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347 Jj (flow shear force, FSF) X} BBB Z5HIZHREMIA4 . TG FIREINIY Sy Ll . 3% DL 10° 40/ em Y 25
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FeG AR B4 B 6 R H (claudin-5 . occludin, ZO-1) | $i# & #1965 H (VE-cadherin, PECAM-1) 2304 (19745 4k. .
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FARHESZE AL, B JCRLHE I35 AR BT UM (2 dyn/em®) R, 20 SR FSF 7 1) B HE, i i) WA 51045 250 1) S e
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[ Abstract]  Objective To explore the mechanobiological mechanism of fluid shear force (FSF) on the
protection, injury, and destruction of the structure and function of the blood-brain barrier (BBB) under normal
physiological conditions, ischemic hypoperfusion, and postoperative hyperperfusion conditions. BBB is mainly composed
of brain microvascular endothelial cells. Rat brain microvascular endothelial cells (rBMECs) were used as model cells to
conduct the investigation. Methods rBMECs were seeded at a density of 1x10° cells/cm” and incubated for 48 h. FSF was
applied to the rBMECs at 0.5, 2, and 20 dyn/cm’, respectively, simulating the stress BBB incurs under low perfusion,
normal physiological conditions, and high FSF after bypass grafting when there is cerebral vascular stenosis. In addition, a
rBMECs static culture group was set up as the control (no force was applied). Light microscope, scanning electron
microscope (SEM), and laser confocal microscope (LSCM) were used to observe the changes in cell morphology and
cytoskeleton. Transmission electron microscope (TEM) was used to observe the tight junctions. Immunofluorescence
assay was performed to determine changes in the distribution of tight junction-associated proteins claudin-5, occludin,
and ZO-1 and adherens junction-associated proteins VE-cadherin and PECAM-1. Western blot was performed to
determine the expression levels of tight junction-associated proteins claudin-5, ZO-1, and JAM4, adherens junction-
associated protein VE-cadherin, and key proteins in Rho GTPases signaling (Racl, Cdc42, and RhoA) under FSF at

different intensities. Results Microscopic observation showed that the cytoskeleton exhibited disorderly arrangement
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and irregular orientation under static culture and low shear force (0.5 dyn/cm?). Under normal physiological shear force
(2 dyn/cm®), the cytoskeleton was rearranged in the orientation of the FSF and an effective tight junction structure was
observed between cells. Under high shear force (20 dyn/cm®), the intercellular space was enlarged and no effective tight
junction structure was observed. Immunofluorescence results showed that, under low shear force, the gap between the
cells decreased, but there was also decreased distribution of tight junction-associated proteins and adherens junction-
associated proteins at the intercellular junctions. Under normal physiological conditions, the cells were tightly connected
and most of the tight junction-associated proteins were concentrated at the intercellular junctions. Under high shear
force, the gap between the cells increased significantly and the tight junction and adherens junction structures were
disrupted. According to the Western blot results, under low shear force, the expression levels of claudin-5, ZO-1, and VE-
cadherin were significantly up-regulated compared with those of the control group (P<0.05). Under normal physiological
shear force, claudin-5, ZO-1, JAM4, and VE-cadherin were highly expressed compared with those of the control group
(P<0.05). Under high shear force, the expressions of claudin-5, ZO-1, JAM4, and VE-cadherin were significantly down-
regulated compared with those of the normal physiological shear force group (P<0.05). Under normal physiological shear
force, intercellular expressions of Rho GTPases proteins (Racl, Cdc42, and RhoA) were up-regulated and were higher
than those of the other experimental groups (P<0.05). The expressions of Rho GTPases under low and high shear forces
were down-regulated compared with that of the normal physiological shear force group (P<0.05). Conclusion Under
normal physiological conditions, FSF helps maintain the integrity of the BBB structure, while low or high shear force can

damage or destroy the BBB structure. The regulation of BBB by FSF is closely related to the expression and distribution of

tight junction-associated proteins and adherens junction-associated proteins.

