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Molecular Pathology in Ischemic Penumbra

Yuri INOSE"% Noriyuki SHIBATA? and Shinichiro UCHIYAMA'
!Department of Neurology, Tokyo Women’'s Medical University School of Medicine
2Department of Pathology, Tokyo Women’s Medical University

Some hours after the onset of cerebral infarction, an irreversible coagulative necrotic core appears in the
center of the lesion, surrounded by a reversible penumbra-corresponding zone (PCZ) characterized by neuronal
survival despite reduced blood flow. Emerging evidence from experimental studies suggests that the crosstalk
between neuronal and glial cells determines the survival or death of neurons within the PCZ. Immunohistochemi-
cal analysis of human PCZ using specific cell markers reveals a large number of enlarged, activated microglia and
astrocytes. This glial activation may be driven mainly by the presence of hypoxic stress, oxidative stress, and
danger signals generated from necrotic cells in the core. These stimuli induce glial inflammation, leading to lethal
damage to adjacent neurons. In addition, impairment of the system regulating intra- and extracellular glutamate
concentrations by neurons and glia causes increased extracellular glutamate levels, which are responsible for ex-
citatory neurotoxicity. If lesional blood flow does not normalize spontaneously or appropriate treatment is not ad-
ministered, the number of neurons remaining in the PCZ would begin to be reduced by programmed cell death.
Modulation of glial activities in the PCZ is thus thought to prevent expansion of the infarct volume, which im-
proves the functional prognosis of patients.

Key Words: cerebral ischemia, molecular pathology, penumbra
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BEFIARANOZAFEROOLDTHS. HT
b, BEEREZREIHEOERLLE BFNEOMK
{BLiIZoNTHEMO—EZ W TVWBY, Mk 77 A 3
J =4 v iEMAL A T (tissue plasminogen activa-
tor : tPA) IC X BWEEPIER LS HIZBWT, M
BEBERBBHUNICRR SN -RELBEOS
i, BBEEZRSTICEARTA LI L
ML, ELICHMIEELTtPAOHEGHE Lo
HBREL, REREOBEICIY, 5 50%HEEICHK
FENDEILITRD. MBEEOREREIX FEFICX
DZIEICE S, LIZLITHBAEEEE (activities
of daily living : ADL) OIET 249 . SEBMERMEZE

O¥sé, ADL KT OREIHEOEH L EOHM%E
ATWHEELERTNIEEROHBM 2 RARIZ L
EOHLiE, WHEESHIIERICBT 2 RKOMR
BTH5.

PiAR ZEFEFE R B M LA LSBT 5 &, WEAL
EBICAT MR R R Th LB EBEEE (RfRTida
TEMR) AHBL, ChERYBEE LIS, M
METLTWEHO0, Za—ua s PAEFLETT
W B IRER (RFR TR v T T AL IR & R B3
R ENEY. ~F 7 I MLEBIE, 470 BKRE
BAED D, B RAEAHE S e WIREL A
&, Z2—uUPHELBDTIT DIEREH
TLEHD, MATHFSLRMBRHFEOBRKETIE
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Za-UrELVAFa—L)ARMERL TS
LD, MHNLEBIZEE > T3 ERBERENT
WY KT, NPT IHLERTEE SN
ERENELE X 2O FERICH b 5 &N
FOBFICOWTHHT 5 & &b, EERBIN
TWwh=a—uryOFHBMIEHLICLERT 5.

