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Purpose. It has been shown that transport(s) are involved in the
uptake of estradiol 17� glucuronide (E217�G) by the choroid plexus
(CP). The purpose of this study is to compare the substrate specificity
of the transporter in the CP with those of rat organic anion trans-
porting polypeptide 1 (rOatp1) and rOatp3.
Methods. The expression of rOatp1 and rOatp3 in rat CP was con-
firmed by RT-PCR and Western blot analyses. The substrate speci-
ficity of rOatp1 and rOatp3 was compared using cDNA-transfected
LLC-PK1 cells. The uptake of E217�G by rat isolated CP was deter-
mined by centrifugal filtration technique.
Results. PCR analyses demonstrated that the mRNA expression of
rOatp3 was abundant in the CP, whereas that of rOatp1 was low.
Immunohistochemical staining revealed that rOatp3 is expressed on
the apical membrane of the CP. Kinetic parameters (Km and Ki val-
ues) of rOatp3 were similar to those for rOatp1. The results of mutual
inhibition study suggest that E217�G and taurocholate share the
same mechanism in the CP. Corticosterone, estrone-3-sulfate and
indomethacin are moderate inhibitors, but no effects by digoxin, p-
aminohippurate, benzylpenicillin and cimetidine were observed.
Conclusions. rOatp3 is most possible candidate transporter involved
in the uptake of organic anions on the brush border membrane of the
choroid epithelial cells.

KEY WORDS: choroid plexus; blood-CSF barrier; efflux transport;
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INTRODUCTION

The choroid plexus (CP), located in the lateral, third and
fourth ventricles, acts as a barrier between the cerebrospinal

fluid (CSF) and the circulating blood and, thus, CP is referred
to as the blood-CSF barrier (1–7). This barrier function is
achieved partly by the tight monolayer of the choroid epithe-
lial cells and partly by detoxification systems, such as meta-
bolic enzymes and efflux transport systems at the CP (1–8).

Estradiol 17� glucuronide (E217�G) was rapidly re-
moved from the CSF after intracerebroventricular adminis-
tration (9). This was achieved by the efficient uptake sys-
tem(s) for amphipathic organic anions located on the brush
border membrane of the choroid epithelial cells (9–13). The
uptake from the CSF is the initial process in overall elimina-
tion of organic substrates from the CSF. Organic anion trans-
porting polypeptide 1 (rOatp1; Gene symbol Slc21a1) has
been identified along the brush border membrane of choroid
epithelial cells by anti-Oatp1 polyclonal antibody (12).
rOatp1 has been shown to accept a variety of amphipathic
organic anions such as bromosulfophthalein, bile acids, ste-
roid conjugates such as E217�G and estrone sulfate and an-
ionic drugs, including temocaprilat, enalapril and enalaprilat
(ACE inhibitors), pravastatin (HMG-CoA reductase inhibi-
tor), and CRC-220 (thrombin inhibitor) (14–20). Our prelimi-
nary RT-PCR analysis, however, revealed the expression of
rOatp3 (Slc21a7) in the choroid plexus. rOatp3 is an isoform
of rOatp1 and exhibits 80% identity with rOatp1 at the amino
acid level (21). Its tissue distribution remains controversial.
Northern blot analysis indicates its expression in the kidney
when a fragment from the 3� untranslational region of Oatp3
was used as probe (21). On the other hand, RNase protection
assays indicated that rOatp3 is expressed in brain and small
intestine but not in liver and kidney (22). Recently, Li et al.
quantified mRNA expression of rOatp3 in ten tissues, and
found most abundant expression in lung, moderate expres-
sion in cerebellum and female cortex, and low expression in
other tissues, including small intestine (23). The substrates of
rOatp3, include taurocholate (TCA), bromosulfophthalein,
steroid conjugates, such as E217�G and estrone-3-sulfate, and
thyroid hormones (20,21). The substrate specificity of rOatp3
is also similar to those of other Oatps although the affinities
for some substrates are lower, and prostagladin E2 has been
reported to be selectively transported by rOatp3 but not by
rOatp1 or rOatp2 (20). The purpose of this study is to inves-
tigate the uptake mechanism of amphipathic organic anions in
the CP, and possible role of rOatp3 in the CP.

