(301)

IR 7 R b — 3 212722 28 B 2 — F

& BN ER R AR B 5 =

BB B

=, = 4

APOPTOTIC CASCADE OF ISCHEMIC NEURONS

SHUZO OKUNO and TosHISUKE SAKAKI
Department of Neurosurgery, Nara Medical University

Received October 29, 2004

& U & I

BRI T & 2 MiRMIIL T, 5 TS rmiE hs
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B DRSS TR DB DS, —igIl2, BMmMEET R b
— 3 A VLRI AN R I 0D ¥ 1 SR IR0 JR BT A A 1L D 3 1 JE) 0
EVS 7z, RSB T BB 72 IR 1 A 1
22 HBDTE L, TR M=V ADOBW S EFHMAET
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7 LM 5E (programmed cell death) CIEMAL & 1 5 4
TEMZERN I R — FOEFTD, BRI B
THHZESN WD, Thbb, BlKI MV FY 7
BB E B cytochrome ¢ 12 & 1) caspases DIEMH &
N 72 U, caspase372° % & T »H 3
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720, caspase-activated DNase (CAD) D#H#4T %1
ETDLIEDVHALPE 07260, &51C, THEFN—V R
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RMBERERETZEZ D L TOESR, BRI BV TR
FFED A 3 =X LD, EDLHICEELTWBEDH %5
BAL, BORTRELMIE Y A RED R E kT 2
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32 FU TR (Fig. 1)

ZORBIE, I av R T OBFREROBRES
T& 5 cytochrome ¢ PHIBEICRE S ND Z LN D
BEN, TRMN =V AT AT — FOL»TROIDFELIE
ATWBESETH 5. Cytochrome c DFLHIE, Bel-2 7
7IV=F DI LT RV ARERT & HHIE
FOEECEE LA CTRESNEDT, TRHMAEN
ZETFERY EFCI bary FY 7TREEHSTA. £
¥, BERFE LTIEBHI~BHS FAA Y 2 AFT 5
Bax ¥ Bak, # L TBH3 FAAL v DAEEXETS, W
@ % BH3-only ¥ /%7 B (Bid, bad, Bim, Bik 7% &)
s, FofETHLH. —JF, HHIETF L LTIE, Bel-2,

Bel=xL, # L CHEERRENZ Bcl-w R EFHITHND.

SRR B, A ORTIE, ENEIICREVER
S5TBY, I/, AMNLVABWRCZORELYEZSLD
DbHLH. 51, F/FIF, A MV AOREEIIR LT, £
Gol BEFRELZI LD LILHMOLNTVRE., INHD
HFi3, BIMTHETLIZLIH LD, £LDHER,

ANTFOFAT—%2BH LT, EVOFEEERELE-T
w5, 21T, TEFVARERTFLHIHRFONT
v ADHENS E cytochrome c DMHAIEE 5. 2D L d

&

= Ml

cytochrome c i&, 3 h I ¥ R 7SRRI L T
B, AL AEMEICHE U BHED pore % U CHIRE
BIZHEEND. ZOSMEIZA U B pore DTEFAER 12D
WTIHERT DY, PELDBEELWAREL 2oTw5

9). ZAMERESNIEFIE, I PV FYTHED
VDAC (voltage-dependent anion channel) & P B 12 %
7% % ANT (adenine nucleotide translocator) 2> 5 7% %

permeability transition pore (PTP) 235 L T (Fig. 6),
Ihav R TEEMATEELLER, M7 APE
BTaEVIBDT, I hay FY 7HES YRR ICHE
XN T cytochrome ¢ DEEAIFEZ HE V) FHTH 5.

¥ 7, ZONEICTERE L PTP 2 EHEKDS, cyto-
chrome c DBEIZ %5 E V) EFVHBEINTNS,

BEDEIA,Bcl2773IY—% 871255 PTP
D& DWW T DM A H = AL EARHETH B, F4E,
Bax 2 ED 7 R b — ¥V AMEERFOEERL R LT
R I pay FY THREICBITLTAERZIEL,
Z O % cytochrome ¢ 25588 T % € 7V 058 &

ni-. #LTC, Z®Bax IZ X5 cytochrome c #HED X

H=AsE, PTPEOEELTWS LX) T, £3PTP
EUTI Fa v FY 7WIZHA L7z proton 12 & 55
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Fig. 1. Schematic diagram represents a possible cascade of neuronal apoptosis induced by

ischemic events.
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GO Y 7 FIVE, Bax OBEEE S - 0T L DEE
bHoW. FAD, Ty F—BERPNER TS
WeFEE,S S (Fig. 2A), Bax Il E 25 I hav F
VTICBATTAZLIRENTEY,Bax # Bak D 3 b
I FUTADRATH, cytochrome ¢ DR IC AT K 7%
AT YT THBILIZEENR VL) TH 5.