[ Key words] Blood-brain barrier

Tight junction-associated proteins

R 0P g A Sz LA S 4 L 17T 5 RS AR A
LA 0 (R , 7™ B 1 B 100785 e 7 i PA) 2 £ 3
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HEAT MRS T ARIGIT 5, SN 5 P B 4 il it & 1Yl
SR | 36 i v 5 0 0 AR He 2RISR, S BUm AR
¥t 1ML fi%i 5% & (blood -brain barrier, BBB) ™ B # IR, ™ & 4
Fisi A R IS FE TR

BBBEAF i s G P 3 251, 2 el i it A8
JZ 4112 (brain microvascular endothelial cells, BMECs ) ¥4 i%",
BMECsiH it Z2 P U SZ i At GE 25 i 7 B 1) I 1A 59 1)
JIFNJRVEERLAT 7, A AERE A TR 7 FAR S T e Y 4
AR IR AR BT Y] J1 (fluid shear force, FSE) /EH
. B M4 I BMECSIITUN FSFJ7 T HEFIP, 76 TE 5 A= 3R
AT ML 55 91 77 X BBB Y LRI AL , 4 30 ot i A8 7 T
BBB M LA 105 LA S AE R A S5 5 35 U0 3/ HI R X BBBAK
IR DAL i A BB o AR S2 56 DA BRUR i i A P S 4
fifd (rat brain microvascular endothelial cells, rBMECs) 15
AL, S5t 0.5 (RBY U1 J) |« 2 (AR EYYIKF ) Fl
20 dyn/cm® (55 8590 7)) @9 55 4] 3, REH0URK I 4578k 78 I
W IER ISR S = 89 U0 14 R BBB % )
7500, VLS 20 - SR 400 i 1) 5 %% 3% 4 (tightjunctions,
TJs) F% % i% 4% (adherensjunctions, AJs) 54 A1k LA I
FHOGHR (TR 430 (W 5200, X FSFIRFAS I AN 3¢ B 11 ) 2%

Fluid shear force

Rat brain microvascular endothelial cells

Adherens junction-associated proteins
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1.1 FESRFKF

rBMECsZ itk (35 We B A= IR A FRA H]L T7MD,
Transwell®if 175 i ( Corning, 3¢ [ ), A IMLHK 21 2% 12 25 A
(fibronectin, FN) (Gibco, 3 [H ), Glutal# & # (R E R
HABR A, Abst), W AR5 TR Y PF (TRITC) A
ICH R 2P K (phalloidin) (R3EERHEAT R A A, db5T),
Hoechst 33 3423 (4 (DU AE MR A FRA ], LI,
81245 (SPI, 3£ ), claudin-5% B 5T BEHTIA (Abcam,
YLH ), occludin/)> FR A 7T BEBUIAR (Proteintech, S5[F ), VE-
cadherinft 2 WL FEPTIAR (Abcam, P2 [H ), PECAM- 1/ B4
FLREPLIAR (Abcam, BE[H ), ZO- 14 £ 5o PR (Affinity
Biosciences, E[H ), JAM4/) B E. 72 FE Hi A& (Santa Cruz
Biotechnology, Z[H ), Racl % £ s fEPI{A (Santa Cruz
Biotechnology, 3£ [H ), Cdc42% £ i fEPiiA (Abcam, ¥4
), RhoAG B3 EHT 1A (Cell Signaling Technology, &
), GAPDH £ 7 [ 114 (Signalway Antibody, S ) .
1.2 FErBMECsEIMESR &4

Transwell/NE 1535 rBMECs, 1% & 3FUA G e Fh 2% &
(1x10*4Hfifd/cm®, 3x10*4Hffd/cm’ F 1x10°4H il /cm?) , 7E4%
Ffif12, 24, 36, 48, 60 KWL MIIEZS, Il 240 0= ) 5
PN JEC R BH (transendothelial electrical resistance, TEER) fif
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SErBMECs{RAME IR 55 AF, Ml B TEERAY J7 ik WL SR, WF
FEFM, YTEERK T700 Q-cm’if 5 1 % rBMECs [E]JE i
TR BN . BRI, AR S 0 ]
W, TEERZE THAR AR, BE&E 4 TRl 5, TEERFH
Z EFb Horb, FE1x10°40 /e BE RERR G5 0 T, 48 h
JG TEERKF700 Q-cm?, PR FRATT7E J5 £2 10 52 56 Hh ik o
1 102/ e f1Y %% B 4548 W57 254

