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A Review

Retinal Neuronal Cell Death : Molecular Mechanism and Neuroprotection

Nagahisa Yoshimura
Department of Ophthalmology, Shinshu University School of Medicine

Abstract

In retinitis pigmentosa, retinal detachment, age-
related macular degeneration, and glaucoma, reti-
nal neuronal cells are damaged by a common mecha-
nism, apoptosis. Because apoptosis is an active proc-
ess that requires de novo expression of a ‘“death
message”, this process can be controlled by inhibit-
ing the expression of the “death message”.

We first studied whether a retinal ischemia-
reperfusion model can be used as a model for retinal
neuronal apoptosis. In the retinal ischemia-reperfu-
sion injuries, typical features of apoptosis, including
TUNEL-positive cells, DNA ladder formation, and
ultrastructural features of apoptosis were found.
Using the model, systematic research to identify the
“death message” was done by DNA microarray
analysis. About 200 messages were found to be up-
or down-regulated during the process of retinal is-
chemia-reperfusion. These genes were divided into
four groups . (1) transcription factor genes, (2)cell
cycle-related genes, (3)reactive oxygen scavenger
genes and (4)molecular chaperon genes. The pos-
sible roles of such genes in neuronal apoptosis fol-
lowing retinal ischemia-reperfusion injury were
studied.

In the model, reactive oxygen species produced by
reperfusion was found to generate lipid peroxides
and induced up-regulation of a transcription factor,
c-Jun, that further induced aberrant expression of
cell cycle-related genes such as cyclin D1 in ama-
crine cells. However, because no controlled expres-
sion of cell cycle-related genes takes place in retinal
neurons, amacrine cells died by a G1 arrest mecha-
nism. On the other hand, horizontal cells never
expressed cyclin D1 and the cells were found to die
by necrosis. The study revealed a possible mecha-
nism of retinal neuronal apoptosis and it also be-

came apparent that different types of neurons use
different “death messages”. Furthermore, the possi-
bility that inhibition of a “death message” some-
times induces necrosis rather than apoptosis was
shown. This means that we need to try inhibition of
the death mechanism upstream rather than down-
stream. Administration of thioredoxin, an endo-
genous reactive oxygen species that blocks genera-
tion of lipid peroxides and thus inhibits the death
process upstream, was found to be neuroprotective
against retinal ischemia-reperfusion injury. Aber-
rant expression of c-Jun and cyclin D1 was down-
regulated by the treatment.

Possible roles of caspases were also studied by
using the ischemia-reperfusion injury, RCS rat, and
excessive light exposure damage in wild type and
caspase-1 deficient mice. Also, application of adeno-
associated virus that carries Bel-xL was tested to
find possible neuroprotective effects on RCS rats.
Our studies showed that caspase-1 played a more
important role in the retinal photoreceptors and
caspase-3 was important in neurons in the inner
nuclear layer. Caspase-2 was found to be a major
caspase in the retinal ganglion cell layer. In agree-
ment with the findings, caspase-1 deficient mice
showed less prominent light damage than wild type
mice. Gene therapy by Bcl-xLL was effective to
protect retinal photoreceptor damage in RCS rats.
(J Jpn Ophthalmol Soc 105 : 884—902, 2001)

Key words : Retina, Neuronal cell death, Apoptosis,
Neuroprotection, DNA microarray an-
alysis, Transcription factors, Cell cycle-
related genes, Reactive oxygen species,
Lipid peroxides, Caspase
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HIES3E 105% 125

xr2 7o) ARREKFERREAT R P—RERXIO—2R

Amacrine cells

9 hours 24 hours 9 hours
20/860(23.5%) 746/910(82.0%)*  2/320(0.6%)
10/910(1.1%)$  22/320(6.9%) 194/320(60.6%)$

Apoptotic cells

Necrotic cells 0/860(0%)

Horizontal cells
24 hours
11/320(3.4%) *

L7 7 ) IR, AKERCHEL CTEBIR T R b=y XD 90w (p<0.0001).
$ AR, T2 ) VHIBICHE L TEEIC A 7 a— Y A T w» (p<0.0001).

