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EEFEHHFHAEERE
(EEENRREMEEXZ(EEESRRETRAREXR(HR-HERESE)))
REMRBRESE

TGF-B &7 FILITEB L= CARASIL OEHRARA ZDREF

MEREKRSE: BE *8H HRXZFEFHREZH-BHH

MREE

BMEEEDLGENTE REOHENPMODEICHIFE T/ NOEREFHFIND. K
INMERIIEHEICEHEEICALN, REECHITESTZIIESECY. HR—OF
SEDZADAIBIZENT, HREMRBALFHAEOHEILNIERORETHS.

Cerebral autosomal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy (CARASIL) (FEHEEREDR/NMNOLERTHY, EEDRINELS
TEEZE29 5. CARASIL [E high temperature requirement serine peptidase A1
(HTRA1) MZERIZHEET S transforming growth factor B(TGF-B) >4 FILDFTHEIZLKD
THEIA. BEERTELRRIN TV

CARASIL ERIREIC TGF-B S5 FILDAHEIZE->TE TS, Marfan EERIZEHTEK
BAREICIE, TGF-B LT FILEMFITETUOX AT | BZREEBERENEITS. K&
METIE, CARASIL DETILEIMITHS Prss11 RIEY7IEANT, RRBITHRITAE
FoXAToo v | BIZERERE candesartan DAENRERETT 5. BIEEIL, Prss11
RIETIXHTIEFNOEFREES, RAVHIRAOK/NMNIEICHSTHREBLELOEZL
[ZDWT, WEtE 7o REE fIEEICKRFHLULZFRICNAT, K/MLOLEOREEL
FEEILTIIAHEEHEILL, ChoDEFEEZAWLT, candesartan O RHANRES
DHMBEWRE LIz, S5IC, FIEEITSIEHE, TGF-B LV FILOFHEAEIZ OV THIRE
#i1o1=.

HRIEE temperature requirement serine peptidase
£k B8 SLLEXRFERIYZE-HE A1) BIEFOERICI>TRET S, $iEE
INFE B B KFKNTARAT - R EHEOEMEESZEARETHRN/INOER

THY, HTRA1 DHEEEETICKSD TGF-B &
MEBEW TFILDOREICK->TEIER SN S (Hara

CARASIL (cerebral autosomal recessive Ketal. N Eng J Med 2009). CARASIL (&
arteriopathy with subcortical infarcts and  HTERIhf-FLEETHLIH, BlIAEMN
leukoencephalopathy ) 1& HTRAT (high  R%ZRBHT, 5E, BKORENSEEF N



L X TLVAS (Nozaki H, et al. Stroke
2014). E5IC, BEEEIE, REGFEROA
TAEARTHLRNOEREETHIE, TH
& HTRA1 O 707 7—E R FEEEHES

HIELERHMLE(BBEMTD). COIehn,

HEEDHEELY LD CARASIL BEMND
ATREMEA HS. LMLE S AE A EISREFR
SALTULMVELY.

CARASIL EEHRICTGF-B U FILDTTE
(&> TEIFRISN D Marfan FEEREIL,
TGF-B LT FNEMET BT FATUIUI
RS RREMENEDIT S (Habashi JP, et
al. Science 2006). BHFEHE (L, 16 n HHILIRE
D Prss11 RET IO /NIME TIE,
CARASIL B2EERHICIME FRHFDOEMEMN
BTHEET TICHLMILz(RFERT—
A). ZDHFEREIL CARASIL [ZEEEILTSHY,
Prss11 REVIXITEBHTEBETILE
MTHDH. APMETIE, RTIRERANT, i
RBTHABIFT TGF-B 5+ ILDOEEER
EEITLT7UOXATUOI | BIRBRARERE
candesartan(Lanz TV,, et al. J Clin Invest.
2010) DN REHEETH. KBFIEH FRE
Mo/ MERDABRICESMTHY, Fifi
HBLEBRMNGEBEENH L. £z,
candesartan (3 & ME B HIIxT L THREICH
REAINTEY, B ERTENE,
HONGERRRICAN R TES.

ZHOARBDREHET HOITIL, FEH
DEEHFEEAZEEHRTEL, RELLETRB
THEENGTIEREERFATOILENDHS. X
FOH/REAZXIZOVWTIE, MEFEHFDE
EMNELEBIoTULELY, 16 hAED Prss11
K #Ev X2 candesartan DFEOEEEH
BL, 8 n ARMDEFIIRS5EIT o1, 24 1A
HTORMEREEZFMTEEELT-.

Candesartan O AE (L, BEHESEIC 3.0
mg/kg/day IZE%%E LT=. Candesartan [£F&E
MEEET LD, IBEAHELT
candesartan &RGHHF CREMRETT
amlodipine #;ZRL, candesartan RO
BEMRETRT LSICHES 10.0 mg/kg/day
[CEEELT-. E£f-, AIEEFETOWERT, B
faZEME RS HIEELLT, MEFEHH
REEERNUSAMEBERNFRATHLI LT
oMLz, REEIE, ChoDERERS
FEEBRHBEEEDOEZEEZRAWT, Prss11
REIDVAOPPMEEREIIHT S,

candesartan EHRRIC & DA ERERE
THIEEHMELT. Tz, Prss11 KBV
RIZHWNT, TGF-B LT FIL DB IR TTHE
RHBNBEMESMDNTHEREETol=.

