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The blood-brain barrier (BBB) segregates the circulating blood from interstitial fluid in the brain and restricts drug
permeability into the brain. Our latest studies have revealed that the BBB transporters play important physiological roles
in maintaining the brain environment. For an energy-storing system, the creatine transporter localized at the brain capil-
lary endothelial cells (BCECs) mediates the supply of creatine from the blood to the brain. The BBB is involved in the
brain-to-blood efflux transport of y-aminobutyric acid, and GAT2/BGT-1 mediates this transport process. BCECs also
express serotonin and norepinephrine transporters. Organic anion transporter 3 (OAT3) and ASCT?2 are localized at the
abluminal membrane of the BCECs. OATS3 is involved in the brain-to-blood efflux of a dopamine metabolite, a uremic
toxin, and thiopurine nucleobase analogues. ASCT?2 plays a role in L-isomer-selective aspartic acid efflux transport at the
BBB. Dehydroepiandrosterone sulfate and small neutral amino acids undergo brain-to-blood efflux transport mediated
by organic anion transporting polypeptide 2 and ATA2, respectively. The BBB transporters are regulated by various fac-
tors: ATA2 by osmolarity, taurine transporter by tumor necrosis factor-o, and L-cystine/L-glutamic acid exchange
transporter by oxidative stress. Clarifying the physiological roles of BBB transport systems should give important infor-
mation allowing the development of better central nervous system (CNS) drugs and improving our understanding of the
relationship between CNS disorders and BBB function.

Key words——blood-brain barrier; transporter; brain capillary endothelial cells; creatine; neurotransmitter; neuro-
modulator
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CK-B: brain-type cytoplasmic creatine kinase, CK-Mi: ubiquitous mitochondrial creatine kinase, P-creatine: phosphocreatine. Modified from Ohtsuki et al.,

Farmacia, 39, 1057-1061 (2003).
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Fig. 2. The Efflux Transporters at the BBB and Their Physiological Functions in the CNS

TM-BBB

Mouse brain

GAT1 GAT2 GAT3 GAT4 GAT1 GAT2 GAT3 GAT4
+ - + - + - + -

bP)RT+ - + - + - +

1018
506
344

Fig. 3. RT-PCR Analysis of GAT Isoforms in TM-BBB Cells and Mouse Brain
The + and — represent the presence or absence of reverse transcriptase, respectively. In TM-BBB cells, only GAT2/BGT-1 was amplified. Cited from Takana-

ga et al., J. Cereb. Blood Flow Metab., 21, 1232-1239 (2001).

2). IMEMNIZHFET % SERT O A4 BREEREIZ A T
& 5. Ganapathy 51, G O & i R) O AL =
ICSERT 3K H L TV Z L2 MEL TWnD, 2329
ol MNMEFINHEEZFF OO b= > 2R
e/ 5 SERT 241 L ThREAT % 2 & THREN O I

MRERFELTNDEBERLTWS. D £z, If/IMR
MO ENS 0 b U FMmEREEE EEET S
&S, O D VREEREKS DI &I
EHRETOIM@REZH< 2 & &S, Lo T,

MR 12 56319 % SERT MU E D+ 0



No. 11

=2 ZBRET B I & THGILIR Z#efr L TV 2 1lhg
HnEzensd (Fig. 2).

4. SERBVIANBIPIER ST 3 / BRBEHEE

A, WALEIIBWTD-7I JBOEHEEZD
ATEEEOBEEMENEH#INS LD ITk o7z, MIT
BWTIE, D- 7 28T F 13 NMDA ORijERA &
UTHEEL, £k, WRERIVES, BmERERSIE
‘/, AT RZRAF TR DR EDRIVES DS

BIZHEE A TN, — [ TL-TANTF >
M;u TIVE I R EFRERICHEEEY 2 VR TH
0,20D-TANTF LT Bz oHiEEZH L

TWa, bbb, MmEKBEIMIZL- 7 285 F
> PR 2 BRI HE T 2 TR IR B 7 P 6 22 3 75
HETBHZEEBEIEZHVWTHEL TS, 2D L-
T ZINTF UL, BNEBREIC K o THE ke
MEFIET 572D SRESNDBENDH 2,
D- 7 Z)NTF 2 EslZ NMDA OFilRik & U TIKIZ 3
FFXxhaobENHbHEEZ6N5. LiNo>T, L
RRIRAY 2 MBI FTHE IR 1T LR & DIk ZEN TN
DOEMEREE B L THD, IMNODL- ZKUD-7 &
INTF DR D ER D EFBERE D BB D > TnWd
EEZBNS.