BH3-only ¥ > /3713, 2% < b 10 BEORL -7
HF2oBREND. 22 TH, Bid, Bad, Bim 22
WU, BOEMEIET RN — 2 R @b 2 BEELM
RPBo5N>0H 5D, 216 BH3-only 7 > /87 |2131T
ol L7 L id, 7R b= 20EFICBWL
CBax ¥ Bak DFEPIAATREZ &, BLUOELETHE
IR 2 ERPROONLZETHL. 2 L-2 &
25, BH3-only & ¥ 87 1%, FICHIBROT E F—
AVITFIVOBEERBERMLT, &KL LTHESL, I}
AP TREICEET AV —0 k) niEE 2 B
LTWwadnEBEbhzy, 43P, Bid ikZEDZEML
HERE & DBIE AT /21, 2 2Tt Bad & Bim 120w
T, BRAEITOMRLEFZA DEBRER BT 2 Tl
5.

¥7, Bad i, EEEIZHTF Y v RO Y THDH 14-3-3
CREREBELZIREICHY, 4008 v EHFY &
BAbEh s ZECRIFILEN TR S, THE b — 28K
1240, Bad 13 14-3-3 B HEEE L TR Y M Ry R
ETEMEEBD Z LB L 79, ER Bad 13, 20
BITaY FYTICBE L TBd=L & 2 24k L,
TOTHR M=V 2AMBIWERAHET 2 DEEZHNT
W%, Bad BEFOFF—¥ickoTH, ZOEHDE
WEZTTwaE, LML TWBEDIE, ERK & AKT
(protein kinase A) TH 5. WFNDOFF—¥ L Bad 2 1)
YBALTHZ LT, ZOWEKEMZLIDEBLNL.
Held, 27 A0—BERBFMEMEFVIZBWT, &
N5 invitro D EERKE R L M, EBIM%E O Bad 25
14332 L8 L CTBl<xL ICEAT 2 2 L, BLO
AKTHEHIOKRSICE Y, 2D X = X A58 SN T,
TR =V APEIT 2L EMB L7,

Bim i, /87 71 # 7 7 — ¥ A @ cDNA expression %
AN =2V T BT LT, BAd2 12T 55 vi5y
& LTHER &Nz, B, Bim @ isoform & LT BimEL,
BimL, BimS, BimAD % E2SAZE &R TV AR, =2
TIIAHREMAL & B E D%V BImEL 3 & 0°BimlL 129w
TR 5. TS > /87 \EEMALIC B\ C transcrip-
tional & post-translational D#EFEIZ & 2 SSHHH A54T
HNTW2 (14). Invitro DEBRFERD 512, &, Bi-
mEL & BimL i3, #i§a &4 T % dynein motor complex
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LHREETHIETRAELLENT VS, MOELDTHEF—
Y ARHDIER, Bim & > /%7 HSHIILE ISR S T,
TRMN-—VAEEIRA S — FERET D EEZ2 512
B HREEE COEBRBME,S , BmiZX s 7K b—
VABEREIIE, DUTICHITH 400X =X Lhife
BENTWBBEL,

D)Bm D EHEI P> FU 7HBEIC/ER L T cyto-
chrome ¢ i &85,

2)Ba2 ¥ Bcl=xL 2 EDTHF— L AMEIEF & 2 8
e LT, 205 0EYEIIEEIEH T 5.

3 )Bax % Bak ERELT, ENoITBESILE b0
ZET, IPAYFYTAORITEEET L.