1. BIEEREOEFNZEL

BE, ST ERT AR IR T LS IEE
BTICE-oTHETS L, ZOEEZD>LREFLE
OMREHEIET I E 5™, whbOwLYF ALY bL
V7 THRWIRY, Mg T ISR ER & L TR
IRENCBEAEIL T 5. ZORERT, HRERPLHICES
RAEhfma—urRr7Y 7, IbIV YT
WA g1 L CATP RZIZHE D, Na'/K'-ATPase
WCEBAF YR TDPEF L 2RI H 5720,
Na* & K5F (H0) 5Hifadt 2 & MR~ A Lk
¥, MIFE &MR/NEE OALIZ X 0 e PR E
(cytotoxic edema) # & 723, LHL, 94V V—
LABROEMICISBEBCHLRIZBE I - TEDL
3, L MRI SEHGEF BRI X > TOAR TR
BB REICH B L vz BT O, ATP X
AR OBV AR T AR R, FLERE
ENVE YBROE\PMBAT V F—-YXA2d725
L, DNA O&EHES L UCHE/NMatE» L DY) Y —
L DERE L BIBAE Z 5728, iRk & MR E T
B b2 #k T 5. ATP RZiEF 72, Ca**-ATPase
WCEBAF VR T OB L ) MBBE D Ca ik
Ex bRAsE, CAHRMAEMOMBERARRY -
£ A; (cytosolic phospholipase A; : cPLA;) & #1 )V /%
4 U EREEALT A, 20k X ERBEI, HRIIATS
HRBERICEATS. T4abb, MEEI) VIEE
EEEATHER SN VEEZHLT 5720, Mg
WA DOBER % FHRICSE5 & L b, MR/
ERMBEO—RELT, 94V Y —LKEEZHOM
JAB~NOERHZF L. 29 LT, mEHLEOMA
B ETEHTRMMBICHRY, BEZIELZ T Ta
T &R 5. MATEAER B L EARRT 5 &,
A7 ERF T ITHLEFEBROFENHS NI B.
NG 7 T HLFIRO BRI D W TIIRICFHD
T 5, FEIOEMILTT 5 EFEWE L 7V
I VERHPEELREEE R TEEIOLNTVS.
MAT &AM 1 HUL LR L 72X 7 T 4%
BTid, A MLVAREEY 7T EEREE p38 < v
7 ¥ J — ¥ (mitogen-activated protein kinase :
MAPK) OEHEALAEZ ), KRFILE N lo

(hypoxia-inducible factor-la : HIF-1a) D% EfL %
S L CIE N M B 345 R (vascular endothelial
growth factor : VEGF) R ZDOZBFAROFEH % FHE
T 57720, BMIMER LR 5™, p38 MAPK
RERRIE F 72, MBI MIRE I 3] 2 SRR RV A
Mh A Y TdHBHERELRE o (tumor necrosis
factor-alpha : TNFo) & 4 ¥ ¥ — © 4 ¥ V-1
(interleukin-lbeta : IL-1B) ##H&E 3 5. £ LT,
IhEEED ICHEEROENFZIL L T <.
FHENEOWEMIE, F=v - AV rLbA4Y T
FIVFZROEMACE AT 5 EEMTTHE (BN
MM OBk 2 & ) MfasliEE (vasogenic edema)
rEIEIL, WEAMTERIES. mEMNEM
Faid ¥ 72, WHEAMRZ MBS 20— 1T 5.
i, MENEZMBESMERNICT EAA 2Bl
§ 5 L KRS, MREREICHES ST (cell adhe-
sion molecule : CAM) ##H T 52 LIZMhE 5. 7
EHA I, MEBENZERBED S o - HILEROFEK
FICRBEL T ZREIERL, NET AL VT
) vEHMBERRICEZESYS. A7) vid
CAM OZEMITHE T 5720, ZORERMBEHH
MBRIE M PR HIRE & DT 2 kA % R mE St
~NHER L, WERNBEALIRE 25, FHEROEHE
BHRE 1 HBRURE, <2707 7 —Y0RBIZRE 3
H#%LIE, ZhEnARgbs 5. BEFPERIE, <~
FGAY—Eekx b)) v s AXSuTasrfF—¥
(matrix metalloproteinase : MMP) OAEHIZ X 1 Il
EREPLMEIEEL SHE LB ORENEZRBE L,
I T aR)IVF F ¥ ¥ —¥ (myeloperoxidase : MPO)
DEEZEFUCEY) Th A KHEIEFZRE (HCIO) % Miast
W LT E RE S S, B~ su Ty =Y
&, MMP OFERIC X DiRSENZBE) L, B LM
B EZERETS. C0XHCLTRIRT 7 —UH
Fei L 72 % 2wy, kb (softening) b L
1E WAL (liquefaction) & I AR 2H 2 5™,
HREFBGABD LSBERAT AL, v 7u7r7—Yid
WA LT A%, AR Tl
DRI EALRI 2 VDT, REITBRELE
AHBERT 5 &% <, 221t (cavitation) ~
EmEhr.