MATERIALS AND METHODS

Materials

[3H]E217�G (49 Ci/mmol), [3H]TCA (3.5 Ci/mmol) and
[14C]urea (40 mCi/mmol) were purchased from Perkin Elmer
Life Sciences (Boston, MA, USA). All cell culture media and
reagents were obtained from Invitrogen (Carlsbad, CA,
USA), except FBS (Cansera, Ontario, Canada). All other
chemicals and reagents were of analytical grade and readily
available from commercial sources.

Male Sprague–Dawley rats weighing 220–240 g were pur-
chased from SLC (Shizuoka, Japan) and used in all the ex-
periments, which were carried out according to the guidelines
provided by the Institutional Animal Care Committee
(Graduate School of Pharmaceutical Sciences, the University
of Tokyo).
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rOatp3 mRNA Tissue Expression

RT-PCR analysis was used to compare the expression of
rOatp1, rOatp2, and rOatp3 mRNA in the CP. The CP was
isolated from the lateral ventricles, and total cellular RNA
was prepared using a High Pure RNA Isolation kit (Roche
Diagnostics GmbH, IN) according to the manufacturer’s pro-
tocol. Total cellular RNA from Sprague–Dawley rat liver was
prepared by a single-step guanidinium thiocyanate procedure.
The RNA was then reverse transcribed using a random-
hexamer primer (Takara, Japan). Primers were designed
based on the nucleotide sequence of NM_017111 (rOatp1),
U95011 (rOatp2), and AF041105 (rOatp3) from the region
with the highest homology among rOatp1∼3. The sense
primer was 5�-TGGCGCTTTGATAGACAGAA-3�, and the
antisense primer was 5�-CAGCTTCGTTTTCAGTTCTC-3�.
Using this set of primers, PCR was performed using cDNA
from the CP. The protocol for PCR was as follows: 94°C for
30 s, 55°C for 30 s and 72°C for 30 s, 30 cycles, and 68°C for
5 min. These primers enclosed the region containing the
nucleotide sequences 1787–2096 of rOatp1, 1815–2115 of
rOatp2 and 1701–2010 of rOatp3, respectively. The identity of
the RT-PCR products was established by restriction analysis
using three enzymes (HindIII, PstI and BstXI). The PCR
products from rOatp2 and rOatp3 include the BstXI site,
whereas the restriction sites for HindIII and PstI are specific
for rOatp2 and rOatp3, respectively. They were also isolated
using pGEM-T Easy Vector Systems (Promega, WI, USA),
and the nucleotide sequence was confirmed by the dye-
termination method.

Real-Time PCR

Real-time PCR was performed using ABI PRISM 7700
Sequence Detection System (Applied Biosystems, Tokyo, Ja-
pan). First, RNA from the CP and liver was reverse tran-
scribed. The cDNA in each sample were made into fixed
quantity of GAPDH and amplified using TaqMan Universal
PCR Master Mix Regents, 0.9 �M of primer of the respective
genes, and 0.1 �M TaqMan MGB probe in a total volume of
25 �l. Each sample was analyzed in duplicate. For rOatp1, the
sense primer was 5� CCCATATGCCTCGGGTATCTAAT
3�, the antisense primer was 5� TGCTGCATTGTCACAG-
GTCAA 3�, and the TaqMan MGB probe was 5� CTG-
CATACCTAGCATTTTGCCTATCGGTGT 3� . For
rOatp3, the sense primer was 5� GATGTGGATGGAAC-
TAACAATGACA 3�, the antisense primer was 5� CA-
CACTTGTAAGGATGAGAAGCATGT 3�, and the Taq-
Man MGB probe was 5� TCATGAAGAGCCTCTCCTG-
CAATCCGAT 3�. The PCR mixture was pre-incubated at
50°C for 2 min followed by incubation at 95°C for 10 min and
amplified by 40 cycles at 95°C for 15 s and 60°C for 1 min. The
amount of mRNA was determined from a standard curve
constructed of serial dilutions of a known quantity of cDNA
that was the PCR amplification domain of rOatp1 or rOatp3.
Standard samples were run in parallel during each analysis.
The coefficient of correlation between threshold cycle and
starting amount was r > 0.996. The amount of rOatp1 and
rOatp3 in each sample was normalized by the GAPDH con-
tent.

