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Involvement of Endoplasmic Reticulum Stress in the Neuronal Death
Induced by Ischemia

Yasuhisa OIDA ¥, Hideaki HARA ¥

Abstract: Recent studies have revealed that perturbation of endoplasmic reticulum (ER) functions, which is called ER stress, induces
apoptosis. ER stress, which is caused by an accumulation of unfolded proteins in the ER lumen, is associated with neurodegenerative
diseases such as Alzheimer disease. The purpose of this study was to provide new insights into the pathogenesis of brain ischemia for
development of new therapeutic approaches to ischemic brain diseases. We suggest that ER stress is involved in the CAl-selective
neuronal cell death and permanent middle cerebral artery occlusion (MCAO) induced cell death. Furthermore, to investigate a
possible role of a selective inducer of BiP (BIX), we evaluated the neuroprotective effects of BIX against acute ischemic neuronal
damage. BIX provided significant protection against CA1l-selective neuronal cell death and permanent MCAO-induced cell death. In
conclusion, ER stress plays an important causal role both in transient and permanent ischemic damage, and drugs which selectively
induce BiP may exert a neuroprotective effect and may be a candidate of new therapeutic treatments of stroke.
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23 10%% 5O TUN D, HE MMM B 13, R BB
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Do TAUHITMARIE, FEMRIE & A & 3 5 IMEEZE D R
ThHY, ZRITMHEEL LTRIETH LD LH D0, 0O
ERRFE HIZIX, WL O 0BRE, b b TIA H 5 W
[T RIND Z#%8 T, IRAINTIMEEZEICE D HENE N,

i . 87 P 3 L R R I & o T M (global
ischemia) ij:U)EJF)ﬂEHuFEEﬁl (focal ischemia) (Z43%H 9"
HTEMTE D, BMMEMMERED 5> 6T, I1GEOLE
R D RD SN D H OITHRBIEIER S AT TH D
TIA & 2 \MERIND 72 EOFIEFHITH D, £72, TIA X
D R MAMEAR R D 27 &9 PROE 72 & D Ve R B %
TCD LT 22 DEIRMEERB~OEERIETHH
Do £ 2T MR ILIC & D ARMNRZED A 7 = X 1 % iRt ]
L, PHRRARGE SO ML PEZD SR D & 2 FERI DB R0, 22
PERZTBT 2IRWBFIFRF STV D

INRARIT TR T @E&%ﬂiﬂ@i:fﬁﬂ‘é%ﬂiﬂ’j W/NERE T
b5V, INREIE, ws ST E W@ 2 Xy
EABAELIHIVEEN, ﬂ%‘ﬁﬁ{@ﬁfﬁ%vxw7 4 F

(S-S) AL TEDNHMEEEEZ LG ThHDL L &
BT, MEANTLYT DO FERATEEE LT, £
FRE., 2L AT r—L, E5ILEET I FOEKRE, IR
BREMOFERE & LT, DD TEIGIThI- 5 A PR
A L TW5B, /NMERPEE]
binding protein/ glucose-regulated protein 78 (BiP/ GRP78; LA
T BiP). GRP94, GRP170/ oxygen-regulated protein 150

(GRP170/ ORP150) 72 EDZFEIAD 533 ¥ <1 3 F
FEL. ZNODONIRZICE > T, Z 7 BOH Y BN
TN TW D, B2 BiP I3/ Ntk o7 B D 5-10%
EHOLLEVDNAIZEEEICHFEL TN D, —F, Kl
FT I BUMBB L OEBRTER L, ¥\ HB L
OB O B E PRI 4 RIE T HIIC L v /Makor
RRIET L, &% & 7 B NMNalENIcERT 5, 20
IREEDS/IMEfA A R L & (endoplasmic reticulum stress; ER
stress) EMEIENDRIETH D, Z D X 5 farkiiic
Ba s & RIRIT/ R A b LA ISE & PR S AR IRBGEIA%
WEEEf w25 (Fig. 1).
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Fig. 1 ER-stress response signal pathway