4)3 FI Y FYTDOPTP #5845 VDAC ICE B
BTBHIET, IPaYFY TOEEN LS.
B4 DBWEBROER 2 AL T, BEDNDEZ 2 3) 28

BOANEETNVEEZOND, Thbb, 5y ho—

WL B 11 %, BimL-Bax B D& A 12IP0E L T Bax 0 3

FIY R TNOBEIBE S (Fig. 2). IR,

Bax ¥ BimL & DA I LT, 11 & 2> D AW 220915 1

DIEE % 2T 72T et % 7RIE LT\ 59,

— H, ¥l 2 B 1 fk 8 & R 7= cytochrome c i3,
pro—caspase—9 % Apaf-1 &, ATP O FICHE &4k
(apoptosome) &ML L, 1E MR caspase-9 AR & L
A&l %B. ZOD caspase-9 I, T pro—caspase—3
ERUE L T caspase-3 2 HEMALT 2D CTh 5. % B, cas-
pase-9 {& 1 1%, phosphatidylinositol-3 kinase
(PIBK)-AKT %R ERK I2X 2 Y VEMLIZ & 5 THRET
B2EEZOLND. LT, Bk L7 X 912 caspase-3 i3,
#ETdh 5 PARP % CAD # &AL L, BToHDNA ®
fragmentation # EfT 52 L 12% b, DL, —
EOEACEFUEICIE, +57% ATP 2% ETH 5 720,
% L\ RIMEF 213 cytochrome ¢ S ST H ATP @
BN & % D AR R 2 0 — Y R ZBR B, A
HERIIZIZ i3 caspase—3 Z#BHLT 2 B b b > TH Y,
XIAP 7% EVXHHE caspase-3 IHIEICHHL T2, BEER -
L&, caspase IHHEDEEIC X 1) &M MR IEIE 25H)
HENBHE) L) ETH B A, i, caspase-3 in-
hibitor T# % z-DEVD-FMK DMERES I L ) , 1
RPN R L E 7V C OB EAFER SN T\ D
DL PLEDS, FOMPITFHEEELY, $0
vivo B ILE 7V 12 B> T caspase G % B 7o\ &
PHELD D720, WEHILT R N — ¥ ZEEOH -7
ARAT — FOBRANEE-1S.

7A=YV AOBEERBREZLIZ DNA ORI L4d
% 7%, caspase IEHEEICH | &5t < CAD OEADBITIZL Y



(304) B4

cytosol

Bax s s ol s sen

B-actin
C 3 6

= Ml

mitochondria

12 24hr C 3 6

12 24hr

0.D.
ok BB w =

C 3 6

BimL

Bax

12 24hr C 3 6

12 24hr

IP: Bax

Fig. 2. A: Bax was predominantly expressed in the cytosol of the nonischemic control brains (lane C). After
the onset of ischemia/reperfusion, Bax was successively translocated to the mitochondria during the
experiment on Western blot analysis (upper). Quantitative analysis (n = 4) clearly showed a reciprocal
expression of Bax between the cytosolic and mitochondrial fractions 24 hr after reperfusion (lower).

COX, Cytochrome oxidase.

B: Six hours after transient focal cerebral ischemia (tFCI), BimL expression in the whole cell fraction
immunoprecipitated by an antibody for Bax proteins significantly increased in the vehicle-treated ani-
mals (lane 6hr) compared with the nonischemic control brains (lane C), and was significantly inhibited
by SP600125 treatment (lane SP). IP, Immunoprecipitation.

180~200 NIEFH T —FIZ £ 5 DNA OEJ#T (DNA lad-
dering) B 4. L2 L7%2%5, BIARMIEICIE
DRI TH B ORGP 7 0~ F » OEEIL, CAD
DAHATIHELRVEVIBRLH B9, 2 ) LIZHEE,D,
CAD Ll #} @ caspase % & ® # £ % cytochrome
c—caspase RIZIEFEL 23 ba >y Y 7REOFED,
BRINTWD. FRICHEE D caspase FHARFFIERERE % il

s HENRY 87 & LT AIF (apoptosis-inducing
factor, 57 kDa) & endonuclease G (30 kDa) 7%, 47
B&ENTWAY, Mi¥ /37 & I cytochrome c kLS,
IbaY N TEBBECEEL, TR YARBICX