B, Iyur)TEEBEET 0T 7 -V
(tissue residential macrophage) (ZfLEDIF ST
BY, BE~zrua7y—YVLRkk BHICHETS
CEPHLPIIENTWAY, WMFFILEOME
< — % —, 37+ ionized calcium-binding adapter
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molecule 1 (Tbal), major histocompatibility class II
antigen (MHC-IIAg), CD68, glucose transporter-5
(GLUTS) 2 ECRIE S NAEY. Lidto T, MEE
BREOTELZERLELT, 3707y 7LRE<
U7y —IWBREL) BE, MBEBZENTHI L
BHREETH S, 72721, Tbal & MHCIIAg IXEER
WRELTWAIDIZHN L, CD68 DEBITEERN
Bk LR cHBoORE~Y 7 07 7 — U THR
L, GLUT-5 OB IILELET HHEBEEDOI S
uzy 7 CHELREMNES 5.

2. NF 2T IHLEEORERRE

PR AR T A EEOMEE, =2 —1 >,
FAIaHAL b, FVITF RS TBIOIS
Oy 7 ChAH INoDHL, IrusY T
JREER S CTH B DK L, ZOMOMIIE IR
ERSTHD. EEALTFEENICTSHIC, M
Rl (WM, BRI, SEEmae, SR
MRHESEMIR 22 &), B AESRIMER (FRILER, &F A2k
IR, ) Bk Y, RERMESFMRE, 7R TR
PEERMNE, 7 EELEME, 7 EERHES
fa, TEPERRMEIEMINL & v o o REERGDY, EhE
NOXBEIZH5H L TwW5AEY, RiEZESE OREIZ
BLEbLADIZ, I7uZ7) 77 AMaYAf T
H5.

TA MY A P OREHT—H—i3, glial fibril-
lary acidic protein (GFAP), glutamine synthase
(GS), glutamate transporter-1(GLT-1), aquaporin
4(AQP4) 2 L THAH™. GFAP T A buHA FiZ
BEORMETI A TAY M THED, TOREHLAN
WVIRERTH o THEMICE Y —ETIE R WY,
ABPREICBWT, REET, HEB I URE -
FHPLEO ERTITOMT 5 ERMESET A bt
4k (fibrillary astrocyte) X, GFAP #% < &AT
BY, BEdil UTHEFRICIES 2 2RIz Ly
BRoMfzEREA/ TS, LT, KAEEE
I ATHERE®T A a4 b (protoplas-
mic astrocyte) (&, GFAP 213 & A EEATW RN
728, BBRICRAZ 5. TEAREIED pituicyte B &
U/N% B2 @ Bergmann glia b 7 A b @ ¥4 b
EEND. LAV, MBOTREPRNICEDL L,
REBFTOT A+ T4 MIEA % DT GFAP
PEBR LN OKEMLT, SREEEZRDE
T 2 LT, MRAS» SBETIRICED 5 k2 B
CEM S S LT OMILERY, MK
BEEEITT S, 0L RMlRE IGHET R o
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¥4 b (reactive astrocyte) E#FL, T 2SN
FTARSRFBET A POH A =32 (Wbwb
TUF—=TA) LR FUSET A batA M,
PEEORIIC L o TREBEEMIE2Y. S
Wik n bt o Mifatk L RAET A% b OEKRE
7 A ha¥ A4 b (hypertrophic astrocyte) 2SHi 3 L,
HEMINIC ISR RN E R B L EDHITRY
ZEex Ay b7 —ZRICRY RO THEMEET A b
¥4 b (fibrous astrocyte) 28T 5. SNy I
BIZ7 I EENMLTCINVYI VEEET AL
WX ) PIRMEROT I ) RERISRT VEST
R#Z55 GSiE, 7AMaH A MIEEHICES
T52 MlAVE I VEBRZBBEIZERD AL
GLT-1 L X, 7 A a4 MR b
VABENB LIETTAY. KFx vy AVvo—H
AQP4 3, ThEEME L-HORERETHHH
AMEEMEORRIIBNWTT R a4 oMk
LW B,

