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i . IKFR (blood-brain barrier, BBB) i i ol L& Py 57 41 BT A 0. 2% P iz 40 P e 2 s &0 4 i A B2 R st
AR R RA B, EOR IR SN2 BRIk, ATT4ERF & DR AR R PR IE L T i1 M B B 45l
W HIFEE . BBB fads KM 5 G 2R AT MRS 7E N VR 2 PR A R WA %, {H BT BBB fads
R 5 R AL M ANE R . BIER AN BBB FIZ4LAUR 5y, R e oo B R oo 5 it
MWK, £ BBB K H 2 BBB e 4ifrh il EEAEH . AXIEMZEAN 9 BBB WA BEREZ G, 4%
AT EEKFEMNES BBB KB WA HAE BBB S 4i 5 0/ AL R It ek, JFRl TS
BBB Fa# KM 0 AL BT 0T A0 M 5 0 1 FORE S, DU IR N 72 BBB A2 7S 4 R AL S o 22 A
BBB Fa45 R A7 K AR AT M SR AL H R 7R
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The role of astrocyte in development and maintenance of

the blood brain barrier
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Abstract: The blood-brain barrier (BBB) is composed of brain microvascular endothelial cells, the basal membrane
surrounding endothelial cells, pericytes and astrocyte endfoot. It separates blood from brain tissue to maintain the
microenvironment stability of neural functions, including neural circuits, synaptic connections and remodeling.
BBB homeostasis imbalance is associated with many central nervous system diseases, including neurodegenerative
diseases. However, the mechanism of BBB homeostasis maintenance and imbalance remains unclear. As a
component of BBB, astrocytes are also the hub connecting neurons and brain microvessels in the neurovascular
unit, and play an important role in the development of BBB, especially in the maintenance of BBB homeostasis. In
this paper, we first briefly introduce the development process of BBB, and then review the progress in the
development and maturation of BBB induced by astrocytes and their role in the maintenance of BBB homeostasis.
Moreover, we point out the concept of Al type astrocyte heterogeneity, which is related to the imbalance of BBB
homeostasis, in order to provide new insights into the mechanism of BBB homeostasis maintenance and the
understanding of neurodegenerative diseases induced by BBB homeostasis imbalance.
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1ML % 5% i (blood-brain barrier, BBB) & ¥ i 2H.
SURIIR IR ML B FF R i i "o fE4Lii b,
BBB 070 AN L A =E 0 NE NI TIUILE
2 1 A B R, B BELR IV o N i
(f1 BBB 415 P75 b 2 R 40 B A3 5 A 11
e RN AN, T 22 B o (1) B A B (pericyte) ZH A 5 A1
SRl BT AR R A ) SR T B R A 2 R . BBB
IAFAERE L 7 i 2 2E ILRE A 70 I 200 PR R it A
HEANIGALLY, 4eRe T & ITIhREM AT BT

BBB (1 J57 [ R P B B T A R 4 B () 55 % 0%
X — W) P bR B (paracellular & 12 ) 2 4b, &l
F58 o L P R 4 B B AEC %) %% B A (trans-
cytosis)o LK B 7724 ot 3k N i 21 2R B - figi 4
JT AT ¥ 35 MR T B R 4B i ) R B e T
(transporter)'” . BBB FJiX L85 45 52 B35 2 T e
JiL 40 . (astrocyte) £ A D i 2H 23 248 i i) 7 A% R 4%
TEBWRZAS T, BBB [N AT g e A 2 5 2
W B A F B TR B AR 2 R Gk T i kR
5 Mo B TR 5 4 e AE AR BRI B 46 #F R X BBB
s 7 EERREER . AR T B
ffifE BBB & & Sias e ittt

1 BBBHAB

BBB [ J& & o] X 43 v B R I AE R
(angiogenesis) 1 J5 #i Y BBB 70 (L AN B, Hoep
PR TIN5 R i L 78 AE BN BBB R 1) 15 3 e 1