MRA*

CARASIL DETILETHS Prss11 X8
Y OREAWNT, 16 nAlGH S 24 hARET,
placebo , candesartan 3.0 mg/kg/day ,
amlodipine 10.0 mg/kg/day Z%h £ MR
BELEHZRAEL, /M ILE O ILEFiEH
LRSI D ESEEELLIIEEEE
ALT, ERDEEMNRERFL. T, &
FIRREE T 5101, TGF-B U F LD
second messenger T#H ') 4L smad2/3,
BEUVIYAVRTTGFB DEEFHEEIToT=.
DIEMREOEBREHEITIADOEERLME
Wz, MNEFEREISFEMFENBRREIESL
1=

B OBRAE

DCARASIL EFILIIRDR/INMEREL
SRICETHIME (&

candesartan MDA E

Bt ER)



1) IDRDLE

B#s 16 nA®D Prss11 RIBTIRIZHL, A
RIFEERBLIZ. YOADKEE 309, —
B&rKkE%E 5ml £LT, #KIZ candesartan
#5fEL T, 3 mg/kg/day [CEHETLT-. FEMAR
B L, CaFvRILERETHDamlodipine®
10mg/kg/day THRELz#EEIZLE. &
ER8s 8 #ARIC, YOANLEERKERY
HL, RIRETARICHEEILT, floating Y1 &
ST FEERELE. BERTDIZR(ZD
WTIE, 24 nAROBEERZRYEL, XK
W A EIZHEEBILT, floating Y1 F&ENTTY
U A EESRLT.

2) IMEFEHHMCEEDEm
MEEEH MBI —H—O a-smooth
muscle actin LM ERN KM@ —H—D
lectin ZFAWT, RST4UUFICHLT 2 E
GELEEHELL. HABEMEZANT i
HEHREESZL-. BEEERYIE Imaris
ZRAWC BA0NEFEHHERBOERZE
BHIICARFL. (B4R n =8, PrssT1 X
BT ORIERRE n =7, Prss11 RIE<T™Y
A candesartan RAREE n=4, Prss11 RiE<
5 X amlodipine RAREE n =4)

3) RUBAMEEBEEROFM

Ry Ahw—Hh—&LT CD13, MENE M
fa<w—Hh—&L T lectin Z{EAL, floating ]
HITHLT 2 EREREZRELE:. XERRE
MEBTRKNEEOEMMELIREL, B
WY Th Imaris TREFTETo1-. MERNKH
BOFEEEZSE, ThzRYEERERD
KEEDFEL, FOLERYYAMEERSE
LTEHL. (43 n=4, Prss11 KR8~
RIERNBRE n = 4, Prss11 RIEIHR
candesartan MfREE n =2, Prss11 RIET™

X amlodipine RARE n=1)

@CARASIL EFILIIRIZEITSH TGF-B &
THLVOEBA LS FREICETHIAR
(INEFF3E)
1) A L/7BYTaT1T&b7 ) AR
BIF3) U BE smad2/3 D
24 H AEED Prss11 RIETIR, BFAEETY
ADKBEE, BRERE BREEBRAILS LT
JLELT=. TGF-B 5 F DAV AYEY
So—ThbBY L smad2/3 4 L/70y
FAUTIZEYRHL, BICOVWTHEERE
To7=.
2) YORMEHE OEOFLTULTE
TGF-BDEE
THRNEEEE T, FEMmPD TGF-B @
EEBDT Prss11 RETIX, BEETD
AEYHF LT LEEIRLT:. NERERITATR
FrES)—FRAVTRERIYVS TV
7otz MEEEOFELLYEURL MR
hgEEF EDTAZMA, BDICRYREL
T=(Prss11 R#EIHIRX n=5 BHERTOX
n=4). LIRYHIRZEKICELT, T ILHhi(C
EEND TGF-B DEEZ(ToT=.
3) YORMEANRME, 7AMO YA FEIK
EBEDOWHILETGFBDEE
2~4 r BEDY I AREYT IR NEMME
AL, puromycin 12Kk fix M & M & HAE
BIREE(CKY, MEOERNREEET -
FAROYAMIER 3 BROFEFIVR
KIKEEHD trypsin MBEDEUZK>THE
Lf-. mfpEE 80~90 2V TILIV DB
ATIEbEthEEIRLTz. ELISA I2&-T,
HUTILBIZEEND TGFP DEEZETH
7-.
(HEEA~DERE)
BYMOEBERUVERICETHERICED



WTITSEEBIC, IRAZDEMRERF A

B&UHAHZ DNA ERLT = EERAZHELY,

FRFAIZZITTERELE.
MRBEREEE
-HEMEEELTOHRMRR

KEEDOHEEEMD, candesartan DRH]
BOFRESD Prss11 RETIRIZHEIT BN/
mEDEMAE LT H5IEABHLMNIC
otz ThiE, B/hmMEOEHEAET DL
WSHLET7TO0—FITEoT, HIHTHEMN
KISz —XTHD. RERFREREEL
T CICBRRRETEASN TO O ERITH
Y, CARASIL [ZBWWTHZEONGEERIG A
NEFTES.

HEE#& (L, candesartan A TGF-B &4 FIL
DREEMNHTHEITE>T, BR/MLED
RELTILEERTIEEFHELTO . L
L, ABFE TIZL, candesartan E7121+THY,
REBEHID amlodipine 25 TH Prss11
RIBT Y RITH T2 R/ 1 B 2 14 O %0
RERDT-. Ftz, Prss11 RETIRDERK
RIZBITBTGF-B LT ILIE, FERTIX
& Prss11 RETIRAOBICHEZEZRON
Mot=. TOT &I, candesartan A TGF-B &
FHLEMEITEHEITEoTTIEEL, BE
e RIS o TN B 5 1 2 M40 L = T B
ERBELTNS.

R EREOL5 AT E S

1) BT NT HEAONE
5 B MR E R (2D LTI, JE AR B

[ZE LT, candesartan %5 &, amlodipine
BE#HELLIZ, FEICBETH- .

Candesartan 258 ¢& amlopidine IR 580
MIZE, FEGHAERECAEEEZEROE
Motz AU AMEBRITONTIE, AR
BEICHEL T, candesartan 58, 7400
VEEEOWTRIZELTE, SEETTIE
FAHoT .

1) 2 R MG DOYEIE smad2/3

AL/TRYFATI2&Y TGF-B LT FILTF
RART—KTHD, KA B smad2/3
LARILE Prss11 RETIX, FERIOR
HICHEBL-HER, KBEEE, R&K, B85
WFNOEETHLEEEERoN G, -T2

2) IR MERRK, MRIZEFENSD TGF-B

MR, MBEOWThDOYUTILIZENT
), Prss11 XV IRX, BERITHRABTEH
BEEROWGEL T

3) ¥ORMENKRMEE, PAOHS AR
BEMNSBIND TGF-B

MEARMEONRIEETIE, Prss11 KB
VOR, BEBEIIROBICEEZERSH
HEhof-. PAROY A RIEETIE,
ELISA [C&AREERERBTHT1-.

