERZNT 2 HEMBELZEEL TV 2
SFEER, o0 KEE GuR2 DMk 280
tEZ NG, REE GUR2 % &L AMPA B&E
WEM GR2 &7 GluRl, 3, 4 L HERENS
AMPA ZHEMEE S, EEO L b iR RE L
TWwaD, 2O9MIEELRD, SEIRERES (Y
ITFYFe 7)) CREET AN 2 -0 v EE
ST, BERTAPOY A FRBEBED GABA {EhE
NEZa—u v P oMM EEL, 2BR
BOEBZ 2 -0 VIt bHEBEL T3 (Kwak &
Weiss, 2006), AMPA Z&EE%R /T 2 MRS O
Eh o, INSOGFELIC X BT EE S
ZLIBIEDBAICHSHICR Y, ST
WEWEGFTBBER 2> TETWV S,

AT T, HL0EE - 2 —n VEBROES
Za—u VIR R ED, FOLIhoTFRER
BE LT 3DRi2wT, EE5 B -MEE BN
ICREE 2 RN, IRFEME ALS 104 U Tw 2 ERERENS
FEMIE D, BEBEREZ O OO - 1
BRI DV TR L 72, AMPA SB8MER /109 5 i
HEFED A A = X 520 ALS & GIuR2 RNA &
EEOBEEL T, BHROEI22BINLL
(25, 2004 ; Hideyama et al, 2005 ; Kawahara & Kwak,
2005 ; Kwak & Kawahara, 2005 ; i et al, 2006)

1. BE-1—OVERICE T2 EBRMEBTED
DFADZX A

1. ZE SOD1 [CEE U KRS ALS (ALS1)

INETOMBETTIE, GluR2 Q/R ZhI> RNA E
1%, BN NEME - INEYE ALS o/ 7 V% v il
B, 7y e —mAREE, ¥y /EIEERYE,
NVF U UIEBREE, TR (Machado-
Joseph 5 - BRI FLIRE R 1 RBIHIE - £ %8
2 HEE) O /N B (Suzuki et al, 2003 ; Kawahara et al,
2004) 7 &, BRA R AMEBRORN - 2 —u v
A CTRIEE= 2 — 0 VR 100% I0R 72T
Teo oL, WEGESEI= o —u v o 81T 2SI ART
T DT, IMFEE ALS DA 0sES = 2 — 1 v IREBT
FARODFEMPEL TRV L2 RTHENRD

7o BRI, FE SOD1 CEE T 355 ALS (ALSD)
13, Z08EFN (e VER SODI HAE) A3 ALS
ESHEORETFNVELTHAZN TV DT, BED
BEZHOMIIT 570100 RNARERE SO HES
BET 20 ENS B,

ZOHBDEYD, BEL FSODI PV AV oy
77 v F(SODI®®¥Tg ¥ & U SODIMRTg) DFfEE i
BIURBEOEHENRE S HvT, EHza—nric
FEHL T2 GuR2 mRNA Q/R B imEs = 8
L7ze ZORERE, REBETH->THOHRELEZELT
DEB) = 2 — 0 v (SODI®* g ZFEF v + (n=55)
SODIMRTg #JE S v + (n=62)) T, FAEOHENA
FERIRRIC, BWEZEX 100% BN T Wi, Thbb,
ZESODL iC & 238B) = 2 — v > FEIC 2 GluR2 Q/R
A0 RNAREER IZEb>Tuiwr L3S
2%z 7z (Kawahara et al, 2006),

ALS1 Tld, AMPA RAEHE% A7 5 MM HE
LT3l 2% T20R, =7 s
EBETRINT WS, Thbh, AMPA ZEED
Ca BB ZMET 2 GuR2 2 RELEv IR E, B
ESODI P v AY 2y 7w 20#TEbEC
0, BEE7 I VBTHIIS = vBICNT a5
DM L7 Z & (Van Damme et al, 2005), GluR2 @
HMEBRCIDEFVGYOEENEE LD &
(Tateno et al, 2004) % Th 3, X5, QR 7
AR (N ICBHBEL, CP288 T2 ATH
GluRZ (GuR-B (\)) 2MEFEA L w2 L, &
£ SOD1 B{EF D double transgenic ¥ ™7 A T ¥ HHEH
FESEASEHE L 7= (Kuner et al, 2005) = & 55, ALS1 O
PEEHIESARIC b AMPA REED Ca?t BB TEDE
HELTwA I EBBEINS, 8L OB T3,
ALSI =7V 7 v MEEI= 2 —10 »i2)3 GluR2 Q/R 3
2O RNATREERIZA LNV DT, AMPA 254k
D C*BRER THES B AA AL E LT, GluR2
D RNARERFUNOFFEESRI > T3 1T
Th3,