THEEA D, EANRIRRREE 10 K, W&
I A8 AN PR e i 5 200 B AE 4o 20 A0 IV 2 93 A ) LA PN
4 K [ ¥ (vascular endothelial growth factor, VEGF)
5] 5 T FEMAEIMRE, INIME S AR “Bis”
I M 4k 2z, 240 53 ) Wit Bt i (Wnt7a/7b)
W5 A R 40 P _E Frizzled 2244 U0 R4 52 44K
%5 g 2R [ 52 4K FH < 28 A (low-density lipoprotein
receptor-related protein, LRP)S il 6 454, #i% B- i&
M H (B-catenin) 55, 5 J BBB 7 P2k
MEFEEREEASHIRE™; GEAMBAZ Mk
124 (G protein-coupled receptor 124, Gpr124) 1 [F] ¥
T Wnt/B- I AE S @K N AR I
MR ATAEA KR B (platelet derived growth factor
B, PDGF-P) 5 J& 4t i iy ML /AR AT A A K DR 52 4k B
(PDGF-B receptor, PDGFR-B) # B.1E H, i T Ji 4il
MuZE4E P, JE R LS BBB. 544 BBB JE A1)
N ] RV RR AN R T A P 22 5, AE/NBRR T IRIIG S 15
RIEE P, fE R4 BBB . 2 5 40 i
) LA B SR AR, X — i RE PR M P B 4 A
SRAG B i 1 AN PP 2 R G B B RS B
BBB 7 HA4E G 4k K B R, EREET B, I FL3)
YIi¥s BBB HH i B A4 1 0 A ) L 45 A ok 4 R R
52 B B REET /N BBB KB R RIS
BBB 1] & & AN X A4 3L 15 0L 55 P B 4 i ) 5
SRR LE M) [ BB A Occludin. Claudin-5 A i
WH#TH: F ZO-1 (zonula occludens-1) F1 SNHG12 (small
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nucleolar host genel2) % ™ 4 Bl | Lk, B F£ I
DA 3L - i o 52 HH R P 4 2 3 AR F Rk
SR o3 AT o 50 U AE R L P R AR R T [
Jis A e B v 3 a2k K e e R LV 32 B kY
Glutl (glucose transporter type 1), LA X K Omega-3
fig Wi DHA (docosahexaenoic acid) %1z 21| (1Y) Mfsd2a
(major facilitator superfamily domain containing 2a) ;
T 41 J3T 5 7 I K AB (amyloid-B) 51 A
1% K LRP1 1 Pgp (P-glycoprotein) £& P27,

2 ERRBRAMAEBBBL B FRIERNLE

FLAE 30 A LAY, AT C 4= 2 2V i 4i
JHLE 55 1A B 400 M AR v £ B T P L
WEFOWEE B, (R RS IR A I Y 4R L, 5
JR TR J5 240 M 5 9 o 2 TR G it 40 MR 35 SR BN
)N AR IR, S REAE N B A I B
L R Tl e, BIGT PY B2 20 5 3 0 1 A 1
Fd E A MRE ®Y. X HR/R7E BBB R H IR,
2T B IO 4 e ok 7 A R 43 b 2 o R R X — 3
2. H AT C %5 24N 11% BBB X B KA 2T
J& A IR A 7, e A9 K B BBB Ry SRR E
73 BBB A H WA (F .

2.1 EMRFRYAREESNRIME MK AR EIBBB
ezt

PR AR FUR ], BT T4 A 58
& LAYE 38 ML 1) 5 RS P . 7E Janzer %5 M
fIE T, B A M R A 2 R R R AR

FERE P 8 J, S T 2 TR IR I 4 35 5 PR T ok
F LA A7 E D BE BRRE, 1T o JEE 4 A% et 2 S A
BRI AL, (RIX S A R B R R AL

SR TR T A YR PR 1B 55 Ang (angiotensin)-1/2.
Shh (sonic hedgehog). GDNF (glial cell derived neuro-
trophie factor). FGF-2 (fibroblast growth factor-2) %%,
A% 5 BBB & BURRAE A H L P50, piltn, BB
B2 J5 4 L H B W0 1K) Sre $0 I 1) 2 B C R
(Src-suppressed protein kinase C substrate, SSeCKS)
Ree 5| i TR IR i 41 A Ang-1 724, Ang-1 5
B 401 Tie-2 2 AR H AR, TN B 5 5% E %
B 7 A B e R A P ) B R R R
2 B3 3 B 8 Shh 25 45 568 I i 7 e 368 375 118 £ B 61,
Shh j& iF 52 {4 Patched-1 (Ptc1) ¥ 3% P9 57 41 g v )
Hedgehog {5 5, i T % % ¥ % & [ Occludin Al
Claudin-5 [f)3i% (& 2).
22 ERBRRAEMRSDEFREBIEHABBBINAE
FR R

RIS P B AR [ B A SR R R, R
EREARRE LRSS, TR
HEREHE R RIE A AT I RF SR e Rr . B A B -
Ji 41l PDGF-B/PDGFR-B {5 Fili %, JA4HM - N 2
Y o TGF-B Al Ang-1/Tie-2 {5 S 2 4, EERK
J5R EH D 43 A 44 R T Shih, AT Y R 40
R AR S ARIL, N SR )RR D) RE T
B PP BRI AR - P 40 Shh B . Ang-
2-AT1 %2 & F1 Wnt-Frizzled {55 i #% 4% £: 5 11 BBB

