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Neuro-glio-vascular Interaction in Ischemic Brains
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The brain contains glial cells (astrocytes, microglia, and oligodendrocytes) and endothelial cells in addition to neu-
rons. Under various pathologic conditions, the invasion of leukocytes such as neutrophils, monocytes/macrophages,
and lymphocytes is observed. Interactions among these cell types play crucial roles both in brain function and dysfunc-
tion. However, the molecular basis of such interactions remains unclear. Cytokines and chemokines were originally

identified as essential mediators of inflammatory and immune responses. Enhanced production and release of cytokines/
chemokines are observed also in the central nervous system under various pathologic conditions. There is growing evi-
dence showing that brain cytokines/chemokines play crucial roles in the neuro-glio-vascular interaction underlying the
pathology of various brain disorders and therefore are potential targets for the development of novel and effective ther-
apeutics for central nervous system diseases. This article reviews the evidence for the involvement of cytokines/
chemokines in ischemic brain injury and presents our data on introducing organotypic brain slice cultures and in vitro
blood brain barrier models as useful tools to investigate neuro-glio-vascular interaction.
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5 DOWFRERZH LT, WNIZB TS5 A 1>
KO EHA > ORBEMHEE, 51T, WATA
A 55# R % W= i N e I AE BV E AT IS DWW T
MRS I K 27 B A > A A B R AT 2
BUZFEN T HEEDIC, TLUIFU—RRF—FT
WEHBM, ORI LTHMA LA > E MOk
ESFY (blood brain barrier, BBB) &5 )L % H /-
INY T BEREIC BT B AR Y - B N R A A
HBIEROEENZ DWW TR0,

1. ERMmEFICHTIMAYA bAA> - TEDA
CEE

1992 12, bnonn, Jv MEELET IV %
AWTHEBMICKSMANA > —01 2 F 2> -18
(IL-18) RBFEZWMEVL THSE, X TITK
REMIC K DM A b 2 EAITDNTEL S D
HERRINTNS (Table 1). 2 4 MEHEETILT
1%, IL-1812hn%, IL-6, tumor necrosis factor o
(TNFa) < transforming growth factor 8 (TGFB)
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Table 1. Cytokine/Chemokine mRNA Expression in the
Normal and Ischemic Brain

Focal Global

Normal ischemia ischemia

Cytokine

IL-18 weak 1 1

IL-6 weak 1 1

IL-10 )

IL-23 )

G-CSF i

TNFa weak 1 1

TGFp weak 1 1

EPO constitutive 1
Chemokine

MCP-1/CCL2 weak )

MIP-1a/CCL3 )

CINC-1 )

MIP-3a/CCL20 1

SDF-1/CXCL12 constitutive V, 1

fractalkine/CX3;CL1  constitutive 1

Weak: detectable by RT-PCR; constitutive: detectable by RT-PCR,
northern blot and in situ hybridization. Middle cerebral artery occlusion
(MCAO) and four vessel occlusion (4VO) models are used for focal and
global ischemmia, respectively. T and | means increase and decrease in
the mRNA expression, respectively.

5. F7z, PRIKENIREHZE (middle cerebral artery
occlusion, MCAO) 2 & % FFMEEINLE S )L T O
7513, IL-18, IL-6, IL-10, TNFa, TGFS, granulo-
cyte colony-stimulating factor (G-CSF), erythropoie-
tin (EPO) /2 EDFH LANME I N TN S,
TENA L, NRUEIZRESI N ATA >
WEBLOT I JEBEOMTITL D CXC, CC, C,
CX;CDA4DDYT 77 I Y —IZHHINTND.
JEIMAENIZ BN TT ' A > ORBAZENHE SN
TWw3 (Table1). CXC & /-1 > Tl cytokine-
induced neutrophil chemoattractant-1 (CINC-1) @
mRNA R UOXTF RNV ERTS. CCrE
#1 1 > T & 5 monocyte chemoattractant protein-1
(MCP-1) % Uf macrophage inflammatory protein-lo
(MIP-1a) @ mRNA ¥H; EH, 7, &IETIE
MIP-3a ® mRNA ¥B EFY b #H|ESN TN S,
CXsCTUENAZTHDT T 5IVAA IR
JAICBNWT, —F, TOZERTHD CX;Cl 2%
REI 707U 7ICBWTHERMNIZERL TW
5. 9MMORErOrENA > ERIBY, T304
WHA NIRE@EEML 2 A LS > X7 & U THRIE
LTHY, 7IVE I U2k e U B

