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ARTICLE INFO ABSTRACT

Keywords: It has been suggested that urate plays a protective role in neurons, while hyperuricemia is correlated with
Choroid plexus atherosclerosis and cardiovascular disease. However, whether there is a system that directly transports urate into
GLUT? the brain remains to be clarified. In this study, the localization of glucose transporter 9 (GLUT9) and urate
URAT1

transporter 1 (URAT1), which are known to be representative reabsorptive urate transporters, was im-
munohistochemically examined in autopsied human brains. Immunoreactivity of GLUTS was observed on the
apical side of the cytoplasm of epithelial cells in the choroid plexus and in the cilia of ependymal cells of the
human brain. Inmunoreactivity of URAT1 was observed on the basolateral side of the cytoplasm of epithelial
cells in the choreid plexus. In addition, immunoreactivity of GLUT9 and URAT1 was not observed in micro-
vessels of the human brains. The choroid plexus and renal proximal tubule were similar in having a polarized
distribution of these two transporters with the two transporters on opposite membranes, but the two trans-
porters’ distribution differs between the choroid plexus and the kidney in terms of which membrane (apical/
basal) expresses which transporter. These findings support the hypothesis of the direct transport of intravascular

Urate transporter

-

urate into the central nervous system through the choroid plexus.

1. Introduction

A higher serum level of urate, the end product of purine metabolism
in humans, has been pointed out te be a risk factor for hypertension,
gout, renal diseases, vascular diseases, and metabolic syndrome [1,2].
On the other hand, it has been proposed that urate has possible neu-
roprotective effects. Urate, a peroxynitrite scavenger, inhibits central
nervous system (CNS) inflammation, blood-CNS barrier permeability
changes, and tissue damage in a mouse model of multiple sclerosis [3].
A higher serum level of urate has alse been shown to be associated with
the decreased incidence and slower progression of Parkinson’s disease
[4,5]. It is known that patients with gout have a lower risk of devel-
oping dementia [6]. Accordingly, it is very likely that urate has a
neuroprotective effect, probably due to its antioxidant property [7].

GLUT9 was initially reported to transport glucose or fructose [8,91.
In addition, Doblado and Moley [10] reported that GLUT9 may trans-
port both fructose and urate. However, at present, GLUTS is thought to
primarily transport urate [11-13]. Multiple urate transporters in the

kidney are involved in the regulation of serum uric acid levels. Renal
urate reabsorption is mainly mediated by urate transporter 1 (URAT1)
on the apical side of the renal proximal tubular cells, and GLUT9 on the
basolateral side [11,14-16]. In addition, the ATP-binding cassette
transporter, sub-family G, member 2 (ABCG2), has also been identified
as a urate transporter for secretion into tubules [2,16,17]. Thus, the
existence of separate transport pathways for urate reabsorption and
secretion across the epithelia is indicative of the bidirectional nature of
transepithelial urate flux. Recently, the roles of urate in the CNS have
been attracting attention. The urle acid concentration in cerebrospinal
fluid (CSF) was reported to be 0.25 mg/100 mL [18]. The localization
of urate transportets in the CNS remains to be clarified. URAT1 im-
munoreactivity was reported to be cbserved in ependymal cells of the
mouse brain [19]. In addition, a recent immunchistochemical and in
situ hybridization study showed that GLUT9 was localized in epen-
dymal cells, neurons, and capillaries in the murine brain [20]. ABCG2
has been reported to be localized to the blood-brain barrier (BBB) not
only in mouse and rat [21,22] but also in human [23,24] brains. In
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addition, ABCG2 was recently shown to be localized in the choroid
plexus epithelium as well as capillaries in murine brains [19].

Transporters must be located in cerebral microvessels, epithelial
cells of the choroid plexus, and/or ependymal cells to transport in-
travascular urate into the brain parenchyma. However, it remains to be
fully clarified which urate transporters are located in the CNS, espe-
cially in the human brain. As the localization of GLUT9 and URAT1,
two primary urate transporters, in the human brain remains to be
clarified, the localization of GLUT9 and URATlwas
munohistochemically investigated in epithelial cells of the choroid
plexus and ependymal cells as well as microvessels, using autopsied
human brains.