SCHR 32 & 0 FFR] & A THERHKL

MR EFHARTAHA B E, M10WCRT L9512, TUNEL
IR B O RFRRRE & R HEBES TR o iz, 20
Z Eo b Gl arrest I & 2 MRS RZE S HE IR Py Sk
WHELTWBL I EREZ SN,

NEERLE OO EE L DFEL SR % &,
WK EONF I X ETFEEOR KR b DAY
R =¥ RFEOMBEDTED S5 Dwxt L, WERE
8L D ICITBETFEENMEN A 7 0 — ¥ AFROHINE N 7%
DOHEETHERD ONIZ(X11), 2O LS RHiE»sED
MIEHIIE TS 2 D 2D 2 L1F, KEBEBREL, EH
BHEThD, 22T, MilEO~—h —%FEHL CHEE
BRAT. FOER, M120k512, 7TRF—=YZAD
R RTHEE Y~ 27 ) YHIlED~—5—Tbh 5 sy-
ntaxin FETH % 2 £229, xr7u—y ADFEEE R
THIfEIX, calbindin BMETH 2 Z Ebrorz, HEE
T calbindin 34O~ —H —Th % Z b h
S TWB, Fipbh, 7o) UilEIZEEAN LT
RN =Y A TIRDIZKL, KEMfz L5457 00—
VATIHATHL ZEBHS N ER ST, ZLT, KFE
Ml 2 h b A AREEEE F TH 5 p 160N LW
SEHMFKHL TWB I b, Calbindin &
p e EGEREETTO £, K13 O & 5 i fEw
7% < calbindin & O ACFHIREIZ p 16N 23 FEHL L T o
L22EBb»b, pleNOFKIRIE T ~ 7V Ul IX
FEooNEhole, FER 12EMBIC7 27 ) vHlla
EAKEHIBDO Z N ENICOWT T R —Y AL 2 70—
VADEEEFANIE IS, T ) YT 82%
N7 RE=YZ2DBEERTOEHL, KFEHETIX
60% LI EOfifaR % 7 a—y AOFREER LI, 320 A
DAEMEF 7 R~ — ¥ AFROIERE %R U 7 ML
W1 EICRE o 72 (E 2).

2Dk, MBI - FER LW R—0REEICHT L T
bR O 2 USHIIZED X = X A b HEie B &
5ThHb, MIEAFTED A H =X AZDONWT, X5 IZ3EME
WMET 21T CENEBETHDL EFLOHNE, 8T, ZZ
Tpl6™ L 2 BEHN L WERNTTE., ZOEAR,
+14 270 D] OBEERHET 2EHEZFE->TBY, 2
D7z, pleNHRFILT 2 LM AIAREESE 2 & 4
WEEZ 55370 B - EEREE IS 20
R &0 BE LR RERESFET 245, p 16N

| Amacrine cell | | Miiller cell | | Horizontal ceII|

N

Ischemia-reperfusion

— \

c—jun cyclin D1 p16

cyclin cyclin B1

® o =N~ .
‘@, ~ (£
apoptosis mitosis necrosis

14 HEEEHEREFERE & #EHRTE.

7=z ) A, A4 2) DI ORERBEICE ST
MRS S [BlEE S 2 72, Gl arrest & 57
Rb=vy2%2RZT, —7F, KFEMEE, pl6™ %z
BT 570, HIEABEESFEL RN, 20k, *
70— Y ATIHATHL, THhIZHL, IaI#ilTiE
EHE SRR E b, Dk & o iz
Jiiuk: VT RaN I PR