1.3 FSFin#sLia

PR 2 R L, AR B T, R R
ZE(HEWM R 100 ~ 150 mL) o DAERA 35 6T 1],
XFrBMECsHF£E2 hiinzko.5. 2. 20 dyn/cm’AYFSF
(1 dyn/cm’= 0.1 Pa) fE Bk IMAGHE: . 1EH A BRI R AR
Ja EE AR T RS2 IGO0 X AN [ 58 BE I FSEAN 485
HYrBMECs#EAT T i Al
1.3.1 A% RMBEASEMILE o f) &

JIF NS , {8 EAH 22 .44 (CK X 4121, Olympus,
HA) MEEAIIE S, i ific k.

F12E BT, Gluta [ € W F &, CRERR K o i
B TR (EM CPD300%!, Leica, F2E ) T4, &Ik 5
{X(MC1000%!, HITACHI, HZ)Wi4: . SEM(SU3500%,
HITACHI, HA) WEI 4180 5% .

1.3.2 BOLEREZME (LSCM) TR @ F 2 %
J% 3¢ XF-acting: &,

Tk E, R B 4% 22 5 R [ 72, 0.5%
Triton X-1007 &, TRITCHRICHYF-actindi ik
(1 :200) LA M Hoechst 33 342 i EHFF , LSCMZEEIR
ZEIHAIIL R
1.3.3 TEMRILER 20 TTs

FIEIMENG , Glutal# @ W 5E , &R 40250, A
132 — IR, CBERRREK, AR E R . A3AR37 °C
I, 60 CTHE A48 ho #WHYI R HL(UCTHY, Leica, fE[F )
PIHIFE 60 ~ 80 nm R S8 o 2% IR il 1 +78
K BRI RR AT IR e 0, RT3 K . TEM(JEM-
2100 Plus#!, JEOL, H A ) WEE, KA KR53 HT .

134 RARAFELMNEFEBMLAES. FALEE
MK Z G A A

T, 2R W, Bk E A, —Picdaudin-
5(1 :200) ., occludin(1 : 200), VE-cadherin(1 : 200) .
PECAM-1(1 : 200)., ZO-1(1 : 200)4 CHWE LR .. 256
T HiUE IR K Hoechst 33 342 EFF , LSCMZE ) MELH:
ISR
1.3.5 Western blot

FIZEINER ST, S0 A B0, D B R, AR R AR

Mo HLUKIEFEIE, 5% MR8 2F W5 (TBSTI ) 28 st A, —
¥iclaudin-5( (1 : 500), ZO-1(1 : 500), JAMA4(1 : 200),
VE-cadherin(1 : 500), Rac1(1 : 100), Cdc42(1 : 1000),
RhoA(1 : 1000), NZGAPDH(1 : 5000) )4 CIHFH i
Wo ZHURWEKERFE . ECLE W6, fha kot
AR R GHKEM . Tmage Lab™ 5.0 W IKIEE ., LI
55 HNS A KA R LUAE, b B B8 H A xR
ikt
14 FitEHE

Bl Uhx+ siERFoR . g SCi i 8 8 3 eIk
Ph b Z4H [R5 LR Hone-way ANOVA, Tukey'siff
TTHRIERE . P<0.05 MALRI 253 A Giit# 7 L.