TANTGF UBRINY I U EREE ST HHE
WY )BT > AR—%— (EAAT) OHT4A1
TULHBEY > B S N RSB L T s Z
EMHMEIN TN ® Larl, EAAT I L- KDY
D- VANTGF UEBOM S EEE LT 2720,2 bh

X, o NS AR—4—DRE%EEZ, TM-
BBB #ifid & F W L AR IRA 72 REM 7 28 5 F >
1% @ 1% D R AT 2 17 o 72,39 TM-BBB fifidi, L- 7
ZNTF B EEMICROADEEZGEL T
(Fig. 4). TM-BBB #ifid @ L AR AV 72865513 Nat
MO pH kEHETHO (Fig.4), L- 752 L-
UL THEEIND ZENHS M ERS
7230 ZOWER LT 2 Btk AT L ASC
E—HLTW5, P AFLASCOHyTHREELT
ASCT1 } O ASCT2 [AlE TN T 5, 332 FEKIC
7 7Y J1 A ST T)VYEEME FE B R & F W ASCT1
O ASCT2 Dk Fetk 2 st L7z fE R, W1 &
HIZTANTF U E LAEIRIICEZE L, £ Ol
%13 Nat KU pH (K7EH TH o 7=. TM-BBB il
21377 O mRNA FEH) K S 7253, ASCT2
@® mRNA FH 213 ASCT1 &L 6.7 25>

795
7
) A L-Asp,Na(+) &
o
®E 5
ES 4.
._g s ® L-Asp,Na(-) ©
e g 3 D-Asp,Na(+)
= "5_ |
8 =2
14
O' T T T T T T T T T T
01 23456 78 9101
Time (min)
7
B
61 ¢
ge 51 L-Asp,Na(+)
© C
3 47 * ¢
35
8 > 34 L-Asp,Na(-)
EE © o
=3 21 paspNa) © ¢
o 14 D-,Es Na(-) O
P, n n -
0 L) L L}
5 6 7 8 9
pH

Fig. 4. Na™*- (A) and pH-Dependence (B) of [3H]L-Asp and
[*H]p-Asp Uptake by TM-BBB Cells

[3H]L-Asp and [*H]p-Asp uptake was performed in the presence or ab-
sence of Na* (A), and at various pH conditions in the presence or absence
of Na* at 3min (B). Each point represents the mean +S.E. (n=3—4).
Solid lines indicate optimal fits of the initial uptake rates. Closed and open
circles represent [*H]L-Asp uptake in the presence and absence of Na*,
respectively. Closed and open squares represent [3H]Dp-Asp uptake in the
presence and absence of Na*, respectively. Na*- and pH-dependency was
observed only in L-Asp uptake. Cited from Tetsuka ef al., J. Neurochem.,
87, 891-901 (2003) .
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(Table 1). L7=21>7T, FAEMBEHOREFIZBN
T, 7% T > TOAT3 23 2 MBI 7R
ENDY CEBRPEHEESHEZES NS 2 &, REN
ZUSEEOMNERED 1 DOFEREICE > T &&
AHN5.

OAT3 IIMBEIFICBNWTHRENZY VEEOHEH7Z
TR RBEVETH 51 > RFEIIVFESHT
JlEJ5 % T & 5 6-mercaptopurine (6-MP) <% 6-thio-
guanine (6-TG) DOHEHICEEGL TWB Z L& b
DIUTHA SN L7249 A > RE D IVERRITE A
ERFITARNICERT 5. IMEEMBPEHEXEIT 1 > B
DOVERIE DRGN DT MG L, #Eh S Pz
HLTWsEEZSNS (Fig. 2). 6-MP % 6-TG
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Table 1. Effect of Various Compounds on [*H]HVA Uptake
by Rat OAT3