EFEL T2 ACHHBEHIEIAA 2 2 E v
D7 R —YRAZ@OTH 70—V AR EDITHL,
ZOEEEFRL Twiany <27 ) UHIfECik iRy 2
THRN =Y ADBFKET L EFEZONS, £z, MRS
Tl w s 2 ZHilaCld, MkBHOBRIHICHKIRT Y
A7V THDIYA 7Y BOFKEPHER I NI,
S 2 FHIfE, MR EERT S Z E8TE, AW
W KEEEIC A D ZERHRETH S 2 LR L HET
&5,

UEDTF =8 meBr ) ORHREES THlz, K14
DL, 77 UMk cJun, 42 ) > Dl %
FHL, WbWwa Gl arrest ITX>TT7 Kb —Y 2%
9. —H, o 7HilSMaER R L, MR
WE» S, ZnextL, KEHEY A 2 Y > Dicxt
TAHEERZ S O p 1I6NURFELL T 3 7z I Hilk
A ZEWNTEY, 27 u0—YRRZHEENVS T
LT %3,

PIEOEBHERIZ, 78— ZOHIHENC & o THikE
REVNTE DD LWV FRNCEH AR LIEZZ2HDT
bt T2 RO X S B R R F
ET5ETRMN=YRAZEED, AEHIREO L S 2iifa
BHAEEESFAE L 2 T, 7R F—YAFEZ 50w
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500

400

MDA (nmol/g retina)

0 normal 1 3 6 12 24 48 168
Time after Reperfusion (hours)

15 (R - BEERHEREOBEELIEE.
FRET R, WEOBRCIEEE NS 2. R SR
(LB EHITH % thioredoxin TEM) Z HiALE L T B
< EMEOERAVIEE B3N HE I NS,

* 1 p<0.05 **:p<0.01 Scheffe’s post hoc test.
SRR A7 & 0 FFR] RS R,
M : vehicle []:rhTRX

bODA 7 u—Y ANFEET D, DF D, HRERHEEFE
25D ThiE, MIEFREELFEST 2 L0 b BT
HEEE2EDTLEILENH L EFEZOND, TNT
i, EDX5RHKE, L0 EETRESHAE
HAERED EWRICHFLEST 2D TH 5 5 h.

V. OEMERSRIERR & MRS

RITIEE TR & MREAEMIRESE O BRI D W TRRET L
THlz, EHBRFREHERERTFORKBEb A 70714
OB TRELLH TIPS ERESTWVS,
JESRE I « FRETRERE T, BIMThIZBROMEsE 7z
T3, FERKCEIBIREBEIERINED, 20
W, WEHRENFAET 2720, MEFICKEICEEST 208
BrRinL, BBEENER SN EF2 553
W Z T, FTRERICH S BR{IIEE OEIZ O W
THRET L7240, RIFH IR ICFAE 3 2 BB bR E % E
BLTAZEMISDL S IC% 5, HIERE, F#H»5
R IR B L, SR LIX 2 1EED & 5 T
b5, FERINCERCIEEHEFAEZ b DT 4V P F
YRR B LTk, MK CES SRS ERL
BEORIIHS»PIBI TS, FLTC, TAVFFY >
LB & o THEMEAR T o TUNEL B3R b isi A 3
2 (B116). HEEZIEEICTML T F ALV FFy >
I & 2R EER SIS e 2572 (M17). 2D &
512, EERLHRE SRR - PRSI X 2 fii
FUFEFE W EE R RE R RT L T0W5 Z bl

47)

M HREREIESE & tiRE iR - i 893

)
o
o
o
|

%k

4000 —

3000+

k3%

2000
I?

1000

—_

The Number of TUNEL—-positive Cells (cells/mm?)

o
1

1 2 4 7 14 28
Time after Reperfusion (days)

16 Thioredoxin I & % #HR{RE(ER.
Thioredoxin # 5. % 17> /- 1% T 1%, TUNEL &4
MBI EREICHD L T» 3,

** 1 p<0.01 Bonferroni post hoc test.
SCHR 46 & D FFR] & 45 CHERE,
B : rhTRX []: vehicle

150
§ ksk k3k kk ksk
" 1007 T ’—‘
2 il
3 T
ey
|_
T
£
3
T 504
(0]
C
£
0-—.

