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ABSTRACT The mRNA for organic anion transport pro-
tein (oatp) was previously shown to be present in abundance
in liver and kidney, and in small amounts in brain. Data
obtained from experiments with reverse transcriptase-PCR
techniques and in sifu hybridization analysis showed that the
oatp mRNA is present within the brain, localized to the
choroid plexus. A sequence-specific antibody to the oatp
polypeptide demonstrated the presence of the expected
polypeptide with a molecular weight of 80,000 plus an immu-
noreactive species with a higher molecular weight in prepa-
rations of choroid plexus membranes. Examination of the
choroid plexus by fluorescence confocal microscopy revealed
that immunoreactive oatp polypeptide is localized to the apical
surface of the choroid plexus epithelial cells, which contacts
the cerebrospinal fluid. This localization of oatp is consistent
with previous experiments showing vectorial transport of
organic anions between the choroid plexus and the cerebro-
spinal fluid.

Transport of organic anions as a mechanism for clearance
from the cerebrospinal fluid was convincingly demonstrated by
Pappenheimer and coworkers (1). It was suggested that the
choroid plexus could be the site of this transport, drawing
support from earlier observations that choroid plexus epithe-
lium in culture forms sacs in which these compounds could be
concentrated (2). Detailed kinetic studies performed in iso-
lated choroid plexus tissue have confirmed and characterized
this organic anion transport process as similar to those in liver
and kidney (3, 4). A cDNA was recently expression-cloned
from rat liver on the basis of its conferring upon cells the ability
to transport organic anions such as sulfobromophthalein (5).
This cDNA encodes a protein present in liver and kidney that
has been termed organic anion transport protein (oatp).
oatp cDNA encodes a protein with a calculated molecular
weight of 74,034 and 12 predicted transmembrane domains (5).
Sequence-specific antibodies have been used to localize the
oatp protein to the basolateral surface of hepatocytes, and the
apical portion of the S3 segment of the proximal tubule of the
rat kidney (6). The amino acid sequence of this transporter is
structurally unrelated to other previously studied transporters.
However, a protein termed matrin F/G, a DNA-binding
zinc-finger protein, was found to be 38% identical to oatp in
searches of protein sequence data bases (7). Schuster and
Wolkoff were able to show that this cDNA actually encoded a
prostaglandin transporter, 99 aa longer than that originally
predicted (8). It is likely that oatp may be a member of a new
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family of integral membrane transporters, with more members
yet to be identified.

Previous studies in which Northern blot analysis was per-
formed at high stringency showed that tissues other than liver
contained mRNA that hybridized to the oatp cDNA clone (5).
Although total RNA isolated from whole brain was positive for
oatp mRNA, an approximately 10-fold longer exposure time
was required to reveal a signal of intensity similar to that seen
in total RNA prepared from rat liver. Within the brain, the
choroid plexus epithelium is the blood-cerebrospinal fluid
barrier and is known to share many functional properties with
hepatocytes (9). For example, the transporters for glucose
(10), amino acids (11), vitamins (12), nucleosides (13), and
fatty acids (14) are present. Organic anion transport has also
been demonstrated both in isolated preparations of choroid
plexus and in vivo (4, 15). Specific binding of radiolabeled
bilirubin to the choroid plexus has also been described (16). In
this study, we demonstrate that, within the brain, oatp mRNA
and protein are localized to the choroid plexus.

MATERIALS AND METHODS

Immunoblot Analysis of oatp. An antiserum was raised in
rabbits to a synthetic peptide corresponding to a region near
the carboxyl terminus of oatp, as described (6). Sprague—
Dawley rats were used in all experiments. Freshly extirpated
tissue was homogenized in the presence of protease inhibitors,
and the membrane pellet was extracted with 0.1 M sodium
carbonate to remove loosely associated proteins, as described
(17). The sodium carbonate-insoluble pellets were dissolved in
sample buffer, and the proteins were separated by SDS/PAGE
(10% gel) (18). Proteins were transferred to poly(vinylidene
difluoride) membranes (Millipore) with a dryblotting appara-
tus (Hoefer). After blocking with nonfat milk solution, the
membranes were incubated with antibody for 4 h before
developing for luminescent detection (Amersham).

