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sheep revealed that a saturable mechanisim is responsible for
the uptake of T, through the choroid plexus from blood side
to the cerebrospinal fluid (28). Apparent Km value with
respect to the concentration in the injectate was 11 M. How-
ever, taking into consideration the dilution factor after the
injection, the corrected Km value was to be 1.6 uM, compa-
rable with that determined in this study for the uptake by the
cerebral cortex across the BBB. mOatp14 may play a role in
the uptake of T, at the basolateral side of the choroid plexus
epithelial cells.

The present study highlights the importance of membrane
transporters, especially Qatpl4, for the brain uptake of Ty
across the BBB. In addition to the BBB and blood-cerebro-
spinal fluid barrier, transporters will play an important role
in the disposition of thyroid hormones in the central nervous
system. Carrier-mediated uptake of T, and Tj has been re-
ported in primary cultured neuronal cells (29). Although the
transporter uptake by brain parenchymal cells has not been
identified, there are some likely candidate transporters.
OATP-E, another Qatp/ OATP isoform, is known to accept
thyroid hormones as substrates (30) and is expressed in the
brain (30). In addition to Oatp/OATP isoforms, MCT8 has
been identified as a thyroid hormone transporter (17). MCT8
is expressed weakly in the brain but most abundantly in the
Jiver (17). Recently Dumitrescu et al. (31) reported that mu-
tations in the MCT8 gene are associated with thyroid hor-
monal and neurological abnormalities in humans, although
whether these are due to the functional loss of MCT8 in the
central nervous system remains to be elucidated. Further
studies are necessary to determine the roles of transporters
in regulating the disposition of thyroid hormones in the
central nervous system.

Thyroid hormones are activated/inactivated by deiodi-
nases in the brain. Of three subtypes, types 2 and 3 deiodi-
nases are expressed in the brain. Type 2 deiodinase is re-
sponsible for the conversion T, to Ts whereas type 3
deiodinase inactivates thyroid hormone by converting T, to
1T,, and T; to T, (32, 33). In the brain, type 2 deiodinase has
been shown to be predominantly expressed in the nonneu-
ronal cells and glial cells, such as tanycytes and astrocytes
(32), whereas type 3 deiodinase is expressed in the neurons
(33). Therefore, it can be hypothesized that T is transported
into the brain via the BBB by specific transport systems
followed by activation to Ts mainly in nonneuronal and glial
cells. Thereafter, T5, produced by nonneuronal and glial cells,
is taken up by neuronal cells to exert its action via the nuclear
receptors followed by inactivation by type 3 deiodinase.
Membrane transport processes in nonneuronal and glial cells
and neurons will play an important role in regulating the
effect of thyroid hormones in the central nervous system
together with deiodinases.

In conclusion, taurocholate-sensitive transporters play a
predominant role in the uptake of T, across the BBB. It is
suggested that mOatp14 accounts for E-sul inhibitable frac-
tion, at least partly, and the E-sul-insensitive fraction is ac-
counted for by unknown transporters. In addition to the BBB,
Oatpl4 may also play a role in the uptake of T, in the choroid
plexus.
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Abstract

The choroid plexus (CP), located in the lateral, third and fourth ventricles, is the site of elimination ol xenobiotics and
endogenous waste from the cerebrospinal fluid (CSF) together with convective flow associated with CSF turnover. Active
elflux transport systems, as well as metabolic enzymes i the choroid plexus epithelial cells (CPE), which form a tight
monolayer, play a protective role by facilitating the elimination of xenobiotics including drugs and endogenous waste from the
CSF 1o prevent their accumulation in the central nervous system. Excep! in the case of lipophilic cationic and neutral
compounds, uptake and efllux transporters carry out the vectorial transport across the cell monolayer to wansfer their common
substrates efficiently from the CSF to the blood side. Many published studies have given us some insights into the uptake
mechanisms for organic compounds at the brush border side of the CP. Organic anion transporlers, such as Oatp3 and Oat3, play
a major role in the uptake of amphipathic and hydrophilic organic anions, respectively, at the brush border surface of the CPE,
while the organic cation transporters, Oct2 and/or Oct3, have been suggested to be involved in the uptake of hydrophilic organic
cations. In contrast, the molecular characteristics of basolateral transporters have not been fully elucidated. Mrpl is involved in
the excretion of etoposide at the basolateral membrane of the CPE, but its contribution to the excretion of organic anions,
especially amphipathic conjugated metabolites, remains controversial. The present manuscript summarizes the efflux transport
mechanisms at the choroid plexus and focuses on the molecular characteristics of these transporters.
© 2004 Published by Elsevier B.V.

Kevwords: Efflux transport: Organic anion: Organic cation; OCT; OAT; OATP; MRP

Abbreviations: ABC, ATP-binding cassette: BBB. blood-brain barrier; BCSFB. blood—cerebrospinal fluid barrier; BLM. basolateral
membrane; BBM. brush border membrane; CP. choroid plexus; CPE, choroid plexus epithelial cells; OAT, orgamic anion transporter:
OCT, organic cation transporter; OATP, organic anion-transporting polypeptide; PEPT, peptide transporter; MRP, multidrug resistance-
associated protein; P-gp, P-glycoprotein; i.c.v., intracerebroventricular; E2173G, 17p-estradiol-D-173 glucuronide; FCCP, carbonyl-
cyanide p-trifluoromethoxyphenylhydrazone; NMN, N-methylnicotineamide, PAH, p-aminohippurate; PGE2, prostaglandin E2; TEA,
tetaraethylammonium.
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1. Introduction

The choroid plexus (CP) is a leaf-like, highly
vascularized organ that protrudes into the ventricles. It
secretes the cerebrospinal fluid (CSF) which fills the
ventricular system and the subarachnoideal space, and
circulates around the brain and spinal cord before it is
reabsorbed into the blood circulation primarily by the
arachnoid villi [1,2]). The CSF maintains the working
environment of the brain by providing buoyancy to
protect the brain and by acting as a buffer reservoir or
as a source of necessary osmolytes. The CP consists
of fencstrated capillaries surrounded by a tight
monolayer of epithelial cells. The choroid plexus
epithelial cells (CPE) are polarized to form brush
border (BBM) and basolateral (BLM) membranes

facing towards the CSF and plasma, respectively. Due
to fenestrated capillaries in the CP, compounds in the
blood have free access to the BLM of the CPE;
however, tightly sealed cell junctions between the
epithelial cells prevent free exchange of compounds
between the blood and CSF, and provide a barrier
function between the CSF and the blood circulation
(blood-CSF barrier). In addition, the CPE has
detoxification systems, including metabolic enzymes
and efflux transport systems, to facilitate the elimi-
nation of xenobiotics and endogenous wastes from the
CSF to the circulating blood. This, together with the
blood—brain brain barrier formed by brain capillary
endothelial cells, prevents their accumulation in the
central nervous system [3-8]. Drugs acting in the
central nervous system have to overcome these

Notes to Table 1:

Tissue distribution: k. kidney: li, liver: Ju, lung; b, brain; si, small intestine; t, testis; r. retina; pl, placenta; m, muscle; bl, bladder: e, eye; cp,
choroid plexus; h, heart; sp. spleen; tg, thyroid gland; ag. adrenal gland; be, brain capillary; Membrane localization: AM, abluminal membrane;
LM, luminal membrane; SM, sinusoidal membrane; CM, canalicular membrane; BLM, basolateral membrane; BBM, brush border membrane;

OA, organic anion,
" Controversial.
| : 1 x A 3 5 i
" Localization of the chimeric protein (rOct2-GIP),
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Drug transporters potentially involved in the efflux transpont across the CP
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Nime Specics

Locus ID

Gene symbol

Tissue distribution

Membrane localization

Transporl mechanism

Facilitare, secondaryvitertion: active iransporier oraanic anion-transporting pohypeptide (Quip/OATP) fomily

Outp2 rat
Qutp3 rat
OATP A human
Oatp9/moat] rat
OATP B human
Oatpl2 rat
OATP E human