2 #R

2.1 FSF3tFrBMECsZHAA. A  4HAE B 42 F-actin & TJsHY
=20

SR ME LR #AE R (0 dyn/cm®) FIK ST U]
(0.5 dyn/cm*) V£ F B9 rBMECsHES J ] JC AL A, 20 i 6]
PR K, B4 s 1B H AR BT (2 dyn/em?) AT S
rBMECs/IiU W FSFJ7 [0 HEF , 240 A i1 0% AT 280 ) A Bk
AP A IR TTs 24 (B 1 CHP AT @573k T s )5 s 35 )
(20 dyn/cm?®) 1 T ML B] [R] B b 353485 K, TTs 4514 9 ik
W BEHIRI: IEH AP N AYFSEA B TAERR 40
R, AV e BY U035 S A O BB R A i 55 2 4
2.2 BEREERMESFX FrBMECs & B &%
#E Hclaudin-5. occludin, ZO-14> % B2

LERANE 20 7R FEX IR, claudin-5 E B0 78
HEMEEIX, occludinFNZO- 17 A 5 AN 5 X 5k 34 4 A,
occludinfi# T ZO- 15 Z 40 i e AR L, 4l i fa] priss Kk,
HEHAN % R8T Y] (0.5 dyn/cm?) 1B B, 21 [) BE 9
/0N, B TA] 3 A B AR DG AR 1 A A B b TE R AR B
FAFTT (2 dyn/em®) 0 M 35 R 95, Ko B3 FE AR G
51 R e MR 34 =57 9) (20 dyn/em®) R
B, TS5 B IR, Ml fE B i R, i Z5 SRR ;I
WA E T M FSEA B T 4 RR 40 i B 5 B A SR A
SERA 0 e, AR K s B U35 5450 47 i R O U 4
i PSR TDEST
2.3 BERNELERMEFSFX FrBMECsH & E 1%
% B VE-cadherin, PECAM-15 % B 241

SEIRANE 3R X HR 41, VE-cadherin fIPECAM-
LA BRI R 5T DX B8 43 A, PR BR A K, S B AN
%5 AKEY 11 (0.5 dyn/cm?) 1 A, 4H 6 ] SR /)N, {H [
HEEALVE-cadherin, PECAM-143 A8 /0; 1E 8 A BRAE T
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Control

0.5 dyn/cm? 2 dyn/cm? 20 dyn/cm?
FEPL Y ¢

-~
1
I
I

20 pm

1 RFREE (A) RERNLE (B) FTEM ( C) WErBMECSEFSHER FHRAE
Fig 1 Morphological changes of rBMECs under the effect of FSF were observed by light microscopy (A), immunofluorescence assay (B), and TEM (C)

B, The yellow arrows indicate the cell gap; red: F-actin; blue: nucleus. C, The red arrows indicate the TJ structure.

Occludin 7Z0-1  Hoechst33342  Merge Claudin-5 Hoechst33342  Merge

Control
0.5 dyn/cm?
2 dyn/cm?

20 dyn/cm?

B 2 RERHLERNFSFHER2 WG, rBMECSEZEEIXE Aoccludin,ZO-1.caudin-58 57

Fig 2 Immunofluorescence assay was performed to determine the distribution of tight junction-associated proteins occludin, ZO-1, and claudin-5 in
rBMEC:s after 2-h action of FSF

(2 dyn/em’) 1% 2 B %5, K53 VE-cadherin, PECAM- {4 T (FSFA Bl T-4E47 20 M 4 7 H A DG HE 1 45 M 1 o
VA4 s W 5T D0 (20 dyn/em®) VEHINS, AJs&l B, MR BT DI85 S 00 sl Bl R 3 1 F A G
TR, NEln R RS B R IR R, IE W AR TS IO,
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Control

20 dyn/cm?

B 3 BRI MFSFX REE#1H X E A VE-cadherinfIPECAM-14> F B9 5M

Fig 3 Immunofluorescence assay was performed to determine the effects of FSF on the distribution of adherens junction-associated proteins VE-cadherin

and PECAM-1

2.4 Western blot#&il|FSFXfrBMECs & ZiE B NF HIE
BiEXEERIENZ N

g 4R AR (0.5 dyn/ecm®) /EH T,
claudin-5, ZO-1H1VE-cadherin5 X} I8 20 #H LL 44 [ 94
(P<0.05); IEH BT (2 dyn/cm®)MEF T, claudin-5.,
ZO-1. JAMA4LL 2 VE-cadherin 5 X} B8 ZH #H 14 14 52 90 s ¢
ik (P<0.05); = 85 91(20 dyn/em®) fEH T, claudin-5., ZO-
1. JAM4LL K VE-cadherinf)3R3i5 52 dyn/cm’41 LA T