Antiserum and Western Blot Analysis

Antiserum against rOatp3 was raised in rabbits against a
synthetic peptide consisting of the 13 carboxyl-terminal

amino acids of rOatp3. Membrane fractions were prepared
from LLC-PK1 cells expressing rOatp1 and rOatp3 as de-
scribed previously (24). The membrane fractions and CP iso-
lated from the lateral ventricles were diluted with loading
buffer (BioLabs, Hertfordshire, UK). These specimens were
boiled for 3 min then loaded onto a 10% SDS-polyacrylamide
electrophoresis gel with a 4.4% stacking gel. For Western
blotting, the proteins were electrophoretically transferred to a
polyvinylidene difluoride (PVDF) membrane (Amersham
Pharmacia Biotech, UK) using a blotter (Trans-blot; Bio-
Rad, Richmond, CA, USA) at 15 V for 1 h. The membrane
was blocked with Tris-buffered saline containing 0.05%
Tween 20 (TBS-T) and 5% skimmed milk for 1h at room
temperature. After washing with TBS-T, the membrane was
incubated with anti-rOatp3 serum (dilution 1:1000). The
membrane was then allowed to bind a horseradish peroxi-
dase-labeled anti-rabbit IgG antibody (Amersham Pharmacia
Biotech, UK) diluted 1:5000 in TBS-T for 1 h at room tem-
perature followed by washing with TBS-T.

Immunohistochemical Study

Frozen sections from male Sprague–Dawley rats for im-
munohistochemical study were prepared after fixing in ac-
etone at 4°C for 10 min. Endogenous peroxidase was inacti-
vated by incubation with Peroxidase Blocking Reagent
(DAKO, Carpinteria, CA, USA) for 10 min at room tem-
perature. After washing the sections three times with TBS-T,
nonspecific protein binding was blocked by incubation with
Non-Specific Staining Blocking Reagent (DAKO). Sections
were incubated with anti-rOat3 antibodies (1:200) for 1 h at
room temperature, washed three times with TBS-T, and sub-
sequently incubated with the HRP-labeled secondary anti-
bodies for 1 h at room temperature. The immune reaction was
visualized using diaminobenzidine and then nuclei were
stained with Methyl Green.

Uptake of E217�G and TCA by Rat Isolated CP

Male Sprague–Dawley rats weighing 250–300 g were pur-
chased from SLC (Shizuoka, Japan). The uptake of
[3H]E217�G and [3H]TCA by isolated rat CP was examined
by centrifugal filtration as described in detail previously (25).
The CP was isolated from the lateral ventricles and incubated
at 37°C for 1 min in 500 �l artificial CSF, consisting of 122
mM NaCl, 25 mM NaHCO3, 10 mM glucose, 3 mM KCl, 1.4
mM CaCl2, 1.2 mM MgSO4, 0.4 mM K2HPO4, and 10 mM
HEPES (pH 7.3), equilibrated with 95% O2/5% CO2. Radio-
labeled ligands, with or without inhibitors, were added to
initiate uptake. The tissue-to-medium concentration ratio of
[3H]E217�G and [3H]TCA was calculated with [14C]urea as a
cell water space marker and corrected for adherent water
space as described previously (25). The 3H and 14C activities
of the specimens were determined in a liquid scintillation
spectrophotometer (LS6000SE; Beckman Coulter, Fullerton,
CA, USA).

Uptake Studies in cDNA Transfected LLC-PK1 Cells

LLC-PK1 cells expressing rOatp1 were established pre-
viously (24) and LLC-PK1 cells expressing rOatp3 were es-
tablished in this study. The cDNA encoding rOatp3 was in-
serted into the pcDNA3.1(+) mammalian expression vector
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(Invitrogen, CA). Transfection of this construct was carried
out using lipofectamine according to the manufacturer’s pro-
tocol. The cells were maintained in a selection medium con-
taining G418 (600 �g/ml) to select gene-transfected cells.
Among the G418-resistant clones, the stable transfectants ex-
pressing rOatp3 were selected by Northern blot analysis. The
rOatp3 expressing clone, which exhibited the highest trans-
port activity for E217�G, was maintained in the presence of
G418 (400 �g/ml) and used in all subsequent experiments.