7aTA S AR, BESODITg =9 AT
AMPA RBEBFY 722y b TH % GluR3 D HE
MLTw3 LI RENSH D, GluR3 mRNA OFHIE +
FOGEE = 2 -0 Y TAHRLN, HAMRE T GuR2 ¥
VR DEBRVBFESLTHE I LNBEINRTVS
(Spalloni et al, 2004 ; Tortarolo et al, 2006), X & I2,
ZE SODITg 7 2 GluR3 KT 27 v F L 2
mRNA 22532 L, £ENERTS I LEIh
TV 3 (Rembach et al, 2004) (772 L Z DT T,
GuR3 D v R BABHERTE TRV OT, Ei

Go
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G
120 1 X107
sefek
k=
TU“ 80
<
g 4
5
0
H GluR1
8, GluR2
& 75 GIuR3
§ GluR4
= £GluR
50
F J aCSF-W/F 254 :
[%KA~F gggmm
z 7F B RAW J Human
. . 0
_ 56 ™ MN SN
E% 5F sopk )
L2 1 AA=vBfiEALS EFA5y b
Esr . A A ZVEE3mM % 8 BRMERANICHEE L7 Wistar 7 v b
g3t DIEMEETR. B: A KK 2BBOREKE, MEESEROBS
gl npnZ E2Ry, C: AAOHEAKR, AE=a—nvicon
vFVDOBE BWEREOTEHEEB LGS PHlA0E R
1k _
. S0 VB OHEEERT, D WEBS v - IERTRETE,
- T4 W4 Ws E: EE7 v - OIEMETREE, F: A4 =vB% 2, 4, 838H

BeliyE L 72 Wistar (W) 8 & U Fischer (F) 5 v +F O KR
Za—-u v, fETIE ~8EDM, BE T 2~ BT, HARORSBHALND, G AL VERIEET v B
MHER) = 2 -2 V2B 5 AMPA ZAEH 712y b mRNA OFKBEZE{, GIuR3 DABLERL TV, H: E¥=1—u
VICBW B GluR2 mRNA @, 4 AMPA ZEMAY 722 v + mRNA IZXT 2 8BE, L FTbFy P ThEH= 22—
v (MN) TRERBA= 22— Y (SN) K, GluR2 DFEBHLBESME G, A4 VBT v FTIRZOKENE 5

BT LT3, (3CHk Sun et al, 2006 X H, FEEaE)

WGR3 D/ v 75 I VT X B AH=ZLmEdH
FRHBBICRL TRV ARWEWIHHD S 243, EE
Sa—-R VIRV LY BEOMEY, BiAED
KO EENICEET 2 2 & RBEORMEY o TERIC
BT, SBE= 2 — 0 VIEIRNE GIuR3 ¥ >80
DREERZZEENICEZZ ZLRBOCRHETH
3, BT E AL VEBRES v Pl BT 2EE
Z a2 —Wr® GluR3 mRNA #EH & (Sun et al, 2006)
b, BB CIEBEETEY, B—Ei-a -
BERAVTYDTHRETHo72), GuR3 iE Ca2iEa
KoY 72y b T, GluR3 DN AMPA B4
Yy 7Tazy F OB TO GuR2 DENRIHSZ b
5L, GluR2 #& % %\ Ca2*i&E:BE AMPA B8 &D
HE&zEel, IRk EFoa—aredke LT