Oatpl4/BSAT]  rat
OATP-F human

170698

80900
6579
140860
11309
171144
28231
R4511
53919

Slealad/OQarplad

SlealaS/Oalplas
SLCOIA2IOATPIA2
Slea2h] Oap2bl
SLCO2B1/0ATP2BI
Sleodal /Oatpdal
SLO4A]/OATP4A)
Sleolel/Qatplel
SLCOICIHOATPICI

Organic anion iransporter (Qui/OAT) family

Qatl rat
OATI human
Qat2/NLT rat
OAT2 human
Oat3/Roct mouse
Oat3 rat
OAT3 human

29509
9356

89776
10864
19879
83500

9376

Sle22a6
SLC2246
Sle22a7
SLC2247
Sle22a8
Sle22al

SLC2248

Orgunic: cation transporier (Oct/OCT) fumih

Oct2 rat
oCT2 human
Oct13 rat
OCT3 hunum
Octn/OCTN family
Ocinl rat
OCTNI human
Octn2/CTI rat
OCTN2 human

Peptide iransporier
PEPT2 rat
PERT2 human

19503
6582
20504
6581

19503
(G582
20504
6581

60577
65065

ABC trunsporier P-gleopretein

Mdrla

mouse
Mdrlb mouse
MDR 1 human

18671

18669

5243

Sle22u2
SLC2242
Sle22a3
SLC2243

Sle22a2
SLC2242
Sle22u3

SLC2243

SlelSa2

SLCIS5A2

Abhchla

Abchlh

ABCB]

Mudiidrug resistunce-associated protein (Mrp/MRP) Jamily

Mm | mouse
Mipl rat

MRPI human
Mrp4 mouse
MRP4 human
MmS5 mouse
MRPS human

17250
24565
4363

229373

10257
27416
10057

Ahcel
Abcel
ABCC!
Abced
ABCCY
Abces
ABCCS

I, b.r,ep

k. r b o sicep”
b, Tow: k, Ti. Ju. t
ubiguitously
ubiquitously
ubiquitously
ubiquitously

b. cp

b. t

k, ep

k

li, k (femuale), ¢p
li. k

k

litmale). k, b. ¢, cp

k

k, b. cp

k (distal tbul)
ubiguitously
ubiguitously

N, sic by ko, pl
ubiquitously
ubiquitously
ubiquitously

k, b, lu, sp
k

gy Tl Bl 1

pl (during pregnancy),
ag. k, h
b, I, k, si

b, cp

Ju, sp, tg, t, bl, ag
ND

ubiquitously

ND

ubiquitously

SMuli). LM/AM{he).
BLMicp)

BBM

LM/AM(be)

SM(li), BBM(si)
ND

ND
LM/AM(be)
ND

BLM(k)

BLM

SM(li), BBM(k)
BLM(k)

ND

BLM(k). AM(bc),
BBM(cp)

BLM

BLM(k), BBM(cp)"
BLM

ND

ND

ND
ND
ND
ND

BBM
ND

CM(1i), BBM(si, k).
LM(bc)
CM(11), BBM(k)

CM(Ii). BBM(si),
LM(be)

BLM(cp)
ND

ND
BBM(k)
ND

ND

ND

ND
ND
ND
ND
ND
ND
ND
ND

OA/dicarboxylate antiport
ND
ND
ND
ND
OA/dicarboxylate antiport

OA/dicarboxylate antiport

facilitative
facilitative
facibtative
facilitative

H™ antiport

Na™ symport

H* symport
H* symport

primary active
primary active

primary active

primary active
primary active
primary active
primary active
primary active
primary active
primary active
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barriers to achicve clinically significant concentra-
tions in the central nervous system.

The efflux transport of organic compounds across
the cell monolayer is characterized by vectorial
transport, which plays a major role in the hepatobili-
ary transport and urinary sccretion of organic anions
and hydrophilic organic cations. Recently, a number
of transporters have been cloned and their functional
characterization has been carried out [6,9-15]. This
has allowed the elucidation of the molecular charac-
teristics of the efflux transport systems expressed at
the CP as summarized in Table 1. The primary
purpose of the present manuscript is to illustrate the

efflux transport systems for organic anions and cations
in the CP.

2. Pharmacokinetic quantification of efflux
transport from the CSF

A sequential determination of the CSF concen-
tration after intracerebroventricular (i.c.v.) adminis-
tration (Cegr) allows us to determine the elimination
rate constant (k.) as described by the following
differential equation,

dCesr
dr

= — ksCesr = — CLesr/VacsrCosr (1)
where CLegr represents the elimination clearance
from the CSF. The time profile of the drug concen-
tration in the CSF is affected not only by the
elimination clearance, but also by the distribution
volume in the ventricles (Fycsg). The Clesr is
experimentally obtained from the elimination rate
constant (k.) and distribution volume (V4.csr). Va.csr
can be calculated using the amount of drug injected
into the ventricles and the initial CSF concentration
extrapolated to time 0 assuming rapid equilibrium of
distribution in the ventricles.

The CLcsr represents the sum of the elimination
clearance of three different elimination routes from the
CSF, i.e. (1) bulk flow rate, (2) active efflux through
the CP and (3) diffusion into the brain parenchyma
through the ependyma surface followed by efflux
across the brain capillaries and/or metabolism. Suzuki
et al. [17] introduced a spatially distributed model,
which was initially developed by Collins and Dedrick
[16]), to handle each elimination process quantita-

1 !
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tively. Based on this model, the CL¢gr can be
expressed by the following cquation,

CLC'SF = Q('SF + \/ A;—?DIPSCH' Vir + Psul'i'.cp

where Oy is the bulk flow rate, 4, is the ependymal
surface area, D, is the apparent diffusion constant for
the ligand in the brain extracellular fluid, ¥y, is the
volume of distribution in the brain. defined as the
brain concentration divided by the concentration in
the brain extracellular fluid, and PS.y and PSycp are
the PS products for the efflux of ligand across the
brain capillaries and CP, respectively. The second and
third terms represent the elimination via the brain
parenchyma and the CP, respectively. The efflux
clearance across the brain capillaries (PS.y) can be
evaluated in separate experiments, such as in vivo
microdialysis and the brain efflux index method
[18,19). The details of these experimental methods
are given in Ref. [19]. Ogawa et al. [20] applied this
model to analyze the elimination of a p-lactam
antibiotic, benzylpenicillin, from the CSF. According
to this analysis, the efflux transport through the CP
accounted for the major part of the total elimination
clearance (64%), while the remainder is accounted for
by the CSF convective flow (12%) and elimination
via the brain parenchyma followed by the efflux
across the brain capillaries (24%).

(2)

3. Molecular characteristics of drug transporters

In this section, the molecular characteristics of the
uptake transporters, such as Oatp/OATP, Oat/OAT,
Oct/OCT and PEPT are described, as well as the ABC
transporters, such as Mrp/MRP and P-glycoprotein.
The prefixes m, r and h represent different species, i.e.
mice, rats and humans, in the following text.

3.1. Organic anion-transporting polvpeptide (Oatp/
OATP,; SLCO)

The organic anion-transporting polypeptides
(referred to as QOatp in rodents and OATP in humans)
belong to the growing gene family of organic anion/
prostaglandin transporters that mediate sodium-inde-
pendent transport of numerous endogenous and xeno-
biotic amphipathic compounds. They are classified

0
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within the gene superfamily of solute carriers (SLC)
as the SLCO gene family (Human Gene Nomenclature
Committec DataBase). Fourtcen members of the
Outp!OATP family have been identified in rodents
and humans [12]. Review articles of the Oatp/OATP
family are available in Refs. [12,21,22].