Fluorescent Confocal Microscopy. oatp and actin in choroid
plexus were immunolocalized as described (19). Briefly, freshly
extirpated choroid plexus was fixed by immersion in 4%
paraformaldehyde for 3 h at 4°C. After blocking in sodium
borohydride and incubation in goat serum, BSA, and Tween
detergent, the whole choroid plexus tissue was sequentially
exposed to a sequence-specific anti-oatp rabbit serum (6)
(dilution 1:100). Then the whole tissue was exposed to goat
anti-rabbit IgG labeled with Cy-3 (dilution 1:100; Jackson
ImmunoResearch) and then to the fluorescein isothiocyanate
derivative of phalloidin (Molecular Probes). The tissue was
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examined with an inverted Nikon fluorescence microscope
attached to the Bio-Rad Mrc 600 confocal laser imaging system
equipped with a krypton/argon laser. Single optical section
and x and z axes analyses were performed for the entire depth
of the tissue, approximately 20 wm.

Reverse Transcriptase (RT)-PCR Detection of oatp mRNA.
Total RNA of choroid plexus and liver was prepared with
TRIzol reagent (GIBCO/BRL) by a modification of the
guanidine thiocyanate procedure (20). RT-PCR was used to
detect the presence of oatp mRNA. The 22-bp 5’ primer
corresponded to nucleotides 1925-1946 of the cDNA sequence
5'-TCTGCCTGCCTTCTTCATTCTG (GenBank accession
no. L19031). The 24-bp 3’ primer corresponded to nucleotides
2349-2326 of the mRNA sequence 5'-GTAGTGTGGGGGT-
CACCATAAAAG. The expected product of these primers is
425 bp. Enzymes and the thermal cycler were from Perkin—
Elmer.

In Situ Hybridization. In situ hybridization was performed as
described (21). Briefly, parasagittal crysostat sections (14 pwm)
from adult rat brain were hybridized for 18 h at 43°C with
60-mer oligonucleotides, complementary to positions 2031-
2090 of the rat oatp cDNA, end-labeled with [*>S]dATP (New
England Nuclear). The hybridization solution contained 50%
deionized formamide, 40% dextran sulfate filtrate, 0.25 mg/ml
tRNA, 0.25 mg/ml polyadenylic acid, 0.25 mg/ml denatured
herring sperm DNA, and labeled oligonucleotide probe
(300,000 cpm/50 ul). Sections were rinsed with a solution
containing 0.2 M NaCl and 20 mM sodium citrate (1X SSC)
and twice with 0.4X SSC at 55°C. Sections were then dehy-
drated and covered with B-max Hyperfilm (Amersham) for
4-21 days. In control experiments, the hybridization was
performed in the presence of a 10-fold excess of unlabeled
oligonucleotide probe.

RESULTS

RT-PCR Analysis of oatp mRNA in Choroid Plexus. Be-
cause the choroid plexus is a single layer of cells, forming only
a small proportion of the volume of the brain in the adult,
RT-PCR was used in the initial analysis for the presence of
oatp mRNA. Primers were selected from the 3’ region of the
mRNA and were expected to yield a PCR product of 425 bp.
The positive control RNA prepared from rat liver yielded a
product of this size, and RNA from choroid plexus produced
a band of 425 bp as well (Fig. 1).

In Situ Hybridization Analysis of oatp mRNA in Choroid
Plexus. To further confirm the presence of the oatp transcript
in choroid plexus and to determine whether this localization is
unique, in situ hybridization analysis was performed. An
example in a sagittal section of rat brain is shown in Fig. 2. The
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Fic. 1. RT-PCR analysis of oatp mRNA in choroid plexus. The
reaction products separated by agarose gel electrophoresis are shown
for mRNA prepared from liver (left lane) and choroid plexus (right
lane). The molecular weight markers are shown on the left.
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F1G. 2. In situ hybridization analysis of oatp mRNA in rat brain. A
sagittal section of the brain is shown after hybridization with a
radiolabeled, oatp-specific oligonucleotide probe and exposure to film.
Arrowheads point out the intense labeling in the lateral (left arrow-
head) and fourth (right arrowhead) ventricles.

choroid plexus of the lateral and fourth ventricles is intensely
labeled, with no labeling detected in other parts of the brain.
Examination of the set of sagittal sections showed specific
labeling of the choroid plexus in the lateral, third, and fourth
ventricles. No specific labeling was detected in other regions of
the brain, even with longer exposure times.