1 IRFBBBA& B MR SUER R 2 MR R AR E T

BRI IEE T e SCHR
Sonic hedgehog (Shh) 54k AN N J 41 i i Patched- 15244, 55 Claudin-5F10ccludinF ik (/N RE17E H A JGEER)  [24]
SSeCKS i3 b Ang- 1475 30 1A B 40l 5 5 e 4 B A AR IA (FE /N RE 1 72 4R JR AR 1 ) (30]
Ang-1 10 P9 B 4R Tie2 52 44, 175 5 8 28 32 4 Bl 1 0 A0 ) 4 2% ik v P [30]
Ang-2 A FH TR0 P S 20 A 1 2R I S TR 3R (AT )32 4, 75 i P B 40 ot e 4 B 1 3R [31]
Angiotensinogen JE I Ang-2175 S Y R A i B T R B Rk [32]
GNDF 5300 A R 4 i 55 O B 1 RS [33]
bFGF 550 A R 4 i R O R B 1 RS [34]
TGF-p 5300 PN B2 4 i B R B Rk [34]
S1P TR T P R AR B, e B S R A [35]
Laminin y1 75 U P R A i R T A B R T TR T A i AqpA ik [36-37]
Laminin o.l/02 INsEBBBALMEL, A E 4 40 [38]
Laminin a4 5 RTZI B ANAE 2 RS R a3Pl/a6B 145 & (R AL TR Tl 5 B [39]
Semaphorins 3a/6a OXGEE tH M A FRIOPC (D RS HTAR A ), (kB2 70 J o 40 i 2 SR 88 P T FL P BE(FEBBB . [40]
KA AR AIER)
ApoE YER T M 4IELRP 13244, T8t Cyp A4 BBBE: IR £ BEMMPOTE i, 4ERFBBBRIE (/N [41]

B R R AR )
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(IR E B

ARSI, BT 20 43 1) Wt
P A 3 Py B 41 2 3K 1K) Fzd 5200 5 5 5 B I
Rik, R BEEREER " . BBB 588k 1 # 4
RS R S HS IRy pan ) S Y Al b
WHIEIEEE A E (ApoE) 8 i i fif ifn % Ay Bz 41 g |
) LRP1 4 £F BBB 5¢ %M, [A] I 2 2 i o 40 g 7=
A2 1) ApoE tHAEFH T I 4, & 40 Mo s ok Sk i =45 Y
Rk B EEREA Y, £EMRRMN A
(1) Shh F FH T~ 06 5 I8 P4 B At MRS Peel 24K 2 )
B TR B o A M T 1ML A R TR R (Ang) 5N B4
I AT 2 ARZE G, (E3E N B A ) 3 B T
A ZERE O 2).

ENMRREMNS ARBREEER, HRHARFE

2.3 ERERRMAMIEHEBBBERAIF AR

BBB # i€ (basement membrane) H fixi 7 IfL & 4
B A R A B R T 5T A L 43 A TR IR
Y HAh 2 T ZH R, B /E BBB 3R 2 T IR
20 P 85 PR T i A B iR LA M. 7E BBB R
B B, BRRARERER, GEEAE
50 uM PLR BRI A, ELAE BRI S S S s
kAR 4 ARl Bk B, R R R 4T R S i R A Aqpé
(aquaporin protein-4) FIAR Ak 2 5 5 i L5 2 S8 i &b
SR AL kR, BRI g R R Ak,
STV IR 5T 240 R 43 s P 20 R 40 ik it /22 5% 25 1 (laminin)
AR EEEH . BRI RADGE ™ 4 R %
B ol o2 RN, Faow A AN B, i HL

1 s % P B A 25

=yl

E2 ERRFRMAAIEREFEBBBA & Bk IS SRS
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W WEEERA Y FEREH S RIE A,
ORI TE R Jon 40 i 2 38 8 1yl Bk 2k 3 B L
R Aqpd N AR R E R R B I RIE TS
B BN LIRS e R 41 M 43 2 % 2R 1T od ) 5 3
EREEF a3pl/a6Bl &5G, AL R F I T i
T RE S B,

— MNEBRRIAE, BRI (LR ) 1E
R T RO E B AR AT, MFRE iR A
E R ITI A BN g > R B4 i A . 72 BBB
KA, AT A R 55 AT A 41 i
(oligodendrocyte precursor cells, OPC) 75 s 3 L& iE
%, AT RE bR TR R 5 4 M R A L
SBTE I 5 40 9 06 250 F% i Semaphorins 3a/6a B EE H
OPC A fefli H 2 R AT BBB e ™, Ti7E /i B
V2 R, SR ) OPC- i A Bz 48 i B
fEF40 7 BBB EEJEIK B4 & RIIE L, ol
BBB # A .

3 ERRRBREA4FBBBIRZS RV ER N

BBB £ i 1 4 £F 32 2 T 4 B T
(neourovascular unit, NVU) 20 441 Jitd [ it AH B4 FH
b BRI 5T 20 P B 2R P 42 e 5 UL A AR A
HAE4E+F BBB fa Sl HEAEH (£ 1).