In the CP, rOatpl (Slcolal, Oatplal) was initially
identified along the brush border membrane (BBM)
of the CPE [23]. However, recent publications have
revealed that 1Oatp3 (Slcolas, Oatpla5), and not
rOatpl, is the most abundant isoform in the CP [24-
26] where it is localized to the BBM [25]. Due to the
high degree of homology between rOatpl and
rOatp3, this discrepancy is presumably due to the
cross-reaction of probes. Among rat isoforms, rOatp2
(Slcola4, Oatplad) has been identified at the BLM
of the CPE [27]. In addition, the expression of
rOatp9 (Slco2bl, Oatp2bl), rOatpl2 (Slcodal,
Oatp4al) and rOatpl4 (Sicolcl, Oatplcl) has been
reported, but the expression of Oatp4d (Slcolb2,
Oatplb2), Oatp5 (Sicola6, Oatplab) and Oat-K1/
Oat-K2 (Slcola3, Oatpla3) was below the detection
limit [26,28]. According to the quantification by
Choudhuri [26], the mRNA expression of rQatp9,
rOatp12 and rOatp2 in the rat CP is much lower than
that of rOatp3.

rOatp3 was isolated from the rat retina cDNA
library using homology cloning [29]. The cDNA
encodes a 670-amino-acid protein of approximately
80 kDa with 12 putative transmembrane domains. The
tissue distribution of rOatp3 is still under discussion.
Northern blot analysis using the 3' non-coding region
as a probe revealed its expression in the kidney [29].
However, subsequent analyses using the RNase
protection assay revealed its expression in the brain,
small intestine, lung and retina [30], but not in the
kidney and liver. Li et al. [31] quantified the Oatp3
mMRNA expression using the branched DNA signal
amplification method. An abundant Oatp3 expression
was found in the lung, cerebellum and female cerebral
cortex and, to a lesser extent, in the intestine.
Functional expression studies of rOatp3 revealed its
broad substrate specificity including amphipathic
organic anions, such as bile acids, E217pG, estrone
sulfate, dehydroepiandrosterone sulfate, and thyroid
hormones [24,25,29,32]. In Xenopus laevis oocytes,
the K,, values of estrone sulfate, dehydroepiandros-
terone sulfate and estrone sulfate for rOatp3 were

greater than those for rOatpl and rOatp2 [32],
whereas they were similar to those for rQatpl when
they are expressed in LLC-PK] cells [25].

rOatp2 was isolated from the rat brain and retina
cDNA library using homology cloning [29,33]. The
cDNA cncodes a 661-amino-acid protein with an
apparent molecular mass of 92 kDa [34]. Its substrate
specificity 1s similar to rOatp] and rOatp3 [32], but
cardiac glycosides, such as ouabain and digoxin, show
a higher affimity for rOatp2 [32,33]. In addition,
rOatp2 accepts bulky organic cations, such as N-(4,4-
azo-n-pentyl)-2-deoxyajmalinium. N-methyl-quini-
dine, N-methyl-quinine and rocuronium, as well as
anionic peptides, such as BQ-123, [D-Pen2,D-
PenSJenkephalin and deltorphin 11 [35,36]. Bi-direc-
tional transport by rOatp2 has been shown by Li et al.
[37]). They demonstrated that taurocholate uptake by
rOatp2-expressed oocytes was increased in the pres-
ence of an outward concentration gradient of taur-
ocholate and glutathione conjugates. Thus, rOatp2 at
the BLM of the CP may be involved in the excretion
of organic anions, as well as uptake from the
circulating blood.

OATP-A (SLCQOIA2, OATP1A2) is the human
isoform which exhibits the highest homology with
rOatp2 and rOatp3 [12,38]. Its cDNA is abundantly
expressed in the brain and, to a lesser extent, in the
lung, liver, kidney and testis [39,40). 1t is ubiqui-
tously distributed in the brain, although its expression
in the CP remains unknown [41]. Functional expres-
sion studies of OATP-A show its broad substrate
specificity, including ouabain (cardiac glycoside).
type Il organic cations, such as N-(4,4-azo-n-pen-
tyl)-21-ajmalinium, N-methylquinine and N-methyl-
quinidine, as well as amphipathic organic anions
[35,38,40].

rOatp9 is a rodent ortholog of hOATP-B
(SLCO2B1, OATP2BI). rOatp9 and hOATP-B are
ubiquitously expressed in the body [42—44]. Northem
blot and in situ hybridization analyses of rat brain
further indicated that Oatp9 mRNA is widely dis-
tributed in the neuronal cells of the central nervous
system, especially in the hippocampus and cerebel-
lum, but the expression in the CP was below the
detection limit in this analysis [42]. hOATP-B has
been shown to be localized to the sinusoidal mem-
brane in the liver and the BBM of intestinal epithelial
cells [44,45). The substrates of rOatp9 include
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prostaglandins (PGE., PGD5 and PGE,). leukotrienc
C; and thromboxan Bs, while the substrates of
hOATP-B include bromosulfophtalein, estronc sul-
fate, dchydroepiandrosteronc sulfate and pravastatin
[43-45].

rOatpl2 is a rodent ortholog of hOATP-E
(SLCO4A4], OATP4A1). The tissue distribution of
hOATP-E is ubiquitous [46]. Triiodothyronine (T3) is
the only substrate of rOatp12 which has been reported
[46], while the substrates of hOATP-E include T3,
thyroxine (T4), reverse T3 and E217(3G [43,46].

rOatpl4 was originally referred to as BBB-specific
anion transporter | (BSATI!), which was isolated
using gene microarray techniques by comparing the
gene-expression profile of ¢cDNA from the brain
capillaries with that from the liver and kidney [47].
rOatpl4 cDNA consists of 2148 base pairs that
encode a 7]6-amino-acid residue protein with 12
putative membrane-spanning domains. The substrates
of rOatpl4 include organic anions, such as E217pG.
cerivastatin and troglitazone sulfate, as well as T4 and
reverse T3 [28]. T4 shows the highest transport
activity and affinity for rOatpl4 among the known
substrates [28]. Westem blot analysis detected a band
in the CP in addition to the brain capillary enriched
fraction [28]. OATP-F (SLCOICI, OATPICI), the
human ortholog of rOatpl4, accepts T4 and reverse
T3 specifically as substrates, and the transport activity
of organic anions by OATP-F is low [48].

3.2. Organic ion transporter (SLC22A)

The organic ion transporter family is a superfamily
which consists of Qat/QAT, Oct/OCT, Octn/OCTN,
CT2 and URATI. CT2 and URAT] are transporters
for carnitine and urate, respectively [49,50]. This
section focuses on the molecular characteristics of
Oat/OAT, Oct/OCT and Octn/OCTN,

3.2.1. Organic anion transporter (Oat/OAT; SLC224)

Four OAT genes (OAT]-OAT4 in human, and
Oat]1-0at3 and Oat5 in rodents) have been identified.
Review articles of the Oat/OAT family are available in
Refs. [9,11,13,14,51-53]. RT-PCR analysis revealed
the expression of three rat Oat mRNAs in the CP [54]
and quantification by Choudhuri et al. [26] revealed
that rOat3 (S/c22a8) is the most abundant isoform
expressed in the CP followed by rOatl (S/c22a6) and

rOat2 (Slc22a7). Western blot analysis revealed the
protein expression of rOat3 in the CP, but no rOatl
protcin was detected in the CP [55]. In human CP,
immunohistochemical staining showed both hOAT]
(SLC22A46) and hOAT3 (SLC22A48) arc expresscd
although their membranc localization remains to be
elucidated [56).

The partial sequence of rOat3 was cloned from rat
brain cDNA using degencrative primers designed for
the conserved region among rOatl, rOat2 and rOct].
Its full-length ¢cDNA was cloned from rat kidney
cDNA library using the partial sequence as a probe
[57]. The cDNA encodes 551 amino acids with 12
putative transmembrane domains. Northern blot anal-
ysis revealed its abundant expression in the liver,
kidney, and, to lesser extent, in the brain and eye [57],
whereas hOAT3 is predominantly expressed in the
kidney [58]. Immunofluorescence studies show that
the membrane localization of rOat3 is the BBM of the
CP and the BLM of the renal proximal tubules
[55,59]. Functional expression in X. laevis oocytes
and mammalian cells has revealed that rOat3 has a
broad substrate specificity including amphipathic
organic anions, such as E217[5G, estrone sulfate and
dehydroepiandrosterone sulfate; hydrophilic organic
anions, such as PAH and benzylpenicillin; and the
organic cation, cimetidine [55,57,59-63].