AR B REBOIZ7oZY 7idBERI
T~ )7 (ramified microglia) & FHEN, EFEME
DR ELMBECZ LWk E AL, REAMIZZ
SO SR A MITL, R T A hud
4 DERNEY A MR T A2 - VDR
P B EIICHRET Y. RWIRETHI 70
7k HIL Y 2 9 27 7 (activated micro-
glia) LT, Mgtk B2z BRI ETT A—N
BOWRZEL, WEELEELCHRLEELE
IR s

IR 2 VT, SRS RE R R R DL %R
LR EMECBET 5L, BRERELET S
a7 LR ERERE oM, MREEENERL
T2HIROMEIR (RF v 7T ITHYER) 25A 2 TL
570 ZOMEBTIE, KB L7 Ibal BEYEAMfE &
GFAP e BE L <B Y (Figl), Thopo
BICEF =2 -0 YP0AT5. CORETE, M
EEBWESTETELTB ST, Ibal MK
WZEEEET A END, EICHBEEOFEMNLI
rarZ ) rThbeELONS. —7F, GFAP B
MO KRZHIE, PBRET A a4 b oKz H
ZTWh, INHLOEBMLLZ2) Tk, B4 245
EL NV HAIABE 22— OV EDIRBA M0 %
BLT, —a—arOEEEFITAHEZTLTY
5.
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Fig. 1 Immunohistochemical observations of ionized calcium-binding adapter molecule 1
(Tbal), a microglial marker (a, b) and glial fibrillary acidic protein (GFAP), an astrocytic
marker (c, d) in the necrotic core (NC), penumbra-corresponding zone (PCZ), and sur-
rounding intact area (SIA) of a fresh cerebral infarct obtained at autopsy from a patient
who suffered acute-stage cerebral infarction. Polymer-immunocomplex method using
3, 3-diaminobenzidine tetrahydrochloride as the chromogen and hematoxylin as the
counterstain. Scale bar =1.0 mm (a, d) and 100 um (b, c).

3. NFUITIHUERICH T BRERESTFO
B

RF VT ITDOIRREIZB T, B4 LiEEDTOM
E2E#MIsnTnE BT, SVYIVEBOR
FTHRENL L CARSONTE 227, MR T, B
BHEO TNV I VEEEME D - T ADBERTICAFIET
B, ZOVTTANEEICHEIET 5720101, Al
BTN E S VBRRERRER T ALENH L. £
T, —a—aryRe7A bAoA MSHREELRICS
VEIVEELT VAR=F —FEESE, HMizRst
D Na BEARIZHES T, Na'& & dIcHiiasn 7 v
¥ I VBEMBEAANED ALY Y AT A EELOB
BTEELLEEZONS. 22D, EBIIKET
1Z, Na/K*-ATPase I L 24 F VRV TOREHEC
X DMEANa BEN LA L TWw5 -0, MlaAo
TNVE I VENRNa L EBIIN T VAR —%
o THATHICHRANRIE ST L E DY, Mg
Bz L7270V 3 VBB, S Dma—a vk
HICRET BB VY I VBRZEAEDO—FHT
% % N-methyl-D-aspartate receptor (NMDAR) & #&
ETHIEITLD, TS Ca® F v v F IV =Rk
HIZRR S & 5 720, KEO Ca’ 25iast» o il
WANFAT BT LR bY, ZRERIRD ATP RZ

