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Impaired Monoamine and Organic Cation Uptake in Choroid
Plexus in Mice with Targeted Disruption of the Plasma
Membrane Monoamine Transporter (S/c29a4) Gene*
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Background: Some CNS active compounds are transported into or out of the brain by transporters in the choroid plexus

(CP).

Results: PMAT is a major CP transporter for bioactive amines and xenobiotic cations.
Conclusion: PMAT transports organic cations from the cerebrospinal fluid into the CP.
Significance: PMAT may be an important determinant of brain exposure to cationic neurotoxins and bioactive amines.

The choroid plexus (CP) forms the blood-cerebrospinal fluid
(CSF) barrier and protects the brain from circulating metabo-
lites, drugs, and toxins. The plasma membrane monoamine
transporter (PMAT, SLC29A4) is a new polyspecific organic cat-
ion transporter that transports a wide variety of organic cations
including biogenic amines, cationic drugs, and neurotoxins.
PMAT is known to be expressed in the CP, but its specific role in
CP transport of organic cations has not been clearly defined.
Here we showed that PMAT transcript is highly expressed in
human and mouse CPs, whereas transcripts of other function-
ally related transporters are minimally expressed in the CPs.
Immunofluorescence staining further revealed that PMAT pro-
tein is localized to the apical (CSF-facing) membrane of the CP
epithelium, consistent with a role of transporting organic cat-
ions from the CSF into CP epithelial cells. To further evaluate
the role of PMAT in the CP, mice with targeted deletion of the
Slc29a4 gene were generated and validated. Although Pmat ™/~
mice showed no overt abnormalities, the uptake of monoamines
and the neurotoxin 1-methyl-4-phenylpyridinium was signifi-
cantly reduced in CP tissues isolated from the knock-out mice.
Together, our data demonstrated that PMAT is a major trans-
porter for CP uptake of bioactive amines and xenobiotic cations.
By removing its substrates from the CSF, PMAT may play an
important role in protecting the brain from cationic neurotox-
ins and other potentially toxic organic cations.

The mammalian brain is protected from circulating metab-
olites, neuroactive substances, drugs, toxins, and blood-borne
pathogens by two major permeability barriers: the blood-brain
barrier and the blood-cerebrospinal fluid barrier (BCSFB).>
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BCSEFB is anatomically defined by the choroid plleexus (CP)
epithelium located in the four brain ventricles. Besides secret-
ing CSE, CP epithelial cells express many solute carrier and
ATP-binding cassette transporters to actively transport com-
pounds into or out of the brain (1-3). However, compared with
the blood-brain barrier, relatively little is known about CP
transporters and their roles in brain disposition of endogenous
as well as foreign substances. Recent studies using transporter
gene KO animals have suggested that CP could play a signifi-
cant role in influencing CSF concentrations and brain bioavail-
ability and exposure to nutrients, drugs, and toxins (4—6). For
example, the sodium-dependent vitamin C transporter 2
(Svct2, Slc23a2), which is absent from the blood-brain barrier
but highly expressed in the CP at the basolateral (blood-facing)
membrane, plays a major role in supplying the brain with ascor-
bic acid (7). The proton-coupled oligopeptide transporter 2
(Pept2, Slc15a2) expressed at the apical (CSF-facing) mem-
brane mediates substrate uptake from the CSF (8). Pept2
knock-out mice showed reduced CP uptake of dipeptides and
peptidomimetic drugs and are more susceptible to 5-aminole-
vulinic acid-induced neurotoxicity (9, 10).

Many CNS active compounds, such as the endogenous mon-
oamine neurotransmitters, trace amines, neurotoxins (e.g.,
1-methyl-4-phenylpyridinium (MPP*)), and drugs, are organic
cations (OCs) that rely on monoamine and organic cation
transporters to cross membrane barriers. Earlier studies
showed that the CP is able to accumulate monoamine neu-
rotransmitters against a concentration gradient (11). Within
the CP, biogenic amines are metabolized by monoamine oxi-
dase and catechol-O-methyltransferase (11-13), suggesting CP
acts as both a structural and an enzymatic barrier to regulate
CNS homeostasis of endogenous amines. Moreover, CP
expresses transport activities for xenobiotic OCs with diverse
chemical structures (14, 15). This OC transport system may
play an active role in clearing cationic drugs, drug metabolites,
and neurotoxins from the brain (2, 16). However, little is pres-
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ently known regarding the molecular mechanisms underlying
monoamine and OC transport in the CP. Although several
transporters, including the serotonin transporter (SERT) and
organic cation transporters 1-3 (OCT1-3), have been impli-
cated in this process (2, 17, 18), the expression and membrane
localization for most of these transporters have not been well
analyzed in native CP tissues. Furthermore, there is essentially
no functional data supporting a specific role of these transport-
ers in CP uptake and transport of endogenous amines and
xenobiotic OCs.