i

AMPA 28k % /L7 C2 OFAZ IS ¢, {2
oM s L FEENG, Likd>T, FHEED,
R GuR2 oM Tz, BREGUR2IZL Y,
GluR2 % & ¥ %\ AMPA ZABEIABBEML T
25, FRFEORERFIchoTwa EEL LGNS,
EH = 2 — 0 BT 3 GluR3 mRNA DI
W, EEODEHE LA ZVEBMEIC L BT v M
ALS EFNMIZB VT H A S 37: (Sun et al, 2006), Z ¢
7w b ALS ©®FNIE, A4 ZVEEE 4~8 i, FH
s bETERCEE T Lick h R 5
DT, BE= 2 — 0 Y IBRIR R B ERED 4~8 5
HoREac@gkicel ), B —n Y, ME= 2
O REENSA SN (M 1A-F), EREL
THEHREOAT, BE, BWEEERIR:z
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AMPAR Activation

ALSY, KA-itrat

SBMA,
poly Q disease

Ca?t-permeable
AMPAR 4

Af“f;f; {?
&
[ca*)ilznt*1if
¥
? Mitochondrial damage

¥
Neuronal death

B 2 EB= 2 —-n VRO TEROMA C AMPA 2565 3 5 AR i
EROERHIETIZIE L A LD AMPA Z45A (AMPAR) 13545 GluR2 2 & & Cat 3k
EBRETH D, EEZ 2~ (MN) %2 & CiE GluR2 24T 2\ Ca2HE 8D AMPA
BB, PELVOEEL TWBIENFINTVS, IIFKE ALS, £E SODL
B ALS (ALSD) D hicd AMPA REMG 2 AT 35D 2 h = X L5
TR S 2%, MEOHTHEMIIER Y, ALSL TlF GuR2 DE&ORPIC &
DIRHEE GluR2 & 2\ AMPA FAGOEAIMZ 52 Lic k b (F), IiFHk ALS
TIRBEE GuR2 2 &3 AMPA BEBMEZ 22 iz k b (F), CTBBED
AMPA ZEMHEML, HIEKN Ca®* (Zn?") WEMN LR T2 2 L S HRailam 5 28
¥, L, BESBMCHEHEREZEIRILIZORNL, MR ERE
SOD1 DMifigE kR EORTFHMHE Siciibh 3 BENS 5, TN L T, BEstitkys
HEAE (SBMA) 0388 = 2 — 0 VB2 13, AMPA BEEENT 2 A A= X0 RHGT WV

905

Yy,

W3, BERELZ LI, EEZ 21— YDOAT GluR3
mRNA OFBH LA, 2% L 2 BEUBC AR
% (R 1G). GluR3 DS AMPA Z&EY T2y +
WREFEREBOBMAS R, S5 I05TPENL
X AMPA ZRKRD 7y ¥ T A Mic L hHIEE NS,
GluRZ Q/R ¥ D RNA REEEIZA SNy, M E
DZEDPE, TOEFLIy MEEI= 2 — 0 v O
FREZEIC 1, AMPA ZAMKD Ca2 B BIETLEIEH -
TWRBLDD, ZODFAH AL, INFEME ALS &
8% D, GluR3 2380 L 7272912 GluR2 @ AMPA =
By 72y FCED 2 EEHED I 40% o w
LEFAS Y FTI29%) L, GuR2 &% 70\ Catt
EiRME D AMPA BRHINEE = 2 — 0 v THMT 2
OEEZLND (K1H), e b L EEEE = 2 —
O XIZBIT 5 GluR2 mRNA DFEIX, MoMREIc
~MEVOT (] 1H), GluR3 OREHMIC X 3 GluR2
HEDHAIES = 2 — 0 vV TR ARE R DD
23, LOHFREEALSI EF LYY RACA5NS

LOLEAZTHY, ALSL TiX, AMPA BEEENL
THRIEETED X B = X ADMENCTE D, SOD1 Diifas
HEEEET B ETFICR>TWVEEELLNSE X 5T,
AMPASEG 7y ¥ I A Mk bhglzha o &
ok, AMPAEZEAEREZRMICHE T2 2
GuR3 mRNA DEHEBIC DL H 2 2 ENTFEI N,
ALSI T, 7% I VBB AT AdNBEICERE LT
WS ATREEDH B,