Estrone sulfate uptake and efflux via rOAT3 are
not frans-stimulated by ochratoxin A, PAH or estrone
sulfate in rOat3-cRNA injected Xenopus oocytes[57].
In contrast, Sweet et al. [64] demonstrated that
estrone sulfate and PAH uptake by rOat3-expressing
oocytes was stimulated by an outward concentration
gradient of glutarate formed by co-expression of the
sodium-dicarboxylate cotransporter (NaDC-1) in X
laevis oocytes. The efflux of glutarate from inside the
cells was greater in hOAT3-expressing oocytes than
in control oocytes and was stimulated by extracellular
OAT3 substrates, such as a-ketoglutarate, glutarate,
PAH, cimetidine and urate. Estrone sulfate inhibited
the efflux [65]. Thus, it is likely that rOat3/hOAT3 is
an exchanger and an outward concentration gradient
of dicarboxylates, such as a-ketoglutarate, formed by
the sodium-dependent dicarboxylate co-transporter
and the TCA cycle, may drive rOat3-mediated
transport.

The Qat3 knockout mouse was established by
Sweet et al. [54] and this gives more direct insight
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into its role in the kidney and CP. This mousc strain
is hcalthy and exhibits no significant physiological
abnormalitics compared with the corresponding
wild-type mouse. Most of the uptake of amphipathic
organic anions, such as taurocholate and estrone
sulfate, 1s markedly reduced in kidney slices from
the mOat3 knockout mouse compared with that
from the wild-type mouse [54]. In addition, the
accumulation of fluorescein is markedly reduced in
the isolated CP from the mQat3 knockout mouse
[54].

rOat] has been isolated as a “classical” organic
anion transporter at the BLM of the renal proximal
tubules by expression cloning using X. laevis
oocytes and it accepts PAH as a typical substrate
[66.67]. rOatl is predominantly expressed in the
kidney and shows broad substrate specificity to
organic anions, such as PAH, P-lactam antibiotics,
nucleoside analogs and nonsteroidal anti-inflamma-
tory drugs [11,13,51,66,67]). rOatl-mediated trans-
port has been characterized by trans-stimulation.
An outward concentration gradient of substrates,
including dicarboxylates preloaded by preincubation
or via sodium-dicarboxylate cotransporter, stimu-
lates rOatl-mediated transport, suggesting that
rOat] functions as an exchanger [66,67]. rOat2
was found by a database-search and registered as a
novel-liver specific transporter (NLT) [68,69]. Func-
tional expression in X. Jaevis oocytes revealed that
NLT transports a-ketoglutarate, PGE,, PAH, metho-
trexate and acetylsalicylate [69]. When expressed in
LLC-PK1 cells as a host, it transports indometha-
cin, PGE2, and nucleoside analogs, such as
azidodeoxythymidine and dideoxycytidine, although
specific uptake of methotrexate and PAH was not
detected [70].

3.2.2. Organic cation transporter (Oct/OCT:
SLC224)

Organic cation transporters (Oct/OCT) are multi-
specific facilitative transporters of hydrophilic and
small organic cations. Review articles of the Oct/OCT
family are available in Refs. [10,11,13.21]. Three
isoforms (Octl1/OCT1-0ct3/OCT3) have been iso-
lated from rodents and in human. The Oct isoform
expressed in the CP is controversial. RT-PCR analysis
using cDNA from rat CP as a template revealed
expression of rOct2 (Sle22a2) and 1Oct3 (Sle22a3)

1.
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MRNA. but not rOctl (§/¢22¢/) mRNA, in the CP
[71]. However, mRNA quantification by Choudhuri cf
al. [26] revealed the low-level expression of rOct] and
rOct3 in the rat CP, and the expression level of Oct2
mMRNA was below the detection limit. rOct] was
initially cloned from the rabbit by cxpression cloning
using X. laevis oocytes [72]. Subsequently other
isofoms, rOct2 and rOct3, have been cloned from
kidney and placenta cDNA libraries using homology
screening [73,74]. rOct] is expressed abundantly in
the kidney, liver and, to a lesser extent, in the intestine
[72], while hOCT] is abundantly expressed in the
hver [75,76]. rOct2/hOCT2 is expressed predomi-
nantly in the kidney [73,75]. rOct3 has a ubiquitous
expression profile and is relatively abundant in the
placenta [74].

The Octl-mediated uptake is characterized by its
membrane voltage dependence [72]). For example, an
intracellular negative membrane voltage facilitates
rOctl-mediated transport of hydrophilic organic cat-
ions and substitution of Na® for K" reduces the
transport activity, due to depolarization of the
membrane voltage [72]. Oct/OCT-mediated uptake is
reduced under conditions that cause depolarization of
the membrane voltage, such as substitution of K™ for
Na', Ba®' and ouabain treatment, as well as an
extracellular acidic pH [10.11,13,21]. 1t has been
shown that members of the Oct/OCT family have a
similar substrate specificity, i.e. small and hydrophilic
organic cations, such as tetaraethylammonium (TEA)
and N-methylnicotineamide (NMN), although rOct3
exhibits a relatively lower affinity for TEA compared
with rOctl and rOct2 [10,11,13,21,74,77,78). The
membrane Jocalization of rOctl, rOct2 and rOct3 in
the CP remains unknown. Sweet et al. [71] produced a
chimeric protein of rOct2-GFP and transfected it to rat
isolated CP. The fluorescence associated with the
chimeric protein was localized at the BBM of the CP,
suggesting the apical localization of endogenous
rOct2 in the CP, if it is expressed in the CP.

Octl, Oct2 and Oct3, as well as Oct]/Oct2 double
knockout mice have been developed [79-81). These
mouse strains are healthy and exhibit no significant
physiological abnormalities. No functional character-
ization of the organic cation transport in the CP has
been carried out using these animals. These mice will
allow us to investigate the role of Oct isoforms in the
transport of organic cation in the CP.
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3.2.3. OCTN (SLE224)

Three isoforms (Octn]—Octn3) have been isolated
in rodents, while two isoforms (OCTNI] and OCTN2)
have been isolated in humans. Review articles of the
Octn/OCTN family are available in Refs. [14,51,53].
Choudhuri et al. [26] demonstrated abundant expres-
sion of rOctn2 (Slc22a5) in the CP and, to a lesser
extent, rOctnl (Slc22a4), while the expression of
rOctn3 remains to be quantified. Both hOCTNI
(SLC22A44) and hOCTN2 (SLC2245) show ubiqui-
tous tissue distribution [82,83] Octn2/OCTN2 has
been characterized as a sodium-dependent carnitine
transporter [83,84], although it also transports TEA
[85]. Octn2 is hereditarily deficient in the juvenile
visceral steatosis (jvs) mouse [86], a model animal of
primary systemic carnitine deficiency (OMIM
212140). A single nucleotide mutation (TG) causes
substitution of Leu by Arg at codon 352 leading to a
loss of transport function [86]. Lack of Octn2 causes
marked reduction in the renal reabsorption of camnitine
and the tissue distribution in the heart, liver and brain
capillaries [87-89]). Furthermore, pharmacokinetic
studies in jvs mouse suggested an involvement of
Octn2 in the tubular secretion of TEA [90]. The renal
clearance of TEA was significantly decreased in the
jvs mouse compared with its corresponding wild-type
mice, while that of an organic anion, cefazolin [90].
Mutations, causing functional loss, have been found
in patients suffering from primary systemic carnitine
deficiency [86].

OCTNI has been considered to be a proton/organic
cation exchanger since an acidic pH stimulates the
efflux of TEA in OCTNI-expressing HEK293 cells
[82]. The substrates of OCTNI include organic
cations, such as pyrilamine, quinidine and verapamil,
as well as carnitine. In contrast to the transport of
cationic compounds by hOCTNI1, hOCTN]-mediated
carnitine uptake shows sodium dependency [82]. The
transport activity of camitine by mOctn] is much
lower than that by mQOctn2 [85].