Plasma membrane monoamine transporter (PMAT,
SLC29A4) is a new polyspecific OC transporter first cloned and
characterized in our laboratory (19, 20). PMAT functions as a
Na™-independent, electrogenic, and polyspecific transporter
that shares a large substrate and inhibitor overlap with
OCT1-3 in the SLC22 family. Prototype PMAT substrates
include biogenic amines, MPP™ and MPP™-like neurotoxins,
and clinically used drugs (20-22). Abundantly expressed in
multiple brain regions, PMAT represents a major uptake 2
transporter for serotonin (5-HT) and dopamine in the CNS
(22). Previous work by Vialou et al. (23) and by us (24) showed
that PMAT mRNA is highly expressed in mouse and rat CPs.
Our expression profiling analysis of 252 Slc transporter genes in
the Allen Brain Atlas further identified Pmat as one of a few Slc
genes with the highest expression intensity in the CP (25).
Okura et al. (26) also recently reported a dominating expression
of Pmat mRNA over Octl-3 in an immortalized cell line
derived from rat CP. Based on these data, we hypothesize that
PMAT is a major component of the OC transport system at the
BSCEB and plays an important role in CP transport of endoge-
nous and xenobiotic OCs. In this study, we carried out detailed
analysis to determine the role of PMAT at the BCSFB. We first
analyzed the expression profile of known monoamine and
organic cation transporters in rodent and human CP tissues.
The membrane localization of PMAT is then determined by
immunofluorescence microscopy. Finally, the functional sig-
nificance of PMAT in OC transport at the BCSFB is demon-
strated by developing and utilizing a mouse model with tar-
geted deletion of the Slc29a4 gene.

EXPERIMENTAL PROCEDURES

Materials—[*H]MPP™ (85 Ci/mmol) and [**C]mannitol (50
mCi/mmol) were purchased from American Radiolabeled
Chemicals, Inc. [*H]5-HT (28 Ci/mmol) and [*H]dopamine
(51.3 Ci/mmol) were purchased from PerkinElmer Life Sci-
ences. Nonradiolabeled chemicals were purchased from Sigma-
Aldrich. Cell culture media and reagents were from Invitrogen.
Cell culture plastic wares were from BD Biosciences or
Corning.

Quantification of Transporter mRNA Expression by Real
Time PCR—Mouse CPs were dissected from the lateral and
fourth ventricles of brain after euthanization with CO,. Total
RNA was extracted from mouse CP or whole brain using TRIzol
reagent (Invitrogen). Human CP epithelial cell total RNA was
purchased from ScienCell Research Laboratories (Carlsbad,
CA). After reverse transcription with Superscript I1I (Life Tech-
nologies, Inc.) into cDNA, the expression levels of selected
transporter genes were quantified with TagMan real time PCR
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as described previously (22). The validated primer and probe
assay sets for assayed genes were purchased from Applied
Biosystems, Inc. Their assay IDs are: Mm01250065_m1 (Sert),
Mm00438396_m1  (Dat), ~ Mm00436661 ml  (Net),
MmO00488294_m1 (Oct3), Mm01197698_m1 (Gusb, B-glucu-
ronidase), MmO00525578_m1l (Pmat), Mm00456308_ml
(Octl), Mm00457295_m1 (Oct2), Mm00840361_m1 (Matel),

Mmo02601002_m1 (Mate2), Hs01085703_gl (PMAT),
Hs00427554 m1 (OCTI), Hs00161893 ml (OCT2),
Hs00222691 m1  (OCT3), Hs00997364 ml  (DAT),
Hs00984348 m1  (SERT), Hs01567442 ml  (NET),

Hs00979028 m1 (MATEI), and Hs00945650 m1 (MATE2).
All of the samples were run in triplicate. The relative expression
level of each gene in the CP was normalized to a reference gene,
GAPDH.

Western Blot and Immunofluorescence Staining of PMAT in
Choroid Plexus—Human CP tissues were obtained from the
National Disease Research Interchange (Philadelphia, PA). For
Western blot, CP tissues were mixed with 1 ml of ice-cold
homogenization buffer containing 10 mm Tris-HCI, pH 7.4, 250
mM sucrose, 10 mm KH,PO,, 5 mm EDTA, 1 mum phenylmeth-
ylsulfonyl fluoride, and protease inhibitor mixture (Roche
Applied Science). After homogenization, tissue homogenates
were centrifuged at 600 X g for 5 min at 4 °C. The supernatant
was transferred to a new centrifuge tube and centrifuged at
10,000 X g for 15 min at 4 °C. The supernatant was then har-
vested. Protein concentrations were determined with a BCA
protein assay kit (Bio-Rad). Protein samples (100 ug) were sub-
jected to SDS-PAGE. The blot was incubated with a previously
developed and validated anti-PMAT polyclonal antibody P469
(1:500) (24) and followed by detection with a horseradish per-
oxidase-conjugated goat anti-rabbit IgG (1:20,000 dilution).