normalsham 1 2 4 7 14 28
Time after Reperfusion (days)

17 Thioredoxin = & 3 {BIE{RE(ERA.
Thioredoxin 5 #1T-> /- 81¥) Tix, MENE O IEH
B ERECHESN TV,

** 1 p<0.01 Bonferroni post hoc test.
SCHR 46 & D FFR] 245 CHERE,
B : rhTRX []: vehicle

Rz, WEALTRERE S & MIROsEO R - 22 B
WCDOWTHRET U7z, w8 b IEE PE A o5 O £ Offifa)E
TED LS BEEETHEEL TV LD bhniZE, 1E
MREHEDOBRE SR VIS E RS, SR %
W LR oI I1E, PLHNESifkLdi=tbus o
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18 ¥ HNE #iFIC & 2 % EHE.
¥t HNE Hifk 2 X > T propidium iodide ¥t THZ A3 12
#e3 2 dying cell DIEFEBHE > T % (KHD) ., FHER
12 R O, Y —1F 20 gm
SCHR A7 & 0 FFR] & A5 R,

S

o

o

o
|

3000 —

2000

1000

Number of c—jun—positive cells (cells/mm?)

6 12 24

HIES3E 105% 125

X 19 #i= bOF41 oL Rk 2RERE,
Pi=ruo ¥ Aoy rHRiZ L - ¢ propidium iodide #
TR EST 5 dying cell DITERREE > TWw 3 (&£
U &RHD). FRED 12 RSB OMRR, Y—1% 20 gm
SCHR 47 & D FFR] %15 CHRE,

kk |k

6 12 24 48

Time after Reperfusion (hours)

20 Thioredoxin |2 & % c-Jun [F4fAEDED .
Thioredoxin &5 %17 - 78 Tix, MEAEREO c-Jun BBIEMELSEA L Tnw 3,

** 1 p<0.01 Scheffe’s post hoc test,
SCHR AT X0 FFE] & 15 CHREL

YU EMEAL 29, K18 kPl HNE fifk Tt
B, M193H= ey 4y riikic k s afker
T, WYUK E DICERBRLIE TR =Y AZEBILT
WV 2 DUT BRI R ST sl 2D L DI,
FEIM « PR ERICBEL & 1L 5 R L IR B SR e
MO 7 R b= ZCELBERLTWE Z EHHLE
oz,

Lo, FAVIFYUELT y MEBECBIT 3
c-Jun, ¥4 7V DI OFEBEEZHRETIL TCH B L, FF
VR Y A L o THER & b ICFHEBNEEE L T
L2 ERbro7z (20, 21). A% % & THEER
= EHRAREHIZED A A = X b v = —~ 2 LTz, BF
MNIREAT® 275, MBI - FRERREE L, HHEBE
EHRESELIEICLD, MR &Y oM E

M : vehicle []: rhTRX

e bi-o3. I ORE LM FERRRE O HIfEEO K &
RERTHDEWVWI I LIXx5(X22)., ZOEE»S,
HE MR RAEEE O LIS EAE T 5 G EER SREE A4 % i
TIUE, BRI RGBS FER TE 2 REED H 5
ZEBbirol,

VI Caspase & fi&HIIE5E

Caspase & &R & 1L % B HA SRR SHFEZZE D 2 1
BESBEERZRLZLTWE I EDBHIS TS50,
WEMRE R LI & 5 A bV ARESHIRIC b % £ S b
aY P 7T OEBMANPELL, Fr27u—ACHE b
ay Ry 7HIRHEL, ZOF 2 a—A C 2 caspase
PIEEL URISIIC 7 R b= ANFKET 2 2 NS
NnNTws, ZOROMIZ, A bV AH caspase-1 & EEE
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4000+

3000

2000

1000

Number of CYCLIN D1-positive cells (cells/mm?)