Cells were seeded on a 12-well dish (Becton Dickinson,
Franklin Lakes, NJ) at a density of 1.2 × 105 cells/well and
cultured for 3 days. Sodium-butyrate (5 mM) was added to
the culture medium to induce expression of the transporter 24
h before starting the experiments (Sugiyama et al. 2001). Up-
take was initiated by adding medium containing radiolabeled
ligands after cells had been washed twice and preincubated
with Krebs–Henseleit buffer at 37°C for 15 min. This buffer
consists of 142 mM NaCl, 23.8 mM Na2CO3, 4.83 mM KCl,
0.96 mM KH2PO4, 1.20 mM MgSO4, 12.5 mM HEPES, 5 mM
glucose, and 1.53 mM CaCl2 adjusted to pH 7.4. The uptake
was terminated at a designed time by adding ice-cold Krebs–
Henseleit buffer. The medium was rapidly aspirated and cells
were rinsed twice with ice-cold buffer. Cells were kept over-
night in 500 �l 1 N NaOH for lysis. The radioactivity associ-
ated with the cells and medium was determined by liquid
scintillation counting after adding 2 mL scintillation fluid
(Hionic-Fluor, Packard, Meriden, CT, USA) to the vials. Pro-
tein concentration was determined by the method of Lowry
with bovine serum albumin as a standard.

Kinetic Analyses

Kinetic parameters were obtained using the following
equation (Michaelis–Menten equation) except for Oatp1-
mediated uptake:

v � Vmax � S/(Km + S)

where v is the uptake rate of the substrate (pmol/min/mg
protein or pmol/min/�l tissue), S is the substrate concentra-
tion in the medium (�M), Km is the Michaelis–Menten con-
stant (�M) and Vmax is the maximum uptake rate (pmol/min/
mg protein or pmol/min/�l tissue).

In the case of Oatp1-mediated uptake of E217�G,
Eadie–Hofstee plot (see Fig. 3 later) suggested the presence
of non-saturable component. To obtain the kinetic param-
eters, the following equation was used for fitting;

v � Vmax � S/(Km + S) + Pdif � S

where Pdif represents the uptake clearance corresponding to
the non-saturable component (�l/min/mg protein or �l/min/
�l tissue). To obtain the kinetic parameters, the equation was
fitted to the uptake velocity using a MULTI program (26).
The input data were weighted as the reciprocals of the ob-
served values and the Damping Gauss Newton Method algo-
rithm was used for fitting. Inhibition constants (Ki) of several
compounds were calculated assuming competitive inhibition.

RESULTS

Expression of rOatp1 and rOatp3 mRNA in the CP

The expression of rOatp1 and rOatp3 in the CP was
examined by RT-PCR (Fig. 1). The size of the PCR product

from the liver and CP was approximately 300 bp, as expected
from the positions of the primers in the nucleotide sequences
of rOatp1∼3 (Figs. 1A, 1B). To further establish the identity
of the product, restriction analysis of these products was per-
formed with three different enzymes (HindIII, PstI, and
BstXI). As expected from the known restriction map of
rOatp1∼3 cDNA, the restriction site by BstXI is included in
the PCR products from rOatp2 and rOapt3 but the sites by
Hind III and Pst I are included in rOatp2 and rOatp3, respec-
tively (Fig. 1A). Following treatment by these three restric-
tion enzymes, the isoform expressed in the CP can be iden-
tified. The restriction pattern of the PCR products prepared
using CP cDNA with all three enzymes was different from
that prepared using liver cDNA (Fig. 1B). The restriction
pattern of the PCR products from the liver was exactly as
expected from the known restriction map of rOatp1 cDNA,
and a faint pattern corresponding to rOatp2 was observed
(Fig. 1b). In contrast, the restriction pattern of the PCR prod-
ucts from the CP was exactly as expected from the known
restriction map of rOatp3 cDNA, but not rOatp1 or rOatp2
cDNA (Fig. 1b). This was confirmed by real-time PCR using
a TaqMan MGB probe. The amounts of rOatp1 and rOatp3
mRNA was corrected by GAPDH in the CP and found to be
0.087 (0.085 and 0.088) and 28 (29 and 26), respectively,
whereas the amounts of rOatp1 and rOatp3 mRNA in the
liver was 42 (46 and 38) and 0.0064 (0.0075 and 0.0053),
respectively.