For immunofluorescence staining, frozen sections of human
CP tissues (4 wm in thickness) were fixed with ice-cold acetone
for 10 min, dried, and rehydrated in phosphate-buffered saline.
They were then blocked with a blocking buffer (10% FBS, 0.1%
Triton X-100 in PBS) for 90 min and then incubated with the
primary antibody diluted in blocking buffer (1:200) overnight at
4 °C. PMAT was detected with the P469 polyclonal antibody.
Na*/K"-ATPase was detected with a monoclonal anti-Na*/
K*-ATPase a subunit antibody (Sigma). The next day, CP sec-
tions were washed three times with a washing buffer (0.05%
Tween 20, PBS) and then incubated with 1:5000 dilutions of
Alexa Fluor 488-conjugated donkey anti-rabbit and Alexa Fluor
555-conjugated goat anti-mouse secondary antibodies (Invitro-
gen) for 1 hat room temperature. CP sections were then washed
three times and then mounted with ProLong Gold antifade rea-
gent (Molecular Probes, Eugene, OR). For localization in mouse
CP, freshly isolated mouse CP tissues were fixed with 4% para-
formaldehyde, washed with PBS, and quenched with 50 mm
NH,CI in PBS. After washing with PBS, the CP tissues were
permeabilized with 0.2% Triton X-100 in PBS for 30 min,
blocked with a blocking buffer (10% FBS, 0.1% Triton X-100 in
PBS), and then incubated with 1:200 dilution of the PMAT anti-
body P469 in blocking buffer overnight at 4 °C with shaking.
The next day, CP tissues were washed three times with washing
buffer (0.05% Tween 20, PBS) and then incubated with 1:10,000
Alexa Fluor 488-conjugated goat anti-rabbit secondary anti-
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body (Invitrogen) for 1 h at room temperature. CP tissues were
then washed three times, immersed in Fluoromount G solu-
tion (SouthernBiotech, Inc.), and mounted on a glass slide.
Fluorescence signals were detected with a Zeiss 510 META
confocal imaging system or a Zeiss Axiovert 200 fluores-
cence microscope.

Slc29a4 Gene Targeting and Generation of Pmat Null Mice—
The mice used in the current study were housed in a centralized
specific pathogen-free facility at the University of Washington.
All of the procedures involving mice were approved by the
Institutional Animal Care and Use Committee at the University
of Washington. To construct the targeting vector, a 3.95-kb
fragment within intron 2 and a 1.67-kb fragment spanning
exons 8 and 9 of the murine Slc29a4 gene were amplified by
Pfy-Ultra high fidelity polymerase to use as long and short arms
for the targeting vector (see Fig. 1). The two arms were designed
to remove exons 3—7 of the Slc29a4 gene upon homologous
recombination. The long and short arms were cloned into the
Xbal/Kpnl and Xhol/NotlI sites of the 4517D1 targeting vector
kindly provided by Dr. Richard Palmiter at the University of
Washington. The resulting 4517D1/Pmat targeting vector con-
tains neomycin resistance gene for positive selection and PGK-
DTA and HSV-TK cassettes for negative selection. The long
and short arms were fully sequenced and aligned with mouse
genomic DNA to confirm integrity. 50 ug of the linearized vec-
tor was then transfected into G4 ES cells (27) by electroporation
and selected with neomycin and gancyclovir. Drug-resistant
colonies were expanded and screened for homologous recom-
bination by PCR. A total of 340 ES cell clones were screened,
from which two homologous recombinants were identified.
One clone was successfully expanded, and recombination was
confirmed by Southern blot. The ES cell clone was then used for
blastocyst injection into C57BL/6] embryos to generate chime-
ric mice. The chimeric males were crossed with C57BL/6]
females, and germ line transmission was identified by PCR
genotyping. The FO Pmat"'~ heterozygotes were then inter-
bred to generate WT (Pmat*'*) and KO (Pmat ") offspring,
which were identified by PCR genotyping and confirmed by
Southern blot. The FO transgenic mice were continuously back-
crossed with wild-type C57BL/6] mice from Jackson Labora-
tory for more than seven generations to obtain genetically pure
(>99% C57BL/6] background) Pmat KO mice. Pmat KO mice
of generations F7—F9 were used for functional uptake studies.
Base-line blood chemistry in WT and KO mice was determined
using a commercial service at Phoenix Central Laboratory
(Mukilteo, WA).

Southern Blot of Genomic DNA and PCR Genotyping—The
Iluminator™ chemiluminescent detection system (Strat-
agene, Inc.) was used for nonradioactive Southern blot. Fluo-
rescent probes were generated with the Prime-It® Fluor fluo-
rescence labeling kit (Stratagene, Inc.) using a PCR fragment
spanning exons 8 and 9 as the template. 10 ug of genomic DNA
from ES cells or mouse tissues were digested with the enzyme
Stul, separated on agarose gel, and transferred to nylon mem-
brane by capillary action overnight. The membrane was hybrid-
ized with the fluorescent probe, washed according to manufac-
turer’s instructions, and visualized by exposing to film.
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For PCR genotyping, two sets of primers were designed to
detect a region between exons 3 and 4 of the Slc2944 gene and
the neomycin resistance gene, respectively. The primer sets are
expected to generate PCR products of 847 bp for WT mice and
447 bp for KO mice in duplex PCRs using genomic DNA
extracted from mouse ear clippings.