DBICBEIT A LEZ NS, Invitro DFERD S, ATF
I3 EBET A HEEATEFH S TE Y, 50 kbp DILE
W& 5F 20 5 7% A DNA fragmentation ~® B 5- 2554
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ENTVE, T4, PARPHFAIFDI Fa v FYTH5
DHBEZHIE L T2 RN D 59, §E, in vivo BN
BILETIVIZBWTH AIF 2%, caspase IR I T
AYFITHOBIIBITTAI LR, 2D LI 7% AIFD
MREAREEDS, 7R — 2 ZHEMEBL2 77 I — %
YRTIZE o THESI NS Z LS, ESI N0, 7272
L, AIF BIZ endonuclease {1372 ¢, X523 b
IYFUTATET) =T ITVEERE LCTHERELT
WHELZEDMBEELD Y, AIF 12X M7 R b —
T AHIEBEANOB S OMBIZIE, X5 % 2HESNE
LEbhsbw,

Endonuclease G &, AIF & A#£1Z caspase FEMK A
WEHLEIN B L EZ DN, FICAZCHNLEA
RRERIC X BE MR Z T 55 Ly CRESRR).
ZHFD, TR =V RIZBIF 5 DNA OEEIZBVT
g, £ AIF 2 ECHE SN S 50 kbp &\ iy
BOFECOYRATES Y, FnI28] EHv T nucleo-
some FCOYIRIAEE U 5. endonuclease G 3£ D,
Wb b DNA laddering ICBE L TW3B L #3515,
B 5T endonuclease G & i I AR KA 5E o) [ 38 12
DWW TOHEIL %25, endonuclease G 75, AIF & O#f
HEYEMICX ) DNABHERITTB0TE RV LN
BRRP, 7U—5 Y BNk EIZL D caspase B #MED
BOTRP=Y RS LTWADTE WAL W) &
RbdY, SBOWEORBEHE S b8,

Z D1, Smac/DIABLO % Omi/HtrA2 72 &b 7 & k
—VARBELT, I b CFYT2LERELTXIAP ©
EZEET 52 LT, MM caspase-3 DIFHALIZ
B5THLEILNTVE, RLADERERELS D,
Smac/DIABLO % Omi/HtrA2 7% in vivo & I 14 40
7R =Y RZHE5LTWA 2 EFHEE S iz,

TNF SR ERE (Fig. 1)
HFBEREICH B WL OPDSERMEIE, FA b4
FIGSLTT R =V AZFHEST 2205 T WD,
RMBOWMEIETD, HAEOZTEEKICL 2MBEAT
RE=VAAAT— FPBIBENDH, ZOBORERY
LREMY, INF ZBFERA—1N—T7 73— BT
Fas (CD95) THh 5. HE, Fas OHERMY F> FTh 3
CDO5L 1 — 3 P Hi B £ 101 <%0 JR B A B I B 7 V2 B\ C
ML THBY, B Fas FEMEE 7O v 7352010 L
D, TRV Z2RA 70— ZAQIHIFBEINLTY
A, 12721, RN 7 A N — 3 2 TO Fas 5
BEREBEOMEIE SN TN B0, NS WA IR
RiZin vitro DEBERZ b TREBEENT 2.
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T CDBL 2 ED Y H Y FHFas IZEAT 5 &, Fas
BEELT3ERERKT A, 2212, KD S
FADD (Fas-associating protein with death domain) %
/L T procaspase-8 2543 5.

D EHITLTTELHEEHIE, death-inducing sig-
naling complex (DISC) & IFENTE Y, caspase-8 DiE
HALZRT 2L I2h 22, 2 OFEE caspase-8 DT
DAAT = FIZIE 2 DORBAIRESIN TS, OED
1&, caspase—81Z & U caspase-3 I E NBRHKTH Y,
b 9 V& DI, caspase-8 #%, BH-3 only % >/%% @ Bid
ERUBLT, INEEEALT @R THL. BIEILI b
AVRI)TREEEET A0, BEIZOVWTERS S
LZ§ 5. Bid it 22kDa OHIfEL 5 > 52 THY, cas-
pase-81Z & 1) 15kDa DIEMH tBid (truncated Bid) 124>
Braha, tBidid, £0%, I bar FYTIEBET2
B, TR ZHHIRFTH 2 Bel-2 LA LT, *
DIFEEHE LD, Bax % Bak OBEZE(L % /24
EDHEENTWES, BT, cytochrome ¢ DOEHE% Sk
IV FYTRBICART A LIRS, 77,
tBid DA FL i Ser/Thr phosphatase (PP2A) 7 &1 &
BRI CERALIER A, (RERICEL 2 msh T3
L, caspase-8 LI O caspase 12 & 5 HIfH b HES T
5 12, 23).