Expression and Localization of rOatp3 on Rat CP

Using the antiserum against rOatp3, immunoreactive
protein was detected at approximately 80 kDa in LLC-PK1

Fig. 1. Expression of rOatp1 and rOatp3 in the liver and CP. RT-
PCR and restriction analysis was carried out to identify rOatp3
mRNA in rat CP. Reverse transcription and PCR was performed as
described in Methods. The restriction pattern of the PCR products
obtained using rOatp1∼3 cDNA as a template is shown in panel A,
and the restriction patterns of the PCR products from the liver and
CP cDNA are shown in panel B.
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cells expressing rOatp3, and no band was observed in vector-
transfected LLC-PK1 cells (Fig. 2a). A faint band was also
detected at the same molecular weight in LLC-PK1 cells ex-
pressing rOatp1 (Fig. 2a, lane 2). The band was also detected
in the CP at the same size as detected in LLC-PK1 cells
expressing rOatp3 (Fig. 2a).

Immunohisotchemical staining was performed using the
antiserum against rOatp3 to determine the localization of
rOatp3 in the CP. The basal surface of the choroid epithelial
cells is apposed to a capillary bed, whereas the brush border
surface, covered with microvilli, faces the CSF. The positive
signals detected by the antiserum were localized along the
surface facing the CSF, but not the surface facing the capillary
bed (Fig. 2b), suggesting that rOatp3 is localized along the
brush border membrane of the choroid epithelial cells.

Uptake of E217�G by LLC-PK1 Cells Expressing rOatp1
and rOatp3

The time-profiles of the uptake of E217�G by rOatp1
and rOatp3 are shown in Fig. 3. The uptake of E217�G by
LLC-PK1 cells expressing rOatp1 and rOatp3 was signifi-
cantly greater than that by vector-transfected cells (Figs. 3A,
C). Because the uptake of E217�G by rOatp1 and rOatp3
increased linearly up to 5 min of incubation (Figs. 3A, C), the

uptake of E217�G at 5 min was used for further studies. The
uptake of E217�G by rOatp1 and rOatp3 was saturated at
higher substrate concentrations (Fig. 3B, D). The Km and
Vmax values for the uptake of E217�G by rOatp1 and rOatp3
were determined to be 2.33 ± 0.63 �M, 4.52 ± 0.99 pmol/min/
mg protein, and 1.15 ± 0.26 �M and 3.72 ± 0.26 pmol/min/mg
protein, respectively. The uptake clearance corresponding to
the non-saturable component of the uptake of E217�G by
rOatp1 was 0.193 ± 0.032 �l/min/mg protein., and this may be
ascribed to the experimental deviation between the uptake in
vector-transfected and Oatp1-expressed cells.

The effect of inhibitors on rOatp1- and rOatp3-mediated
E217�G uptake was examined (Fig. 4). Assuming competitive
inhibition, the Ki values of inhibitors for rOatp1 and rOatp3
were determined as summarized in Table I. Glibenclamide
and estrone-3-sulfate are potent inhibitors of rOatp1 and
rOatp3, and corticosterone diclofenac, indomethacin, and
taurocholate are moderate inhibitors whereas probenecid and
quinine are weak inhibitors of rOatp1 and rOatp3. The Ki

values of rOatp1 and rOatp3 were quite similar (Table I).
Digoxin (an inhibitor of rOatp2), PAH and cimetidine (in-
hibitors of rOat3) did not affect the uptake by rOatp1 and
rOatp3 (data not shown).

Uptake of E217�G and TCA by Isolated Rat CP

The time-profiles of the uptake of E217�G and TCA by
isolated rat CP are shown in Figs. 5A, 5C. The uptake of

Fig. 2. Localization of rOatp3 in the rat CP. (A) Crude membrane
fractions from vector-transfected LLC-PK1 cells, and LLC-PK1 cells
expressing rOatp1 and rOatp3 (lanes 1∼3; 3 �g/lane) and rat CP (lane
4; 3.3 �g/lane) were separated by SDS-PAGE (10% separating gel) as
described in Materials and Methods. rOatp3 was detected by the
antiserum against a region near the carboxyl terminus of rOatp3. (B)
Cryosections of brain from male Sprague–Dawley rats were incu-
bated with rOatp3-antiserum. The immune reaction was visualized
using diaminobenzidine, and then nuclei were stained with Methyl
Green (×200). The positive signals detected by the antiserum against
rOatp3 were along the surface facing the CSF. Asterisk indicates the
CSF space.