ASK1, apoptosis signal-regulating kinase 1;ATF, activating
transcription factor; CHOP, C/EBP homology protein; ER,
endoplasmic reticulum; ERAD, ER-associated degradation;
IRE, inositol-requiring enzyme; JNK, c-Jun N-terminal kinase;
GRP, glucose-regulated protein; PERK, doublestranded
RNA-activated protein kinase-like ER resident kinase; SEK,
stress-activated protein kinase; TRAF, tumor necrosis factor
receptor-associated factor; XBP1, X-box binding protein 1.
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0 Srff%k U CGRIRIMIRMAAZEZ R Lz, BRI
%:r'@m 12 K¢ 1.3 B8 LTV 7 HE1T pentobarbital FRERE L |
4% paraformaldehyde &4 0.1 M phosphate buffer (PB) (pH
7.4) ZFEOENITEA L THEWREE GEHE 130 cm H,0)
LYtz Wiz, BiP Xy Ty Xa v ThH, [H
RRC/ MR R F L ADOREN R~ — T —Tbdb b, Fio,
C KU R 72 Lys-Asp-Glu-Leu (KDEL) B4 % £5-2/)N
fa R wEE D % v X7 ETH D72, anti-KDEL
monoclonal antibody % F\ TR FZRIMT 21T 9 =
LiZE Y, ZOREEMKRFT L7z, Anti-KDEL monoclonal
antibody {2 & ¥ | BiP LASMZ GRP 94 & — a8k S 4125 23,
FIZ BiP BEEINDLZENINETO Y2 RF T 1
v METIZ E DBETTH L L oo TNV D,

BiP OWE B LOKRMEEICBIT 258U, /5 CAl
FPHERHIARIC BV CREIM 12 BRI L OV AR T 72,
WERE CA3 BRCB W CIIEM 1 AR LT3 BfRIC EA LT
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Fig. 2 Change in levels of BiP in gerbil hippocampus and
cortex

Immunohistochemistry for BiP showed very weak
immunoreactivity in the sham-operated brains. In the
hippocampal CA1l, immunoreactibity was slightly elevated at
12 h, and peaked at 1 day after ischemia. In the hippocampal
CA3, immunoreactivity was strong at 1 and 3 days after the
ischemia. In the DG and cortex, immunoreactivity was
unchanged by ischemia. Scale bar = 50 um. Boxed areas are

shown at higher magnification view of CA1. Scale bar = 10 um.

DG, dentate gyrus. The result was cited from ref 7.
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Fig. 3 Change in levels of BiP in gerbil hippocampus and
cortex

By Western blot analysis, BiP was apparently detectable in
sham-operated gerbils. In the hippocampal CAl, BiP was
significantly increased at 12 h, then increased progressively to
peak at 3 days after the ischemia. In the hippocampal CA3, BiP
was increased only at 1 day after the ischemia. In the DG and
cortex, no increases were detected. Values are expressed as the
mean = S.E. (n=4-9). *, P <0.05; **, P <0.01 vs. sham. The
result was cited from ref 7.
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% ATF-4 ZZhE Nk r iR LNy =22
Tuy M TR EIT> 72, TORER, #BE CAL %
2B D ATF-4 1 LU CHOP ORBLORHRGE I, FEif
IZ L AEEFNEIE —B LT (F—F K2R,

~ 7 A HUR BN IR B SE AN R I % AR IR B i B 1T B/
MEZ N L 2OB S

R K2 BEEFEE, EilnofipE (O L) - R
M L OHHEROFE2 EICE > T EDR L AOMSE



14 FEFEA D« B i 1% Aok e 7 | 2

BB/ KA N L2 OEE

BLOBREEINR0 BioTL %, MEM (IMEZE) o
By MR AL (= 7 fEis) ORI Tk, B B ik
KT ERBOERTNEI Y, MIBFENSI X S50,
R JERDER (27 Z8EE) ORI T, Ik T
B LIS HEITE Z 57, Zoic s £ I 25
DOHIFENA b L RIEEBRBD HILD, ZORIZ, Wiz L
TR & PR L, HIBRBE 2 B\ 1R B8, B ZETR
BEAT) LT HERRA V hO—2LRoTWD, ET2,
R IR b K AR ML — @ MR M & 0 & S SRR VD RAE 3
D&, v U AR RIMENREAZE (MCAO) 3% FEHR%HI
RAZEIZ 31T 2 /NRaiR A b~ L A DB 2 #iEt LTz,

FE I KIMEIIROPAZEIX 7 4 7 A > MET-EFHAT
HZLICEN TR, bbb, EAREBET. AN
R HR R B R & $H Bh IR A & silicone resin IR & ¥