D &I, AMPA EEMKE T BT, 4
B ED 2EBEOST A A X AMHAIZEeT v
3tEZ6N 3 (2), 121 Q/REBMFEER
GuR2 DEMTH Y, M IZREE GluR2 O AR
PTHY, Wb AMPA BEMED C2HBEBEL
I L CHIRESEE Bl E R Z 3 (Kwak & Weiss, 2006) ,
7eRL, GuR2 D/ v 77 b=y 2T, &M
DRI 52 WEINTWBDT (Jiaet al, 1996), ¥R
£ GuR2 DR 12 & 5 HRMIIISEI 13, AMPA &
HOBRGEER, R SODI I X 235 H 27 —

(i
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FOBRL Y, MEEEETICRA L&D E S
HBIEDBPANEITH S, kL, KiEER
GIuR2 HINIC X 2 Mgt E A, BRI A
12k 355 % (Brusa et al, 1995), ZOTTRED
RTHETRE 2B SRITIED B LERAGND,

2. BB EMIE (spinal and bulbar muscular

atrophy : SBMA)

SBMA i, X pfafkiifERAz & 5E8H=a -
EETHD, TR, EROBEEHEREEORE
L LTHe e d N, KU TV I VEBRICE)
MEEHEETH B L) AP S b, IS ALS OfF
EREED A A = AL L DBAERET S I L, 1
S ER I BV B THRAIIERE D X A = X LR R
2 bekERBEENH B, B, RV IV v
Bk MR AEEEOLINL PR VEREEE
Yool L, MFEM ALS IETISERV T, BRKR
BRI & b RO A H = A LHETH B L i
Ez 0, EE= 12— 0 VIEOSREOERIZLD
BhSY, HEHIATE O MRS AR~ D RIS 2RO
HREZEDBLDEEZSD,

g 503, SBMAS3 SER] (FECRSEELR 60~78 ik, 7
v Ru sy BEKRRET CAG U ¥ — M 42~48) ©
EEETEES S, 100 EL LoEH = 2 —u v 2P Y H
L., 205 b, 244 {8 (561 12~16 @) T GluR2
mRNA I 137 % PCR EIOE O N, ZORTTQ/
R #4713 100%ELE & 110> 7= (Kawahara et al, 2006) .
SBMA OBEER = 2 — 1 VIidEH THi L, EERL
78T S GuR2 12 i$ 3 RT-PCR SHEETH o7&
Lo, 205 3EEBRTH o, BETEED
Za—0 VBN ERESREETH 3 2 LBTR
XNBLDOD, BEOETHERTHIILEERD
L, Bl ELBENEERT, BES2-nYTHE
HEREEEEICAENTY S ERELIC Y, FET
GluR2 mRNA Q/R #{7 DiR&ER A, 58 L 7z SBMAE
= 2 — 1 VRET 100% ICEENTVR S Z EDHL
27 b, SBMA Tk RNA RERESHEE-EE
LTV 3 A IR TRV B\ 2 5, BIRTHE L 7,
BRI A R EREWE 7 VY v I illgic BT %
GRZQREBHEORNABES RN TR I &
(Kawahara et al, 2004) £ EZAbE B L, RY TV
T UHEEE I MRS EREEOMIBLE, GluR2
RNA BEEEIC L 25O TIER W E v, WiEiiEst
OB/IED TEERTH B L LHE ST, WHE
ALSDHLDERBLZAHIZALITED I LRTE
T3,

RY ZVE I BB MEEEREICHEE

472

MRAFEABEE L TV B E ) pIcT 2 HRE, EiC
NYFV R VEOEEEFLILENGBELNTED,
AMPA ZAMEZEREER L Eb 6 2\ (Levine
et al, 1999 ; Zeron et al, 2002 ; Snider et al, 2003 ;
Zeron et al, 2004), T¢ L A{E\> (Morton & Leavens, 2000)