Fig. 3. Uptake of [3H]E217�G by LLC-PK1 cells expressing rOatp1
and rOatp3 and the concentration dependence of their uptake. The
uptake of [3H]E217�G by rOatp1 (A) and rOatp3 (C) was examined
at 37°C. Closed circles represent the uptake by LLC-PK1 cells ex-
pressing rOatp1 in panel (A) and rOatp3 in panel (C), whereas open
circles represent the uptake by vector-transfected cells. Uptake was
initiated by adding the uptake buffer containing [3H]E217�G (0.2
�M) and terminated at designated times by adding ice-cold buffer.
The concentration-dependence of rOatp1-mediated [3H]E217�G up-
take (B) and rOatp3-mediated [3H]E217�G uptake (D) is shown.
Kinetic analyses revealed that the uptake of [3H]E217�G by rOatp1
and rOatp3 consists of one saturable and one non-saturable compo-
nent, and a single saturable component, respectively. Michaelis–
Menten constants were obtained by non-linear regression analysis
and the solid line represents the fitted line. Each point represents the
mean ± SE (n � 3).
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E217�G and TCA by isolated rat CP increased linearly up to
5 min of incubation. Their uptake at 3 min was used to ex-
amine the concentration-dependence and the effect of various
inhibitors. The Eadie–Hofstee plot indicates that the uptake
of E217�G and TCA by rat isolated CP consists of one satu-
rable component (Figs. 5B, 5D). The Km and Vmax values for
the uptake of E217�G and TCA by isolated rat CP were
determined to be 55.5 ± 8.1 �M and 554 ± 69 pmol/min/�l
tissue, and 116 ± 17 �M and 1010 ± 109 pmol/min/�l tissue,
respectively. The uptake of E217�G by isolated rat CP under
linear conditions (Vmax/Km) was comparable with that of
TCA.

Table I. Inhibition Constants (Ki values) for the Uptake of E217�G
by Isolated Rat CP, rOatp1 and rOatp3

Choroid plexus
Ki (�M)

Oatp1
Ki (�M)

Oatp3
Ki (�M)

corticosterone 47.4 ± 9.6 23.0 ± 6.4 53.8 ± 14.4
diclofenac 236 ± 49 30.6 ± 2.5 27.3 ± 4.8
estrone sulfate 77.5 ± 20.8 9.37 ± 4.27 10.4 ± 3.7
glibenclamide N.D.a 2.37 ± 0.63 2.96 ± 0.81
ibuprofen 760 ± 226 N.D.a N.D.a

indomethacin 30.9 ± 7.4 30.8 ± 12.3 21.8 ± 2.6
probenecid 635 ± 320 66.2 ± 29.7 187 ± 50
quinine 260 ± 58 89.1 ± 14.9 109 ± 15
taurocholate 124 ± 8 13.3 ± 3.1 19.0 ± 3.8

Note: Data shown in the Figure 4 and 6 were used to determine the
Ki values for the uptake of E217�G by isolated rat CP, rOatp1- and
rOatp3 cDNA-transfected cells. Details of the uptake studies were
described in Methods.
a N.D. Not Determined.

Fig. 5. Uptake of [3H]E217�G and [3H]TCA by isolated rat CP and
concentration dependence of their uptake by isolated rat CP. The CP
was isolated from the lateral ventricles. The uptake of [3H]E217�G
(0.01 �M) (A) and [3H]TCA (0.15 �M) (B) by isolated rat CP was
examined by centrifugal filtration as described in Materials and
Methods. The tissue-to-medium concentration ratio of [3H]E217�G
and [3H]TCA was calculated with [14C]urea as a cell water space
marker and was corrected for the adherent water space. Closed and
open circles represent the uptake of [3H]E217�G and [3H]TCA by
isolated CP, respectively (A, C). The concentration-dependence of
the uptake of [3H]E217�G (B) and [3H]TCA (D) by isolated rat CP
is shown as an Eadie–Hofstee plot. The uptake determined at 3 min
with different substrate concentrations of E217�G and TCA was used
for the calculation. The solid line represents the fitted line. Each
point represents the mean ± SE (n � 3).

