
Analysis of the mechanism of blood-brain barrier 

dysfunction induced by sera from patients with 

Neuromyelitis optica

(

)

28 9



1 1

2 1

3 2

4 3

5 6

6 17

7 19

8 20

9 20



1

Neuromyelitis optica spectrum disorder(NMOSD)

(Blood-brain barrier, BBB)

NMOSD BBB

claudin-5 matrix-metallo proteinases (MMPs)-2/9 vascular cell adhesion 
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2004

NMOSD-IgG 2005

NMOSD-IgG Aquaporin 4 

(AQP4) 2) NMOSD Aquaporin 

4 1)

NMOSD 3-10)

AQP4 AQP4

11-13)

NMOSD BBB
5) AQP4

AQP4 tight junction BBB

NMOSD
9,10) AQP4

BBB

NMOSD BBB AQP4

NMOSD
14,15) NMOSD BBB

3.

MS NMOSD

MMP-9
16,17) Matrix-metallo 

proteinases (MMPs)-2/9 BBB MS18)

(EAE)19)

MMP-2/9 NMOSD BBB

NMOSD MMP-2/9 BBB
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4.

(1)

1996

NMO spectrum disorders (NMOSD) 10 (

52 ) AQP4
6) AQP4

NMOSD 20,21) 7

typical NMOSD( 1,2,4,6,7,9,10)

3 NMOSD( 3,5,8)

25 (

13.2 (SD=5.4) ) 10

1

6

NMOSD ( 5, 8,9,10) 4

10 NMOSD 7 ( 2, 4,5,6,8,9,10)

(BMEC) 3 ( 1, 3,7)

(Fig. 1)15)

Figure 1 15)

BMECs astrocytes NMOSD

10/14 (71%) AQP4 TY10

7/10 (70%) BMECs
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McDonald 22)

(multiple sclerosis, MS) 10 ( 4 6 35.7

) 10 MS

28 6 ( 2,3,4,8,9,10)

4 ( 1,5,6,7) 10

MS 6 10 1 BMECs

-80 56 30

(2)

(human astrocyte; hAST)

T (hAST )

AQP4 cDNA hAST

AQP4 hAST (hAST-AQP4) 24)

T

TY0823)

FH-BNBs25)

10% 10% (fetal bovine 

serum, FBS) 37 5% CO2/air

1 mRNA 2

10%FBS(Sigma)

Figure 2 15)
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(Dulbecco’s modified Eagle’s medium, DMEM) (Sigma, St Louis, Missouri, USA)
23) MMP-9 ( ) MMP-2 ( )

actin ( ) (vascular endothelial growth factor, 

VEGF) ( ) Santa Cruz(Santa Cruz, California, USA)

claudin-5 ( ) Invitrogen(Carlsbad, California, USA)

vascular cell adhesion molecule-1(VCAM-1) ( ) R&D 

systems(Minneapolis, Minnesota, USA) GM6001

Chemicon(Temecula, California, USA) MMP-2 MMP-9 Santa 

Cruz

RT-PCR PBS total RNA 40ng

total RNA 1 cDNA MMP-2 MMP-9 G3PDH
26)

Stratagene Mx3005P (STRATAGENE, Cedar Greek, Texas, USA)

PCR

R =RGene/RGAPDH

(10-20 g) 23) 10%

polyvinylidene difluoride (Amersham, Chalfont, UK) PBS-T

5% (100 ) 2

(2000 ) 1

(ECL-prime, Amersham, UK) Quantity One 

software program (Bio-Rad, Hercules, California, USA)
23) Millicell electrical resistance apparatus (Endohm-6 and 

EVOM, World Precision Instruments, Sarasota, Florida, USA)

BMECs 1 106

( 10% ) 24

BMECs

NaF 27) 24

NaF(10 g/ml; 

400kDa) 500 l

NaF MX3000P (Stratagene)

NaF
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MMP-2 MMP-9 GM6001 MMP-2 MMP-9

25 M GM6001 5 M MMP-2 5 M MMP-9

12h 37 NMOSD

MS MMP

56 MMP-2 MMP-9 ELISA (R&D 

systems) 3

5 BMEC 5 immunoglobulin G (IgG)

Melon Gel IgG Spine Purification Kit (Thermo Scientific, Rockford, 

Illionois, USA)

FBS(Sigma) NMOSD

IgG( 400 g/mL)

AQP4 15) 2

NMOSD (NMOSD1 NMOSD2) hAST-AQP4 150

AQP4 150 50%

(NMOSD1 1:8 150 1:4

NMOSD2 1:2048 150 1:512 )15)

(3)

( Student t

) p<0.05

5.