Wi 2 5 AR O Ca¥ it A & A I IE
AL, I bay ) 7R/MMaEonNEIBICFE I T
WD Ca¥" WERE I - THIlRE~ERE L T 5%,
29 LT, HilRE Ca™ REED ERIZH DD 5
%<0, RCBTHBILA ML ADTLHEL TW
<P
BEOMIE CaBE FAE, Ca&RKEHEERT
HHFH v F ERILE F (xanthine oxidase :
XOX), NADPH M:1tE%3% (NADPH oxidase : NOX)
BIU=ma—o B —BLERAKESE (neuronal
nitric oxide synthase : nNOS) D4 F#i& % 24k &
&, EEAEER T, XOX & NOX iZA—/3—F F
YRZTAN(-07) mEAL, nNOS F—RiLE
# (NO) #EATAH. -0, & NO & OMITIEHET
LRSS Y, MEIEBET L EELICFEREZEN
RBEMIBDHRE > TVt F = M) b (ONOO™)
REAETAHY. - O \IEEEEETE (reactive oxygen
species : ROS) O& EMICNET L5 FTHY, %
DT FNNIBER DI & o THREITME S h % 8
IR L > TEM 2 FREEHEES TS
WAEDFIET 5. BHEREES T IEE LT b 4
HERIICBWTIE, - O dkEA 4+ ¥ HY) OF
ETFTTA—IN—FFL FY ALY —F (superoxide
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Table 1 Major substances of DAMPs

Nuclear components
+ High mobility group box 1 (HMGBI)
« Fragments of DNA (including CpG)
Cytosolic components
- Heat shock protein 60 (HSP60)
- Heat shock protein 70 (HSP70)
« Peroxiredoxin
Extracellular components
+ Fibrinogen
+ Fibronectin
- Hyaluronan
+ Heparan sulfate
+ Oxidized low density lipoprotein (OxLDL)

DAMPs, damage-associated molecular pat-
terns; CpG, cytosine-phosphodiester-guanine.

dismutase : SOD) Ofii##AEfH CBMILAE (H0.)
ERTFRIRFE (O) A LR E NI, H 5 T—
ER S NVyFF RV FF Y ¥ —E (GSH-Px) IZ&
D HO FCTREING. —F, BEIMEETRIIR
WTiE, -0, 13ERER (Fe/Cu) A4 ¥ DOfililE
ALY —BFETEEZRYEL, HHEERETE
U7z HoO: BB FaF 5 VH IV (- OH)
RRASESY. - OHIX ONOO & H DJBEER
FIBIZE o THALS. - OHIZROS OHTH D i
W% DT )-S5V I NTHY, MluoE.
LIRS CTh %R, &H, BHE, HEEZ SR
LG E 5 2, MRIEEIC KR E & /29079,
ONOO IR EM 2 EHEFEFE (reactive nitrogen
species : RNS) Th Y, &HF 0¥ VERECHESL
T=thoFudy U EEREEERTAIEICLY, &
oy ¥ r—EoEHEHEEL CEE MRy 7
FIER LT AM, I b3y P TIFREOET
RERICEEE 72 LT ATP A2 IHl$ 5.
RFVTITE, EBRORX I ZALTRET HER
bR P LADM, B TEWVEEREA ML AH2
Wi danger signal %, =2 — 1 & 7)) TIZRIER
J5% & &I 7Y, Danger signal &%, FREAELZ
H % ¥ % pathogen-associated molecular patterns
(PAMPs) & %\ Z3EFEMA D & R L T 5
damage-associated molecular patterns (DAMPs)
A5, BREEZHIK Toll-like receptors (TLRs) & @
HEENLUTRERSEFET L5 3 &L %588
A RTHETH Y. PAMPs OBE5- 258 72 G
fEEIIRE Y, WMEETIET 7 WO % B
JRE 95 DAMPs 12 & o T danger signal 2354 ¢
AU TIR77IV—KBRTAEALLT, HE
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Table 2 Proinflammatory gene products

Cytokines:

TNFo, IL-1B, IL-6, FasL, IL-4
Growth factors:

VEGF, PDGF, EGF, GDNF, Osteopontin
Chemokines:

IL-8, MCP-1, MIP-1¢, Fractalkine, RANKL
Cell adhesion molecules (CAMs):

I-CAM-1, V-CAM-1, N-CAM-1
Infmammatory mediator-producing enzymes:

PLA2 COX-2, 5-.LOX, INOS, PGES, X0OX, NOX, MPO
Extracellular matrix-digesting enzymes:

Matrix metalloproteinases, Elastase
Membrane-bound receptors:

VEGFR, PDGFR, EGFR, GDNFR, CD44, IGAV, Tissue
factor

TNFe, tumor necrosis factor-alpha; IL, interleukin; VEGF,
vascular endothelial growth factor; PDGF, platelet-derived
growth factor; EGF, epidermal growth factor; GDNF, glia-
derived growth factor; MCP-1, monocyte chemoattractant
protein-1; MIP-l, macrophage inflammatory protein-lal-
pha; RANKL, receptor activator of nuclear factor-kappaB
ligand; I-, intercellular; V-, vascular; N-, neuronal; PLA2,
phospholipase Az COX-2, cyclooxygenase-2; 5-LOX, 5-li-
poxygenase; iNOS, inducible nitric oxide synthase; PGES,
prostaglandin E synthase; XOX, xanthine oxidase; NOX,
NADPH oxidase; MPO, myeloperoxidase; VEGFR, VEGF
receptor; PDGFR, PDGF receptor; EGFR, EGF receptor;
GDNEFR, GDNF receptor; IGAV, integrin subunit oV.

FCWI0EEUL EDTA Y 7+ —ABFAEINT
BY®, BT TLR2, TLR4 B & O TLRY A%%
BICERCEDL B, RE M % DAMPs i, BHK S
& LT high mobility group box 1 (HMGB1) %%
BT (CpG 2 &), MIMERS & L T heat
shock protein 60 (HSP60), HSP70 ¥ & UF peroxire-
doxin, MMM 5 & L COBILKILEY REH
(oxidized low density lipoprotein : OxLDL), 7 4 7
V)—=Fv, 7470R0FrBITLLE Z
ETH A (Tablel). HREMZERTIEX, ==2—1
v, VT, WEARMREZEZIZLO, 3IF&T
OB SHD TLRs #FHIH L Twb. Rk
A, BBREZEAMVR, BB{EA DL AB XU danger
signal 1%, nuclear factor-kappaB (NF-«B) #&#, 2
b L A& MAPK &, phosphoinositol 3-kinase
(PI3K), Rho kinase (RhoK) #&¥#% & Ty 7 F
VEBRIICERE) L C, 4 OREIEENBEFEY
DEREFETH LR BV

NV 75 TR T Tl m A B P £ 72
SEAVIIHAE L TR WOT, REMREEEETE
WERBRTAELRHWFER, 3202y 7ET7 A}
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Fig. 2 Schematic of proinflammatory cell signaling in neurons and glia involved in the

ischemic penumbra

DAMPs, damage-associated molecular patterns; TLRs, Toll-like receptors; CRs, cytokine
receptors; NF-kB, nuclear factor-kappaB; MAPKs, mitogen-activated protein kinases;
PI3K, phosphatidylinositol-3 kinase; RhoK, Rho kinase; CAMs, cell adhesion molecules;
MMP, matrix metalloproteinase; TF, tissue factor.

Ot Af NCTHDH. 1272 LNF T T TIERERZEL
HIA D IR I IMAE N O HERAN FEE NI ER LT
{BHDT, ZORITIE—E O MK O#E AN
ETCwheEZONL., RERENRERTFEDI,
FANHA Y, BWRERF, rELA L, MREED
T, MRRAEE SRR, EEAT A -5 —
AR BEEATMBRR 2 IR Sha
(Table2). #4 bH A VIZZEREEHNLT, RFV
75 A M T A M EE I L, Lk oAb
A b LA REEFE A b L A B L danger signal & [A]
B, B REIREE R A BT 20, BT
ZHERENLT, MBEOAFLHEELZRS. 1 b
WA VRIBCEMAL L2 ) TIE, TEAA YR
H§ % &[RRI CAM Z/#ifgsRmicssi L, LD
FO)TERBCEEL. 20,5 i, miakLzm
ENEAEERAMERZHRRIZ) 7V — Fg 5 A
HZ AL LB LT B EFEIL L7 TId T,
MBI E R R & il L CHER N ER 2 i 7§ %
EELIT, REMAT AT -EABELREIRT
B RBORKEN A T4 = — ¥ —EARRIE,
v aFt ¥ vy F — -2 (cyclooxygenase-2 :
COX), 5-J R % ¥ 4+ — ¥ (5lipoxygenase : 5-
LOX) B L UFHER—F(LERAMEEE (inducible