Inhibitors oS | % of control?
Control 9 100£19
Control? 9 100+17
Metabolites of monoamine neurotransmitters
3,4-Dihydroxyphenylacetic acid 6 50.7+25.6**
Vanillylmandelic acid 6 53.5+21.4*
3,4-Dihydroxymandelic acid 6 62.7+24.7
4-Hydroxy-3-methoxyphenylglycol 8 49.3+34.5%*
5-Hydroxyindoleacetic acid 8 40.5+30.0**
5-Methoxytryptophol 7 24.7+19.4%*
Imidazole-4-acetic acid 6 47.6£24.1*%*
1-Methyl-4-imidazolic acid 7 48.6+35.7**
Monoamine neurotransmitters
Dopamine? 7 106 +34
Norepinephrine? 7 106 +36
Serotonin® 8 113+19
Histamine? 6 102428
Others
Octanoic acid 5 10.6+18.5%*

The [PH]JHVA uptake (200 nm) study was performed at 1h in the
presence or absence of inhibitors. Rat OAT3-mediated transport was ob-
tained by subtracting the transport rate in water-injected oocytes from that
in rat OAT3 cRNA-injected oocytes. All inhibitors were used at a concen-
tration of 1 mm. @) Each value represents the mean+S.D. (percent of
control). b)) The [3H]HVA uptake was investigated using ND96 solution
containing 100 um ascorbic acid, 100 um pargyline and 10 um U0521 to
avoid oxidation and metabolism. * p<(0.05, significantly different from
control. ** p<{0.01, significantly different from control. Cited from Mori
et al., J. Cereb. Blood Flow Metab., 23, 432-440 (2003) .

WT 6-MP D70 & it Hr~ D HE H i 73 if o
5 I D BERS 6253 D 20 (55 T E A S h
T3, 5D L7=At5 T OAT3 1% 6-MP %X 6-TG
Pk 1B 5 2 & T, NS EYOMBITIED
HRIC K E I &kE 2R =L Tnwsd (Fig.2). Dk
DX DT, MIEMBIFTIC BT OAT3 13 Mk 15
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WL TWL ZENEYOIKEMERO M THEET
H5.
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AIEICREL TWS ZEZRELTNDS D X5
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%, I EE P9 Tl oatp2 LASKT oatp3 <> oatpl4,
b MZBWNTIZ OATP-A ORI & /ENHRE SN
THD,7) FHRIERIVE > ORBITNDOBE 5 H
RIEINTNS. O LiNoT, %0741 7/
DOFEBPCIMANRAED R, £ U THBIM A~ DR
5@ HEgMIKBIMIC 31T % oatp 7 7 2 U — DHRE
ZHfET D ETHETH S.

7 BEESATAAR, -7 I, L-F
Oy, ZUT 2R EQ/NEHREY 2 ) LT
%. 7V i3 NMDA RO HIIE T & U T
HEL, L- 70O > % NMDA Z &KL AMPA &
WIZEHT 5. X512, WMWY 2 RIS TE
HR & U THREREL, HEOMETERBEIC
KO T AT LA OHEENFEIND Z ENWIE
INTND. N 25 A A DSKE M 5 AR i
DA I FAES 5 2 &, HEES v MBI
1527 S i = A 1L 65 PAY R e oD o AR e e N e 2
WD AAERICE > TRBIN TN, 269
bibiud, BEIFEZHWL- Oy > r 1) >
PR IGBI T 2 /- U T S i ENd Z & % in
vivo T/RUT=. % & 512, BRBIF/INEIHR Y 2/ B;
i1k D5 T HME & RAFRIATE L NI/ I
Al (TR-BBB) Z M W#EHT 217 > 7245 R, TR-
BBB fifidiZ L- 7Oy > AR DADEEEEL, £
DD AAEMEIZ Nat (KREFERTH D, 7 I /I
FBMHEMRII I ATLAE-H L VAT A
A @4 T %k & L T ATAL ( GInT; SATI;
SLC38A1), ATA2 (SAT2; SAl; SLC38A2), ATA3
(SLC38A4) M[IE I 1T 5. 5% TR-BBB fffificl
W RTOY T &A1 TOFRENED 5N,
ATA2 @ mRNA ¥ Hl13 ATAL, ATA3 &bz L T
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TNEN93ME, 2140 f5EhoTz. TNH DFERIZ,
ATA2 23BEM D > 2 5 4 A HEHi R & U THERE L
TWBbZ EZRBLTWS (Fig.2). F£/-, TR-
BBB #iii ® ATA2 mRNA 3 & 2 2 5 A A Bk
EHIERBEUHIC L > THEI N ZORE
13, MEAKBEMI D > 2 5 4 A ik R E P O F 5
JEIZE o THIFZZITTNWBE I EZ2RELTND,
HHR DS E A GIIFIE DRI & 722 2 &5,
N DR Z 1 D MERFI AR BRBE DHERE & W S BLAD
SCHEHETHS., LAaNoT, BELEICTKSMEIM
ATA2 OFEE S HEBEDHITENE, 4PN DR % E Hil 4 K
OB I N M O fa S B Ol 2175 2 &
THKEREE & MUBIFIRSRE DAfERFICBID > TV B EE X
55,