Figure 3 typical NMOSD 3 NMOSD

BBB BBB

NMOSD

BMECs claudin-5 MS

(figure3A-D) NMOSD MS

BMECs VCAM-1

BMECs VCAM-1 NMOSD
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BMECs NaF

MS (figure 

3H,I) BBB typical NMOSD

NMOSD (figure 3F,G)
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Figure 3
typical NMOSD7 ( 1,2,4,6,7,9,10) LETM NMOSD3 ( 3,5,8)

NMOSD MS BMECs

claudin-5 VCAM-1 (A-C)

( SEM, n=10) BMECs NMOSD

claudin-5 MS

BMECs VCAM-1 NMOSD MS

(D,E)

BMECs claudin-5 VCAM-1 definite NMO

(F,G) NMOSD BMECs BMECs NaF

MS NaF

(H,I) control 20%FBS DMEM NMOSD: 10%FBS

DMEM NMOSD 10% MS: 10%FBS DMEM MS

10% normal: 10%FBS DMEM 10%

LETM: 10%FBS DMEM NMOSD 10%

typical NMOSD: 10%FBS DMEM typical NMOSD 10%

Figure4 NMOSD BBB MMP-2/9

NMOSD MMP GM6001 BMECs

NMOSD BMECs GM6001

claudin-5 (figure 

4A,D) MS GM6001

claudin-5 (figure 

4B,C,E,F) GM6001 NMOSD

GM6001 BMECs

NaF (figure 4G,H) MS

GM6001 NaF

(figure 4G,H) BMECs claudin-5 MMP-2
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MMP-9 MMP-2

MMP-9 BBB
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Figure 4
BMECs NMOSD 10 claudin-5 MMP

GM6001 (A-C) GM6001 NMOSD

GM6001 NMOSD

claudin-5

( SEM, NMOSD n=10, MS n=5, normal n=5, *p<0.01)(D-F) GM6001

NMOSD GM6001 NMOSD

BMECs BMECs NaF
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( SEM, NMOSD n=10, MS n=5, normal n=5, *p<0.01) (G,H)

MMP-2 MMP-9 NMOSD BMECs claudin-5

MMP-2 MMP-9

BMECs claudin-5

(I) (

SEM, n=5, MMP-2: p<0.05, MMP-9: p<0.05)(J) MMP-2 MMP-9

claudin-5 MMP-2 MMP-9

NMOSD BMECs ( SEM, n=5, 

MMP-2: p<0.05, MMP-9: p<0.01)(K) MMP-2 MMP-9

BMECs NMOSD: 10%FBS DMEM NMOSD

10% NMOSD+GM6001: 10%FBS DMEM GM6001

NMOSD 10% MS: 10%FBS DMEM MS 10%

MS+GM6001: 10%FBS DMEM GM6001 MS

10% normal: 10%FBS DMEM 10%

normal+GM6001: 10%FBS DMEM GM6001 10%

NMOSD+MMP-2 inhibitor: 10%FBS DMEM MMP-2

NMOSD 10% NMOSD+MMP-9 inhibitor: 10%FBS

DMEM MMP-9 NMOSD 10%

Figure5 NMOSD BMECs MMP-2/9

MMP-2/MMP-9 NMO MS

3 (figure 5A,B) NMO

TY10 MMP-2/MMP-9 mRNA

MS / (Figure 5 

C-I) BMECs BMECs MMP-2/9

(figure 5J,K) NMOSD BMECs claudin-5

MMP-2 MMP-9 (figure 5L,M).