6 12 24

MRS & MR ORRE -

48

Time after Reperfusion (hours)

GCL
21

Thioredoxin (Z& 2441 7 1) > D1 B 4EREDRL .

Thioredoxin $¢5 %175 72 B9 CIx, MEEENEREDOY 1 7Y > D1 BHEMESEA L Tn s,

** 1 p<0.01 Scheffe’s post hoc test,
SRR 47 £ D FF] & 18 CHERH,

ISR M B &R

l

Thioredoxin ——— | EMERREE

l

ZE5RFEE LS (c-jun)

|

EEmpERAEEE (cyclin D1)

l

THRR—Y X

22 SEMEAR & BRI MARSE.
EERR R, MRS B A M A A e 2 5 &
mZL, 7R b= A% E# T 5. Thioredoxin ® &
S REMBRIEERL, WWHEBREEEEIIZ 22 Lick
D, BEEZHEEERE 2L, 7R =Y AOFKE
ZRHET 5.

HEHET 2208352 2L bbroTn5%%, Lanl,
SEID~A 707 VA OKE T, caspase DFH 5
PDHEZBLZEFED oG ro7. ZORKEL T, ©
ERI IR E LT - FEHETR DR T caspase 2372\ L 7ol &
L TCWiWafgEME, @ caspase ® mRNA ¥l FH T
137z £, procaspase 7» 5 caspase D [RESFEIC X B
WAL 2 > T 2 ATEEME, O KRB OMRET B+
STHLUREENEZ 5B,

BN, FE - TGS 2+ 8HZ caspase-1 & cas-

B : vehicle []: rhTRX

e 895
I
*
6 12 24 48
INL
sham6h 12h 24h 48h 96h
Caspase-1 S q— 20 kDa
Caspase-3 22 kDa
- —— ——

23 B - BERMBIEICEH (T % caspase-1 &£ -3 DF
i,
Caspase-1 -3 b FHET 12 FEiE» & 48 Fefd G
EHOFRPEF L T3,
SCHR 56 & D FFA] B S R,

pase-3 D F&I % western blotting THET L T & 7z,
2WRT LI, TRMN—=—VYADPEAIEI>TNS
FERHIC WEMER O caspase-1, -3 BFEHL T3 Z
b»s, LT, REHBEENCHE LA L, #E
JEASER B TIZ Y B & &S & caspase-1 28, WK
JE& Tl caspase-3 DFIIN L D B ICFHD S iz, HE
RIS DR L 2 B> T A % &, HEDIZ caspase-1
W HERRA 8 12, caspase-3 IZMAIEANEIC L VAR FEL
Twa Zenbn»sd(M24). 2O i3, WESED
NG & N8 O MR K- 25 [3ED X v 2 — ¥
WESTTP R —=Y AL DTIEEL, 255 %D
Ay =Y | ZFHLTHATHL ZEERL TR,

Caspase WIFHERNGFET 5. LT LH ZOREME
137 < WS, caspase-l £-3 ZERICHETE 3/
EHF|E LT, caspase-1 & & b i< HET % acetyl-tyro-



896

4000
3500+
3000+
2500
2000
1500+
1000

500

Positive Cells/mm?

Sham 6 12 24 48
Time after Reperfusion (hours)

; il

Positive Cells/mm?

HHR&EE

1056% 125

800
700
600
500
400
300
200
100

Sham 6 12 24 48
Time after Reperfusion (hours)

24 Caspase [Z4AHRAEIOREFZE(L.
A T NYERISE, Casspas-1 BHMIld0E & D b caspase-3 BT S % s,
B : 4k fE, Caspase-1 Bplfu%is caspase-3 B MEMIE % LRl Tw 3,