Candesartan [£ CARASIL ETF LY XR(Z
BB/ EEHEEIHT 5.

1. WX HEE

1) Onodera O, Sekine Y, Kato T, Koyama
A, Nozaki H, Nishizawa M. Emerging
molecular mechanism for cerebral small
vessel disease: Lessons from hereditary

small vessel disease. Neurol Cli Neurosci
2015:;3:7-13.



2) Nozaki H, Nishizawa M, Onodera O.
Features of cerebral autosomal recessive
arteriopathy with subcortical infarcts and
leukoencephalopathy. Stroke 2014;45:344
7-3453.

3) EHEE, HBIFEH mEESE, NHF
IR, CADASIL & CARASIL [Z22WT. BARES
R 2014;72:619-623.

4) HHxeH, BELEE, NEFEFHE.
CARASIL O#FHLWWEYH R, HFIRIME TR
2014:13:179-181.

5) BEEREZE, BIEEH mELE, NFF
IH. CADASIL, CARASIL D% FiREEt4RF.
HAEERK 2014;72:148-151.

6) FEH <z, WMEEE, FFIHFHR, NHFF
I8 CADASIL, CARASIL DJFRE#E. ME
E%¥ 2014:15:51-58.

2. FEHR

1) PR, MRS, WEOES, MUE
%, HEEE NEFHFHE HTRAT BERFE

EDATOESKIE, BHEESEHEIZEST
/DM EREZSIERT. 2014FE11 8, 5
B3 EEABMEFLRFMNES

2) Yumi Sekine, Taisuke Kato, Hiroaki
Nozaki, Sachiko Hirokawa , Toshiya Sato,
Atsushi  Shiga, Toshikuni  Sasaoka,
Masatoyo Nishizawa, Osamu Onodera.
Excess TGF-B1 secreted from astrocytes
impair mural cells in cerebral small arteries.
2014, 55" Annual Meeting of the
Japanese Societry of Neurology.
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B T

FEFBHEFEHAEEHDE
(FEEENRMREMEEXE(EEEIRLOMRMARZE MR- HEEDH)))
THEPIRHREE

CARASIL EFILY I ZADO K/ N EHRIEE candesartan O AEMNERICET AR

THEBERE ERk s EERERBESHYE BT
MEHAE BItR Hx HRAKZERARR-EE
MREE

CARASIL (cerebral autosomal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy) [& HTRAT (high temperature requirement serine peptidase A1)EIEFDZE
BICEoTRIDERBARSIEEREEOR/NNERTHS. CARASIL BETIE, HTRA1 DEEETR £
[C&EO>TTGF-BDBRIGEENEL, TOHRELT, B/ MEDEMBIZEENEZISEEZLNT
W5, ED1=t, TGF-B DELZTMHIT 5 AT1 RERIEHEN CARASIL ORBELLDHABEELH
%. AHRIEL, CARASIL DETILEIMITHSD Prss11 RIBTHIZAERT, /N ME DB ML IS
X9 B AT1 ZEKIEREE candesartan DM RZRFTITHEEBMHELS-.

RTEEFETIC, BHOREFE BMBOEMEZRRY HEEMFZICOVTREZTL, RO
TRt EREEL:. RREETHIREER], BELLTOMIILIZEST Prss11 RIEBTI XD fij
MNEICHITHEMEEMZFMEL, candesartan O RISV EEZIMNF T 5 EEHOMIZLE.

A BAIREBEM losartan & irbesartan (Z&% TGF-B 4™ +JLN

CARASIL (cerebral autosomal recessive
arteriopathy with subcortical infarcts and
leukoencephalopathy) &  HTRA1  (high
temperature requirement serine peptidase A1)
BIEFOERICES>TEIS, HMHBEEMERD
MEFD—DTHAH(Hara K, et al. N Eng J
Med 2009). CARASIL BEDR/NLE (L, B
HENASEICEELTELERICELL, T8
RELTHELSMMFEENNRAEESIEEIT &

EZbN TS (Oide T, et al. Neuropathology) .

BNRRBAEETELRGL,

BIEZED—DTHSD CARASIL TlE, HTRA1
BEET 2L >THLS TGF-B DBEILEEE
TGF-B LT FILDOEENGEITENR/IMED
EHESISREIFTENABEIN TS (Shiga
A, et al. Hum Mol Genet 2011). EC< TGF-B
DOFTILORNEICE>THMERENS D
Marfan JEIRETIZ, AT1 ZBRERETHS

FlEBBEMBENRESN TS (Chiu HH, et
al. Mayo Clin Proc 2013, Brooke BS, et al. N
Engl J Med 2008) . £f-, EBRM B REMKE
HEBHRETILIIRIZBLTE, AT1 28K
HEMZED candesartan 12&% TGF-B 4+ IL
MEEREIFIIRARESNL TS (Lanz
TV, etal. J Clin Invest 2010) . KHIRTIE, &
B/ EDBEMBREEEET S Prsst1
RIBTIRERWNT, BABITELSBIFSR AT1
SRFERETH S candesartan DEEHI TS
EIZHTHEBNRERTTHEEEHMEL
TWh3.