NMOSD

(figure 5N,O)
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Figure 5
MMP-2/9 NMOSD MS

(A,B) NMOSD BMECs

MMP-2/9 PCR BMECs MMP-2 MMP-9

NMOSD MS



15

( SEM, n=10, *p<0.001) NMOSD

BMECs MMP-2 MMP-9 NMOSD

MMP-2 MMP-9 ( SEM, 

n=10)(E) MS ( SEM, n=10, 

*p<0.01)(F,G) ( SEM, 

n=10, MMP-2: p<0.01, MMP-9: p<0.05)(H,I) BMECs BMECs MMP-2

MMP-9 (J,K) NMOSD ( 5,8,9,10)

BMECs claudin-5 MMP-2 MMP-9 (L)

( SEM, n=4)(M)

claudin-5 MMP-2 MMP-9 NMOSD

(N) ( SEM, 

n=10)(O) control: DMEM FBS 20% NMOSD: 10%FBS DMEM

NMOSD 10% MS: 10%FBS DMEM MS

10% normal: 10%FBS DMEM 10%

NMOSD with anti-BMECs Ab: 10%FBS DMEM BMECs

NMOSD 10% NMOSD without anti-BMECs Ab: 10%FBS

DMEM BMECs NMOSD 10% stable 

NMOSD: 0%FBS DMEM NMOSD 10%

Figure 6A-E NMOSD IgG BBB

5 NMOSD ( 2,4,5,6,9; 4

typical NMOSD 1 NMOSD)

G(NMO-IgG) NMO-IgG TY10

VCAM-1 claudin-5, MMP-2, MMP-9

IgG TY10

NMO-IgG hAST-AQP4

AQP4 TY10 VCAM-1 (Figure 6E, 

F)
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Figure 6
BMECs 4 typical NMOSD 1

5 NMOSD ( 2,4,5,6,9)
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BMECs NMOSD IgG BMECs VCAM-1 claudin-5

(A) NMOSD IgG

BMECs VCAM-1

IgG NMOSD BMECs

claudin-5 MMP-2/9 VEGF

( SEM, n=5, *p<0.05)(B) BMECs NaF

NMOSD IgG (C,D) AQP4

BMECs VCAM-1 (E)

( SEM, n=3)(F) control-IgG: FBS IgG

NMOSD:NMOSD IgG normal-IgG: 

IgG NMOSD: 10%FBS DMEM NMOSD

10% NMOSD after AST incubation: AQP4

150 NMOSD 10%

6.

NMOSD AQP4
6,28) AQP4 NMO

IgG (NMO-IgG) NMO

BBB MBP T

(experimental autoimmune encephalomyelitis, EAE)

NMO-IgG NMO
10) 29) Saadoun NMOSD

IgG NMOSD
30) AQP4

BBB NMO BBB

NMO IgG

/ VCAM 31) NMO BBB

BBB NMO BBB
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(1) NMOSD BBB

TJ claudin-5

(TEER) (2) MMP-2/9

NMOSD BBB claudin-5

TEER BBB (3) NMOSD

BBB MMP-2/9

(4) NMOSD IgG BBB

VCAM-1 (5) NMOSD AQP4

BBB

BBB (claudin-5, VCAM-1 )

NMOSD

BBB NMOSD

AQP4 BBB

autocrine MMP-2/9 BBB

AQP4 BBB BBB VCAM-1

BBB

NMOSD BBB

MMP-2 MMP-9

MS (Experimental autoimmune 

encephalomyelitis: EAE) MMP-2/MMP-9 tight junction

BBB NMO

MS MMP-9

/

MMP-2/MMP-9 source

autocrine

MMP-2/MMP-9 BBB

MMP-2/MMP-9 NMO BBB

AQP4 NMO

MMP GM6001 NMOSD

BBB

GM6001 EAE BBB EAE
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32) MMP

MMP 33)

MMP-2/9

VCAM-1 1

VLA-4 BBB
34) VCAM-1

IL-1 TNF-
35)

NMO-IgG BBB VCAM-1

NMO-IgG NMO

VLA-4

4-integrin 4-integrins

VCAM-1 BBB
36)37) MS

BBB

VLA-4/VCAM-1 NMOSD

NMO
38)-40) NMO

T B

B

AQP4 NMO

NMO MS

VCAM-1

NMO

7.

NMOSD BBB

autocrine MMP-2/9
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NMOSD BBB AQP4

BBB
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