nitric oxide synthase : iNOS) T&H b, #h £,
TaA%r5 Y8 (PGE,), A a bV
(LTB) BXU'RNS( - NO, ONOO ) # AT 5.
KIEVEA T4 T— % —1d, RIEEBZIEET 51 3H
D T7%<, ROS (-0, , HO,HCIO) &#fh L TH
A RBE S 4. A ARMEE 7, MAaseE Vil
BERFEOBEEICED, HEREEED R — F%
EHALT B L LB, EREMRBFOY I FS—F
cSrc AL CHIBBNRIE Y 77 IV A FA L, RIET
ByOMRICE 5 (Fig. 2).

WHA + A4 DS H, TNFo, Fasligand (FasL)
BIOILABIE= 2 —a VISHIE % FE$ 57 #
REEWE &2, TNFalcE s n-3 70 )7
i, SV IVEBRT I AALTIVS I CERICE
W ABEINVYIF—POFELEIINVY I VBT
7 AR=F —OMBEL~OBEZNLT, V¥
I VB A MBI T B v ) EENFEENRE
ENTWBEY T2 BALA NV AZBEES T A
Fa A MR, BAOZ VY I VERELY AKRER S
% GLT-1 DFEMLANVEE T SELY, ZhbIg,
HROBIM= 22— IZBTE TV AR—F—%
L7z s I Y BOSITHEMBA BB SES L
T, NP YT IMYEEO D 2 — 10 VIZEIEEOM
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| CpG — TLR9

4 Alkylating agents

| Oxidative stress

TNFa/FasL — TRADD / FADD — Caspase 8 ——> Caspase 3 <

] Oxidative DNA injury — p53 — Caspase 9
Disruption of UPR / UPS / autophagy —» Caspases —7

Accumulation of abnormal ___—> autophagosome

Fetal development / Starvation ~ P62/ LC3-mediated
substances and organellae

TNFa - TNFR / cFLIP\
TRADD — Caspase 8

ROS / RNS generation

[ Glutamate — NMDAR } /
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Nucleosomal
DNA cleavage

Cytoskeletal
digestion

Lysosomal
enzyme-

mediated
digestion

e
formation

Necrosis-like
appearance

RIPK1 —>

AlF translocation from
i mitochondria to nucleus
DNA injury

AlF-mediated
long-scale DNA’
fragmentation

i
PARP-1 activation

PAR overproduction

Fig. 3 Schematic of the major four types of programmed cell death

PCD, programmed cell death; TNFo, tumor necrosis factor-alpha; TRADD, tumor necrosis
factor receptor-associated death domain; FADD, Fas-associated death domain; UPR, un-
folded protein response; UPS, ubiquitin-proteasome system; LPS, lipopolysaccharide; TLR,
Toll-like receptor; CpG, cytosine-phosphodiester-guanosine; cFLIP, cellular FLICE inhibi-
tory protein; RIPKI, receptor-interacting serine/threonine kinase 1; NMDAR, N-methyl-
p-aspartate receptor; ROS, reactive oxygen species; RNS, reactive nitrogen species; PAR,
poly (ADP-ribose); PARP-1, PAR polymerase-1; AIF, apoptosis-inducing factor.

R ng I VERICEEND 2 LIk b,
4, NF 7 IHYUBEEICHITE2—0OV3E
MRsAE o RIL, BREFMEOREFEZ D
{oT&Z LI, BEMBEHWERRE,
BNIRBEFVERBELCBY, EREFREED
ZLRFORBEICHELTWA. &2 THRA DM T
REFE, BREo -0 Py AR—ERBRENT
AEBHT RN =R oTHRIZCELFEEER S
boT, BYRe PORMAERICBIIA=a -1}
THRPN=VATHADLIEROTAHILNDBRETH
A, BHEPSE, BMAEE(nvivo) ltBWwWToa—a v
W7 RN =V AMRE RN, HERRSEEEL
e dfHE— A niv, MlEY Y2 2ROMET
BEEPVICEETLIORGEREZETH .
MNAR R By o S i 28 B0 s (P T 5
L) 2 OFR LRI, TRM—T R
AP EIT SN E SN BURTE (HHEER) &
AN—=E 3R TI2EE LS5 &, WM
Za—u R s TICREGEESME ST, £
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Fig. 4 Microphotographs of sections processed histologically (a, d) and immunohistochem-