L d, LEdsoT, RY SNy S vEERICHE)
RPSHR B O IRAIREEIC 13, AMPA ZAEGZNT B
AP = AADEELTwB EEELI W (F2),

3. EHE- 2O VERBOMIEHHTE

PRl k90, BE- o —n VEBIKBTS
MR D A A = A L3S EETH Y, Lod AMPA
SEERNTEAD AL b AR b 2EEF
TEL, FIFEME ALS & ALSL KB B9 F A A=A LI
Bihz, 2O kIE, ALS OREFERFEIC B VT,
SODITg ®F VAV 2BEEELET 2 2 L 2RY
LTw3,

ALS BRGNS FTH Y, MBEEALS tnZ &
L, BEELOYD, EREHTHHELLGEIET
BPIRBHM ERLIBRELROPICE L CHEROTD
noECATHB, ALSL & DO, MREMERE
B SFELKERBEVBEHIN I DL
i3, TSl ALS kg% RERENC BT 3 0 FEMDE
ArPFERLZLickD, REBUERAEYT I LOH
fEdh Lir, TOEMA» D, EEZ 21— VIE
1} % skiE4 GluR2 mRNA DI, #658 10 £ ko
BEPREY 7 SPMA, HUEEEME AEH IR T 2 EF5ET
(Aizawa et al, 2000) 2 ¥ THRD S, RGO EY
2720560 ALS THIBEDOTTEEDFEED A A
AL Twa I EDBEEINS,

II. GluR2 @ RNA EEERE|ERIT
DFANZXL

GluR2 Q/R Zfz0) RNA fREEIE, MO LR
Lo THETHD, BREM XD 100% RN TVZ
OO RNABENRI b WERS T AR,
WRABERODER 20 HCHELTLES (Bru
et al, 1995), ZOHFEEIC & DEH= 2 —n VI
WL B»E)pR2EFEHSMICL Pit S g RS
25, GluR2 ® Q/R @Whrw 7 2,85 ¥ v (N) KBE#RL
GIUR2 % 2 — F¥ % mini-gene GluR-B (N) %385
WA LERey A, 1E2%E L CEBIEEE
LB A R ORS B 2T (Feldmeyer
MJ%%Kmmﬁ&%%%:@l?i/@ﬁﬁm
weE GluR2 ORI L AU F v 2 VEEE AMPA
iz b7 55 0T, GuR2 Q/R FALD RNAMRESR
WEIEE =2 — vEIGATHEETRILRRL
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3 IS ALS (WiZSiiEfUskiBiu) o
IMFEE ALS T, ADAR2JEHEDETIC LD, RELEM GuR2 2&1r AMPA FAEE
ADEL, MR CPTIRED FRICE EHR RO Ay — FOBEET S L5
NBDT, ADAR2 IE%EE =2 —0 v THET 3 & LascE g, SER GuR2
BRI itk 0iBEi= o -0 VR BILTE, T3 ALS OBRENSTEI 2 3 L&
Zohz,

w3,

GluR2 Q/R Bz RNA iR 3, RNA {RERESETH
% adenosine deaminase acting on RNA type 2 (ADAR2)
LI D 2 AREH RNA B ¥ B BERIC & - CHkE
ENBZEDPBEETRENADARZ D v 77 b
w7 A, GluR2 Q/R HH29 RNA FREMSEZ & v
720, HROEE Y AEE, TN AERMIC LD
£ 20 HTHELTL Y (Higuchi et al, 2000), %
7o, RIEDOIHRE T, —BMERE NS SRR R
B THE CAL $#4AMIE T I ADAR2 mRNA O %
BEXETL, GuR2Q/REF{D RNARERE M
IoTw3ZE, £, ZOMIEMNIZ ADAR2 DEE
FEARLYEBETE S & AR I (Peng et al,
2006), ADAR?Z JEMEET A GluR2 Q/R iz RNA &
ERER I UMBIREOERICE 2 2 L3S i
ENt, TOWMETIE, GR2 Q/R A RNA F#
R LIcBR Y, 0%~100%F TEL LT
B, EEOIALS EE =2 -0y CHL I LAEE
BTN EMD T (BT 3 SHERE S, ek
R B2 1M % 00 SE SR MR A AEST 12 13 GluR2 mRNA D&
REDEL 27:0TH 2 LT 380505 7258 (Pelle-
grini~Giampietro et al, 1997 ; Kwak & Weiss, 2006), [
UAMPAZHBMEENTEAIZRLTH>TH,
GluR2 Q/R ¥z RNA fREEFIC L 2 MIESETH
CEDBES Do, Lo T, GluR2 Q/R Sy
D RNARERERE R, (1) #FWRFEORERTH 2 =