3.3. Peptide transporter (PEPT: SLC15A)

Peptide transporters are classified within the gene
superfamily of solute carriers (SLC) as the SLC/54
gene family. In rat CP, PEPT2 (Slcl5a2), but not
PEPTI (S/cl5al). has been identified at the BBM of
CPE [91]. The details of this transporter are summar-
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1zed in another review of this issue. Briefly, PEPT2
accepts di- and tripeptides, as well as peptide-mimetic
drugs, such as P-lactam antibiotics containing an o-
amino group, and angiotensin-converting enzymc
inhibitors are also substrates of PEPT2 [92-96]. The
functional role of PEPT2 in the CP has been shown
using the Pept2 knockout mouse [97]. The cellular
accumulation of glycylsarcosine and cefadroxil. typ-
ical ligands of PEPT2, by the isolated CP is
considerably reduced in Pept2 knockout mice [97,98].

3.4. ABC iransporters

ABC transporters are characterized by the cyto-
plasmically located ATP-binding cassette acting as a
catalytic domain for ATP hydrolysis and by the
unidirectional efflux to the outside of the cells. This
section focuses on the molecular characterization of
multidrug resistance-associated proteins (MRPs) and
P-glycoprotein (P-gp).

3.4.1. Muliidrug resistance-associated protein (MRP;
ABCC)

MRPs have been classified within the gene super-
family of ABCC and eight different ABCC proteins
(MRP1-8) have been cloned [99-102]. Review
articles of the Mrp/MRP family arc available in Refs.
[103-106].

As far as the Mip/MRP members are concerned,
RT-PCR and Western blot analyses have revealed the
expression of rMrpl (4bccl) in the CP where it is
localized on the basolateral membrane of the CPE
[24,107,108]. MRPI has been found to be present as a
protein overexpressed in the doxorubicin-selected
lung cancer cell line H69AR, which confers multidrug
resistance to tumor cells [109]. The mRNA of human
MRP1 (ABCCJ) encodes 1531 amino acids with an
apparent molecular weight of 190 kDa and 17
transmembrane domains with two cytoplasmically
located ATP-binding cassettes [109]. MPRI has a
broad substrate specificity including amphipathic
glucuronide and glutathione conjugates [110,111]. In
the presence of glutathione, hMRP1 can accept
vincristine and estrone sulfate as substrates [106,112].

Taking the unidirectional transport as being direc-
ted from inside the cells to the outside, Mipl is a
candidate transporter for basolatcral excretion of its
substrates, including amphipathic organic anions in
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the CP. In accordance with this hypothesis, the CSF
concentration of etoposide is significantly incrcased in
triple knockout mice (Mrpl/Mdrla/Mdrlb knockout
mousc) compared with that in double knockout micc
(Mdrla/Mdrlb knockout mousc), although there is no
difference in the plasma and brain concentrations of
ctoposide between double and triple knockout mice
[113]. However, Lec et al. [114) reported only a
minimal difference in the CSF concentration of
E2173G and dinitrophenyl-S-glutathione after i.c.v.
administration between wild-type and mMrp] knock-
out mice, suggesting that Mrpl may not play a major
role in the efflux of organic anions across the BLM of
the CP.

Quantification of Mrp mRNAs (mMrpl-mMrp6)
has revealed abundant expression of mMrp4 (Abccd)
and mMrp5 (4AbceS) in the mouse CP [26,]114].
hMRP4 (ABCC4) and hMRP5 (ABCC5) mRNAs
encode 1325 and 1437 amino acid proteins, respec-
tively, with 12 putative transmembrane domains. The
apparent molecular weight of hMRP4/rMrp4 is
approximately 170 kDa in the BBM from the kidney
[115]. The substrates of hMRP4 include nucleoside
analogs and cyclic nucleotides, as well as amphipathic
organic anions, such as E217pG, dehydroepiandros-
terone sulfate, methotrexate and prostaglandins [115-
120], whereas cAMP, ¢cGMP, 6-mercaptopurine and
adefovir are known substrates of hMRP5 [121,122].
Further studies are necessary to reveal their functional
role in the CD.

3.4.2. P-ghcoprotein (ABCBI)

P-glycoprotein (P-gp: ABCBI) was originally
found as an overexpressed protein at the plasma
membrane of multidrug resistant tumor cells. The
mRNA of human MDR1 encodes 1280 amino acids
with an apparent molecular weight of 140-170 kDa and
12 transmembrane domains with two cytoplasmically
located ATP-binding cassettes. In rodents, two iso-
forms, namely, Mdrla (4beb4) and Mdrlb (Abcbl),
correspond to the human ortholog (MDR1). Mdrla
plays a central role in efflux transport at the brain
capillary and small intestine [123,124]. P-gp has a
broad substrate specificity including hydrophobic
neutral or cationic compounds, fexofenadine and
E217pG [125-128]. The importance of P-gp is well
recognized in the brain capillaries [6,7,103,124,129-
131]. Rao etal. [108] demonstrated its expression in the
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CP by Western blotting. However, the signals detected
by anti-P-gp antibody (C219) shows punctate or
granular staining patterns at the subapical region of
the primary cultured CPE, suggesting that itis confined
to the vesicular compartment [108]. Whether P-gp
plays a role as one of the detoxification mechanisms in
the CP remains to be elucidated.

4. Efflux transport mechanisms for organic anions
in the choroid plexus

The uptake mechanisms for organic anions at the
brush border surface of the CP can be subdivided into
two groups in terms of substrate specificity: One for
amphipathic organic anions, such as taurocholate,
E2173G and estrone sulfate, and the other for
hydrophilic and small organic anions, such as PAH
and benzylpenicillin (Fig. 1). These two systems have
similar characteristics to the hepatobiliary and urinary
transport systems for organic anions, respectively, and
are primarily accounted for by the Oatp/OATP and
Oat/OAT families.

4.1, Amphipathic organic anions

E2173G shows rapid elimination from the CSF
compared with the CSF turnover rate (represented by
the elimination of inulin). The CSF elimination
clearance of E217pG is 12-fold greater than that of
inulin (76 and 5.9 pl/min/rat, respectively) (Fig. 2).
Similarly, estrone sulfate is rapidly eliminated from
the CSF after i.c.v. administration [132]. According to
the initial characterization by Nishino et al. [107], a
saturable component accounts for part of the total
uptake of E217pG and taurocholate by the isolated
CP (~40% of the total uptake). The uptake is inhibited
by probenecid and FCCP treatment causing 2 reduc-
tion in the intracellular ATP level, which reduces the
accumulation of E217pG by the isolated rat CP,
suggesting that the uptake process requires energy
[107]. A second report by Kusuhara et al. [25] showed
that a saturable component accounts for a major part
of the total uptake of E217BG by the isolated rat CP
with K, values (55 pM) 16-fold greater than those
previously reported (3.4 pM). The transport activity of
TCA by the isolated rat CP was similar to that of
E2173G (Fig. 3) and is saturable with a K, value
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Fig. 1. Schematic diangram of the efflux transport systems for organic anions in the CP. The uptake of amphipathic organic anions, such as
E217p5G, taurocholate and estrone sulfate, at the BBM is mediated by organic anion-transporting polypeptide 3 (Qatp3). That of hydrophilic
organic anions, such as benzylpenicillin (PCG), fluorescein and PAH, is mediated by organic anion transporter 3 (Oat3). The uptake mechanism
for 2,4-dichlorophenoxyacetate (2,4-D) is unknown, but is mediated by the exchange of intracellular dicarboxylate (GA: glutarate). Peptide
transporter 2 (PEPT2) may be involved in the uptake of f-lactam antibiotics and angiotensin-converting enzyme (ACE) inhibitors with an a-
amino group, as well as di- and tripeptides. The basolateral excretion mechanisms for organic anions have not been fully elucidated. Ml has
been a candidate transporter, but its contribution to the efflux of amphipathic-conjugated metabolites remains controversial. Oatp2 and other
ABC transporters, such as Mrpd4 and MmS5, are alternative candidate transporters. In addition, a membrane voltage-dependent efflux transport
system has been suggested to be located on the basolateral membrane,