3.1 ERKRRMEEBBBIRE AP EZOER

s20 BBB K B A B R IR 5T 248 i 43 Wt IR 1
TE4EFE BBB fa s PR AN ZAE A . — St fi &
ZINH, BERFEARAT RS 5S4 R A R S0
1% BBB [ 58 8t P9, fE A )R, BRI
P73 Shh, 75 0L 7 B 25 5 JE R 2R 1 RIE, Shh
SZAR I P S B R AR T e ) e e B,
T FHLHZE 2 - M 55K 2K R4t (renin-angiotensin
hormone system), 2 JI i Ji7 41 Jfl 3% 38 I K 5K 3=
JE B, AR R MR R AL NS T Ang-1,
Ang-1 7E Il B 585K 32 %% B AF FH T A8 O 43
Ang-2, Ang-2 ] AT1 SZARAF7E T i Ik L N B2 48
A b B2, Sl TR M R A - P R A A T
REERE A Occludin HIEIE G121 A HAE fE 48
ORI OFAL Sl

SBT3 (1) S1P (sphingosine 1-phosphate)
B A G L P 0 R DA R i e Y
BT B 5 4 B 43 /) ApoE 1E T 41 i i LRP1
AR, JEILEIRE A (cyclophilin A) 1 3 14 1) £
AN T 4% 25 T MMP-9 JERL, £ 5 BBB £:JE
FOE T, BRI ApoE /)N BRUE 48 PR 7= A2 i P )

MMP-9, E{ LK 7 B an .

BTV A M AE BBB fa &4 i /E &
ANTF R E N R A A 5 IR S e A PR ZH WL ¢
B IR R B N R Al R 1Y) Atg7 (autophagy related
7) = FECRM B IR A0 - i 5, B
{f BBB 2. 3 ZHLHZE Atg7 48 +F BBB 2 €
TR R R OSBRI At 1
PKA (protein kinase A) {5 {21 CREB (CAMP responsive
element binding protein) %% 35 Al 4R M 1) A Rz 41 4
HEREENRIL, RSN YEE R E A 2
SRR o 4 P 280 P A i e ) iy 70
3.2 ERRBR4ESS5 R AEBBBEH AU E R
miRE T

Wit <PL 3N 1) K 8 220 3 A H — o e PR i L d7
EAEHIALE], POV ME RN M2 U AR 1)
TR T R e, BRI i R i
P VLA L /5 0 A K A R 240 1 2 S ) 22 I A
BTG o XA A 75 A I 97 R A S R B BOE
R i 45 4] F) T3 2R e % DG i . Rl & ORI
A2 MR B ATP 43 7 4F F T B T% IR Joit 4 Jfa b i 4R
WA SR 2 /8 (mGIluR) B P2YR, JH3) 1,4,5- =
R ULEE (IP3) MM AN Y Ca™ MRFESE N, 4ii
P Ca®" ¥Rk BE T i S SR I 5 41 P9 15 5 kR
LI JE By, AR R 40 i RBE TR K AR AR DY
IR A6 AR DU 0 IR AR 7 ) B AR ok DY e 1R
(epoxyeicosatetraenoic acids, EETs) & Al %1 ¢ 2 E2
(prostaglandin 2, PGE2) %5 % V- ¥ L 41 ffd. &1 g 4
K'. EETs fll PGE2 S B0 1y WLAH M &F 5K 5 i 4E 24
VY I T2 % ~F T JUL 40 P W WAL /S 4 % A2 9 20-HETE
(20-hydroxyeicosatetraenoic acid), 3 3F ¥ V140 i
ZRRACFIN AR, [F B0 Ak Y K e 5l T
TR Ca IR THE, U8 40 & kb
A

4 RIMMERR RS BBBIRS K EIFIERR

AWK, ik BBB A [H] s X 1 £
T AU B0 W 2 5% R e (heterogenety) ™,
ol 2 R T S I 440 A 0 451 43 R0 S 2 B T R R
“Je B BS54 D, (reactive astrocyte)” Ff) JEI| Z1
AR, VP2 BRI RIE R B B, UBUR IR R
I T 50T TS RThREE AR FE B>, N
12 5 1409 B A2 1) 9 15 . GFAP (glial fibrillary
acidic protein) {E A BTN MIIbR S B, H1 2
SN B T 2 I 4 L ) — AN A R SRS 78 43 [ bR &
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Y, GFAP X J N B2 TW I ot 4 i BRE AN 2 o,
AN TR T A Th e ) i B Liddelow 45 B
M2 B R 22 0 (LPS) F /) B 5 BEL W K fii o 20 ik
DL S L 1R /0N SR Al A 1 s B e B2 T IR Joi 4
FEXTHBEAT AT T, R IR G SEORE AR L5
PR AN [F) 2 B 1) s 2 B2 T T S A ML, 0 R PR 9
“A1” FlI “A2” B,
4.1 A1BUEFRLFRARARIS & BBBIR S K 1