SCHR 56 & D FFA] 2 15 TR

4000

3000+

2000+

1000

Tiunel-positive Cells/mm2

Control Caspase-3 inhibitor

Caspase-1 inhibitor

B : Caspase-1 []: Caspase-3 [ ]: TUNEL

B

500
E ’
3
Q *
©
O
£ 100 4
‘@
o
&
©
c
=2
=

0

Control Caspase-3 inhibitor
Caspase-1 inhibitor

25 Caspase fHEX|OIBIRIRESIR.
A : NERIJE,. Caspase-1 FHEHI L D % caspase-3 BHEHNIC & 0 i@ WIHRIRESN R 0D S 5,
B : 41k fE. Caspase-3 BHEHI & D ¥ caspase-1 FHEHNC & D 5RO HRAED R 258D 5,
* 1 p<0.05, **:p<0.01 Fisher’s post hoc test. 3Bk 56 & v ZF7] %5 CHEil,

syl-valyl-analnyl-asapart-1-al Z %5 L7255 v b T
1%, WAL EERIE O TUNEL B L v 58
A U7z, %7z, caspase-3 BHEHIT H % acetyl-aspar-
tyl-glutamyl-valyl-aspart-1-al # 5 C 1%, WK & O
TUNEL Mg oA B@B L sl 202 ki,
caspase-1 2SIV & T, caspase-3 IIHEEAE T L D
HELERHEZRI LT LA LZHMIHEET 26D T
HbEwz LS (X 25)°%°,

HERLA T D HEHI SR 12 caspase-1 WEETH % 5
£S5 RGN - FEREEMUSNDOE TV THRET 57280
2, RENLETRERREEEEY THZ RCS 7y + %
A L7z, RCS 7 v MO TUNEL et o KEfERE 18
226 1CRT. A28 HEE—7 & U RIS ERE
OMFERT K=y A2 LTW3 I ERbH» 5,
Caspase-1 DFH 2 Z DIEETHRNTAS £, RIIV4E

BWHEPE—7 CHEEHEORKR EAPED S h iz (K
27). FIEHHER LS caspase-1 B AR 2 8 2 T &
2y, TR — 2288w ol ©— 27K
IZ caspase-1 G % R 3, g ALz SD 2
v b ORI TAEIC AT, REREREIN - FRETRIEE & [FRRIC
caspase-1 DIHEHRI #5272 2 &, —#MEIcE L ERES
PRETE(K28)°, 20k iz, HWEESERED
ISR 1X caspase-l EETH S 5 LW, ¥z,
MREZE ORI 1E, L O~@ OmREkD > b,
procaspase %» & caspase ~DEMHALHHE Z > T B H]
BEME & Tk & D microarray 12 & % fEAT O KRR O fat
WA Th BuReEFH 2 olz. $7%bb, caspase
O mRNA B EF 3 H 20, TN T CIFET
% caspase DRENMEIC K> CIEMHLI N2 2 L b E
BHrEzohb,
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GCL

INL

ONL

oS

P14 P21 P28 P45
Time after birth (day)

MRS & MiEORTE - 54 897

=

5

2007

g

o

TUNEL-positive cells/0.4 mm tissue section

P14 P21 P25 P28 P45

26 RCS 7 v MBEOHHZIARGE.
A SR B OIS TUNEL Bk TH 2. GCL : HukifisifafE, INL @ Nk E, ONL : s gk

J&, OS : HiHufastAi.

B : TUNEL B 025 (b, 44 28 HUEIC TUNEL Bl iRk L 72 5, XHER57 & 2]

215 TR,

1000 - %

800

600

400

200

Relative enyme activity (% of P28 SD rat)

o
1

P56 SD P28

P14 P21 P28 P35
Time after birth (day)
27 RCS T MBREO caspase-1 FBIRZRREEAL,
A1 28 HEEICIE A caspase-1 OFE BT A L K-> T
w5, *:p<0.01 Fisher’s post hoc test.
SRR 57 & 0 FFR] RS CERER,