g Vv
,& Vv
> &
o‘y\6 "38\ S S
7 AT D (M, x10%)
GAPDI | - - |
zo1 [ S e ]-220

GAPDH

s [ <>
GAPDH | - - e» = |
VE-cadherin 95

Relative expression

Relative expression

(P<0.05) o IZAPREM: IEHEHAME T RYFSEA B T3

W VEHAH CHE RN A DG AR Y i s, IR ER

1o B DI P2 AR P RIA R

2.5 Western blot#illlRho GTPasesfs 5 X & HHIFKIA
Rho GTPases) 25 M5 7R: K351 (0.5 dyn/cm®)

YEHIT, Cdca2 FiRhoAZE 17635 LI (53 HEAIAH L) ; 1E

HAEHETYI(2 dyn/em®) VE T, Racl, Cdc42F1RhoA & Bl

eIk, m T ARSI A s = 8P (20 dyn/cm)EHF,
Claudin-5
. =10 @ Control
-% sl 3 0.5 dyn/cm?
(5]
26l [ 2 dyn/cm’
] B 20 dyn/cm?
g 4r
5 2}
1)
&0

VE-cadherin

#
*
I

~

Relative expression
|38

&l 4 Western blot{&ll R E]3& EFSFRIH2 hig, BZEEHERXEHdaudin-5.20-1.JAMATIFE E#£IE X E H VE-cadherinfi R iX
Fig 4 Western blot was performed to determine the expression of tight junction-associated proteins claudin-5, ZO-1, and JAM4 and adherens junctions-
associated protein VE-cadherin under different intensities of FSF for 2 h

" P<0.05, vs, control group; * P<0.05. n=3.
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J >
F &
> & &

7 2T D (M, x107)
- - - |

Cdc42 |

GAPDH | S - - |
RhoA [ w26
GAPDH [ a————

Relative expression

Cdc42 Racl

mm Control B3 0.5 dyn/cm? B3 2 dyn/cm? B8 20 dyn/cm?

RhoA

|—\;—‘ 2.0 )

[\S] w

—

Relative expression
Relative expression

(=]

5 Western bloti& | 7~ [5] 32 EEFSFRI#{2 h¥tRho GTPases{s 5 X EE B RIZHHIH

Fig 5 Western blot was performed to determine the effects of different intensities of FSF on the expression of key proteins in Rho GTPases signaling

" P<0.05, vs, control group; * P<0.05. n=3.
Racl MIRho A ZRIBME T2 dyn/cm®d F I, 145 K[
FRIESE T : Integrinii b 12~ B4 , 1877 Rho GTPasesH
ik,

3 e

IR AL PR 1 240 LA Ay L B ) 2 3 4, i aok
TIsSE MR, AEREIN A AR e . DFSER I, 1
T BN 72 R 3R £ J 55 T Ik S5 R () 5 R N D) B o T
P P R 005475 0 A 5 B, T TR A L P S R Y
AEX R P T 8 2 X O I AT [m] A 25 4 FH, 0 2 il
i ¢ B 463493, AHEE T b, A= B BT ) S5 AR BEAS PR 4 it i ¢
B o ASBIESE S S SO T T . T AR BRAOR S5 e
TEFREE X rBMECs Y5, DAHR ST rBMECs X AN [ 8 Ji
ESFIIRN . 45HRFRM, A= BT i FSFA F] TrBMECs
B S A A AV B U0 i B DA 340 o B (8] T s 454
{278