KD T I 5)IVHA > UW S R AL i
BESNAZENREINTNVNDEZENS, Y [MEM
Frofifast 7L 2 g ERICK0HEI N
RN S 7 2 7 Z VA il N, EI0
207 VEE S AmMEREEICBE S5 L T n]
REENEZ SN S,

2. ERmMRMEREELYS MAOAS - TEAA
>

Ja>EF > MY NI B2 ERETE, P
ik, SSCRBEBLBEFURESHYZAVWZHEICK
0, BIEKHRGEECBTSYA N2 - T E
A > OBRENBRFIN TS (Table 2). 2 fixiEz
MEFINEYEHNWEZERIIBNT, VarES >
b&yNﬁE®MW&5fm,uAﬁﬁ@mﬁMm
fel i % W4 % —%, IL-6, IL-10, G-CSF, EPO
DHEEGIIMREFERZAET LI EAMEEINTY
%, 5T, MEREE~AOUIEFRME R
EPO % 5 O%h R % Mt L 7235 Tlx, EPO M3 Hxi#
EEREEZPED ST HEANH D Z ENHEINT
W5, 9

PA ML DI RBEMRZEEZAET 2L
T, IL-18 OHFHURS NIK 2 B AR T E A
MEREIER 27”9, 512, IL-1o/IL-18 D 7 )L
7RI ATIE, BERIZHART, FEK
&2 B 3 DI ZE SRV NS W 2 E b S
TW%. D TNFa ilZDWTIX, HRPIERD iy
TNF 224K (TNF &6 9 2 NEHRISZEZTDR
Wizsh, HRIHUR EFREDVER DD ) HIhlrENE
MaERTEOMEND D —F, TNFZEIK w7
7 M i@ﬁ@ﬁm%@% MNEALT D & DOHE
HdH 0, Ml PERKREEEICBIT S TNFa O 7% E|
WZIERDO» B EZ 5'(366 Bir, IL-17 O
IL-23, iz, IL-17 @O/ w7 7o MK DB 4
H £ D FLlg )35 W IR C o i a5 3 i S 1 %
T EMIMEIN, Y AR FIER TH ARG
FROEDOEMEL THEHFEIN TS,
bbb, T EHNA O ZERETEI IR EE
HAzEzHETHIELE, YTAMCAO EF) &Nk
EBRICEXVDBHLSNIZLTWS %0 £/ IL-8 %
CINC-1 O HFfifk D 4 S P52/ i I 12 &
ZMEEEZEDOREBEZEZMADI L LOHRENDH
%, 1010 X517, BETUEEYZER WL T,
MCP-1 %7577 )HA VEBEBEFD /v 77Tk
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Table 2. Effects of Cytokines/Chemokines and Their An-
tagonists, Neutralizing Antibodies or Gene Manipulation on
Ischemic Brain Injury

Manipulation Effect
Cytokine
1L-1 IL-18 detrimental
anti-IL-14 antibody protective
IL-1ra protective
(endogenous antagonist)
IL-1a/IL-18 KO mice protective
1L-6 IL-6 protective
IL-10 IL-10 protective
IL-17 IL-17 KO mice protective
IL-23 IL-23p19 KO mice protective
G-CSF G-CSF protective
TNF« anti-TNF« antibody protective
soluble form of TNF protective
receptor I

TNF receptor KO mice detrimental

EPO EPO protective
EPO derivatives protective
Chemokine
retroinverso analogue of protective
MCP-1 (broad-spectrum
chemokine inhibitor)
vMIP-II (virus-derived protective
chemokine receptor an-
tagonist)
TAK-779 (CCR2/CCRS5 protective
receptor antagonist)
IL-8/CXCL8 anti-IL-8 antibody protective
CINC anti-CINC antibody protective
MCP-1/CCL2 MCP-1 KO mice protective

MCP-1 overexpression  detrimental
in the brain

MIP-30/CCL20 anti-MIP-3« antibody
fractalkine/CX;CL1 fractalkine KO mice

protective
protective

RO MR GEORENRET 2 Z
&, 395z, MCP-1 AT Z NN Tl R E ¢
58T DAY =y 7 A TR MR 5 2 A
BALT D ENRPWEINTEO, EMMANIZEN
THEESE - EBESN=INS TN 2 NNMIEEE
DOHERTE L TEHWTWS AJREMENE L 5N 5.