Al BURE T RZHOEH BRIV FTA I D fe,
HERFH ML B IE D RE. A1 YR T AR ot 40 il
T2 VF 2 N 28 0 42 1R AT 1 5 0 B0 955 ] R 9K Tt BR
(Alzheimer's disease, AD). MH4:#%/i (Parkinson's disease)-
3L 1§19 (Huntington's disease)~ A i I 22 1 44 i
(amyotrophic lateral sclerosis) 25 1 & FF 17 £ 7,
AR A1 R TE R 540 AL BBB Fa & kA7 i 1E A
UEAESRAE AD 52 TR AT IR T . Lau 25 B7 X )L
AD 5835 T 0 HE 52 35 1R 1A B R A 42
HUIR) 169 496 >4 M A% #EAT T 81 A% B S 2 0
WERE MR, HXIRZEE KA, AD &
H R R R 2 OR A AR B R T IR Jo 4 i ok />
(7 Al ETER PG N ), H AD &3 1) K
SN H AN I A B Y R AH P (subpopulation
of angiogenic endothelial cells). fE AD H1, Al 42
TV I J5 248 6 . 25 Mo o L % B, HORE TS ApoEL C3
MR S 58 1 R 7 45 55 11 5 2415 3 BBB O (5
WEREARE TN, B T RERE ) iishs
Pt U, e R AT I R R IR 5 4T s AR
A1 BRI B 4 R HL AN TE R, B TR I
STAT3 (signal transducer and activator of transcription
3). NFAT (nuclear factor of activated T cells) #1 NF-xB
155 73 TAE IS TR ot 4 L F ity v S 2 A
U3, s 5 s A 1 /0 R 5 44T R R
IL-lo. TNFa fil Clq Z57E 2 T B i 4l fn 35 40 A Al
RUB R4 i B E AR ©, filtn, TNFo
T BRI, 8 0 R 5 4 il () STAT3
I8 1/ Serpina3n/alACT (alpha 1-antichymotrypsin)
[F)221k, 1M Serpina3n M| B 4% 35 BBB %L, .4
HE IR A B2 2R VCAMI R ZRIE AN i X
#ERE A Claudin-5 Y,

0 A A B/ B o 4 L AN AE 5 e A1 TR TR
Ji2 JoT 248 B T i R R A, HL 36 BT B 4% 52 1 BBB
hEERFRMENRE. ORI RERMNEE S
CCRS K 8t 1 1 i A 5 84 /) JiE J5T 48 JHd (resident
microglia) 1T # %2 Sl I8 1 L A8 AH 5G4 /N 1% J5it 48

Ji (vessel-associated microglia), X /)N 5 J5i 4 fid a6
iR IA Claudin-5 5 1 1L P Bz 40 a7 A A 38 1 2
fill ( “BEERE” ) M4EFF BBB SRt KRS R
S 52 I8 505 /0N fie Jof 4 A o e T 400 L1 2 5
SR T IR B4 o 7E BBB Fa S 4E i e, B
i BBB fazs ety 1Y,
42 A2BE R FRAAEXIBBBIRS A ERIES(ER
FEGR A R, A2 YR TR G R 40 ffL 7 BBB
The 2% W R B R T A B R TR B R
YRR R R IE R R A T A, A en s
[HF 7 I TGF-BI™ 254k 2 T BBB R % i % 1K
AR, REMESRYER. #lan, ki),
FEAT A5 07 DX 30 B W R 5 48 i Wnt7a (3R
W, ITTEGE 1 N R AL Wnt/B-catenin 15 5 il B,
TSN R M R R B AN R s Rk, X
BBB #2 & 8 1 ", 45 136 B it ) Ok N 2
TEI 40 b NHE1 (pH 5% Na'/H' 52481 ) 1)
FIEFIBE, NHEL 35 M 03 E 805 2 S 8 pH M
BT, TETRIR B A NHED B 26441
5 Bx ) BE J5 3 Wnt7a A 5 09 06 A B2 28 Bl Wit/
B-catenin 15 5, Yk /b B A 14 A% S Y R 40 PRI B
VERD . FEJEC A B B8 0 D I figg B e 4%, (e gk afn 7 2E
B B0 SR FR A AL, AR AT LAE I # ] NHE1
355 1 SR P B TR 5 4 B 1) BBB 47 T g U
i AL B R JE i 5 40 i (C3d/GFAPY) U il £ BBB
Bt ( FAREESLEEARIE. BN 1eG Bk ).
DRI, G 4 A Y ) A2 780 R EZEJ 4 A (S T00A10)
AR H TS RE IR AT 1A

5 REESRE

BRI 40 B AE 9 BBB B4 RR 4, BA R AE
o1 25 1107 B G R A T A 48 TG 5 M A I ) K 4
B, IE4RTE BBB HIK B M A& BBB a4
FF R AR F 52 30 i B OGTE JR IS T an kAT R
BBB s KA K BV 2 FIXM A KRG, HA
TEBZ 5 41 B B 5 A BBB a4k, H5 & 7 1F
HAG UL T 1) BBB Fa &AL Sy R34 T () BBB 4
A RMTH A B ALE R — 2B L. HAardil
W BBB 1A [ i [X (14 52 ] 1 0 240 i 17%) 5 )
PE, DL B AT M I A1 B EEME R
Ji S A M, X A S R 1) R A B 4 PR T AL 1
K FAE BBB fa S 4E R SRS KM 5 K AD 4
RAT M A AR FE AL 0 R I B . MRS X LR
v PR, WA BT NS w2 AR AT PR 0 R T



123

WERE, 5.