BIEEETOME T, EFIRE T HEM/N
mMEDORMBEEETET HIEEICDONT, B
HETo. TOHER, FRUZOWLTIE 16 A
B Prss11 RETHRIZHL T, candesartan
3 mg/kg/day DO HEE5EEFIEL, 24 hA#ET
HEEREMmITsLeL-. AMETIE,



T

candesartan DX R HEIE/EA TGS TGF-B
OFIVBEERICKDEDTHIIEEEEL
TW%. £0O8, EFlavbo—LeLT,
candesartan 3 mg/kg/day LEIZEDBREERE
<9 Ca FvrJIHBEEZXE amlodipine 10
mg/kg/day DA/ EZHEL . £, B
BZEHETMISEELLT, MEFBEHHEE
EREN)YAMEBREREZRANDIEEL . RE
EOMETIE, ChETICRILLLERIREA
FERNMMELTHEDEEZAWLT,
candesartan O AENRERE LT

- BRI E
1) RIADIE

BEs 16 nB D Prss11 REEVHRIZxL, Rk
BEERBL-. YORDEKER 309, —HEK

% 5ml &L T, gtkiZ candesartan #5582 L T,

3 mg/kg/day IZEAEILT-. JERMAREEL, Ca i
EO7LODE V% 10mg/kg/day TRE5LT-#
ZREEICLz. £ 5/m 8 y BRI, YO Ah B
BIERERYEL, RKEAMICEEILT,
floating Y1 &/ 85T IR ERE LK. HE
BIrHRZDOWTIE, 24 hABHOEEKERY
HL, RREFTARIZEZILT, floating L1 &N
SO U R EERELE.

2) MEFFEHBEEREOSEM
MmEFEFEHFHEET—A—D a-smooth muscle

actin LM ERN KRR~ —H—D lectin #FLT,

NI FIZHLT 2 ERELBERELT.
HABEMBELZRANT, HRERESRERSEL-.
BEHEEFTYIE Imaris AT, B4 OMEF
BHEEOEREEEMICHENL. (FER
n =28, Prss11 RIETIRFERNRE n =7,
Prss11 R1#E<™ X candesartan WiRE n = 4,
Prss11 &< ™ X amlodipine WAREE n = 4)

3) ARUHAMMEEROFE

R)YALhw—h—&LT CD13, MERNKE A
Y—H—&L TlectinZ AL, floating Y1 IZ%E
LT 2 ERELEEHEL:. XEAEMETK
MEEOEMOLEZESZL, BEEHRVYIL
Imaris CfEHZ{Tolz. MERNKMBDIKIEE

o8, ThERYECERMEOKEEZS FEL,

FTDLERJSAMEBRELTER L. (4L
Bl n =4, Prss11 REIIRAERNRE n = 4,
Prss11 Ri8< 9 X candesartan NiRE n = 2,

Prss11 R8T R amlodipine WAREE n=1)
(REENDERE)

BYMOBERVERICETIERZICEOVLTHT
SEELIT, HIRKREOHYERBANSIUHMA
% DNA EERRLEERACHEL, FRET
2T TERL:.

1) BHEEEICHTSEROHE

MEFEEHMBEEREICOVTIE, ERREIC
EEL T, candesartan #%5#, amlodipine &5
HLblZ, HBEICEETH/=. Candesartan 1%
58 L amlopidine & 5HORICE, FEHHE
MEEICHEEEZEIROUL o, RUB A
BERIZODVTIE, FRBRBICHKL T,
candesartan 58, 7LODEVIREEOWN
THIZBEWTE, BEERTER D -

AEEOMBEEMNS, candesartan B LV
amlodipine DRI 512K T, Prss11 RiE<T
DRZETHRIMEDEMEIMNFITESL
DEALMNICHE2. WTFhOEFET TIZE
EEEHICERKGAINTEY, CARASIL &
23t B O GERERIC AN TTRETH S, EH
DERBERFIZDULTIX, candesartan 121+ T
<, amlodipine IZ&ABBEMBERHIEMD
%, BWHEELTUW= TGF-B ZNLE=ERTIE
L, BEFRIZEDEDTHATRENELH .
CORIE, TOAR/PMMEIZHITS TGF-B DE
EEEM T AHILICKOT, ALMIZTEREER
3.

AMEIZEST, B/NMEDEEEEMT S
BELLT, NETFEHMABERERY Y AME
EXRNEETHAIEAHLMNIZEST-. ThE
T, /M EDOEEEFETMET 5760 standard
BAHEIFG, oz KRETHELLZIALD
BEEXSEOR/IOERERICEICETESLD
ThY, REMINHDIEEZILNS.

. HE

Candesartan [ CARASIL EFI)ILIHRIZHIT
S/ MEEEEINGH TS,

F. RERIRER

=L
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G. RHFE
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2. ERHRK

1) Yumi Sekine, Taisuke Kato, Hiroaki Nozaki,
Sachiko Hirokawa , Toshiya Sato, Atsushi
Shiga, Toshikuni Sasaoka, Masatoyo
Nishizawa, Osamu Onodera. Excess TGF-31
secreted from astrocytes impair mural cells in
cerebral small arteries. 2014, 55" Annual

Meeting of the Japanese Societry of
Neurology.
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BRI

FEEFZEBNFAEEFME
(EEENRREMRETX(ESEN KL AVIRMARTE(WE-HRESE)))
SEMRREE

CARASIL ETILIDRIZEITATGFRB LT FILDEE A EED FHREICETAHE

SHEFRE BT E  HRERPRUIRR 8%
BIEGAE Nk RN FRRXZRAER-HEEHK

HREE

ERERK/DNLE R O—DTEHS CARASIL (cerebral autosomal recessive arteriopathy with
subcortical infarcts and leukoencephalopathy) Gl /NI E (RN EMBO TSNS 5.
CARASIL O REE{=FIE HTRA1 (High temperature requirement serine peptidase A1) T#H'Y), [l
BIEFEEIZLED HTRA1 07077 —EHEERERICES>THEIS. RIS, HIA1ALYBST THS
Prss11#XRELIZ-IVXTIE, SEHIZCARASIL EELRHDOB/NOEICHITAEMBEEEZED
5.