Functional Characterization of Truncated Pmat Transcript—
Pmat-related transcripts expressed in Pmat™'"and Pmat ™'~
mice were amplified by RT-PCR with Pfu-Ultra polymerase
from mouse brain. The forward primer lies 5" of the ATG start
codon in exon 2, and the reverse primer lies 3’ of the TGA stop
codon in exon 11 of the wild-type Slc29a4 gene, so transcripts
generated from both the WT and the recombinant loci were
amplified. The cDNAs were cloned into the Nhel/Xhol sites of
the pcDNAS5/FRT vector and stably expressed in the Flp-in
HEK?293 cells as described previously (22). Uptake experiments
using radiolabeled tracer substrates were conducted as
described previously (22).

Ex Vivo Uptake Studies in Freshly Isolated CPs from Pmat""™"
and Pmat~"~ Mice—Uptake studies in freshly isolated CP tis-
sues were performed using previously described procedures
(28). Briefly, freshly isolated CPs from Pmat"’'* and Pmat™ '~
mice were rinsed in ice-cold artificial CSF buffer (aCSF, con-
taining 10 mm glucose, 103 mMm NaCl, 4.7 mm KCl, 1.2 mm
KH,PO,, 2.5 mMm CaCl,, 1.2 mm MgSO,, 1 mm sodium pyruvate,
25 mm NaHCOg, pH 7.4, saturated with 95% O, and 5% CO,),
then transferred to aCSF buffer at room temperature, and incu-
bated for 5 min. Uptake was initiated by transferring CP tissues
to aCSF buffer containing a radiolabeled substrate (*H-labeled
5-HT, dopamine, and MPP™ as tracer) with or without inhibi-
tors. In addition, *C-labeled mannitol was included in the
uptake solution as a non-membrane-permeable extracellular
space marker. After 5 min of incubation, uptake was stopped by
aspirating away the substrate solution and washing the CP tis-
sues three times with ice-cold aCSF buffer. CP tissues were
solubilized by incubating with 1 M NaOH for 2 h at 50 °C and
then neutralized with 1 M HCL. [*H] and ['*C] radioactivity in
the lysate was determined with liquid scintillation counting.
Protein concentration in the lysate was determined with a BCA
protein assay kit (Thermo Scientific, Inc.). Specific 5-HT, dop-
amine, and MPP* uptake was determined by correcting *H-la-
beled substrate counts with [**C]mannitol counts and then
normalizing with protein content. The formula used to deter-
mine specific substrate uptake is: specific substrate uptake =
[*H] counts in lysate-[**C] counts in lysate X [*H] counts in
substrate solution/[**C] counts in substrate solution (28).

RESULTS

PMAT Is the Predominant Organic Cation/Monoamine
Transporter Expressed in CP—Previous in situ hybridization
work by us (24, 25) and Vialou et al. (23) indicated that PMAT
is highly expressed in mouse and rat CP. To compare the rela-
tive abundance of Pmat with other OC and functionally related
monoamine transporters in the CP, we quantified mRNA
expression level of the polyspecific OC transporters (Octl-3
and Matel-2) and Na™-dependent, high affinity monoamine
transporters (Sert, Dat, and Net) in isolated mouse CP tissues by
quantitative real time PCR (Fig. 14). The results showed that
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FIGURE 1. Expression of PMAT and functionally related monoamine and OC transporters in choroid plexus. Total RNA was extracted from WT mouse CPs
(A) or human CP epithelial cells (B) and reverse transcribed. TagMan quantitative real time PCR was used to determine the expression levels of the transporters.

The GAPDH gene was used as an internal standard.

the Pmat transcript is expressed at much higher (300 -10000-
fold) levels than Oct2, Sert, Matel, and Mate2. Octl, Oct3, Dat,
and Net were essentially not detectable in the mouse CP. These
data demonstrated that Pmat is the predominant OC and mon-
oamine transporter in the mouse CP. To determine whether
this expression pattern is conserved in human CP, we further
quantified the expression levels of human PMAT, OCT1-3,
MATEL/2, SERT, DAT, and NET in purified human CP epithe-
lial cells (Fig. 2B). The PMAT level was overwhelmingly higher
(60-5000-fold) than OCTI1-3, SERT, DAT, MATEI, and
MATE2, whereas NET was undetectable (Fig. 2B). Together,
these data clearly demonstrated that PMAT is the predominant
OC and monoamine uptake transporter in both mouse and
human CPs.

PMAT Protein Is Localized to the Apical Membrane of CP
Epithelial Cells—The above data revealed a high and predom-
inant expression of PMAT mRNA in the CP. We then analyzed
PMAT protein expression in human CP using a PMAT -specific
polyclonal antibody, P469, which was previously developed and
validated in our laboratory (24, 29). Western blot analysis of
human CP homogenate detected a strong band with expected
molecular mass of human PMAT (58 kDa) (Fig. 24). The local-
ization of PMAT in human CP epithelial cells was examined
through immunofluorescence staining of human CP sections
with the PMAT polyclonal antibody P469. A monoclonal anti-
body against Na*/K"-ATPase, a specific apical membrane
marker in CP epithelial cells (30, 31), was used as a control. As
shown in Fig. 2B, PMAT labeling (green) was predominantly
observed on the CSF-facing outer surface of the CP tissue and
co-localized strongly with the Na™/K*-ATPase (red) as indi-
cated by the orange color in the merged picture. These data
clearly demonstrated that PMAT is localized to the CSF-facing
apical membrane side of the CP epithelium, consistent with a
role of transporting organic cations from the CSF into CP epi-
thelial cells.