B TR 5 A MLAE I 5 P 7 S AR A A RF R I AR F LR

1675

HLHTRIAIR,  JF X e 22 2 e 18 7 1R A 3T
JATR .

(1]

[12]

[16]

(& % X W]
Langen UH, Ayloo S, Gu C. Development and cell biology
of the blood-brain barrier. Annu Rev Cell Dev Biol, 2019,
35:591-613
Dong X. Current strategies for brain drug delivery.
Theranostics, 2018, 8: 1481-93
Zhao Z, Nelson AR, Betsholtz C, et al. Establishment and
dysfunction of the blood-brain barrier. Cell, 2015, 163:
1064-78
Heymans M, Figueiredo R, Dehouck L, et al. Contribution
of brain pericytes in blood-brain barrier formation and
maintenance: a transcriptomic study of cocultured human
endothelial cells derived from hematopoietic stem cells.
Fluids Barriers CNS, 2020, 17: 48
Abbott NJ. Dynamics of CNS barriers: evolution,
differentiation, and modulation. Cell Mol Neurobiol, 2005,
25:5-23
Stewart PA. Endothelial vesicles in the blood-brain
barrier: are they related to permeability? Cell Mol
Neurobiol, 2000, 20: 149-63
Benmimoun B, Papastefanaki F, Périchon B, et al. An
original model of brain infection identifies the hijacking of
host lipoprotein import as a bacterial strategy for blood-
brain barrier crossing. Nat Commun, 2020, 11: 6106
Zlokovic BV. Neurovascular pathways to neurodegeneration
in Alzheimer's disease and other disorders. Nat Rev
Neurosci, 2011, 12: 723-38
Montagne A, Zhao Z, Zlokovic BV. Alzheimer's disease: a
matter of blood-brain barrier dysfunction? J Exp Med,
2017, 214: 3151-69
Cooper I, Last D, Guez D, et al. Combined local blood-
brain barrier opening and systemic methotrexate for the
treatment of brain tumors. J Cereb Blood Flow Metab,
2015, 35: 967-76
Sweeney MD, Zhao Z, Montagne A, et al. Blood-brain
barrier: from physiology to disease and back. Physiol Rev,
2019, 99: 21-78
Contreras EG, Glavic A, Brand AH, et al. The serine
protease homolog, scarface, is sensitive to nutrient
availability and modulates the development of the
Drosophila blood-brain barrier. J Neurosci, 2021, 41:
6430-48
Obermeier B, Daneman R, Ransohoff RM. Development,
maintenance and disruption of the blood-brain barrier. Nat
Med, 2013, 19: 1584-96
Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic
aspects of angiogenesis. Cell, 2011, 146: 873-87
Hiibner K, Cabochette P, Di¢guez-Hurtado R, et al. Wnt/
B-catenin signaling regulates VE-cadherin-mediated
anastomosis of brain capillaries by counteracting S1prl
signaling. Nat Commun, 2018, 9: 4860
Wang Y, Rattner A, Zhou Y, et al. Norrin/Frizzled4
signaling in retinal vascular development and blood brain

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

barrier plasticity. Cell, 2012, 151: 1332-44

Wang Y, Cho C, Williams J, et al. Interplay of the Norrin
and Wnt7a/Wnt7b signaling systems in blood-brain barrier
and blood-retina barrier development and maintenance. Proc
Natl Acad Sci U S A, 2018, 115: E11827-36

Daneman R, Agalliu D, Zhou L, et al. Wnt/B-catenin
signaling is required for CNS, but not non-CNS,
angiogenesis. Proc Natl Acad Sci U S A, 2009, 106: 641-6
Zhou Y, Wang Y, Tischfield M, et al. Canonical WNT
signaling components in vascular development and barrier
formation. J Clin Invest, 2014, 124: 3825-46

Winkler EA, Bell RD, Zlokovic BV. Pericyte-specific
expression of PDGF B receptor in mouse models with
normal and deficient PDGF B receptor signaling. Mol
Neurodegener, 2010, 5: 32

Ben-Zvi A, Lacoste B, Kur E, et al. Mfsd2a is critical for
the formation and function of the blood-brain barrier.
Nature, 2014, 509: 507-11

Daneman R, Zhou L, Kebede AA, et al. Pericytes are
required for blood-brain barrier integrity during embryogenesis.
Nature, 2010, 468: 562-6