CARASIL Dfi/MIEICHITHAMEE D ERICIE, HTRA1 OEETHD TGF-B A @E| (45T
LIZ&D, TGFRB LT FILDORENHIEEZ LN TS, AHZEO BB, £&EBICEHELTHTRAT
BEEDB/ENERICTGFB LI FTILDNEESIERITILERIMTHETHD. KEEL,
Prss11 RETIRIZEITSH TGF-B LT FINEAL/TOAYTAUTIZ&E>TEREL, AR LLLEE
Tofz. Ffz, Prss11 RETIORLYMERE R, MTEERML, 3512 PRSS11 HIBMETHS7 X
oAk, MERNKMEBEZEIL, IE{EEEH (conditioned medium)DH LT 5 ETo1-. SHSLD
HUTIVIZDOWT TGF-B DEEERA 1=

A BIERE™ EOMEKOEERMEDORMETCHONDS
B S SEAE L, TILYNAT—EIoR EIE?Z{U:%E{I%IL'CZBU; CARASIL c‘:-ﬂl\%'ﬁ
- ey S A e e e g DO REEMB KM EERMEORICERED
L‘fﬁﬁ@ﬁb‘mmfﬂfiﬁfﬁé. %a)ﬁunﬁiﬁg: T‘ﬁéb“?‘"r‘é‘é_c‘:’é_ﬂfﬁbfl,\é(Od T
<(F, REEME, $RMEED, [BEHRK RIBLAFLL I O cer iae b
BELNGY, HRLCRRETORERS stal. Neuropathology).
NEGS. CO56, AMTIKLEHEME DIE CARASIL (& HTRAT1 (High temperature
ENZWVWEEZLONTLNS. CORETIE, requirement serine peptidase A1) EIzTFE
ONMMEICEMEEELAAONEH, TDF EIZKY HTRA1 EEOTOT7—HEH#EEMN
BERERE (LB S AT D TULVELY. KON EFER, FIET S (Hara K, et al. N

Eng J Med 2009). HTRA1 [ZMEDEEE
MIBFICEELQERBIEZED TGF-p 2HEEL,

CARASIL (cerebral autosomal recessive
arteriopathy with subcortical infarcts and

leukoencephalopathy ) I& % 2 & K & 1E 8 5 %0‘397\7'“”5%”&%(06 CARASIL BE
o = 00 [ 4 60 0 B B B HE R AN IE T B DR/NDETIE TOF-f DRMEM P TGF-p
CARASIL SZCHEENO /NN S |- i R A/ DT ILDBERAFERINTEY (Shiga A, et
WMEEHER TS COFBIZMEED L al. Hum Mol Genet 2011), TGF-B ¥4 +IL



BT

B.
1)

2)

3)

DIEMERIZETTHE DY CARASIL [2H 1B/

EREDREICEHELTNDHIENEDND.

LHL, TORREZREHREITH-OIZIEE
BEIODBITTIEAR+0THY, ETILEHD
D LEIZHD.

HirA1 2+ )Ly 0% ©h & Prss11 % RIBLI-Y

AT, EEEIC CARASIL BELRABED
B/mMEICSTOBEMBESEEREDD. Ch
(FIEAE A7 CARASIL DETILEMIEWNZ .
KD BWIL, Prss11 RIEBTHIAKAIZ
BWT, TGFRBUITFILDFRENEZEMNES
DNERIITHETHD. EEETOI B
it smad2/3 ORFEFEBICKDHEETIE,
Prss11 XR#ETOXKNT VB smad2/3
OBEREKICEIARLhEEO0, B
ENKREMEEHNEEEZRETHIEAE
#Tholz. 2T, AEEE, JYEEEIC
BNF=AL/7OyT42512&D smad2/3 D
EEZTWD, HhETIYIROMERHK, M
F|HEIUTHRAOMERN LM, 7AOHA
FOWRIZEBEZAVNTTGF-R DEELEHA
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Introduction

Abstract

Cerebral small vessel disease is a common disorder in the elderly. The findings of
hereditary small vessel disease studies clearly show that small vessel diseases have
a distinct molecular pathway that is different from that in large vessels. However,
the anatomical and functional heterogeneity of the cerebral small vessel system
makes it difficult to understand the concept and molecular mechanism for small
vessel disease. The purpose of this review is to explain the heterogeneity of small
vessels and the importance of the components of the capillary system in the patho-
genesis of cerebral small vessel disease. Although traditional investigations have
focused more attention on the arteriole, the most functional part of small arteries
is the capillary. Therefore, the capillary might play an important role in the patho-
genesis of small vessel disease. In the capillary, pericytes and astrocytes are unique
components with marked diversity. However, the molecular signature and function
of pericytes remain unknown. Furthermore, the morphology and molecular signa-
ture of astrocytes in the cortex and white matter are quite different. Therefore, the
mechanism of small vessel disease is not simple, and must be investigated consider-
ing the diversities of small vessels. In the capillary, cross-talk between cell compo-
nents exists. Among these cell signaling pathways, recent findings on the gene
responsible for hereditary small vessel disease show that transforming growth fac-
tor-B and platelet-derived growth factor-p could contribute to the molecular path-
ogenesis of small vessel disease. These findings provide useful information for the
development of a new therapeutic strategy for small vessel discase.

The concept of cerebral SVD is still obscure. Although
small vessels are anatomically and functionally different,

The vessel system in the brain is fundamental for main-
taining brain function. Among the components of the ves-
sel system, the small vessels play an important role in
maintaining the function. Diseases that mainly involve
small vessels are known as cerebral small vessel disease
(SVD). SVD is a common disorder in elderly populations,
and contributes to dementia, gait disturbance and stroke.!
The concept of SVD changes our understanding of cere-
bral vascular disease in that the molecular pathogenesis of
SVD is different from that of large vessel disease, which
is mainly caused by arteriosclerosis. With advances in
molecular genetics, the genes that cause cerebral SVD
have been identified. Study findings have clearly shown
that SVD has a distinct molecular pathway that does not
involve large vessels. However, little is known about the
molecular basis of SVD.?
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we are still not sure which type of small vessel contributes
to the pathogenesis of cerebral SVD. Furthermore,
although a blood-brain barrier and perivascular drainage
of interstitial fluid from the brain parenchyma have been
proposed as a function in the small vessels in the brain,
the precise functions and involved components of small
vessels are not fully understood.** To understand cerebral
SVD, the function and precise structure of the small ves-
sels in the brain must be clarified. Capillaries and sur-
rounding astrocytes are unique, and play an important role
in the function of small vessels. However, previous studies
on cerebral small vessels have mainly focused on the arte-
rioles, which are larger than capillaries.'! The purpose of
the present review is to explain the heterogeneity of the
cerebral small vessel system, and the importance of mural
cells in the pathogenesis of cerebral SVD, based on the
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findings from studies about the molecular pathogenesis of
hereditary SVD.