Generation of Mice with Targeted Deletion of Slc29a4 Gene—
To elucidate the in vivo and tissue-specific roles of Pmat in OC
and monoamine uptake, we aimed to generate a global knock-
out mouse model for Pmat. A targeting vector was constructed
to replace exons 3-7 of the Slc29a4 locus with the neomycin
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resistance gene (Fig. 34). After homologous recombination, the
recombinant locus was predicted to produce a transcript in
which exon 2 of Pmat is spliced with exon 8 (Fig. 34). Successful
Slc29a4 gene targeting in ES cells was identified by PCR ampli-
fication (data not shown). One recombinant clone was success-
fully expanded, and its homologous recombination status was
further confirmed by Stul digestion and Southern blot analysis
(Fig. 3B, lane 2). Pmat™'~ FO mice were interbred to generate
F1 offspring with Pmat™'*, Pmat"'~, and Pmat '~ genotypes.
The genotypes of these mice were identified by PCR amplifica-
tion of genomic DNA extracted from ear clippings (Fig. 3C) and
Southern blot (Fig. 3B, lanes 3-5).

Targeted Deletion of Slc29a4 Results in Defective mRNA
Transcript Encoding a Nonfunctional Protein—The Pmat tar-
geted allele, in which exon 2 is spliced with exon 8, was expected
to result in multiple premature stop codons after the first 72
amino acids, generating a nonfunctional short peptide with
only one partial transmembrane domain. To confirm the dis-
ruption of the Pmat function in the gene product, we amplified
the full-length cDNA from mRNA isolated from Pmat"’" and
Pmat~'~ mouse brain (Fig. 44) and cloned the cDNA products
into pcDNAS5 vector. The sequence of the cDNA cloned from
the Pmat '~ mice completely aligned with the predicted
sequence, whereas the cDNA from the Pmat " mice was iden-
tical to that previously reported for mouse Pmat (24). Both
clones were then stably expressed in the Flp-in HEK293 cells,
and uptake assays were performed. As shown in Fig. 4B,
Pmat*’* cDNA transfected cells showed robust transport
activities for MPP*, 5-HT, and dopamine. In contrast,
Pmat ™'~ cDNA transfected cells had no uptake activity for all
of the tested substrates. These data demonstrated that the gene
product from the Slc29a4 locus in the Pmat '~ mice had no
transport activity for OCs and monoamines.

No Compensatory Expression of Functionally Related Trans-
porters in the Brain and CP in Pmat™ '~ Mice—Pmat '~ mice
were viable, fertile with no overt physiological abnormalities.
Blood chemistry determination showed no significant differ-
ences in base-line values of various serum biomarkers between
WT and KO mice (Table 1). Quantitative real time PCR
revealed that whole brain expression of functionally related
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FIGURE 2. Expression and localization of PMAT in human choroid plexus. A, Western blot of human CP total protein using the PMAT polyclonal antibody
P469. A strong band corresponding to PMAT molecular mass was detected. B, dual channel immunofluorescence staining of human CP frozen sections. PMAT
(green signal) co-localizes with the CP apical membrane marker Na™/K*-ATPase (red signal).
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FIGURE 3. A, schematic diagram showing S/c29a4 gene targeting strategy. The black boxes on the Slc29a4 allele indicate exons. The start and stop codons are
noted. The genomic regions cloned into long and short arms are indicated with black lines. The open triangles represent Stul digestion sites used for Southern
blot. B, Southern blot of genomic DNA digested with Stul to confirm homologous recombination. Lane 1, molecular mass marker; lane 2, ES cell clone used for

blastocystinjection; lane 3, Pmat ™/~ mouse; lane 4,Pmat™’* mouse; lane 5,Pmat™*’~ mouse. The expected band sizes are 3.5 kb for WT allele and 4.6 kb for Pmat

nullallele. C,PCR genotyping using genomic DNA from mice. Lane 1, molecular mass marker; lane 2, Pmat '~ mouse; 3, Pmat™'~ mouse; lane 4, Pmat

*/* mouse.

The expected band sizes are 847 bp for WT allele and 447 bp for Pmat null allele.

transporters (Sert, Dat, Net, Oct3) were not changed by Pmat
deletion (Fig. 54). In the CP, no compensatory changes were
detected in Oct1-3, Sert, Dat, Net, or Matel-2 (Fig. 5B).
Impaired OC and Monoamine Uptake in CP of Pmat "~
Mice—There was no observable difference in CP size and mor-
phology between Pmat"’" and Pmat~’~ mice. Immunofluo-
rescence staining further confirmed an apical expression of
Pmat protein in WT mouse CP. In contrast, no specific Pmat
staining was observed in CP from KO mice (Fig. 6). To deter-
mine the functional significance of Pmat to CP uptake of OCs
and monoamines, ex vivo uptake studies were performed with
freshly isolated CP from WT and KO mice. CP tissues were
incubated in uptake buffer containing a *H-labeled OC sub-
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strate (MPP ™", 5-HT, and dopamine) and [**C]mannitol (to cor-
rect for extracellular space). Uptake activity was determined
after correction for extracellular space and was normalized to
protein content as described under “Experimental Procedures.”
As shown in Fig. 7A, for all three substrates tested, the overall
uptake from the KO CP was ~30—-40% lower than that in WT
CP. Nonspecific uptake, as determined with saturating concen-
tration (20 mMm) of the unlabeled substrate, comprised ~10-
20% of the total uptake and was similar between WT and KO
CPs (Fig. 7A).