(Xantopren+ Activator Liquid) CTHEdiz B -728-0 7 A 1
> /) 745 Ak (Ethicon, Somerville, NJ, USA) %
ALMZEL, ~7 2% MCAO2, 6, 12K, 1 BXW
3 H%IZ pentobarbital Bk L , 4% paraformaldehyde & A 0.1
MPB (pH7.4) Z/ALENICEA L CTERBEE  GERE
130 cm Hy,O) LS tals Fiv 7o, BiP IMRGIR, KR
B L HIZ MCAO 2 47 Bk 2 (2 LR LR, 12 R
BITHRICE L. MCAO 1 HB X3 HEOMEMARITE
WTIE & A EDOMFEAIITIEIR L TN 23 F% - 7oA
M TIEIRWRIE S ME DR vz (Fig. 4),
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Fig. 4 Change in levels of BiP expression in the striatum
and cortex after MCAO

Immunostaning for BiP in the striatum and cortex at 0 h, 2 h, 6
h, 12 h, 1 day, and 3 days after MCAO. Expression of BiP
increased gradually from 2 h onwards both striatum and cortex.
Scale bar = 20 um. Contra, Contralateral; Ipsi, Ipsilateral;
MCAO, middle cerebral artery occlusion. The result was cited
from ref 10.

Flo, v RAEZ T ay MESTOTZD, [FEOFIET
MCAO 6, 12 B[, 1 B LT3 HERIZIHIEE L, M2 i i
PAMEE T TGP L OKRINEE 2 E U HEEL TH
W, Uz AZ T m ey MENT T, BEEIZIBV T BIP
1T MCAO 12 BfIfRIC ERMEIAZR L. 1 BERICARIC L
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A#&IZIZTEDIREEIC R - 72, BiP OFEEL EFI3MEA LD
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Fig. 5 Change in levels of BiP expression in the striatum
and cortex after MCAO

Western blot analysis showed that BiP was detectable.
Quantitative analysis fo Western blotting showed that the
expression level of BiP was significantly increased in the
striatum at 1 day and in the cortex at both 12 h and 1 day.
Values are expressed as the mean + SE. (n =3 - 7). *, P <
0.05; **, P < 0.01 vs. Control. C, Control; The result was cited
from ref 10.
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BiP ORIRWFEILTH D BIX OIFRRMIIIIREEH 2R
L7,

WA A I OWMKRFEIREZAZHAY Y > 7T 5 M
U TR JE 2 35 % L 72, BIX 1% 10% dimethyl
sulfoxide (DMSO) |Z¥&fif L. HENLFEEXEE  (Narishige)
Z VT, RN 30 43RS 10 pg/S ul 38 KTV 40 pg/5 pl 5848
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5. L7z, Control #Z1% 10% DMSO O A% 5. LTz, 5
HEPALIL, Paxinos and Franklin (Elsevier Science) O J[X|FE
WZHE > THMANEMN  (posterior to bregma: 0.6 mm; lateral to
midline: 1.2 mm; into the dural surface: 2.0 mm) (25 == —
LESLT20MNT TG Lz, I=a—Lidi5%,
ZDOEFEORET 3 DRIRFF L7 R X 2l 7 A&
IZ pentobarbital J#fI¥¢ L , 4% paraformaldehyde 7 0.1 M PB

(pH 7.4) Z/ELENICIEAN U CHEVERE E (FEVEE 130 cm
H,0) LAfEdtl v, TORER, R GRIZB D
THEM 7 BRIZIZE A EOWEE CAL1 BFHERHIRL DS M FE
A2 L7z, BIX 40 ug IMENEGIC X0 | il oshik
ARAUFE A N L7z (Fig. 6)o
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=
=

th
= =

Fig. 6 Histological analysis of hippocampus after ischemia
in gerbil

(A) Representative photomicrographs of CV-positive and
NeuN-positive cells in the hippocampal CA1. Scale bar = 50
um. (B) Quantitative analysis of CV-positive cells in
hipopcampal CA1l. (C) Quantitative analysis of NeuN-positive
cells in hipopcampal CA1. Values are expressed as the mean +
S.E.(n=15-8).*, P <0.05; ** P <0.01 vs. control. CV, cresyl
violet; NeuN, neuronal nuclei. The result was cited from ref 11.