7. RERAPTEER O FIE D FHE

MEAKBE P E R A THARAERFRA I S XA T 4 &
U CHIRBRBE 2 MERF - I 57201218, R HE
BRI DARAE & XS 5 (K112 K > Tk R A il i
INZLENRDH D, B, TRIVF—HERTHS
GLUT1 % MCT1 O Ifi#&kHixdBEM T D FEH Ao 25 IR A&
WCEO>TEET DI ENHESINTNS. 4D £z,
RO XSmO ATA2 1I3RBIEICL S
THilE 22T %, % BIfE, R4BIM#R%ERICBED 55
T OMINHET L TWBA, TOXIE, T8 5L
53 O I E RS D fEBA AT AXIZ BV 2 ik 4BE T
A PRHERE & PR & OB E 2 FRE T S L TRET
H5.

ZoY IMNICEEICERETS LTI BT
HY, FHRITBWTRELSE, PRbEaemE,
ROGEERIR EOHEERZ R L TS, 070 7 Ui
I8 PN R D WA 2SI 2 A W 7= Rt C, i
B 11757 PN R A e 0D I B TN e B DT 5 1 & )
CERERDEEL TWD T ENMEIN TS, P
ZDFTY VEERIE, WADF T O EHK
NI LRIV OHEFRIZBED > TWa EZEZ 6N
%, bhbiud, ¥V > OWEETH 225 HIH
EHRR LRI E LIBT3 2 5 U i
2% O il 2 f#Hr L 7z. 7 TR-BBB flfildic BTy ™
J>hS52AR—%— (TAUT) ® mRNA K&
HOFBEMMEI NG, Lan> T, migkEmM o
&) kI TAUT 238> T b Z EAURE
INz. 51T, @EEAMIZE > T TR-BBB ffifd
D&Y D AARIEN E TAUT mRNA %3 0OF

B sz (Fig. 5). ZOfERIE, ATA2 &
[ TAUT 24t U 7= KBIFT 2 & U 2 gk i3 X
BEEHEICED > TWD T EE2RB LTINS,
&) FEEMEMREECERIA A L XIS
U CHRREIER ZREL, 3512, MR
IR POREN EA TSI EMMEIN TN
%.74770 2 2T, bbb UMK EIT X 2 KB
&) ZEEDHIESKAN DO ) > L RV E
LTWaEEZ, BEICHEETSRHT L L T TNF-
a, LPS & diethyl maleate (DEM) DMEIF4 w1

150 4 A iy

100 4
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Fig. 5. Treatment Time-Course of the Effect of TNF-«, Un-
labelled Taurine Pretreatment (A) or Hypertonic Condi-
tions (B) on [3H]Taurine Uptake by TR-BBB Cells

(A) 20 ng/ml TNF-« (closed circle) or 50 mm taurine (open circle) was
preincubated for the time period in the figure. (B) The [3H] taurine uptake
was measured for 5 min in TR-BBB13 cells, exposed for the indicated period

to an isotonic (280 mOsm/kg) medium (open circle) or hypertonic (380

mOsm/kg) medium (closed circle) obtained by adding 100 mm raffinose.