Fig. 4. Inhibitory effect on the uptake of E217�G by rOatp1 and rOatp3. The uptake of [3H]E217�G (0.2 �M) by rOatp1
and rOatp3 was determined in the presence and absence of inhibitors ((A) corticonterone, (B) diclofenac, (C) estrone-
3-sulfate, (D) glibenclamide, (E) indomethacin (F) probenecid, (G) quinine, (H) taurocholate) at the concentrations indi-
cated. Closed and open symbols represent the rOatp1- and rOatp3-mediated uptake of [3H]E217�G. The inhibition constants
(Ki) were calculated assuming competitive inhibition. The solid lines represent the fitted line obtained by non-linear regression
analysis. The details of fitting are described in Materials and Methods. Each point represents the mean ± SE (n � 3).
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Effect of Inhibitors on the Uptake of E217�G by Isolated
Rat CP

To evaluate the contribution of organic anion transport-
ers to the uptake of E217�G by isolated rat CP, inhibition
studies were carried out (Fig. 6). Digoxin is a specific inhibitor
of rOatp2 (24), whereas benzylpenicillin, PAH and cimetidine
are specific for rOat3 (11). Corticosterone, estrone-3-sulfate
and indomethacin are moderate inhibitors of the uptake of
E217�G by the CP with Ki values of 47.4 ± 9.6, 77.5 ± 20.8,
and 30.9 ± 7.4 �M, respectively, and diclofenac, ibuprofen,
probenecid, quinine, and taurocholate are weak inhibitors
with Ki values of 236 ± 49, 760 ± 226, 635 ± 320, 260 ± 58, and
124 ± 8 �M, respectively (Table I). The effect of digoxin,
benzylpenicillin, PAH, and cimetidine was low or zero for the
uptake of E217�G by isolated rat CP (data not shown).

DISCUSSION

In this article, we have demonstrated the expression and
localization of rOatp3 on isolated rat CP1, the involvement of
rOatp3 in the uptake of E217�G and, possibly, TCA by iso-
lated rat CP was investigated using rat isolated CP.

The expression of rOatp3 in the CP was studied by RT-
PCR and Western blot analyses. The restriction pattern of
PCR products from rat CP cDNA was consistent with that of
rOatp3, but not rOatp1, suggesting that the major transporter
expressed in the CP is rOatp3. This was confirmed by real-
time PCR and a TaqMan MGB probe designed for rOatp1
and rOatp3. The mRNA expression of rOatp3 is more abun-
dant than that of rOatp1in the CP, whereas the mRNA ex-
pression of rOatp3 in the liver is low. The latter finding is
consistent with previous reports (22,23). The expression of
rOatp3 protein in rat CP was examined by Western blot

analysis. Although a single band was detected in the CP and
LLC-PK1 cells expressing rOatp3, which was not detected in
the vector-transfected LLC-PK1 cells, using the antiserum
against rOatp3, a faint band was also detected in LLC-PK1
cells expressing rOatp1 (Fig. 2). It is likely that the antiserum
against rOatp3 prepared in this study cross-reacts with
rOatp1. These results were contradictory to the previous re-
port in which the expression of rOatp1 was detected in the CP
by RT-PCR in situ hybridization and Western blot analyses
(12). The nucleotide and amino acid sequences of rOatp3
exhibit high homology to rOatp1 (80 and 86%, respectively).
Therefore, it is likely that the probes for rOatp1 reacted with
rOatp3 mRNA or protein in the CP in the previous report
(12). Immunohistochemical staining detected positive signals
along the brush border membrane of the choroid epithelial
cells. Taking the abundant expression of rOatp3 mRNA in
the CP into consideration, the positive signal along the apical
membrane of the choroid epithelial cells must be ascribed to
rOatp3. A monoclonal antibody, specifically reacting with
each Oatp isoform (rOatp1∼3), needs to be established for
further analyses.

To investigate the contribution of rOatp3 to the total
uptake of rOatp3 substrates, inhibitors selective for rOatp3
are necessary. The selectivity of inhibitors for rOatp1 and
rOatp3 was investigated using cDNA-transfected cells. Trans-
fection of rOatp3 cDNA to LLC-PK1 cells resulted in a sig-
nificant increase in the intracellular accumulation of E217�G.
The uptake was saturable with a Km value of 1.2 �M that is
comparable with that for rOatp1 (Table I). Glibenclamide
and estrone-3-sulfate are potent inhibitors of rOatp3, corti-
costerone, diclofenac, indomethacin, and taurocholate are
moderate inhibitors, whereas probenecid and quinine are
weak inhibitors of rOatp3. Comparison of the Ki values for