Heterogeneity of small vessels

A characteristic feature of the brain arteries is that they
mainly lose their external elastic membrane.® This feature of
the cerebral arteries might contribute to the high frequency
of brain vessel aneurysms.® Among the small vessels in the
brain, there are at least three different types of vessels: pial
artery, arteriole and capillary.” The pial artery is composed
of the following cells and connective tissue layers (starting
from the luminal side): endothelial cells, basement mem-
brane, internal elastic membrane, smooth muscle cells, base-
ment membrane, leptomeningeal cells and connective tissue.”
These small arteries have anastomoses.® The anatomical dif-
ferences among these three vessels include the absence or
presence of the internal elastic membrane, smooth muscle
cells and perivascular space. The elastic membrane is absent
in the arterioles, and smooth muscle cells and the perivascu-
lar space are both absent in the capillaries.

There are two types of arterioles, according to their ana-
tomical position in the cerebrum. One is the superficial per-
forating artery arising from the pial artery (smaller than
large arteries), and the other is the deep perforating artery
arising from the anterior, middle and posterior cerebral
arteries (large arteries). Superficial perforating arteries are
further divided into four types by the depth of the vessels
from the cerebral surface. Two types of superficial perforat-
ing arteries irrigate the different layers in the cortex, and the
others irrigate the corticomedullary junction and white mat-
ter.>!% In the cortex, small arteries are more abundant than
in white matter, and make anastomoses.

The superficial perforating artery that branches into the
periventricular area and irrigates the white matter is known
as the medullary artery. The medullary artery is divided into
two types by its shape after penetrating the cortex. After
penetrating the cortex, one artery extends straightly through
the white matter and the other bends at a right angle at the
subcortical area to access the deep white matter. The arteries
make anastomoses around the ventricular wall.'' The super-
ficial perforating arteries coil, loop and spiral within wide
adventitial spaces at the corticomedullary junction; the func-
tion of these structures is unknown.'' These arteries have
thick adventitial sheaths and large perivascular spaces in the
white matter not in the cortex.'' Meanwhile, the deep perfo-
rating artery branches out directly from the large artery,
and most of the arteries reach the basal ganglia and thala-
mus.'? In addition, some of these arteries have a dual lepto-
meningeal cell layer, resulting in a relatively large
perivascular space.” This unique structure might appear as a
relatively large perivascular space on T2-weighted magnetic
resonance imaging (MRI).

Another important characteristic of the small vessels is
their regulation by the neuron.'®'* The pial artery is densely
innervated by the peripheral nervous system. In contrast,
small cortical arteries (arteriole or capillary) are innervated
by interneurons in the cortex or subcortical pathway neu-
rons. It is not known if these neuronal regulations also exist
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in small arteries in the subcortical area; however, the small
vessels in the white matter might be less tightly regulated by
the nervous system.

Diversities of capillaries

The most important function of capillaries in the small ves-
sel system is as a blood-brain barrier.* The non-fenestrated
endothelial cells and tight junction compose this system. The
endothelial cells are enveloped with pericytes and astrocyte
end-feet. This structure is sometimes called a neurovascular
unit; however, the contribution of the nervous system to
capillaries in the subcortical area is not clear.'® In the pres-
ent review, these components will be described as a capillary
unit, including capillaries, astrocytes and pericytes. In a cap-
illary unit, the endothelial cell plays several important roles
for barrier function: forming a tight junction, selective trans-
port system and endocytosis.*'> To maintain these charac-
teristic features, the endothelial cells in capillary express
several unique molecules, which are not observed in the
endothelial cells in arterioles; for example, claudin and oc-
cludin in tight junctions, glucose transporter | for selective
transportation and caveolin 1 for sclective transcytosis.* In
addition, a recent study showed extravasation of clots in the
capillary to the brain parenchyma by the endothelial cells,
suggesting that the function and characteristics of endothe-
lial cells in the capillary might be different from those in the
arteriole.'® Furthermore, it is not known if all the endothe-
lial cells in the central nervous system are identical regard-
less of their location. Endothelial cells are tightly associated
with pericytes, which are mural cells in the capillary, by
autocrine and paracrine signaling.'”"® If the characteristics
and function of pericytes vary according to their location,
the same might also be true for endothelial cells.'

In capillaries, smooth muscle cells are absent, and peri-
cytes cover some extent of the abluminal side of endothelial
cells. Compared with other species, the small vessels in the
human cortex are covered by a larger number of pericytes.?’
Recent findings show that pericytes play an important role
in maintaining the blood-brain barrier function.'>'720-2% 1
addition, a decrease in the number of pericytes causes neu-
rodegeneration through a non-ischemic or hypo-oxygenic
pathway.?* Pericytes are cells attached to the abluminal side
of endothelial cells in the capillary and covering the
basement membrane along with endothelial cells. There are
several molecular signatures that can distinguish most of the
pericytes form other cells; however, none of the single
molecular markers can distinguish all of the pericytes from
other brain cells.?>*' The lineage of the pericytes in the cen-
tral nervous system is different in each part of brain.'’-202
The embryonic sources of pericytes include neuroectoderm-
derived neural crest cells, which give rise to pericytes in the
forebrain, and mesoderm-derived mesenchymal stem cells,
which give rise to pericytes in the midbrain, brain stem and
spinal cord.

This complex is enveloped by astrocytes. Although the
contribution of the astrocytes to maintain the barrier func-
tion is not fully understood, the astrocytes might contribute
to the direction of the selective transportation between the
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luminal side and the brain parenchyma.’®?” The astrocyte
also has marked heterogeneities, including protoplasmic and
fibrous astrocytes.2%2-*! The protoplasmic astrocyte is pre-
dominantly found in the cortex, and has many branching
processes with end-feet that envelop the synapse and capil-
laries. Furthermore, some of the branches extend to the sur-
face of the cerebrum. In contrast, the fibrous astrocyte is
found in white matter, and has a few unbranched processes
with end-feet that envelop Ranvier nodes and capillaries.
Although the lineage differences of each astrocyte in the
cerebrum is still obscure, the astrocytes in the spinal cord
have a distinct lineage depending on the anatomical position
in the spinal cord.?®*?