ically for poly (ADP-ribose) (PAR) (b, e) and apoptosis-inducing factor (AIF) (c, f) in the
penumbra-corresponding zone (PCZ) (a-c), and the surrounding intact area (SIA) (d-f) of a
fresh cerebral infarct obtained at autopsy from a patient who suffered acute-stage cere-
bral infarction. Large and small arrows indicate ischemic neurons in the PCZ and normal
neurons in the SIA, respectively. Histologically, ischemic neurons in the PCZ comprise a
pyknotic nucleus and eosinophilic cytoplasm, surrounded by spongiform neuropil indica-
tive of hypoxia-induced swelling of astrocytic processes (a), in contrast to the normal
neurons in the SIA (d). Immunohistochemically, ischemic neurons in the PCZ demon-
strate intensive immunoreactivities for PAR and AIF in the nucleus and cytoplasm, with
more intensive staining in the former substance (b, ¢). Intact neurons in the SIA display
no significant PAR Immunoreactivity throughout the entire soma (e), but significant
dot-like AIF immunoreactivity restricted to the cytoplasm, suggestive of mitochondrial
localization (f). Staining was achieved using hematoxylin and eosin (a, d) or the polymer-
immunocomplex method using 3, 3-diaminobenzidine tetrahydrochloride as the chromo-
gen and hematoxylin as the counterstain (b, c, e, f).
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Table 3 New preclinical and clinical trials for ischemic stroke

SUN-N8075, E-2051

Magnesium

TAK-242

¥3 T cell suppressor, Treg cell expander
Cyclosporine, miR-499 activator, miR-24 activator
Chloramphenicol

PHD inhibitor

Apyrase, Nucleotidase

Regadenoson, ATL146e, Bay 60-6583

miR-92a

DP-b99

Edaravone, NXY-059

ONO-2506, SUN-N4057, TS-011, ONO-2231, AX-200
PTD-FNK, FK506

BMMC, MSC, CD34+ BMC, NSC, OEC, CD34+ PBC

Ion channel blocker
NMDA receptor blocker
TLR4 inhibitor

T cell-based approach
Apoptosis inhibitor
Autophagy activation
HIF stabilizer
Adenosine generator
Adenosine receptor agonist
Angiogenesis promotor
Membrane stabilizer
Free radical scavenger
Other neuroprotectives
Anti-apoptotic agent
Stem cell therapy

SUN-N8075, T-type Ca?* channel/Na* channel blocker and anti-oxidative agent;
E-2051, L-type Ca?* channel blocker and glutamate uptake blocker; NMDA, N-methyl-
p-aspartate; TLR4, Toll-like receptor 4; HIF, hypoxia-inducible factor; PHD, prolyl hy-
droxylase domain; DP-b99, membrane Ca?*/Cu?*/Zn%*/Fe?" chelator; NXY-059, ni-
trone derivative; ONO-2506, astrocytic S-100B/NGFB downregulator and GABAa
receptor/glutamate transporter upregulator (Proglia); SUN-N4057, benzooxazepine
derivative and 5-HTia receptor agonist; TS-011, arachidonate metabolite 20-HETE
downregulator; AX-200, STAT3 activator and PARP-1 inhibitor (G-CSF); PTD-FNK,
anti-apoptotic Bcl-xL derivative; FK506, calcineurin inhibitor (tacrolimus); BMMC,
bone marrow mononuclear cells; MSC, mesenchymal stem cells; CD34 + BMC, CD34-
positive bone marrow cells; NSC, neural stem cells; OEC, olfactory ensheathing cells;

CD34 + PBC, CD34-positive peripheral blood cells.
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