VI AR A O MIESE & caspase

FNTIE, RRIEI L > TRERBILO B 2 HaEahRE
B OMIEIEIC 13 £ D X 5 75 caspase DMEIVT W 3
DTHAIH, TDZ LDV ORI EMZ . Th
ECOERERBICT Y MBI 45 5/ o 5B & fi
(110 mmHg) 2z, % DO, EEFICIRERZHE L
7o, WA OHEIEA R EE L, TUNEL #2175 7z,
BREEROBEICIE, /87 7 4 YU OYf L 1382
D, PUROHBEE D2 ®, neuropore 12 & 54l
BEToRBIIPEO LI, oL, ERICHEEHE
TH % Dil ZiEA U R AT 2 2T 7 ~ v
LTHEE, MIEFELZEZ L T2 i s i o 72 <
RETMIL Cd 5 Z L R HER L Tz, REIME T O s
RRENAERE I FAE 9 5 Mg & TUNEL B Ao

w
o
o
|
*

250

200

150

100

(o]
o
1

QP

TUNEL-positive cells/0.4 mm tissue section

%,
O

28 RCS v MBERZERICHT % caspase AEHID
SR,
4121 H B i< caspse-1 BLEH| T H % Ac-YVAD-
CHO 2#5 L T b 4% 28 HH® TUNEL 54 #ia
BUIBA L, 44226 HHO# S Tk TUNEL 5
MR EEREICHE AT 5, * 1 p<0.01 Fisher’s
post hoc test, Xk 57 & D 0] %15 CHRER,

Rl % X 29 1ICR . 20 X S, FHERS 3 K
TRERC R E DA 25580 & v, TUNEL G 08
HELTWws Zenbhrd, ZOREIL, 1, 21Zm
L7287 7 4 YYI CORGEHER L RS ABL Tw 3,

Kz, c-Jun, caspase-1,-2,-3 259 2HiEE S THR
TG E R L TAa B &, 30D X I c-Jun,
caspase-2 MRS IZITREIBHEIL TWws 2 &80
Mhotz, ZRIETL, caspase-1, -3 BEMEHIIZIZIZ E A
RN oTz, ZORICARFRN LHREET
% % brain-derived neurotrophic factor (BDNF) Z i1z
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3500

3000

2500 F-L

2000+
1500

1000

5004 .
0 T T T T

I
sham 3 6 12 24 168
Time after Reperfusion (hours)

29 T MEEREN - BEREER R R AR
BIZHIRT % TUNEL [514#mpa.
FETE, der Mo iEd & TUNEL B
Mo HBENTD 51 5, Total : BHKEE, TUNE-
LL : TUNEL Bi#uus.
SCHk 58 X D FFA] B 15 TR,
[1: Total [J: TUNEL

Number of Cells (Cells/mmg2)

4000

3000 -

2000

1000+

Number of Cells (Cells/mm?)

0 T T T
control 6 24 168
Time after Reperfusion (hours)

HIRERE 105% 125

300
250
|

200 f
150
100 -

504

Number of Cells (Cells/mmz2)

sham 3 6 12 24 168
Time after Reperfusion (hours)

30 HERRAHIEETHRIAD c-Jun BHI%EAEI & caspase [
4R,
FEETRE 6 RIS ¢ c-Jun B eI fa s i3 ek & 72 5.
Caspase-1 1M, caspase-3 MM i2%R & H
L 72 \Ww3, caspase-2 [GHEMME X, cJun B EMINE &
FIZEBFERE OB THEEL TWw5, c-Jun:
c-Jun BG14#l, Caspase-1 : caspase-1 514 #lifE, Cas-
pase-2 : caspase-2 [5 Tl fg, Caspase-3 : caspase-3
BN, SR 58 & D 3FA] 215 TR,

[]:c-Jun : Caspase-1 []: Caspase-2

B : Caspase-3
B
700
600 - "I
500
400
300 4
200
100
m— T T
control 6 24 168

Time after Reperfusion (hours)

31 BDNF O#fIRFPHEEHERRIC X T 5 (REERHR.
A D ARRETIGIE CTRAE T 2 Ml o2 k. BDNF IXFHHEDR 6 KR © 168 KR O MM SR A 12

LTRSS 5 5.