Small arteries have marked anatomical and functional
diversities. Most prominently, small vessels in the cortex and
white matter are different in many aspects. The difference is
not simply explained by the difference of the circulation
dynamics or number of capillaries. The regulations by the
nervous system and the type of cells that compose the capil-
laries are fundamentally different between small vessels in
the cortex and white matter. These results indicate that
small vessels do not have a single architecture. We should to
pay more attention to the heterogeneities of cerebral small
vessels when we study the molecular pathogenesis of SVD.

Which type of small vessel is
responsible for the clinical features of
SVD?

MRI has shown several aspects of SVD, white matter hyper-
intensity, lacunar infarction, microbleeds, cortical subarach-
noid hemorrhage, cortical microinfarction and cortical
thinning.>* Among these features, which feature is mostly
responsible for the clinical symptoms of SVD? The most
prominent feature of SVD on MRI is white matter hyperin-
tensity (WMHI). Indeed, several hereditary SVD show dif-
fuse WMHI,; thus, there is no doubt that WMHI is a result
of small vessel alterations. The lower density of capillaries in
white matter might explain the vulnerability of the white
matter in SVD.'! As the medullary artery is severely affected
in sporadic SVD, Okeda et al. proposed the earthen pipe
hypothesis for the molecular pathogenesis of SVD.*** They
speculated that the hypoperfusion resulting from a loss of
autoregulation of small vessels contributes to the white mat-
ter pathology in SVD.

Although the autoregulation disturbance hypothesis might
explain a part of the molecular pathogenesis of white matter
injury, the loss of the smooth muscle cell layer cannot sim-
ply explain the entire feature of SVD. The pathological find-
ings of idiopathic basal ganglia calcification do not support
this hypothesis. Patients with idiopathic basal ganglia calcifi-
cation present massive calcifications in the perforating arte-
riole, specifically, in a portion of the media intima.**% In
the small vessels of patients with this disease, the contracting
property of the arteriole should be completely diminished.
However, WMHI is not an early finding in these patients.*~
4! The difference between this small vessel pathology and
the other SVD is that the affected area is calcified and
protected from the bloodstream. Therefore, an additional
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mechanism should exist to explain the molecular pathogene-
sis of WMHI. In addition, accumulating evidence shows
that WMHI is not strongly correlated with the clinical
symptoms in hereditary SVD.##® This feature markedly
precedes the onset of the neurological symptoms. Thus, the
significance of WMHI on development of clinical manifesta-
tions in SVD should be carefully assessed.*”*®

The capillary, which plays the most important role in the
small vessel system, could contribute to the clinical manifes-
tations in SVD.* Capillary alterations can cause cognitive
impairment and movement dysfunction through different
mechanisms: (i) dysfunction of the barrier function; (ii) dys-
regulation of microcirculation dependent on neuronal activ-
ity; and (iii) failure of interstitial fluid draining.'”>%>!
Previous studies have attempted to explain the selective vul-
nerability for white matter, as changes in the white matter
are mostly prominent in SVD. However, if WMHI is just a
consequence of the dysfunction of the small vessel system,
we might lose track of the true pathogenesis that contributes
to the neurological manifestations of SVD. Further studies
should focus on the alteration of the microcirculation sys-
tem, including the capillary and surrounding cells, to under-
stand the pathogenesis of SVD.

Which component of small vessels is
important for the pathogenesis of SVD?

The degeneration of the smooth muscle cells and the split-
ting of the internal elastic membrane are characteristic fea-
tures in sporadic and some hereditary small vessels. The
splitting of the internal elastic fiber might cause the transi-
tion of smooth muscle cells and their migration and prolifer-
ation to the media intima, not apoptosis.>> Furthermore, the
disturbance of elastic fiber by reducing the amounts of com-
ponent protein, elastin, does not cause SVD.>**% In con-
trast, patients with the mutation in actin, which is mainly
expressed in the smooth muscle cells, resemble those of spo-
radic SVD.>® Therefore, the degeneration of smooth muscle
cells might contribute to the pathogenesis of SVD.

However, the capillary, a functional small vessel, does not
have smooth muscle cells. The capillary has several unique
structures that distinguish it from other vessels and small
vessels in other organs. These unique structures might
explain why these disorders specifically affect the brain.
Thus, whether the components of the capillary unit are
important for pathogenesis of SVD will be addressed in the
present review.

One of the components of the cells in the capillary unit is
the pericyte. Pericytes are cells that share the basement
membrane with endothelial cells. However, the lack of
markers to identify pericytes makes it difficult to investigate
the involvement of these cells in the human brain.'>!72® The
involvement of pericytes in SVD is well characterized in dia-
betic retinopathy. In this disorder, pericyte apoptosis is an
early manifestation. The absence of pericytes is recognized
as a “pericyte ghost”, which represents the trace of the peri-
cyte as a space between the basement membrane.’” In con-
trast, in brain parenchyma, it would be difficult to recognize
these traces. Therefore, there is a limitation to recognizing
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pericyte alterations in the human brain. However, the
importance of pericytes for maintaining the neuron and the
blood-brain barrier has recently been recognized.'>'"* The
involvement of pericytes has been observed in patients and a
mouse model of cerebral autosomal-dominant arteriopathy
with subcortical infarcts and leukoencephalopathy, a heredi-
tary SVD,*™¥ or idiopathic basal ganglia calcifica-
tion. 22236390 Thys, it would be interesting to investigate
the contribution of pericytes in cerebral SVD.

The other unique component in the capillary unit is the
astrocyle. The morphology and molecular signature of as-
trocytes is different between those in the cortex and white
matter.?***3! Fibrous astrocytes are plentiful in the white
matter, and have cylindrical processes with dense glial fila-
ments stained with glial fibrillary acidic protein. Protoplas-
mic astrocytes are popular in the gray matter, and have
more irregular processes and few glial filaments. Protoplas-
mic astrocytes contact and sheathe synapses and blood ves-
sels. Therefore, there is a possibility that an alteration on a
specific type of astrocyte results in the vulnerability of spe-
cific areas in the brain. For example, the mutation of the
glial fibrillary acidic protein, which is a fundamental skeletal
protein in the astrocyte and more popular in the fibrous as-
trocytes than protoplasmic astrocytes, causes demyelination
in the white matter. Although in the patients with a muta-
tion in the GFAP gene, the astrocytes in white matter are
predominantly affected, the clinical manifestations of the
patients are quite different from the SVD. Thus, it might be
difficult to consider that the astrocyte takes a primary role
in the pathogenesis of SVD.