Immunological Detection of oatp Polypeptide. The oatp
polypeptide cannot be detected in immunoblots of whole tissue
homogenates (6). It is necessary to prepare membrane frac-
tions enriched in integral membrane proteins by extraction
with sodium carbonate to visualize the oatp antigen. As seen
in Fig. 3, this method of analysis readily revealed the presence
of a single immunoreactive polypeptide with a molecular
weight of 80,000 in rat liver, as noted in previous studies (6).
Samples from choroid plexus showed an immunoreactive band
at a molecular weight of 80,000 and a band at a molecular
weight of 160,000.
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F16. 3. Immunoblot analysis of the oatp polypeptide. The immu-
noreactive bands in liver (left lane) and choroid plexus (right lane) are
shown. Molecular weight markers are at the left.
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FiG. 4. Confocal microscopy of choroid plexus. Freshly extirpated choroid plexus was incubated either with the fluorescein isothiocyanate
derivative of phalloidin to reveal actin (a) or antiserum to oatp followed by a rhodamine-labeled secondary antibody (b). Arrowheads point out

the intense staining seen at the apical surface of the epithelial cells.

Colocalization of oatp and Actin. Because the choroid plexus
is a polarized tissue with distinct functional faces, confocal
microscopy was performed to determine the subcellular lo-
calization of oatp. The tissue was examined whole, and thus
appeared folded on the surface of the slide. The basal surface
of these cells is apposed to a capillary bed, whereas the apical
surface, facing the cerebrospinal fluid, was elaborated with
microvilli. Fig. 4 illustrates the confocal analysis of the colo-
calization of oatp and actin. In Fig. 4a, actin filaments revealed
by the fluorescein isothiocyanate derivative of phalloidin are
evident around the entire subplasma membrane surface of the
choroid plexus epithelium. At the apical surface, the actin
localization appears as a wide band of fluorescence where the
microvilli are located, and where the apical surface is sectioned
tangentially. In Fig. 4b, which is the same optical section as that
in Fig. 4a, the oatp detected by a Cy-3-labeled secondary
antibody is present only at the surface facing the cerebrospinal
fluid, that is, the apical surface.

DISCUSSION

The liver efficiently removes organic anions, such as sulfobro-
mophthalein and bilirubin, from the circulation, with a single-
pass extraction fraction as high as 50% (22). The efficiency of
this process is important, as these organic anions are poten-
tially toxic. Similar transport processes have been described in
the choroid plexus, which shares other physiological transport
processes with both liver and kidney (9). Choroid transport
may represent a major factor for permeation of these, or
related, compounds into or out of the cerebrospinal fluid.

In this report, RT-PCR experiments demonstrated that the
mRNA for oatp is present in choroid plexus. This result is
consistent with the previously published Northern blot analysis
results for whole brain total RNA, which demonstrated major
mRNA species of 2.8 and 4.0 kb (5). The longer exposure
required for the brain RNA samples indicated that either the
levels of the mRNA are lower throughout the brain or it is
localized to a limited brain region. These studies were con-
firmed by in situ hybridization experiments, which revealed a
very strong signal localized to the choroid plexus in all
ventricles, with only background signal in the remainder of the
brain.

The oatp polypeptide can be detected by a sequence-
specific antibody to the carboxyl-terminal peptide of the
predicted amino acid sequence (6). Although a major pep-
tide (M; = 80,000) was detected in samples from the choroid
plexus and liver; a much larger polypeptide (M, near 160,000)
was also found only in the choroid plexus membranes. The

samples had been reduced with dithiothreitol before analy-
sis, so the larger polypeptide is unlikely to represent a dimer.
Furthermore, the liver sample was prepared at the same time
and did not show this high molecular weight species. It is
possible that the difference in apparent molecular weights is
due to posttranslational modification specific to the choroid
plexus. The types and extent of posttranslational modifica-
tions in both liver and choroid plexus are subjects for future
investigation.

Localization of the oatp polypeptide within the choroid
plexus is of particular interest, because of previous physiolog-
ical experiments indicating vectorial transport to and from the
cerebrospinal fluid (9). Consistent with this body of work is our
identification of the apical surface of the choroid plexus as the
site of oatp in this organ. The apical plasma membranes are
differentiated, with microvilli on this surface which faces the
cerebrospinal fluid. This feature provides a large surface area
for transport and is consistent with the observed rapid removal
of organic anions from the brain (1, 3, 4). Pappenheimer
reported that the choroid plexus of the fourth ventricle, but not
the lateral ventricles, was responsible for organic anion trans-
port in the goat brain (1). The present finding of oatp in the
lateral ventricles in addition to the fourth ventricle may simply
represent a species difference. The location of oatp in the
choroid plexus may provide the means by which various
organic acids, including pharmaceutical compounds, are kept
from reaching high concentrations in the brain.
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