(116 nM), comparable with its K; value for E217pG
uptake by the isolated CP (124 uM) [25]. This
suggests that they share the same uptake mechanism
at the BBM. The K,,, value of E2173G determined in
the isolated CP is very close to that determined in
oocytes expressing rQatp3 [32], but greater than that
determined in rOatp3-expressed LLC-PK1 cells [25].
The spectrum of inhibitors, e.g. corticosterone, indo-
methacin, probenecid, diclofenac, estrone sulfate and
quinine, for the uptake of E217pG by LLC-PKI-
expressing rOatp3 and isolated CP is similar, although
the absolute values of their Ks are not identical [25].
Since the effect of benzylpenicillin is minimal even at
a concentration sufficient to saturate its own uptake by
the isolated CP, the uptake of these two organic anions
is mediated by different mechanisms at the BBM of
the CP [25,107]. Although E217(3G is a substrate of

[
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rOat3 [61]. the minimal inhibition by benzylpenicillin
indicates the minor contribution of rOat3 to the uptake
of E2173G by the isolated rat CP. This is reasonable
taking into consideration the transport activities of
benzylpenicillin and E2173G in the CP and LLC-PK ]
cells expressing rOat3. Their transport activities are
similar in LLC-PK1 cells expressing rOat3 [55.61],
whereas the uptake of E217pG by the isolated CP is
fivefold greater than that of benzylpenicillin (Fig. 3).

Kitazawa et al. [132] have shown significant
accumulation of estrone sulfate by the isolated rat
CP, which is saturable with a X, value of 18 uM. As
observed for the uptake of E217pG, reduction of the
intracellular ATP level during treatment of the CP
with 2,4-dinitrophenol (metabolic inhibitor) and rote-
none (inhibitor of mitochondrial respiration) markedly
reduces the uptake of estrone sulfate. Amphipathic

=y
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Fig. 2. The CSF concentration-time profiles of E217pG after
intracerebroventricular administration in rats. Rats were given
[HIE2173G (@; 0.38 pCifat) and [MClinulin (O; 0.02 pCifrat)
by i.c.v. administration and the cisternal CSF concentration of each
compound was determined. Each point and vertical bar represents
the mean+ S.E. of three independent experiments. The solid line is
the regression line. Taken from Nishino et al, [107].
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organic anions, such as dehydrocpiandrosterone sul-
fate, taurocholatc and cholate inhibit the uptake
significantly, whercas the cffect of PAH and digoxin
is minimal. Taking into consideration the localization
and substrate specificity, rOatp3 is a candidate for the
uptake of amphipathic organic anions.

To carry out efficient elimination from the CSF,
the transporter will be involved in excretion across
the BLM of the CPE. Straziclle and Ghersi-Egea
[4] demonstrated asymmetrical efflux transport of
I-naphthol-173-glucuronide in primary cultured rat
CPE. Incubation of l-naphthol with cultured cells
produces the glucuronide conjugate intracellularly
and the cumulative amount of intracellularly formed
J-naphthol-17f-glucuronide excreted into the basal
side was 2.6-fold greater than that into the apical
side. As described previously in Section 3.4.1, Mipl
is the candidate transporter for the basolateral
excretion of amphipathic organic anions. However,
Lee et al. [114] showed comparable CSF concen-
trations of E217(3G and 2,4-dinitrophenyl-glutathione
after i.c.v. administration to the Mrp1 knockout mouse
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Fig. 3. Time profiles of the uptake of organic anions by the isolated rat CP. The CP was isolated from the lateral ventricles and the uptake of
amphipathic and hydrophilic organic anions (panels a and b, respectively) by the isolated CP was determined by a centrifugal filtration method.
The tissue-to-medium concentration ratio was calculated using [*Clurea (panel ) or [*H]water (panel b) as a cell water space marker and 2
correction was made for the adherent water space. (a) ['H]E217pG (@; 0.01 ptM). [*HJtaurocholate (O; 0.15 pM). (b) ["C)benzylpenicillin (O,
0.2 pM) and [""C]PAH (m; 0.2 uM). Taken from Kusuhara et al. [25] (panel a) and Nagata et al. [55] (panel b).
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and the corresponding wild-type mouse. Another
cfflux mechanism may play a major role in the
cxerction of amphipathic organic anions across the
BLM of the CP. According to the mRNA quantifica-
tion, M4 and Mrp5 may be alternative candidates
[26.114]. Further studics are required to reveal their
membrane localization in the CP and contribution to
efflux transport via the CP.

4.2. Hydrophilic organic anions

In vivo kinetic analyses revealed the presence of a
saturable elimination mechanism for benzylpenicillin
in the ventricles [20,133]. Ogawa ct al. [20] compared
the kinetic parameters obtained in vivo using i.c.v.
administration and in vitro using isolated rat CP. They
found that the in vitro kinetic parameters (K,,, 58 pM
and Vy,.x 504 pmol/min/rat) were comparable with
those in vivo (K,,, 43 uM and V,,,,x 620 pmol/min/rat),
indicating that the saturable efflux of benzylpenicillin
in the ventricles is due to the uptake mechanism at the
BBM of the CP [20]. This is also supported by a clear
1:1 correlation among the K, values of probenecid and
various f>-lactam antibiotics for the efflux of benzyl-
penicillin from the CSF and for the uptake of
benzylpenicillin by the isolated CP [20]. Hakvoort et
al. [134] demonstrated that benzylpenicillin is accu-
mulated on the basal side of the porcine CPE cultured
on a porous membrane (Table 2). Similarly, fluores-
cein, phenol red, and riboflavin are accumulated in the
basal compartment and this process is competitively

Table 2
Kinetic data of the investigated active transport systems in the
primary cultured porcine choroid epithelial cells

K [WM] Finas

Substrate Transport

direction [nmol/em? h]
Ascorbic acid b=a 67x12 3.91+0.29
myve-Inosipol b=a 11719 1.65£0.05
Penicillin G a=b 10718 1.82+0.05
Fluorescein a=)h 22+1.5 1.9240.05
4400 pM Penicillin G 108£21 1.32+0.18
Phenol red a=h 68+2.9  3.01%0.06
+400 pM Penicillin G 32618 3.50%0.12
+20 uM Penicillin 340+23 2.52%0.12
Ribotlavin =D 7844 1.84+40.05
+400 M Penicillin G 217+42 2.1620.28

a: apical; b: basolateral.
Taken from Hakvoort et al. [134)].

inhibited by benzylpenicillin (Table 2) [134). Mutual
inhibition analyses have suggested multispecificity of
the transporter for benzylpenicillin uptake at the BBM
of the CP, which includes cefodizime ([3-lactam
antibiotic) [135], fleroxacin (quinolonc antibiotic)
[136] and PAH [55]. In addition to these compounds,
a varicty of [3-lactam antibiotics have an inhibitory
effect with K; values ranging from 10 pM to 5.9 mM
depending on their chemical structures [135,137].
Thus, it is likely that the transporter responsible for
the benzylpenicillin uptake also plays a major role in
regulating the CSF concentration of [>-lactam anti-
biotics together with PEPT2 [98,138,139].

Suzuki et al. [137,140] investigated the driving
force for the uptake of benzylpenicillin by the isolated
CP. The uptake was markedly reduced by metabolic
inhibitors, such as 2,4-dinitrophenol and KCN,
suggesting the involvement of active transport [137).
Substitution of mannitol, Tris or N-methyl-D-gluc-
amine, but not choline, for Na® slightly reduced the
uptake to 70-80% of the control value, but ouabain, a
Na'K™ ATPase inhibitor, did not affect the uptake
[137]. Thus, benzylpenicillin uptake does not require
an inward Na' concentration gradient. Whether
benzylpenicillin uptake coupled 1o the export of
intracellular anions was investigated using ATP-
depleted CP, which was produced by incubating the
isolated CP with 25 pM rotenone for 20 min, the
intracellular ATP content was reduced from 27 to 0.97
nmol/mg protein [140]. The ATP-depleted choroid
plexus has been incubated in the presence of anions,
such as CI~, HCOi, SCN™ and SO3~, for their
intracellular accumulation and subsequently trans-
ferred to the buffer without the anion to produce an
outward-directed concentration gradient [140]. The
uptake of benzylpenicillin was greater in the CP
preloaded with Cl1™ than in the CP preloaded with
gluconate and the peak uptake in the presence of the
CI™ gradient was greater than that under equilibrium
conditions [140]. Apart from CI~, the uptake was
stimulated by the outwardly directed gradient of
HCOj; and, to a lesser extent, by SCN™, These
anions are candidates for the driving force behind
benzylpenicillin uptake into the choroid plexus.