Finally, the perivascular space, known as the Virchow-
Robin space, is a unique structure in the small vessel sys-
tems in the brain. Several hypotheses for the significance of
the space between the adventia and parenchyma (glia limi-
tans) in the brain have been provided.®' One of the hypothe-
ses is that the space functions as a pathway for drainage of
fluid or proteins from the brain parenchyma. > Weller
et al. use the term, “protein elimination-failure angiopathy,”
for the disorder caused by the impairment of drainage path-
way by small vessels.® Cerebral amyloid angiopathy, which
predominantly involves the cortical and pial arteries, has
been considered part of the elimination failure disorders.’
The disease has been classified into two types depending on
the presence or absence of amyloid accumulation in capillar-
fes. "% In cerebral amyloid angiopathy, amyloid deposit in
the internal space of the mural cells results in the disappear-
ance of smooth muscle cells. In addition, WMHI is well
observed in patients with Alzheimer’s disease. Although the
elimination failure hypothesis is promising, more evidence
should be accumulated to prove that the perivascular space
functions as a drainage system in the brain.

Alteration of the signaling pathway
between the cell components of the
microcirculation system causes SVD

The identification of the gene responsible for hereditary
SVD provides the molecular pathway for SVD. Several
molecular mechanisms have been identified in SVD: (i) the
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alteration of structural proteins in the small vessel system;®
(i) accumulation of the abnormal proteins or dysfunctional
metabolism in the small vessel system;*%” and (iii) alter-
ation of the cell signaling pathway in the small vessel sys-
tem. The present review will focus on the contribution of
the cell signaling pathway on the pathogenesis of SVD.

We recently identified the causative genes for hereditary
SVD, cercbral autosomal recessive arteriopathy with subcor-
tical infarcts and leukoencephalopathy (CARASIL).%® Muta-
tions in the high-temperature requirement A (HTRA) serine
peptidase 1 (HTRAT) gene cause the disease. Disorganization
of the internal elastic membrane and loss of vascular smooth
muscle cells were observed in small cercbral arteries in
CARASIL.®’ These pathological findings resemble those
observed in patients with non-hereditary cerebral SVD.**
HTRA! has a serine protease activity, and decreases trans-
forming growth factor-p (TGF-P) family signaling.”” CARA-
SIL-associated mutant HTRAL show decreased protease
activity and fail to decrease TGF-{ family signaling.*®”" Fur-
thermore, the fibronectin containing extra type III domain A
and versican, which are induced by increased TGF-f signal-
ing, accumulate and TGF-B1 is increased in the media intima
of small cerebral arteries of patients with CARASIL.®®7!
These findings show that increased TGF-p signaling plays a
pivotal role in the pathogenesis of SVD in CARASIL.
HTRA! decreases TGF-f1 signaling by interfering with the
maturation of proTGF-f1 in the intracellular space. HTRA1
cleaves the pro-domain of proTGF-B1, and cleaved proTGF-
Bl is degraded.”’ Consequently, the amount of mature TGF-
Bl is reduced. The intracellular cleavage of proTGF-B1 is a
novel mechanism to regulate the amount of TGF-B1.7""7* The
relationship between the dysregulation of TGF-B signaling
and the loss of smooth muscle cells in small cerebral vessels
might show an emerging molecular mechanism for cerebral
SVD. TGF-$ is a well-known cytokine that is secreted from
endothelial cells, pericytes and astrocytes.'>!'” The receptors
for TGF-p are also expressed in these cells. Therefore, TGF-
signaling could affect autocrine or paracrine signaling.
Although it is still not clear in which cell HTRAI is
expressed, the endothelial cell is a possible candidate and reg-
ulates TGF-B signaling.”>"*

Another component of the cell signaling pathway, which
functions between endothelial cells and pericytes, is the
platelet-derived ~ growth  factor-§  (PDGFB).'>'"  The
decreased PDGFB or receptor for PDGFp decreases the
number of pericytes, and results in the dysfunction of the
blood-brain barrier accompanied with neurodegeneration.??~
24 Mutations in PDGFP or receptor for PRGFp cause idio-
pathic basal ganglia calcification.®*® Although the neuro-
pathological findings with these mutations have not been
reported, neuropathological findings in patients with idio-
pathic basal ganglia calcification showed calcium deposition
in pericytes.®® The mural cells have the capacity to transition
into several characteristic states. For example, smooth mus-
cle cells transition from the contracting type to the non-con-
tracting type as well as the osteogenic type, depending on
the balance of the signaling pathway.”*”> It would be inter-
esting to investigate the transition of pericytes to osteogenic
pericyte as a result of decreased PDGF-f signaling.
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Conclusion

Small cerebral vessels are a lost world in the brain architec-
ture. In the pharmacological field, the role of the small ves-
sels in the brain in relation to the function of the blood—
brain barrier and the molecules in the tight junction has
been investigated. Indeed, the tight junction plays an impor-
tant role in maintaining the barrier function; however,
recent advances in small vessel research show that selective
endocytosis in the capillary also plays an important role in
the barrier function.'> Furthermore, the capillary unit also
functions in the draining of interstitial fluid.” The fine regu-
lation of microcirculation in the cortex might also be impor-
tant to maintain brain function.'*'*' The pericytes,
astrocytes and neuronal regulation could take an important
role for these functions. To clarify the pathogenesis of SVD,
further research on the anatomical and functional heteroge-
neity in the small vessels and surrounding cells is required.
Furthermore, additional insight on how the cell signaling
pathway maintains the small vessel units will provide useful
information for the development of a new therapeutic strat-
egy to prevent the progression of SVD.
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