B : tiEEiMigE o TUNEL A o2 RZ2{t. BDNF I3 FF#ER 6 Itk o TUNEL ek =

BB 3R 3,
* 1 p<0.05 Fisher’s post hoc test,
SCHR 58 & D FFR] & A5 CHRE,

%L, B31A DX S B ETHIIEE C & 2 fhieH
ORI PEECIH &, £, TUNEL B
MREEL A L7 (K31 B)., LaL, c-Jun BEMIREEL
i, BREBYE RS P72 (K32A)., ZhicstL,
caspase-2 [GHEMEEIE, BELEBI TS sz (K
32B). 7z, c-JunBHEMOEEERE L TAH 5 L,
i < e L o R RO Ml B TH B 2 LD
Motz, TOXD REREERTMESTEOCIEY 2FEx

[]: Butter []: BDNF

EfET 2 L13F 212K £, c-Jun BB MMIAEIX dying cell
ELTELXZBWEEZ, L, TDEOZFZN
¥, BDNF 12 &5 T ¥ c-Jun Bk oMz »nzi L %
WODTH 555, c-Jun D FHRIC caspase-2 35 5 DT
7% <, c-Jun 24T AMIEZEDOR & c-Jun 2 E T,

fDHRF %/~ L T caspase-2 IZE A HMIFEDRD 2 D3
ML THEET 2 EFEZ6N5(KM33)., ZhiERLT,
b L c-Jun OFFN T L A REN @S TW 5 & T
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A B
300 3001
€ i 250
£ 250 50
K%
S 200 200
%’ 150 150
(&)
S 100 100+
[
Ke)
=z
0 1 T O T L r-ﬁ T 1
control 6 24 168 control 6 24 168

Time after Reperfusion (hours)

Time after Reperfusion (hours)

A R EHIRLE O caspase-2 BB MBI O I ZE ﬂ: BDNF 3 FH¥#EDT 6 FF[EI#% D caspase-2 B5 Ml fE %k

EERBICEASSE S,

B : #fEETHENE O c-Jun BIEME ORERZE{t. BDNF i3 c-Jun IS 1B 2 5 2 oo,

** 1 p<0.01 Fisher’s post hoc test.
R 58 & D FFA] & 3 TR,

(A) (B)

Ischemia-reperfusion Ischemia-reperfusion

o

c—Jun c-Jun

| «— BDNF

v

BDNF —| Caspase—2 activation

v

Caspase-2 activation

v v v

Ganglion cell death Ganglion cell death

X 33 BDNF O#BiRteZ iRl X3 5 REXRDIE
SEAREH.
AR EI I O M FEZE I 1 (B) IR T & S 1T, c-
Jun 23 2R L c-Jun A& FEEE caspase-2 &1
HALT 22055 %, FIEORT c-Jun D TFHIZED &
IR[FED A Y 2= | BTV DOPIEARHTH
%. BDNF i3, c-Jun DR I3 {ERA ¥ 3, caspase-2
DREMHET 2 Z L2 & o THRRENR 2 RIET 5
5L, (A)D LS HRKRZ, SEOERDSITF 2
1<,

n1E, BDNF (% c-Jun %/~ & 9 1H 212 caspase-2 D F&
HAEIHT 2 2 L0k - THIRGREERZREL w5
ZEWkb, L LaHs, Filo X 51z c-Jun B
FEDOEREIE Z OFREME L D B33 D & 5 LAlRetE % &
DI FEZ SH B,

[J: Butter []: BDNF

M 8 b bH

UEZRERT L, LTOLI B A =R L 2RRT
5 EMTE S,

9, MBI - FRERESE CIE, FRERRICHEL
TR, EEBIEE A, KES LA MV AR E 2
D, IEE o> Tl ORISR 2 1HD 5.,
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