Fig. 6. Inhibitory effect on the uptake of [3H]E217�G by isolated rat CP. The uptake of [3H]E217�G (0.01 �M) by
isolated rat CP was determined at 3 min in the presence and absence of inhibitors ((A) corticonterone, (B) diclofenac,
(C) estrone-3-sulfate, (D) ibuprofen, (E) indomethacin (F) probenecid, (G) quinine, (H) taurocholate) at the concen-
trations indicated. The inhibition constants (Ki) were calculated assuming competitive inhibition. The solid lines rep-
resent the fitted line obtained by non-linear regression analysis. The details of fitting are described in Materials and
Methods. Each point represents the mean ± SE (n � 3).
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rOatp1 and rOatp3 indicates that the substrate specificity of
rOatp1 and rOatp3 is similar. Although digoxin is a substrate
of rOatp3 (20), no inhibitory effect on rOatp3 was observed,
suggesting that the affinity of digoxin for rOatp3 is low, as
reported previously (20). Digoxin can be used as inhibitor
that distinguishes rOatp2-mediated transport from rOatp1-
and rOatp3-mediated transport. However, no selective inhibi-
tor for rOatp1 or rOatp3 was found in this study.

The previous report on Km value of E217�G for rOatp3
was 39 �M, 30-fold lower than the Km value in this study, in
an experiment using rOatp3-cRNA injected oocytes, whereas
the Ki value of estrone-3-sulfate determined in this study was
27-fold higher than that in rOatp3-cRNA injected oocytes
(20). The Ki and Km values of E217�G and TCA were com-
parable in these two different expression systems (20,21). The
reason for these discrepancies remains unknown, and further
studies are required.

Using isolated rat CP, the transport properties across the
brush-border membrane were characterized. Significant accu-
mulation of E217�G was observed in isolated rat CP as re-
ported previously (9). The absolute value of the uptake of
E217�G by isolated rat CP at 3 min was 2-fold greater than
the previous reported values, however, a marked difference
was observed in the fraction of saturable component to the
total uptake. Although 40% of the accumulation was associ-
ated with the saturable component in a previous report, the
Eadie–Hofstee plot indicates that the uptake was predomi-
nantly accounted for by a saturable component alone in this
study. The intrinsic transport activity of E217�G by isolated
rat CP (Vmax/Km) was almost 10-fold greater than previous
reported values (9). The intrinsic transport activity of TCA by
isolated rat CP was comparable with that of E217�G. The Km

value for the uptake of TCA by rat isolated CP was deter-
mined to be 119 �M, and the value was comparable with the
Ki value of TCA for the uptake of E217�G by the CP (124
�M), suggesting that TCA shares the same uptake mecha-
nism with E217�G on the brush border membrane.

The Km value determined in this study (55 �M) was
16-fold greater than in the previous report (3.4 �M). In ad-
dition, the Km values of E217�G and TCA for their uptake by
isolated rat CP were 45- and 6-fold greater than those for
rOatp3 (Table I). The Ki values of diclofenac and estrone-3-
sulfate for the uptake of E217�G by isolated rat CP were
7- and 10-fold greater than those for rOatp3 whereas the
difference in the Ki values of corticosterone, probenecid, and
quinine was less than 3-fold (Table I). Although the kinetic
parameters of some compounds exhibited difference between
rOatp3-expressed LLC-PK1 cells and the CP, taking the lo-
calization and substrate specificity of rOatp3 into consider-
ation, it is likely that rOatp3 is involved in the uptake of
amphipathic organic anions by the CP. To support this, fur-
ther studies are required by examining the uptake of rOatp3-
specific substrates by the CP and the effect of rOatp3-
selective inhibitors. The reason for the difference in kinetic
parameters is unknown. It is possible that the affinity of li-
gands for rOatp3 differs depending on the expression system.
Because digoxin, PAH, PCG, and benzylpenicillin did not
affect the uptake of E217�G by isolated rat CP, the involve-
ment of rOat3 and rOatp2 can be excluded. rOatp2 has been
shown to be localized on the basolateral membrane of the
choroid epithelial cells (1). Taking the localization of rOatp2
in the CP into consideration, it is rational that digoxin did not

affect the uptake of E217�G by the CP at all because the
uptake determined using isolated rat CP occurs mainly
through the brush border membrane.

In conclusion, our studies suggest that rOatp3 is involved
in the uptake of E217�G by the CP, and acts as one of the
detoxification systems that removes xenobiotics and drugs
from the CSF.
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