MAPK (Fig. 3)

MAPK (mitogen-activated protein kinase) 1%, 73,
S b L2 B MAREZ D b 0Nl % 5%
TAMBAD A7 — FOBBERTF & LCRB SNz B
fE, ERK, p38, H X UTJNK @ 3 273" MAPK ZES 5
EEZOND, WHERTFRH A b A4 v OREIc L B
TFVIEETIE, MAPKD FHOBEERFE LT
MAPKK (MAPK kinase) ¥ MAPKKK (MAPKK ki-
nase) % EDQFEDM S N TV B A, MBI 12 35
175 MAPK OBZERFIZ, BEOL Z2W e Thwn
%® ZNET, MAPK D& RT3 8 I 58
WKOWTHRT 2 EBRERIHESNTEY, 2045F
YRR, T CBHE TR o 720, SEAE,
MAPK &R F 1243 % knock out animal ¢ A <045
HEOBCHEADFERENLICEY, MEMIZEIT2
MAPK D&EIH, BHO22% ) 205 %, ERK i3, %4
o, BMBITIEEA () VB L, T REre R %
FYHLEZLNTELD, HETIE, MRMREEC
SBET5 L OMEDTDHBM, L LiA S, ERK 124t
THERY LR EEAL, WELERERTHY, Z20EH
BAEIZDOWVTH FHREBG DLV, p3g i, KIZih~
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Fig. 3. A simplified schematic representation of MAPK pathways discussed in this article.

Fig. 4. A: JNK activity (upper) was significantly increased at 6 hr after tFCI compared with the nonischemic con-
trol brains (lane C). The phospho-JNK bands were observed at 46 and 54 kDa and increased parallel to JNK
activity (middle). JNK expression was not increased or decreased after reperfusion (lower).

B: Representative photomicrographs show the immunohistochemistry for phospho-JNK in the caudate pu-
tamen of the MCA territory after tFCI (upper). After 6 hr of reperfusion, phospho-JNK expression was in-
tensely increased compared with the same region in the nonischemic rat brains. Scale bar, 50 —m.
Representative photomicrographs show double immunofluorescent staining for phospho-JNK (p-JNK) and
NeuN (lower). Overlapped image of p-JNK and NeuN immunoreactivity demonstrated p-JNK-positive cells
colocalized mainly with neurons. Scale bar, 8 -m.

C: Apoptoticrelated DNA fragmentation after tFCI was analyzed with a commercial cell death detection kit
(n = 4). DNA fragmentation increased significantly in the entire MCA territory lesion 24 hr after
reperfusion. In the SP600125-treated animals, DNA fragmentation significantly decreased at a dose of 1.0
mg/kg compared with the vehicle-treated (lane V) animals 24 hr after tFCI (*p < 0.05)

D: Representative photomicrographs show TUNEL-positive cells in the caudate putamen of the vehicle-
treated and SP600125-treated groups 24 hr after tFCI. TUNEL-positive cells were strongly expressed in the
vehicle-treated animals (left), whereas in the animals treated with SP600125 (1.0 mg/kg), TUNEL reactiv-
ity decreased (right). Scale bar, 30 -m.
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5INK & & B ICHBRT7T RN —2 AIEES5 LT
WEEEZLNTE. FERWEERTH 5 SB-239063
D5 & ) R REBIRK A BIZEE 7V CHEERORAD
LIBRETFROUEN RO LNz, 72, T ORERRDY,
astrocyte [ZfFET % p38 OHAEHNGFICHET 5 & DO
EXxHY, SoLAPWEOERFHFEFEINLY. 2517,
p38 2%, LFMIIE O I IC B W TEE LT R
FTIEDHL LR, B, MEMEIZB T

BimL

BimL bt

P N

3hr

= fltl14

DEBRFERD, MR SNBD T 5.