3. ERmMRMERGEEICK TR 7-IE
MR- M EREAE A (F A

NBA S HA > T]HA COEAMIED DN
BENMEEL T A MOYAS eIy as Y7
EOT Y 7N EE SR ERZLTNS EE X
5N5. MEMICKEDIEE SN 707U 7
—fE{tEFE (NO) ©7U—F I H)IIIZATIL-

18X TNFa IR EDHY A M A > &ML - HFEET
S, INSYA MO I A Oy A MERL
MCP-1 ® IL-8 R EDTENA > HFEASHE, 5
2, ISR Iar) 7 EER LS
5. fERELUT, EMHELT U THIRIZ K DK
WZHWTHA M2 - TFEHA Ry U=
W IN, RIMVERHIEEE DD 5 WITHEEIZ
RbOLHTENEZILGNS.

4 L6 PN R A RS i REREIC A SR NI L T <
HHEMIBROUANT A S HA > - T E'IA S DEERN &
R0, MEETEESNEZTIENA IR T >
AYA F =2 AR EITK O IME N LML Z @i L,
BRI R ICHFEET 2 NINT Vg7 U o7z
EITHEE LBEMERKICERENS. BiEk EoZA5E
WKTENA DR TDEA 2T ONEHEEE
N, WM o intercellular cell adhesion mole-
cule (ICAM) <> vascular cell adhesion molecule
(VCAM) IZ#ET 2. ZHUT XD HIERDNEE
PRI 2 5. Wt 8 N A g T i IL-1 &2
RAENEEICRBIL TR, IL-1 ZRERPIC X
D MCP-1 % ICAM D REANINT % T & AT E
INTWS, 19 KFIENITEE LU 72 3 M ERS1E M1k
LM, 77U 7#ileeE &EHic, MNY 1 K
AAZ - TEHNA Ry BT =T ITHAAEND.

BBB Q&M & MNY A A1 - mE'HA
OFBEEZ TS, HIAIE, MCP-1IZAKImE N &
f BiCh 22 EITHEL, MEgsy > NIED
R EY A N v 72 a 2y NI EORIEE
fbzslERIT LTIV ME S EREZTESE
2.1 I 7 P T Vv I o i L D7t D
b BEDOEMmEENTHRK /2% 2%, BBB
BEEICHT 281 N1 2 - TEHA > ONRDME
& ZNUTE D BB DHFEN RN 5.

4. MR74 ATERZ AU 7CHEMEREEICL
25 ) 7 HRE LS O BT

G EI NS EEIOT ) 7 MSEEET S
R E<HeNLEHRTH 2D, HES M
Mo 7T MENOERIZES FITONWTIRIFEEA
EARHOEETHD, £z, ZOLIBRIEMREEI
%2270 7 HlAN O BRI B AR S0
20, EESIE, MR- U Y MR EAE R A
CERIGEVIRE TR SN TNDINA T 1 AR5 #&
RERNT, MEMFEEICBW TEER&RE Z R
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LTWBEEZSN TS EEEMREEEICK 2
ARG ERS, 7 A hOodo MEEEEGI ERIT
AN A L%, TERENA VEAFEERIESLTHR
HLUTER., JINIICHBSIBRTIZARNTHS
NMDA % EiRENET S Z &2k D, wkiaG
EETENA D MCP-1 EAFENEREIN. Z
D EE, MHREMIETO—i@M: O extracellular signal-
regulated kinase (ERK) i bICHIEHE, 7 X b
O 4 ~ TOEFNL BRK EENERZINS 2
E, 5, AMOY A NTOTrEHNAL >
MCP-1 FEAFEEICIE, MEMAETO ERK i& 1t
3BT, 7 X hOY A b TORHGER R ERK I
HAENEETHDLZEE2HSMNICTL TS (Fig.
D). B, MASA AEERZERLT, HEX
- R 2 S B D B W IR L TR O 7 )
TR EGET 20 TEREPTH 5.