Each point represents the mean +S.E. (n=3—4). p<0.05, *p<0.01, **p

<0.001, significantly different from time=0 or isotonic conditions. Cited

form Kang et al., J. Neurochem., 83, 11881195 (2002) .
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ERICHT AR EREF LY NS DORTFD
5% TNF-a 12k > T TR-BBB fifad & ™7 1) > EL D
AABWEPEE TAUT mRNA JH#FE I N/~ (Fig.
5). TNF-o {3 H )z i 5o S5 1 i B 25 12 K > TR
ICHEEIND, Lo T, MKEMSY DU >k
1%, MREEISHR LT INF-a il k> TIN5
EEZEASND, AT N R AL o #1482 A
Z F W2 AT TR 5 D& U 2 LD A IR E
EHEIN S XD B 2HBERNZENFEIN TN
5.7 Lie->7T, 58, TAUT ORBHEIZE -
T, B, MigMlES S0y Y s vE A il
INBHENEHSNTT ST &N, MR BT
%4 ) VRGO RE 2 RS 5 - DITET
H5.

bibiit, DEM ALEIZ & - TIMEKEEIMIZH
27 X BRI AT LAX DpEINS L%
BHSMZ LT £/2, ZDiAEICIE, 4F2he &4
BRERRT DI ETIATAL R ELTHAET S
xCT DREBFEZHESTND I EZRLE® PR
FAX NI L- P AF > EL-TIVY I Ol
ERTHD. L-PAFOBTMTHSL- VAT
1 > ORI\ DRIRNI T IV T FF > A B R OB
D1 DTH2. PN FA B TIV—FDAH
b, BEEALYIoRk < IR B E D S ML 2 B9 5
Heez2H L TCH 0,80 DEM IZMIRANZ IVY FF >
BRZITDHIETHIMA N L AZFHRLT S, L
=Moo T, MEKBEM BT 5 xCT OFEIIINN
INWETFF8%E EREE, B{ELARNLZARENDS
HIKESREZ (R L TWB I EnEZ NS, DLED
TAUT % xCT Ol BT 2 T OFE RN S, 4
BA Pk D HilH O AR FEEERED 1 DIS K D frd 28
BN DIRETH D EEZBNS.

8. BHYIC

MBI D gk 7y TS 2 BfE 2 2 SidH i
EBNEEDHFIC LD THERIETHS. Lnl,
MEAMEA PR RE I BT 2 Wik, = DEFERE
DO—ETULNT ERWN, ABMTHRRTELLDIT,
DIVOIUT 4B 2 HHE 2 rPAKBREE OHEdF 1T B
BRI ATLELTOBENSHNTZIT o MR, N
ERI 08, D i 125 KA 0 2 OD AT R A & W o 7= I R i
B OMRED H 22— ZBH S MNITT 5 2 EMTE
fo. IHIT, INSORERIT, HICHNEEDE O
EROMRIHIZE EE ST, Hiizre Wil 5 O R

IZDRAD, &SI HEAKBEEFT O fa ik HAS & AR
BOEHEEZRKRT DREREB O, DT LM
5, %, MMM AT BEZED S 51T
2 < O OWTEH EHAN 2 RAT 2 BEN D 5 HK
FOMBHAEBICB T 2 HEFEREEASND.
D& D12 ET3 % 73 B LB S ORI, I4BIFTHE
REICREI 2R ZREIE, ZLT, ¥k MAD
YL D FEL & PARIEEN I DPIFEIC R E <HBT
EDHTHAD.

BE AW, ALK FRFRREEEIERNC
BWTIT>72bDTHO, KihdHizizMh\WTHeE,
THisEA G D £ U2 SFIREth g, Mo —BuRic
LMWL ET. £, AMRITBNTIHRE,
hEZELzEEOEAE L, T HTLzL
T2 < OHR[FAFFRH LFFEEDERRITO K D EFLH
U LBIFEd. £k, RO HARZMIRE S
BlEmsesith4, bR &AEMENEME, HERY
IRELEAE, SEUE(L2ETER, ol — -
Bl DA FE R pE S H AR ZE B B R 2 DB I K O 1T
OLDNHDOTHD, ZZITEHDOEEERLET.
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