Armulik A, Genové G, Mide M, et al. Pericytes regulate
the blood-brain barrier. Nature, 2010, 468: 557-61
Alvarez JI, Dodelet-Devillers A, Kebir H, et al. The
Hedgehog pathway promotes blood-brain barrier integrity
and CNS immune quiescence. Science, 2011, 334: 1727-
31

LiY, Wei JY, Liu H, et al. An oxygen-adaptive interaction
between SNHG12 and occludin maintains blood-brain
barrier integrity. Cell Rep, 2022, 39: 110656

Wan T, Zhu W, Zhao Y, et al. Astrocytic phagocytosis
contributes to demyelination after focal cortical ischemia
in mice. Nat Commun, 2022, 13: 1134

Winkler EA, Nishida Y, Sagare AP, et al. GLUT]1
reductions exacerbate Alzheimer's disease vasculoneuronal
dysfunction and degeneration. Nat Neurosci, 2015, 18:
521-30

Kim H, Leng K, Park J, et al. Reactive astrocytes
transduce inflammation in a blood-brain barrier model
through a TNF-STAT3 signaling axis and secretion of
alpha 1-antichymotrypsin. Nat Commun, 2022, 13: 6581
Stewart PA, Wiley MJ. Developing nervous tissue induces
formation of blood-brain barrier characteristics in invading
endothelial cells: a study using quail--chick transplantation
chimeras. Dev Biol, 1981, 84: 183-92

Lee SW, Kim W], Choi YK, et al. SSeCKS regulates
angiogenesis and tight junction formation in blood-brain
barrier. Nat Med, 2003, 9: 900-6

Wosik K, Cayrol R, Dodelet-Devillers A, et al. Angiotensin
II controls occludin function and is required for blood
brain barrier maintenance: relevance to multiple sclerosis.
J Neurosci, 2007, 27: 9032-42

Milsted A, Barna BP, Ransohoff RM, et al. Astrocyte
cultures derived from human brain tissue express
angiotensinogen mRNA. Proc Natl Acad Sci U S A, 1990,
87:5720-3

Igarashi Y, Utsumi H, Chiba H, et al. Glial cell line-



1676

GRS

354

[35]

[36]

[37]

[41]

[42]

[43]

[44]

derived neurotrophic factor induces barrier function of
endothelial cells forming the blood-brain barrier. Biochem
Biophys Res Commun, 1999, 261: 108-12

Sobue K, Yamamoto N, Yoneda K, et al. Induction of
blood-brain barrier properties in immortalized bovine
brain endothelial cells by astrocytic factors. Neurosci Res,
1999, 35: 155-64

Prager B, Spampinato SF, Ransohoff RM. Sphingosine
1-phosphate signaling at the blood-brain barrier. Trends
Mol Med, 2015, 21: 354-63

Yao Y, Chen ZL, Norris EH, et al. Astrocytic laminin
regulates pericyte differentiation and maintains blood
brain barrier integrity. Nat Commun, 2014, 5: 3413

Dai J, Cimino PJ, Gouin KH, et al. Astrocytic laminin-211
drives disseminated breast tumor cell dormancy in brain.
Nat Cancer, 2022, 3: 25-42

Xu L, Nirwane A, Yao Y. Basement membrane and blood-
brain barrier. Stroke Vasc Neuro, 2018, 4: 78-82

Segarra M, Aburto MR, Cop F, et al. Endothelial Dabl
signaling orchestrates neuro-glia-vessel communication in
the central nervous system. Science, 2018, 361: caa02861
Su 'Y, Wang X, Yang Y, et al. Astrocyte endfoot formation
controls the termination of oligodendrocyte precursor cell
perivascular migration during development. Neuron, 2023,
111: 190-201.e8

Bell RD, Winkler EA, Singh I, et al. Apolipoprotein E
controls cerebrovascular integrity via cyclophilin A.
Nature, 2012, 485: 512-6

Janzer RC, Raff MC. Astrocytes induce blood-brain
barrier properties in endothelial cells. Nature, 1987, 325:
253-7

Smith BC, Tinkey RA, Shaw BC, et al. Targetability of the
neurovascular unit in inflammatory diseases of the central
nervous system. Immunol Rev, 2022, 311: 39-49

Niu J, Tsai HH, Hoi KK, et al. Aberrant oligodendroglial-
vascular interactions disrupt the blood-brain barrier,
triggering CNS inflammation. Nat Neurosci, 2019, 22:
709-18

Yang Y, Higashimori H, Morel L. Developmental
maturation of astrocytes and pathogenesis of neuro-
developmental disorders. J Neurodev Disord, 2013, 5: 22
Feng S, Zou L, Wang H, et al. RhoA/ROCK-2 pathway
inhibition and tight junction protein upregulation by
catalpol suppresses lipopolysaccaride-induced disruption
of blood-brain barrier permeability. Molecules, 2018, 23:
2371

Liu H, Wei JY, Li Y, et al. Endothelial depletion of Atg7
triggers astrocyte-microvascular disassociation at blood-
brain barrier. J Cell Biol, 2023, 222: ¢202103098