&, () AH L BEH S o — 0 URMEE CAL SEAW
REICBIRN R AR 28I 2RI T2 8, (3) Z0Hyg
FREFE BRSO BIRETIETH 5 2 &, (4) ADAR2
EHEOBRTIR LIV E6EN2bDThro b, o3
WTE 3B,

BEENOA26F FIMTYH, ADAR2 mRNA i
REEZFOLICHERELTED, ADAR2 mRNA FIEE
DEVCEETIE GluR2 Q/R Fz0 RNA fRERILNBT
L b 100% I Ty, #EficiEstds &
ADAR2 mRNA D% GIuR2 mRNA i TOREENH 3
BlE X D{E< 25 &, GluR2 Q/R EFHID RNA EEE
23100% 285 Z LS, BETCIRIEERN
TH 60%EDH Db H 5 (Kawahara et al, 2003a) . Z D
Z &k, B MTY GluR2 Q/R #BAID RNA (L2 i
B9 % DIt ADAR2 T3 1, ADAR2 mRNA OB E
RERZHEL CVWIERD 1 DTHBEILEFL
T v % (Kawahara et al, 2003a ; Kwak & Kawahara,
2005),

MEDZ &5, ALSOEB =2 —1 v Tl
ADAR2 FEH2MET L ¢ RNARERESEZ > Tw»
SHBEENECOT, ALS FifSflclEE L THa 2
&, ADAR2mRNA #BHL RNV IIEETH 5 GuR2
mMRNADHEREHTABBHABRETLTED
(Kawahara and Kwak, 2005), GR2 Q/R 37 ® RNA
WEE L ADAR2/GIUR2 ti & DRACABEE A 6115,
R L 72 & 9 iz, ADAR2 mRNA #E B2 ADAR? &k
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L L9 J==={TT0]

rExon la ! i 47nt P
Ex 2 skipping §
B :NSL :RBD : deaminase domain
B WH S1 P1NE 2a C
KDa C—terminal variants mRNA protein
190
~80% -
2~5% long C
120
1~3% long C
112 10~20% short C
85 (in vitro)

[ 4 x }MED adenosine deaminase acting on RNA type 2 (ADAR2)
A:ADARmMRNA Y7V 7> b, BIFAA VI 27 (exon 1a ZED LD EEGERVLD) 8
DAL VIREIBEW I ILVAF FARy L2200 LEE 0L, B Kexon?
skipping), FHFAA 2 Cid 2 BE AW BEFI2EGLDLEEERLL D), EVF A4 Vit 478
4 (intron 9 retention, €& exon 9, i exon9 M) OV 7 U7 v FBEET S, S MY
WKATS42 v 7%ZT30T, BRINICIE 2X3X2X4=48 FEIFEO mRNA 7 7 U 7> P BSEET
5Z8%%, B: & FANVRSEICHT B4 L Ty b, # ADAR? EMNTHT AV Fiz 2 &
Hh, BHECRET S, I02FE, EOFA4 VI ANTADBEENDLDE I HTH4 ik
Y, FAAY], UORLEE, SNVFASL 2082 SBERLEYZY 7Y F2oHRENS 4
D mRNA DA»SEERE NS £ 2 55, WH : whole homogenate, S * first supernatant, P1 :
first pellet, NE : nuclear extract, 2a : recombinant ADAR2a, C: BIVF XL v DY 7 V7Y FDE b
DI BT B HIRLE, ¥ OV 9retention ¥ 4 TORBERBLH WY, Z0YrY TPy R
O mRNA 38 V37 KRS Nk e, RISV O, SHE exon 9 2155 mRNA TH 558, =
NS AT IERENLE Y, LMo T, EmRNADI S, BRENI BBIVE AL V5D
mRNA Z2ED 3~8%ICT &k vy, 512, BI FAA T, exon? skipping ¥ 4 7 IXiEHREI Y
N7 EFRIERCILPLD ST, BUFAAL YD 20%2 85D 20T, EERMS V7 CERE
% mRNA i& 2~6%BEE £ X 515, (UH Kawahara et al, 2005 & b, SEHE)