INK X, 3%F5< 32D MAPK @) b b REME
OREEEFFEVEEbNS (8,24, 25, 27). JNK X, V¥
WAL X D iEEE L, RENLZEERTFTHS AP-1 %
T % cJun 2 EMELT 5. cJun &, MREE L
CEboTwaeEZLN, BE, MEBMIZBWTIZ,
TR =Y ADZHEERR D) T~ FTH A CDISL %
WhNEE0, ANV T AL G OBEINCE 5%

12hr  24hr

6hr

SP600125 (mg/kg)

1.0

0.25

0.5

C 1.0

SP600125 (mg/kg)

V 025 05

Fig. 5. A: Western blot analysis of BimL in the MCA territory of rat brains after tFCI. The band of BimL was
evident at 24 kDa and peaked 6 hr after reperfusion. C, Control.
B: Western blot analysis of BimL in the ischemic MCA territory. Six hours after tFCI, BimL was sig-
nificantly increased in the vehicle-treated animals (lane V) compared with the nonischemic control
brains (C), but was inhibited by treatment with SP600125 in a dose-dependent manner.
C: Coimmunoprecipitation analysis demonstrated that JNK-BimL interaction was significantly in-
creased 6 hr after tFCI in the vehicle-treated (lane V) animals compared with the nonischemic control
brains (lane C), but was inhibited by treatment with SP600125 in a dose-dependent manner. P, positive

control. N, negative control.
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JTU—VARRETZLEINLE®, INK BEIE, TR

F=YADI by FY 7KL OBEEDIGHR <, INK
D EAETF % B ET 5 2 & Tcytochromec %
Smac/DIABLO 2 ED I ¥ FY 72508, BL O
Bax #Bak DI b2 ¥ N 7AOBEDFHIE S 5 2%
. e, INK OFRWBHEH 2 R\ 7 BB 0%
BoERD 5, INKIEEOIHIA, cJun OFEMAL % %12

IZMIZ 5 2 & TR IC RV RBER 2 R T o L
DIERE S 7z,

B4, INK OFEEERSI b ay B TRECES
HAT— R Ml EREYBEREE, BH3-only ¥ ~
N7 DOBim BINK AT A5 EOET R -V X 7 F
VEZIFR-T, IVay FYTIEETLZ L%, 5
v PO—BERBIME TNV ERSTRE LY. $bb,
B, —@MEIC INKEESER L, ZAICEELT
Bim O#gf0 - U Y EAL & INK-Bim B OfEA#INATH 5
b, LT, INKBRYHEER TH 5 SP600125 % 2
MAETZE5 T 5 &, Bim D53 & INK-Bim B o413
e n, FARICENET R -2 25 BPT50TH
5. E51Z, SP600125 12 & Y Bim-Bax BI04 B L O

31)

nitration of enzymes

MAPKs

Wz LA S A — K (309)

Bax I b a v R 7~OBE), HEINS 2 L1
BNz (Fig. 2, 4,and 5). BLED Z & 25, Bim ¥ JNK
EHCERELCTREN—Y AV F V%I bavy Ry 7
WRETHZZENHBALE. 20X H 1T, INK i, 3
b2 R TR L SRR OTE 7 RIET 2 RE A
HrLEZLNTVS

7Y—=3T A (Fig. 6)

TN =TI TANER, FHEFFFET H{LEEE R
WY A0, BIEHENRLE OBSP SEEIC 20
&, A=—%F T F (0r), BELKE HO), & F
"UF YT THV («OH), B L U—E12EE NO) 2 & TH
5. 7, BAOBEZII FaY FY 7OBETFEERIC
BT VB2 THO 2% 525, 500
AMVAIZED I ba vy Ry THEESBESNL Y, X
=N=FF VNN, SERICERENS, B, BELE
BMETVIIBNT, IVELVZ——FF L FORE
ELRHEPRBDLNDD, Z0%, EBAL VOFET
IZ Fenton KB X U Harber-Weiss Ui 12 & - CH M
DENE FOF T TV NVIPERENSED, $512, X

lipid peroxidation

ONOO~

(N

\

H,0, — 3

Fenton
*OH

I, 4

PTP opening

Haber-Weiss

mitochondria

nmm

DNA damage

nucleas

Fig. 6. Representative mechanisms of free radicals-induced neuronal injury in ischemic events. Inset indi-
cates a possible model of PTP consisting of VDAC in the outer mitochondrial membrane and ANT in
the inner mitochondrial membrane.
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==XV NI, BHIC—BEER L e LTRSS
DBERVEFTF A bF4 b (ONOO-) %L B, —
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