Kisler K, Nelson AR, Montagne A, et al. Cerebral blood
flow regulation and neurovascular dysfunction in
Alzheimer disease. Nat Rev Neurosci, 2017, 18: 419-34
Lee HG, Wheeler MA, Quintana FJ. Function and
therapeutic value of astrocytes in neurological diseases.
Nat Rev Drug Discov, 2022, 21: 339-58

Escartin C, Galea E, Lakatos A, et al. Reactive astrocyte
nomenclature, definitions, and future directions. Nat

[51]

[52]

[60]

[64]

[65]

[66]

[67]

Neurosci, 2021, 24: 312-25

Zamanian JL, Xu L, Foo LC, et al. Genomic analysis of
reactive astrogliosis. J Neurosci, 2012, 32: 6391
Anderson MA, Burda JE, Ren Y, et al. Astrocyte scar
formation aids CNS axon regeneration. Nature, 2016, 532:
195-200

Linnerbauer M, Wheeler MA, Quintana FJ. Astrocyte
crosstalk in CNS inflammation. Neuron, 2020, 108: 608-22
Hasel P, Liddelow SA. Astrocytes. Curr Biol, 2021, 31:
R326-7

Qian K, Jiang X, Liu ZQ), et al. Revisiting the critical roles
of reactive astrocytes in neurodegeneration. Mol Psychiatry,
2023, 28: 2697-706

Liddelow SA, Guttenplan KA, Clarke LE, et al.
Neurotoxic reactive astrocytes are induced by activated
microglia. Nature, 2017, 541: 481-7

Lau SF, Cao H, Fu AKY, et al. Single-nucleus transcriptome
analysis reveals dysregulation of angiogenic endothelial
cells and neuroprotective glia in Alzheimer's disease. Proc
Natl Acad Sci U S A, 2020, 117: 25800-9

Lawrence JM, Schardien K, Wigdahl B, et al. Roles of
neuropathology-associated reactive astrocytes: a systematic
review. Acta Neuropathol Commun, 2023, 11: 42
Reichenbach N, Delekate A, Plescher M, et al. Inhibition
of Stat3-mediated astrogliosis ameliorates pathology in an
Alzheimer's disease model. EMBO Mol Med, 2019, 11:
e9665

Zhang Y, Meng T, Chen J, et al. miR-21a-5p promotes
inflammation following traumatic spinal cord injury
through upregulation of neurotoxic reactive astrocyte (A1)
polarization by Inhibiting the CNTF/STAT3/Nkrf pathway.
Int J Biol Sci, 2021, 17: 2795-810

Yun SP, Kam TI, Panicker N, et al. Block of A1 astrocyte
conversion by microglia is neuroprotective in models of
Parkinson's disease. Nat Med, 2018, 24: 931-8

Liu LR, Liu JC, Bao JS, et al. Interaction of microglia and
astrocytes in the neurovascular unit. Front Immunol, 2020,
11: 1024

Hu 'Y, Zhang M, Liu B, et al. Honokiol prevents chronic
cerebral hypoperfusion induced astrocyte Al polarization
to alleviate neurotoxicity by targeting SIRT3-STAT3 axis.
Free Radic Biol Med, 2023, 202: 62-75

Haruwaka K, Ikegami A, Tachibana Y, et al. Dual
microglia effects on blood brain barrier permeability
induced by systemic inflammation. Nat Commun, 2019,
10: 5816

Jing Y, Ma R, Chu Y, et al. Matrine treatment induced an
A2 astrocyte phenotype and protected the blood-brain
barrier in CNS autoimmunity. J Chem Neuroanat, 2021,
117: 102004

Li M, Li Z, Yao Y, et al. Astrocyte-derived interleukin-15
exacerbates ischemic brain injury via propagation of
cellular immunity. Proc Natl Acad Sci U S A, 2017, 114:
E396-405

Lee GA, Lin TN, Chen CY, et al. Interleukin 15 blockade
protects the brain from cerebral ischemia-reperfusion
injury. Brain Behav Immun, 2018, 73: 562-70



124 W, . BRIV M 5 R S AR A ERR P A R LA 1677

[68] Liddelow SA, Barres BA. Reactive astrocytes: production,
function, and therapeutic potential. Immunity, 2017, 46:
957-67

[69] Perez-Alvarez MJ, Wandosell F. Stroke and neuroinflamation:
role of sexual hormones. Curr Pharm Des, 2016, 22: 1334-
49

[70] Song S, Huang H, Guan X, et al. Activation of endothelial

Wnt/B-catenin signaling by protective astrocytes repairs
BBB damage in ischemic stroke. Prog Neurobiol, 2021,
199: 101963

Zhang Q, Liu C, Shi R, et al. Blocking C3d"/GFAP™ A1l
astrocyte conversion with semaglutide attenuates blood-
brain barrier disruption in mice after ischemic stroke.
Aging Dis, 2022, 13: 943-59