v U AR RMBIAR KA PAEFH R RAEEEEICRTT S
BIX ® therapeutic time window : Z U % T o B KBk
DB IR I A 2 oD AR AR IE O therapeutic time
window [ZMIRIMATDOREEAIC S K52, EMBEIEE 3
RN E B 2 BT b, £ 2T, KAHZEICBIT 2 E
MER (RFr77) mEikOR#E S %D therapeutic time
window % HWH3Z L2 HIWE LT, BIX OME Mk S
B HMETE MCAO 7 V& AV TITo Tz,

FERBI T KASENRDOFAZEIX 7 4 T A v MET-Z AT
DL EVITo Y, Fiebh, FERBEMEBE T, oM
M H R E IR 2 BB IR 2> & silicone resin & & ¥

(Xantopren+ Activator Liquid) THEdiZ B 572 8-0 F 1 1
VFE /)7 47 A2 b (Ethicon, Somerville, NJ, USA) % ffi
A L% U7z, BIX (% 10% DMSO IZ#fi# L .MCAO 5 47,
3 BRI R KON 6 BERIH21Z 20 ng/2 pl 564% 5- L 7=, Control £
(213 10% DMSO D Z % $5- LT=, #5-E{L13, Paxinos and
Franklin (Elsevier Science) D MIXIFEIZHE> THANMKEN

(posterior to bregma: 0.1 mm; lateral to midline: 0.9 mm; into
the dural surface: 2.0 mm) {Z 2 4723 T 5 L 7=, MCAO
1 A (W8 L. mouse brain matrix ( RBM-2000C,
Activational Systems, Warren, MI, USA) % I\ CHiifiK% 2
mm DL ST 5 GHEKL., TOWH%Z 2%
2,3,5-triphenyltetrazolium chloride (TTC) T 10-15 43 fE%xta
L7z, MEZEEMALIET ¥ #1712 Z  (Nikon Cool PIX4500)
Z W CREE L, Image J & VW CHEZEAE 2 1)@ LFHZE
REEZFRE L7, WMEEIXK DA (infarct volume +
ipsilateral undamaged volume — contra lateral volume)
x100/contralateral volume (%) 12 &> CTEH L7 Y, MCAO
1 B2V T, BIX I MCAO 5 43d KL O 3 Il # & 5.¢
REFEIRTE S OV 2 #1176 L 7, MCAO 6 BFfHl & % 5-C
I3 2B b, AE T o7 (Fig
7o
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Fig. 7 Effects of BIX administered after ischemia on a
therapeutic window after MCAO in mice

(A) TTC staining of coronal brain sections (2 mm thick) at 1
day after permanent MCAO in representative mice. Upper
panels, vehicle-injected (control) mice. Lower panels, BIX
(intracerebroventricular injection at 20 pg)-treated mice. (B)
Brain infarct area measured at 1 day after MCAO. Brains were
removed and the forebrains sliced into five coronal 2 mm
sections. * P<0.05; ** P<0.01 vs. control (n =7 - 11). (C and
D) Effects of BIX on infarct volume and brain swelling
(measured at 1 day after MCAO). Values are expressed as the
mean = S.D. (n = 7 - 11). * P<0.05; ** P<0.01 vs. control.
MCAO, middle cerebral artery occlusion. The result was cited
from ref 12.
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FHEAT o723, fuedeta & [FERIZ, WS CAL BFICB VT
REIf 12 RpRF 2 BB R/ LR, MM 3 A% Tk
Lot WS CA3 BHZR\W T, i 1| B DOAIEH
2 EF Uz, ttkElds L ORI EIZ W T, Mg M4
B EFITRD SRz (Fig. 3), BILIC X 50
FAZEANEE Z & 72 W BiP O EF2MES CAL Bk
TERNMITEO N2 L ITRERAB LNy = 2%
78y MZBWTHEEETH > 7203 AR E Z -
B DOFRBUGEVDBRO b, BgH T, 7A tnr
P4 MIBWT—HZFORIANBO LN (T — %Kiz
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IR A N L RSB RRD B MERA B L RITR LT
PHTEEAE 2B 8 T D Z E BRI ST,
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T/ A L AFEEMT R h— AR Ml s h s B
), AR T SRR SE~ DRI 5 & LT, ATF-4
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