5. BBB ) 7H#EE(C &K (T ME-4 ) 7-M&E
ARMRMEEEROKRE R/ > o BBBE
TILER BT —

BBB I3 MEN KM OY A b rv g
ERBELTERINTWVDN, Z0O/)NY 7 HEEE
X, MENEMEEEET 27 A oY ok
a7z & oMM o7 02—k 0 FE
INTWD, —F, fExcOfEERFIC BBB #il
INTTHET D 2 ENHENTNBED, ZOFHMR AN
ZALWEE L o TR, ZNET, BBBNY
U 7 HEREDIZELE, L AUERE BTN i N Bz A

A
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& (brain microvascular endotherial cell, BMEC) #%
BELEDOP, ZHAEED FmE FHIZ, &4
BMEC &7 Z hOHA FEREELLZDBDZHNT
frToNT&E/k. Lirlans, YAMOYA SOk
BT & OMBEEROAEICK D KRE< B s
5ZEME, XDA ERITIEN BBBEFIVERS
5H7=0I1E, #iR-7 A oY b N A
HERZET2ETIINOBENRLETHLEEAS
N5, 22T, 45513, gk, YAMOYA K,
BMEC @ 3 fO#fE 5 72 % #i# BBB 5 )L 2 1E
BL, kD BBB EF )L & 5 & & HITHfE
MRS FERE D /N U 7 BEREZS TR L TR L 7=,
RN EESHPUE (TEER) i N ¥ G S
BEEMEEEE S LT BBBEFTILONY 7% 3T
flil /=& 2% (Fig.2), BMEC Bz bk L,
BMEC (L) +7 A ho¥4 b (FE) EEnN
D72 EB L T, 517, BEE7ZhOYA
FORDVIZ, THZY A MOV b &R
FEERELEZEZA, IHITEWOWNY THEEES
T EMTE7. NMDA (100 um) 12 &> TrlEHH
fatsBICHEE G A& &, B REFLBRIZH N
T, TEER Oy & #OCEREE B2 i 1 D 3 K38
Yo, NUTHEENELKTITEZEIRIN
7= (Fig. 3). &1 > E bo BBB E5)Li, BBB
REIC BT D MHE—7 A kO ~—if & N Rz # i AH B
TER OEEIOfRE, K*T, %5 E D BBB £
REICHADHEBELZDANZALDENICERATH
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Fig. 1. Inhibition of Astrocytic, But not Neuronal, ERK Activation Suppresses Neuronal Injury-induced MCP-1 Production

MEK inhibitor U0126 (30 um) was applied 3 h before NMDA treatment (50 um, 3 h) and washed out at 15 or 30 min after the end of NMDA treatment to sup-
press early activation of ERK in neurons, but not later activation of ERK in astrocytes (A), or applied 3 h before or 0, 3, 6, 9, or 15 h after the beginning of NMDA
treatment to suppress later activation of ERK in astrocytes in a stepwise manner (B). MCP-1 concentration in the culture medium at 27 h was determined. Values
are expressed as percentages of MCP-1 release in NMDA alone-treated culture. ns (not significant), *p<{0.05, **p<0.01, ***p<0.001 vs. NMDA alone-treated
group. *#¥p<0.001 vs. vehicle-treated group.
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Fig. 2. Comparison of the Barrier Function among Three Types of In Vitro BBB Models

The models were composed of BMEC alone (BMEC), astrocytes and BMEC (AC-EC), or neuron-astrocyte co-culture and BMEC (N-AC-EC). BMEC were
seeded on the upper side of porous membrane, and astrocyte-enriched culture or neuron-astrocyte co-culture was seeded on the underside of the membrane. The bar-
rier function was determined by measuring TEER (A) and FITC-dextran (MW 4000; FD4) permeability (B). Permeability coefficient (PC) of FD4 was calculated
from the permeability for 5 h. **p<0.01, ***p<0.001 vs. BMEC, *p<(0.001 vs. AC-EC.
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Fig. 3. Effect of Neuronal Injury on the Barrier Function in In Vitro BBB Model (N-AC-EC)
The barrier function was determined by measuring TEER (A) and FITC-dextran (MW 40000; FD40) permeability (B). After treatment with NMDA (100
um), TEER and PC of FD40 were determined every 24 h. ¥p<{0.05, **p<{0.01, ***p<0.001 vs. Control.
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