We then compared the uptake of MPP™ in the presence of
D22 and corticosterone. At the concentrations used, D22 (20
uM) inhibits both PMAT and OCT1-3, whereas corticosterone
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with pcDNAS5 vector control.

TABLE 1
Base-line blood chemistry parameters of Pmat™* and Pmat™'~ mice
(n = 3-10 for each genotype)

No statistical significance was detected between Pmat*’* and Pmat™'~ mice (p >
0.05). K, thousand; M, million.

Pmat*’* Pmat ™'~
Glucose (mg/dl) 143 + 11 137+ 8
Cholesterol (mg/dl) 97.4 = 19.6 93.5 + 18.0
Calcium (mg/dl) 11.21 £ 0.72 10.93 *+ 0.23
Phosphorus (mg/dl) 9.53 * 1.79 10.77 = 0.32
Blood urea nitrogen (mg/dl) 26.67 = 9.02 19.67 + 2.08
Albumin (g/dl) 3.73 £0.25 3.70 £0.10
Globulin (g/dl) 2.20 = 0.00 2.20 £ 0.10
Alkaline phosphatase (units/liter) 119.3 = 49.5 117.7 = 41.8
Alanine aminotransferase (units/liter) 37.0 = 13.0 323 *+6.7
‘White blood cell (K/pul) 4.27 = 0.22 4.15 = 1.56
Red blood cell (M/ul) 9.96 *+ 0.79 10.08 + 0.49
Hemoglobin (g/dl) 14.69 = 1.11 14.57 = 1.70
Thyroxine T4 (ug/dl) 3.67 £ 0.65 3.57 £1.33

(50 um) inhibits OCT1-3 but not PMAT (32). As shown in Fig.
7B, D22 but not corticosterone inhibited MPP™ uptake in CP
from WT mice, whereas neither D22 nor corticosterone had an
effect on MPP™ uptake in KO CP. Furthermore, D22 reduced
MPP™ uptake in WT CP to the same level of MPP™ uptake in
KO CP, suggesting that the D22-sensitive component of OC
uptake is attributable to Pmat. In contrast, Oct1-3, which are
sensitive to inhibition by corticosterone (32), play an insignifi-
cant role in OC uptake in the CP.

No Significant Contribution of High Affinity Transporters to
OC and Monoamine Uptake in the CP—We also examined the
contribution of the high affinity monoamine transporters
(SERT, DAT, and NET) to OC and monoamine uptake in
mouse CP by using a pan inhibitor RTI-55 (33). In vitro uptake
experiments using stably transfected Flp-in HEK293 cells con-
firmed that RTI-55 is a highly potent inhibitor for SERT, DAT,
and NET (IC,, < 30 nm), but not for PMAT (IC, > 100 um;
Table 2). As shown in Fig. 8, RTI-55 (1 uMm) had no significant
effect on the uptake of MPP™, 5-HT, or dopamine in WT CP,
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indicating that the high affinity transporters do not significantly
contribute to their uptake. RTI-55 also had no effect on OC and
monoamine uptake in CP from KO mice (data not shown). We
also checked whether monoamine oxidases may affect the
uptake of monoamine substrates in CP. As shown in Fig. 8,
pargyline (10 um), a nonspecific monoamine oxidase inhibitor,
had no effect on the uptake of MPP™, 5-HT, or dopamine in
WT CP, suggesting that under the conditions used in our CP
uptake assay, monoamine metabolism does not confound
uptake analysis.

DISCUSSION

The CP is a highly vascularized structure in the mammalian
brain and acts as an anatomical and functional barrier between
the CSF and the blood. CP epithelial cells are polarized with
tightly sealed junctions. The basolateral membrane of the CP
epithelium is perfused with blood, whereas the apical mem-
brane is in free contact with the CSF. Like the blood-brain bar-
rier, CP (or BCSFB) employs a wide array of membrane trans-
porters to facilitate solute exchange between the CNS and the
blood. In this study, we demonstrated that PMAT, a Na™-inde-
pendent, electrogenic transporter, is a major OC/monoamine
transporter in the CP. Immunolocalization further revealed
that PMAT protein is localized to the apical membrane of the
CP epithelium, consistent with a role of transporting OC and
monoamines from the CSF into CP epithelial cells. The func-
tional significance of PMAT in CP uptake of OCs and mono-
amines was further demonstrated by generating and utilizing a
knock-out mouse model of Pmat.