As described previously, RT-PCR has detected the
expression of rOatl, rOat2 and rOat3 mRNA in rat CP
[54]. Especially, rOat3 has been shown to be
expressed at the brush border surface of the rat CP.

8,
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Nagata ct al. [55] investigated the uptake of PAH and
benzylpenicillin as probe compounds for rOatl and
rOat3, respectively, by the isolated rat CP and
compared their kinctic parameters (Fig. 4). Significant
accumulation of PAH was observed in the isolated rat
CP, but the transport activity was four-fold less than
that of benzylpenicillin (Fig. 3) [55]). The K, value of
PAH was very close to the X; value for benzylpeni-
cillin uptake and vice versa. The inhibitors including
cimetidine and E217pG, which do not affect yQatl-
mediated transport, showed similar K; values for PAH
and benzylpenicillin uptake by isolated CP (Fig. 4).
These results suggest that they share the same uptake
mechanism at the brush border surface of the CPE.
Furthermore, the K; values for the inhibitors of
benzylpenicillin uptake by isolated CP were compa-
rable with those for rOat3 (Fig. 4). These kinetic
results suggest that rOat3 plays a major role in the
uptake of PAH and benzylpenicillin at the BBM of the
CP. In addition, a marked reduction in the cellular
accumulation of fluorescein in the isolated CP from
the mOat3 knockout mouse [54] supports the idca that
rOat3 is the likeliest candidate for the uptake of

(a)
G
& o
= ;
e J
< 4
o.
N—
© 1007 cimetidj

3 b RN
£ ] estrone sulfate g, enzylpenicillin
= ]
g— J

E217BG

£ 10
= iprobenecid
] 1 e
= .
< 1 10 100 1000

Ki (uM) for the uptake of PCG by CP

hydrophilic organic anions in the CP. Involvement of
rOat3 has also been suggested in the uptake of a
nucleoside analog, zidovudine [141]. The apical-to-
basal transport across the primary cultured CPE,
corresponding to the cfflux from the CSF, of
zidovudine, didanosine and lamivudine is greater than
that in the opposite direction. The apical-to-basal
transport of ziduvudine is saturable, and inhibited by
2,4-dichlorophenoxyacetate and benzylpenicillin
[141].

The driving force for rOat3-mediated transport is
considered to be an outward concentration gradient of
dicarboxylate as described in Section 3.2.1. Similar
transport properties were observed for the uptake of
2.4-dichlorophenoxylacetate (2,4-D) by the brush
border surface of the CP. Pritchard et al. [142] clearly
showed that extracellular or -vesicular glutarate
stimulated the uptake of 2,4-D by the isolated CP
and BBMV in the presence of an inward Na’
concentration gradient (Fig. 5). Intravesicular gluta-
rate, preloaded into the vesicles prior to the uptake
experiment, could also stimulate the uptake of 2,4-D,
suggesting the involvement of an exchanger for 2,4-D
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Fig. 4. Relationship between the K,, and K; values for the uptake of PAH and benzylpenicillin by the CP, as well as the uptake of
benzylpenicillin by the CP and rOat3. Correlation between the K, and A'; values for the uptake of benzylpenicillin and PAH by the isolated rat
CP (a), as well as those for the uptake of benzylpenicillin by the isolated rat CP and rOat3-expressing cells (b). The solid lines represent the
regression line of the A, and A values for the uptake of PAH and benzylpenicillin by the isolated rat CP (a; r=0.956, p<0.01), and the uptake of
benzylpenicillin by the isolated rat CP and by rOat3 (b; r=0.985, »<0.01). Panel a suggests that benzylpenicillin and PAH share the uptake
mechanism at the brush border surface of the CP. The X', and A, values for benzylpenicillin uptake by the isolated rat CP were comparable 1o
those found in rOat3-expressing cells, suggesting that rOat3 is responsible for the uptake of benzylpenicillin by the isolated rat CP. Taken from

Nagata et al. [55].
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Fig. 5. Stimulatory effect of extracellular sodium and glutarate on
the uptake of 2 4-dichlorophenoxyacetate by the brush border
membrane of the bovine CP. Vesicles contained 100 mM mannitol,
100 mM KCJ, | mM MgSQO,, 20 mM Tris-HEPES. pH 7.4. They
were diluted 10-fold with tansport buffer containing 10 pM
[*H]2.4-dichlorophenoxyacetate and either 100 mM NaCl (O) or
100 mM NaCl plus 20 pM glutarate (@). The effect of 500 (M
probenecid was tested in the presence of 100 mM NaCl plus 20 pM
glutarate in the external buffer ( A ). Means2S.E., n=3. Token from
Pritchard et al. [142].

and glutarate at the BBM of the CP. Therefore, an
outward concentration gradient of dicarboxylate pro-
duced by a sodium-dependent dicarboxylate trans-
porter can serve as a driving force for the transporter
responsible for 2,4-D uptake by the CP. 2,4-D is a
poor substrate of rQOat3 [60], but whether rOat3
accounts for the uptake of 2.4-D by the isolated CP
remains to be examined.

The transporter involved in the basolateral excre-
tion of hydrophilic organic anions remains unknown.
Breen et al. [143] have characterized the subsequent
basolateral excretion mechanism of fluorescein using
confocal microscopy. They quantified the amount of
fluorescein associated with the intracellular compart-
ment and the basolateral side and demonstrated that
substitution of K* for Na* reduced the accumulation
of fluorescein in the basolateral compartment without
affecting the amount associated with the intracellular
compartment, indicating a reduction in the basolateral
excretion clearance by this treatment. Since perturba-
tion of the K™ gradient directly or pharmacologically
causes depolarization of the membrane voltage, the
basolateral excretion of fluorescein is likely to be
membrane voltage-dependent. The substrate specific-

H. Kusuhara, Y. Sugivama / Advanced Drig Delivery Reviews 56 (2004) 174]-1763

ity and molecular characteristics of this transporicr
remain unknown.

5. Efflux transport mechanism for organic cations
in the choroid plexus

Miller and Ross [144] measured the extraction of
NMN in vivo using the ventriculocisternal perfusion
technique. The extraction of NMN during perfusion
from the lateral ventricles to the cisternal magna was
greater than that of inulin and was reduced by the
addition of mepiperhenidol to the perfusate, suggest-
ing involvement of an organic cation transporter in the
extraction [144]. Other organic cations, such as
cimetidine, choline, and TEA, typical substrates of
renal organic cation transporters, have been shown to
undergo carrier-mediated uptake at the brush border
surface of the CP. The transporters for organic cations
expressed in the CP are illustrated in Fig. 6.

hydrophilic organic cations

choline
CSF-side TEA TEA

i
ATP
etoposide
AT
ADP”’VA;J\
Mrp1

Fig. 6. Schematic diagram of the efflux transport systems for
organic cations in the CP. The uptake of choline at the BBM of the
CP has been suggested to be mediated by Oct2, although its
expression in the CP is controversial. In addition, Oct3 mRNA was
shown in the CP, but its membrane localization in the CP remaing
unknown. P-glycoprotein shows vesicular compartment localization
in the CP, especially in the subapical region and its role in the CP
remains unclear. The excretion mechanisms across the BLM remain
unknown. Mrpl has been suggested to be involved in the excretion
of etoposide across the basolateral membrane, Oatp2 accepts type 11
organic cations as substrates, as well as amphipathic organic anions,
and it may be involved in their uptake/excretion across the BLM.