ZRETHEFD12THD, ALSEEH= 2 —1 vic
#1775 GluR2 Q/R LD RNA EEE %13, ADAR2 I
HEDETICXBEEL NS,

Lok ) e s, HREGUR HE % ES
Za—-RYTHERT LN, MFEE ALS OBREBEIC
DRBBEEZLEND, ZOLODOEIEL LT, RNA
TREMETH B ADAR2 B2 RET A2 L5 10D
AREETH D (K 3), flf5, ADAR2 &M DSk

re

1y

J

zXDEMICBN LT, EOREEERTE LR
hESERBEERORRKEIC RIS,

ADAR? IEHEFIEIEREIC D W T, RO RS 2%
W, #3E S OMECIE, ADAR2 mRNA ICid, 48 fic
HDIES ADAR2ZmMRNA R 754 A% 2 Y7y b 3
£ % (Kawahara et al, 2005) (& 44), & » O/NNE
oW TIE, ADARZ ¥V 87 L LCRETES D
Z2BOATH D (Kawahara et al, 2005) (] 4B), »




EES - 50% 6% - 20064612 B 909

FThb invitro TOIEHEZ D (Gerber et al, 1997 ;
Liuetal, 1997), SN S DE RS v 7% a—-F§ 3
mRNA V7 U7V MI48TEF 4 BITBET, L
ZDHIEIL, ADAR2 #8 mRNA @ S%FIHTH 5, 4
mRNA HBED 0% L2 HD 5D, £ huy
9retention PH LT VT FTHD, FrricHE
ERZ 7z (Kawahara et al, 2005) (M 4C), 2D k5 %
mRNA BPRBICEFEETAEAE LT, A543 07
HEHNEY, nonsense-mediated decay (NMD) %M@
RVWREDMICS, EBEZA LRI KBDY
VNI DBRBIL o L EDRODA Ny I THD,
ETDEYENLERM IR T 2EIFLDH 2 (Pras-
anth et al, 2005), ZOFEZHFBIELFIUL, KBILE
ETB3HRINTZOT 2V F U ME, WEEEDED
DEEMTS Y, MEBEOE LItk EREDY »
VTPV RELBREETERODLDTHBE EELS
N3, ZOBE, FHNIREREYY PV FoYg
ERBOTNZ DT, bIDBIZAT 542w 5=
2L BRECHENICRNAGELBE TE 2,
ALS EE)= 2 — 1 v Tl 2 OFEEE I M T
ZEL, EHEET 2 U7y DEENED T FYEE
@ RN S B,

HEERIC

BEL L THICH TR 40 ENEBLEY L L
TV BREAT, ALS OFFERERERE S 1A D, EEHIE,
B OWTHREBZBIERBITOF AL anS
TEoNBRICL IR R D05 5, TFEE ALS Ir
DT, FEOROBRI SNAT LIck, ES
BENZSTEBICOLTOMED & B EBE~DE
LARITELBRTHE, £ < OMEEEES L, I
RPIBKREGEE 5D B0, FEFOFIIC X HiEED
EREIREWICOEAL, L L, ALS OB &,
AlSI 2RB LT IRELALS OFFE» & 13ES
Za—nviRRERAarOBBIEILAT UL EE LS
HLA, AT VERBLE L BEERIETD X
A Z A b DRI - B - LSRR S DF
h T 0B b b NAEENRHE O BAEE D 7 b
H5, TOWEDOTNY, WEEEDEL LTOI N
T I VEEY AT L OBEEIHREE OIS I E T
VB EW) FRERREED, D 5 OREEEREEIC
DR T D, IO TFEE DM FV e,
RBROVRB~DEIGIHET D £ TOBEIE,
Charcot DIEIZB L WSR2 £ 2 2 &, 3350 <
THET LI FEIT B,

HEE

ORI, XERNEEANEMERETEaEEIE, B
FEHRIERES, ALS Hhe, ZEHELR OB R ST
TorzbnTH 5B,
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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.
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