Earlier studies showed that CP is able to accumulate mono-
amine neurotransmitters and transports positively charged
xenobiotics from CSF to blood (11). Using isolated CP and pri-
mary culture cells, Villalobos et al. (34) showed that OC uptake
at the apical membrane is carrier-mediated. Although it is gen-

VOLUME 288+NUMBER 5-FEBRUARY 1, 2013



Impaired Organic Cation Transport in Slc29a4 Knock-out Mice

A B
030 z. 0 Pmat+/+
2 045 { OPmat+/+ 5 45 ma
= 4.0 ® Pmat-/-
S 0.40 | ®Pmat-/- E :
£ 0.35 - g 351
S 0.30 < 304
©
8 e | £ 25
o Q.
g 020 8 20
§ 0.15 | 3 159
['4
& 010 - g 107
0.05 051
348 00+ M @ B e
Sert Dat Net Oct3 Oc‘,(\ oo{l’ O(;& 606 0’5& eé ,@:‘ \él'

2 @’b
FIGURE 5. No compensatory changes in the expression of functionally related monoamine and OC transporters in Pmat™'~ mice. Total RNA was

extracted from whole brain (A) or CP tissues (B) of WT and Pmat '~ mice (n = 4 each genotype). Quantitative real time RT-PCR was used to determine the mRNA
levels of the transporters. The data represent the means + S.D. for four mice. No significant difference (p > 0.05) was found between WT and Pmat ™/~ mice for

all transporters.
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FIGURE 6. Expression and localization of Pmat in mouse CP. WT and Pmat™’~ mouse CPs were isolated, fixed, permeabilized, and immunostained with the
P469 anti-PMAT primary antibody and Alexa Fluor 488-conjugated secondary antibody. Confocal scanning sections of immunostained CP tissues are shown.
The WT CP tissue without primary antibody incubation was used as a control.

Pmat+/+

A 1209 B 30
120% —
—_g _ n KO
2100% 1 l l -g 2:5
8 S
- Q
2 80% % * g20
5} % £ *
2 OWT £ * #
2 60% = WT +Cold g 15
g oKO =
S KO +Cold £
o 40% . 510
® 3
.3 =)
3 a
2 20% [ 8
cg‘ ° < 0.5
T
[
0% - 0.0 T T
MPP+ 5-HT DA No Inhibitor D22 Corticosterone

FIGURE 7. Uptake of OC substrates in WT and Pmat~'~ mouse CPs. Ex vivo uptake in CPs isolated from WT and Pmat~’~ mice was conducted as described
under “Experimental Procedures.” A, CP uptake rates were determined for the OC substrates MPP*, 5-HT, and dopamine (DA) in the absence or presence of
saturating concentrations (20 mm) of unlabeled substrates (indicated by + Cold). B, CP uptake rates were determined for MPP™ with or without the inhibitors
D22 (10 wm) and corticosterone (50 um). The results represent the means = S.D. of three independent experiments. ¥, p < 0.05 compared with WT CP; #, p < 0.05
compared with no inhibitor control.

erally believed that CP possesses a transport system to actively
efflux OC from CSF to blood (2), the molecular identities of this
transport system are poorly defined. Previously, OCT2 was sug-
gested to be the transporter responsible for apical uptake of
choline and other OCs (18). However, there is no direct evi-
dence demonstrating the expression of OCT2 in the CP or its
localization to the apical membrane. Gene profiling work by us
and others showed very low expression of Oct2 in rodent CPs

pCEEY S
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(35). Here, using quantitative real time PCR, we clearly showed
that in both human and mouse CP tissues, PMAT/Pmat is the
dominating monoamine/OC transporter, whereas other func-
tionally related transporters, including OCT1, OCT2, OCT3,
MATEI/2, SERT, DAT, and NET, are minimally expressed (Fig.
1). The mRNA expression data are consistent with functional
data showing no contribution of OCT1-3 to apical uptake of
OCs in mouse CP (Fig. 7B).
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TABLE 2

IC5, values of RTI-55 for human high affinity monoamine transporters
and PMAT determined in stably transfected Flp-in HEK293 cells

The data represent the means = S.D. of two or three independent experiments.

IC,,
nm
SERT 18.6 = 2.2
DAT 29.6 = 3.0
NET 232 %20
PMAT >100,000
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FIGURE 8. Effects of the high affinity monoamine transporter inhibitor
RTI-55 (1 um) and the monoamine oxidase inhibitor pargyline (10 um) on
the uptake of MPP*, 5-HT, and dopamine (DA) in WT mouse CP. The
potency and selectivity of the SERT, DAT, and NET inhibitor RTI-55 were vali-
dated in Table 2. The results represent the means =+ S.D. of three independent
experiments.

Consistent with the real time PCR data, the 58-kDa PMAT
protein was easily detectable in human CP homogenate by
Western blot (Fig. 24). An immunolocalization study clearly
revealed an apical membrane localization of PMAT in human
and mouse CP epithelial cells (Figs. 2B and 6), which is consist-
ent with its apical localization in other epithelial cells (36). The
membrane localization of PMAT in CP cells corroborates a role
of this transporter in the uptake of substrate from the CSF into
CP epithelial cells, the first step of OC efflux at the BCSFB.
Recent electrophysiological work from our laboratory unequiv-
ocally demonstrated that PMAT functions as an electrogenic
transporter and that PMAT-mediated OC uptake is associated
with inwardly directed currents that are strongly dependent on
membrane potential and pH of the perfusate (37). Therefore,
the physiological inside-negative membrane potential in CP
epithelial cells would serve as a driving force for OC accumula-
tion against a substrate concentration gradient. In addition, the
activity of PMAT is known to be stimulated by an acidic extra-
cellular pH. Although the pH of the bulk CSF is similar to that of
plasma, a proton-rich microenvironment near the CP apical
domain has been proposed to provide a driving force of proton-
coupled transporters such as PEPT2 (38, 39). If such a microen-
vironment indeed exists, it could serve as an additional driving
force to energize PMAT-mediated OC uptake into CP epithe-
lial cells.