Blood-side
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5. 1. Cimetidine

Cimetidine is a histamine Ha receptor antagonist
and a weak base. It is a bi-substrate, which is
recognized by both organic anion and cation trans-
porters. Ullrich et al. [145]) examined the inhibitory
potency of a series of compounds on the renal uptake

of PAH and NMN using the stop-flow peritubular

capillary microperfusion method and found that H,
receptor antagonists, such as cimetidine, famotidine,
and ranitidine, inhibit both organic anion and cation
systems. It has been shown that saturable a mecha-
nism accounts for the CSF elimination of cimetidine
after i.c.v. injection [146). Suzuki et al. [147]
demonstrated saturable uptake of cimetidine by the
isolated rat CP (K, 53 uM). Organic anjons, such as
PAH and benzylpenicillin, produced a significant
inhibition as did organic cations, such as histamine,
creatinine, quinidine and quinine, while compounds,
such as NMN, choline or TEA, had only a minimal
effect even at 20 mM (Fig. 7) [147). These results
suggest the involvement of an organic anion trans-
porter, rather than an organic cation transporter, as far
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as the uptake of cimetidine by the CP is concerned.
Taking into consideration the fact that other Ha
receptor antagonists, such as famotidine and raniti-
dine, have been classified as bisubstrates [145], their
uptake by the CP may be accounted for by the same
transporter. Since cimetidine is a good substrate of
rOat3 with a K; value similar to its K,,, previously
determined in the CP [55,57,147), rOat3 is one of the
candidates.

3.2. Tetracthvlammonium and choline

Villalobos et al. [148] examined the involvement of
a transporter in the uptake of TEA by isolated and
primary cultured CP through the BBM of the CPE.
The uptake of TEA by the isolated rat CP and primary
cultured CPE was inhibited by tetrapentylammonium
(TePA) (Fig. §). Furthermore, the uptake of TEA by
primary cultured cells was saturable with a X, value
of 350 uM and inhibited by NMN, darstine, choline
and cimetidine, but not by PAH (Fig. 9). A preloading
of unlabeled TEA into the cells prior to starting the
uptake experiment stimulated the uptake of TEA by
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Fig. 7. Effect of organic cations and anions on the uptake of cimetidine by the isolated rat CP. [*H]Cimetidine was incubated with various
inhibitors at the concentrations indicated for 3 min at 37 “C. Although cimetidine is a weak base, it has been shown to be a bisubstrate which is
recognized by both organic anion and cation transporters. The uptake by the isolated CP was inhibited by organic anions, such as PAH and
benzylpenicillin, suggesting an involvement of an organic anion transporter, but minimal inhibition by TEA suggests a minor contribution of an
organic  cation transporter.  Each bar represents the mean+S.E. of three independent  experiments.  **P<0.01; *P<0.05, by
student’s /-test. S-HIAA, S-hydroxyindoleacetate; HVA, homovanillic acid. Token from Suzuki et al. [147].
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primary cultured cells, suggesting that the transporter
responsible for TEA uptake is characterized by its
bidirectional nature.

Villalobos et al. [149] characterized the uptake
mechanism using primary cultured CPE, in which a
saturable uptake of choline was observed with a Ay,
valuc of 50 uM. It has been suggested that the
transporter responsible for cholinc uptake in the
primary cultured rat CPE also accepts NMN and
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Fig. 8. Effects of TePA on the time-dependent uptake of TEA by
isolated rat choroid plexus and primary cultures of rat choroid
plexus epithelial cells. Isolated CP was incubated with 10 pM
["*CITEA in the presence (@) or absence of tetrapentylammonium
(TePA) (©, 100 uM). Similarly, cultured cells were incubated with
10 pM ['C]TEA in the presence or absence of TePA (O, 1 mM).
*P<0.05 vs, uptake in the absence of TePA. Taken from Villalobos
et al. [148].
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Fig. 9. Effects of organic ions on the 30 min TEA uptake by primary
cultures of rat choroid plexus epithelial cells grown on a solid
support. Cells were incubated with 10 nM ["C]TEA in the absence
(contral) or presence of each inhibitor (1 mM). *P<0.05 vs. control
uptake. TePA: tetrapentylammonium. Taken from Villalobos et al.
[148].

TEA as substrates, since the preloading of primary
cultured cells with NMN and TEA stimulated the
uptake of choline 1.5-fold (trans-stimulation). The
organic cation, hemicholinjum-3, is a moderate
inhibitor for choline uptake and NMN showed a weak
inhibition. The choline transporter in the CP has been
suggested to be a facilitative transporter, which
depends on the membrane voltage. The uptake of
choline was not affected by extracellular Na®*, whereas
increasing the K* concentration markedly reduced the
uptake, causing depolarization of the intracellular
potential from —70 to —15 mV. This K" effect was
further supported by the results that treatment of the
primary cultured CPE with Na*/K* ATPase (ouabain)
or K* channel inhibitor (Ba®"), causing perturbation
of K* gradient pharmacologically, reduced the choline
uptake to a degree similar to that produced by a high
K" buffer.

Sweet et al. [71] carried out further characterization
of choline uptake in the CP. According to the RT-PCR
analysis by Sweet et al., both rOct2 and rOct3 mRNA
are expressed in the CP, while Choudhuri et al. [26]
could observe expression of rOct] and rOct3 mRNA
in the CP. Choline uptake was only observed in rOct2-
expressing oocytes with a K, value of 440 pM and
not in rOct3-expressing oocytes. The K, value of
choline for rOct2 was greater than the previously
reported value by Vallalobos et al. (50 pM), but
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comparable with the X,,, value for cholinc uptake by
the isolated rat CP, which was determined 1o be 180
UM in this report [71]. rOct2 may be a candidate
transporter for choline uptake in the CP. Further
studies are necessary to identify the localization of
rOct3 in the CP and, if it is expressed at the BBM of
the CP, the contribution to the uptake of hydrophilic
organic cations, such as TEA, should be examined.

6. Discussion and future aspects

The present review summarizes the current status
of the efflux transport mechanisms for organic jons in
the CP. The many published studies have provided
molecular insights into the uptake systems operating
at the BBM of the CP. Due to limitations in method-
ology, the excretion process for organic ions has not
been fully characterized yet and the molecular
characteristics of the transporters involved in this
process remain unknown. ABC transporters, such as
MRPs and/or alternatively membrane voltage-sensi-
tive mechanisms, are current candidates to account for
this process for organic anions, while OCTNs may be
involved in the excretion of hydrophilic organic
cations as proposed in the kidney [82.90]. Gene
knockout of the candidate gene will give us insight
into the basolateral excretion of organic ions.

Evidence from many studies has shown that the
primary cultured CPE retains the efflux transport
systems for organic anions and cations. In addition,
Kitazawa et al. have developed an immortalized cell
line of rat CPE which is prepared from a transgenic
rat harboring the temperature-sensitive SV40 large T
antigen [24,150,151]. These models will allow us to
investigate the transport mechanisms for small
compounds across the monolayer of the CPE. It is
necessary to compare the expression levels of trans-
porter genes in these models with those in freshly
isolated CP in future studies. RNA interference has
been developed and shown to efficiently suppress
target genes even in mammalian cells [152]. This
new methodology will help us to investigate the
transport mechanisms in the CP from a genetic
viewpoint.

Once a transporter involved in the efflux transport
has been identified, cDNA-transfectants expressing
human transporters serve as a screening system for the
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selection of drugs with suitable pharmacokinetic
properties. Recently, Sasaki ct al. [153] and Cui c
al. [154] established double transfectants, which
express uptake and cfflux transporters (OATP-C or
OATP 8, and MRP2, respectively) in the basal and
apical membrane of MDCK 11 cells, respectively. The
basal-to-apical transport of their common substrates is
greater in OATP-C/MRP2 or OATP&/MRP2 than that
in control or single gene transfected cells and this
transport mimics the hepatobiliary transport in
humans [153.154]. The same approach can be used
as an in vitro model of the CPE after the transporters
involved in the uptake and efflux have been identified.
Further studies are necessary to discover whether
human orthologs of the transporters identified in the
rodent CP are expressed in the human tissues.
Furthermore, the interindividual differences in the
transport activities due to up- or down-regulation in
disease states and genetic polymorphisms are impor-
tant topics which also need to be investigated in future
studies.
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