BMECsif 1 JE K it T L K 5 AH G BMECs ) — £
AR R 200 M 55300 05 Ve, B4R 1A P 235 4 170 5 02
TIsfu 5 s IE A M A claudins.. occludin., JAMsPA M i 5 25
FHZ0s%, AJstdfE VE-cadherin. PECAM-1%5"1 W98 %
IR, FSFAJ 75 BMECsH 5 % F1 28k B A 12 4 £ 1 FIRE TR i
F LM AT 1 S UG FTWestern blot 5L IR HRSY
T ANIE) K/INFSFIl A T s FI R4 14 HEAH SC AR 0T I fii 57 B
PITRPERLE o A5 HUESE, AT B A O A
claudin-5. occludin, ZO-1f1%h & % #AH 2 E A VE-
cadherin, PECAM-12 & i T Mi ] 454, 4 P ik i
s KBTI s R B MR R, TIsRIBhE i M S R A 7
L EERA E D, B FRAKT- T, WALSHE"
5% & MIBMECSTE 10 dynes/cm’IYER T, ZO-17E 41l i/
FUET (B 25 5E, M M FSFREIKE 1 dynes/cm’fif, ZO-15E
PS5 AN ESE . GARCIA-POLITESE! % BH w5 55 1) )i

71(40 dyn/em®) W] FIHZO-1#claudin-5 5335, M H 7
AR RRE . PRI, T8 A 3R A FSEA B T4 il v ¢
W35 ) 1) 0, ARG 5 D) B g 5 10 1 25 450 00 SO IR i i
R

VE-cadherinfi 5 545 ¥ 38, 5 VEGF3Z A VEGFRs 14 1
HAERIE Tz a8 Horp, VE-cadherin A 4 &
BMECsZ[A] & B VEHIIF- I 77 BBBLIAE". TIMMERMAN
ZELRE HY, VE-cadherinifi i Racl it 206 A= B BT V) (5 5
e 38k B AR AR FE R v, AT 4ERR N Bz Bt B D e e
AW R, A B T P A Rho GTPases(Racl,
Cdc42, RhoA) ik i 3 [, Mifik 5y U] A ms 55 U1/ H
T Rho GTPases#Rib ¥ & N A, HULHERTS i, 15
A BRAETR, Ok [ I Y9 FSE 354 ) T i VE-cadherin
JIT AR B HLAURE S B2 5 W, 2 25 5 1% 3% 45 Rho
GTPases, 5|2 HF A by ; 1 AE 4 1k i AR VE 1 sl FE A7
ARIGERAR Fy = 5y N B, 12255 25 il Rho GTPasesfi
#ik,

TADDEIS 5T & BLATFI TR 2 18 A7 7 B4 1Y
MR R . VE-cadherin Y B4 AT R UE B 55 4 A0
K Hclaudin-50 % 5%, B, Y408 28 L,
rBMECs I #) /12 /3% %5 VE-cadherin- VEGFRs {43 75 5
MW, 51 VE-cadherin 5 i 122 ik R#AK, 28 i 40 41
TJsHACHE H claudin-5. ZO-1, JAM4SF 54 5%, & 5
TIsHAJsZ a4, 5 A AR E A Mk s

25 LTIk, 1EH A H58R E AYFSF(2 dyn/cm®) AT A4 1L
i J5¢ e AL RO I i i 3 (I st 5 A FSERT 2545t 473 I fiki 57
R, Jorp, FSFIl PR 45 TTs FI B G 35 HEAH G B F I =38
A3 A1 SR 5 4 L TR] 17 32 15 200 MBS ) Dy e, 3 T 2 e
LA e B 254 o B ) 2= AR OG5 538 i B A 5
P, O& T il figg 5 B3 o 5, F S FAS Ak (4 ML 415 A ik — 25

2o
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VBRI AL A S STR o 20 | WS VA i3 'ﬁéﬁiﬁfjﬁf W
FSCH SRS AT AR, R 53 DT AL F 0 ] WAL, R 2T £

FEI7 ik, R ZE R TTAAE, LB ASTIE SO A, | 28 2R AR Eﬁjtlﬁ HE
R RS A TEE DA RIRR SRR AT, BT
NGB R R REAS BEA T B 2 E A, IR X AR B D T 652
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