Once inside the CP epithelial cells, OCs and monoamines
could be metabolized by intracellular enzymes or further
effluxed into the blood at the basolateral membrane. Currently,
little is known regarding the mechanisms underlying OC efflux

3542 JOURNAL OF BIOLOGICAL CHEMISTRY

at the basolateral membrane. Our real time PCR data showed
that MATE1/2, the H*/OC exchangers responsible for the final
OC excretion step in renal and hepatic epithelial cells (40), are
expressed at very low levels in mouse and human CPs and thus
may not play a major role in OC efflux at the basolateral mem-
brane. Interestingly, using a fluorescent OC probe, Miller et al.
(15) provided evidence that basolateral efflux of OC com-
pounds may occur through a vesicular transport mechanism
independent of a carrier-mediated pathway.

To further confirm the role of PMAT in OC and monoamine
transport in the CP, we generated mice with targeted deletion
of the Slc29a4 gene. Successful homologous recombination was
confirmed by Southern blot and PCR (Fig. 3). Complete loss of
transport activity was verified for the gene product generated
from the targeted Slc29a4 locus in KO mice (Fig. 4). The lack of
an overt phenotype in Pmat '~ mice indicates that this trans-
porter is physiologically nonessential under normal conditions.
We did not detect any compensatory changes in the expression
of functionally related monoamine/OC transporters in the
brain and CP tissues in Pmat '~ mice (Fig. 5). Utilizing our
Pmat knock-out mouse model, we investigated the contribu-
tion of PMAT to apical uptake of OC substrates in isolated
intact CP tissues that preserve the in vivo anatomy of CP with
apical membrane facing the outside. Ex vivo uptake studies
using isolated CP tissues consistently showed a substantial
(~30-40%) decrease in CP uptake for all tested OC and mon-
oamine substrates in Pmat '~ mice (Fig. 7). Using selective and
nonselective inhibitors for OCT1-3 and PMAT, we further
showed that the D22-inhibitable component of MPP* uptake
in WT CP appears to be attributable to PMAT. Octl-3, in
contrast, make little contribution to apical uptake of MPP™" in
CP. Using RTI-55, a potent inhibitor of SERT, DAT, and NET
(Table 2), we also showed that the Na™*-dependent high affinity
monoamine transporters also do not contribute to apical
uptake of monoamines and OCs in the CP (Fig. 8). Together,
these data clearly demonstrated a major role of PMAT in medi-
ating OC and monoamine transport at the BCSFB.

An intriguing observation is that in KO mice, there is still
substantial radioactivity associated with the CP tissue. Because
intact CP tissue was used in uptake assays, the total amount of
radioactivity measured represents not only substrate trans-
ported into CP epithelial cells but also compound bound to
tissue or penetrated into deeper vascular layers. A large portion
of the radioactivity remaining in Pmat~'~ CP could be due to
nonspecific binding or deeper penetration that cannot be easily
washed off during the washing step. Moreover, the CP is known
to express several 5-HT and dopamine receptors at high levels
(41-43), and binding of radiolabeled 5-HT, dopamine, and
MPP™ (a dopamine analog) to these receptors could contribute
substantially to the radioactivity associated with the Pmat '~
CP. In addition, although we have excluded OCT1-3, SERT,
DAT, and NET in CP uptake of OCs and/or monoamines, it is
possible that a yet to be identified transporter may contribute to
additional CP uptake of OC compounds.

The choroid plexus plays an important role in maintaining
CSF homeostasis and regulating the extracellular environment
of the CNS. Efflux systems of the CP are critical for the removal
of xenobiotics and metabolic wastes from CSF. As an uptake
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transporter on the apical side, PMAT mediates the first step in
the process of OC efflux from the CSF to the blood. OC com-
pounds cleared by PMAT from the CSF may include released
endogenous monoamine neurotransmitters, cationic drugs,
and toxins. By removing its substrates from the CSF, PMAT
could play an important role in protecting the brain from cati-
onic neurotoxins and other potentially toxic organic cations. In
this context, it is noteworthy to point out that we recently
reported that several B-carbolines (e.g., harmalan and norhar-
manium) are transportable substrates of PMAT (44). B-Carbo-
lines are naturally found analogs of MPP ™, a synthetic neuro-
toxin that produces Parkinson’s syndrome in humans and
animal models. CNS exposure to 3-carbolines has been impli-
cated as an environmental risk factor for Parkinson’s disease
(45, 46). The current study suggests that PMAT may play a role
in removing MPP*-like neurotoxins from the brain and thus
may lower disease risks. Further investigation of this hypothesis
will have important toxicological and clinical implications.
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