im-

2. Materials and methods

Human brain samples (n = 5) were obtained at autopsy from 5
patients with or without neurological abnormalities in Kagawa
University Hospital, as previously reported [25]. The main diagnosis of
each case was established according to the clinical and autopsy findings
[25]. This study using human brains was approved by the institutional
ethics committee of the Faculty of Medicine, Kagawa University. The
brains were fixed in 10% formalin and processed for im-
munohistochemical examination. The brain samples were embedded in
paraffin and sectioned at a 4-um thickness. The antibodies used in this
study were rabbit antibodies for GLUT9 (1:300, ab104623, Abcam,
Cambridge, UK) [26], URAT1 (1:1000, LifeSpan BioSciences (LSBio),
Seattle, WA, USA), and URAT1 (1:1000, Medical & Biological Labora-
tories (MBL), Nagoya, Japan) [27]. Before incubation with the anti-
bodies for GLUT9 or URAT1 (MBL), antigen retrieval was performed by
heating sections in 10 mM sodium citrate buffer (pH 6) at 95°C for
20 min or 125 °C for 5 min in a pressure boiler, respectively. Before
incubation with the antibodies for URAT1 (LSBio), antigen retrieval
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Fig. 1. Immunoreactivity of GLUT9 in sec-
tions from 5 human brains (A-E) and one
kidney (F), and representative immuno-
fluorescent images (G-I)
Immunoreactivity of GLUT9 is observed in
the epithelial cells of the choroid plexus
(A-E: arrow), in the ependymal cells (A-E:
arrowhead), and in renal proximal tubule
cells (F: arrow). Enlarged images in insets
indicate that the immunoreactivity is mainly
located on the apical side of the cytoplasm
in epithelial cells of the choroid plexus
(A-E), and in the basal cytoplasmic mem-
brane of renal proximal tubule cells (F:
arrow). Immunofluorescent signals of
GLUT9 (green) are mainly observed on the
apical side of the cytoplasm in epithelial
cells of the choroid plexus (H: arrow) and on
the apical side of the cytoplasm, especially
cilia, of the ependymal cells (H: arrowhead).
G shows nuclear stain with TO-PRO-3, and 1
shows the merged image. Scale bars indicate
100 pm.

are shown.

was performed by heating sections for 20 min in 1 mM ethylenedia-
minetetraacetic acid (EDTA) buffer (pH 9). After treatment with hy-
drogen peroxide and blocking with 2% bovine serum albumin in PBS
for 30 min, the sections were incubated with the primary antibodies at
4 °C overnight. Staining was achieved with a Simple Stain kit (Nichirei,
Tokyo, Japan) and developed with 3,3’-diaminobenzidine tetra-
hydrochloride (DAB) and hydrogen peroxide (Nichirei) at room tem-
perature for 5-7 min. The sections were counterstained with hema-
toxylin. For fluorescent immunostaining, the sections were incubated
overnight with a rabbit antibody for GLUT9 (1:300, Abcam) or URAT1
(1:1000, LifeSpan BioSciences), followed by incubation at RT for
60 min in Alexa Fluor 488- or Alexa Fluor 594-conjugated anti-rabbit
IgG (1:200, Molecular Probes, Eugene, OR, USA), respectively. The
sections were then incubated for 60 min at RT in Monomeric Cyanine
Nucleic Acid Stain (TO-PRO-3, Molecular Probes, Eugene, OR, USA),
which was diluted to 2.5pyM in PBS. The fluorescent signals were
viewed under a confocal microscope (Carl Zeiss LSM700, Oberkochen,
Germany). As a control experiment, we performed an identical im-
munohistochemical procedure with omission of the primary antibody.

3. Results

Immunohistochemical examination using the antibody for GLUT9
showed weak (Fig. 1A-C) or clear (Fig. 1D, E) immunoreactivity in the
epithelial cells of the choroid plexus and weak immunoreactivity in the
ependymal cells, but not in cerebral microvessels, in all 5 of the human
brains (Fig. 1A-E). In addition, very clear immunoreactivity of GLUT9
was observed in the basal cytoplasmic membrane of renal proximal
tubule cells (Fig. 1F). Representative immunofluorescent images of
GLUT9 in the human brains indicated that the immunoreactivity of
GLUT9 was localized on the apical side of the cytoplasm of epithelial
cells in the choroid plexus and on the apical side of the cytoplasm of
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ependymal cells, especially cilia, but not in microvessels (Fig. 1G-I).
Immunohistochemical examination using the antibody for URAT1
(LSBio) showed clear immunoreactivity on the basal or lateral side of
the cytoplasm of epithelial cells in the choroid plexus, but not on mi-
crovessels, in all 5 of the human brains (Fig. 2A-E). In addition, very
clear immunoreactivity of URAT1 (LSBio) was observed on the apical
side of the cytoplasmic membrane (brush border) of renal proximal
tubule cells (Fig. 2F). Representative immunofluorescent images for
URAT1 (LSBio) in the human brains indicated that immunoreactivity of
URAT1 was localized on the basolateral side of the cytoplasm of epi-
thelial cells in the choroid plexus (Fig. 2G-I). Immunohistochemical
examination using another antibody for URAT1 (MBL) also showed
clear immunoreactivity on the basal or lateral side of the cytoplasm of
epithelial cells in the choroid plexus, but not on microvessels, in all 5 of
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Fig. 2. Immunoreactivity of URAT1 (LSBio)
in sections from 5 human brains (A-E) and
one kidney (F), and representative im-
munofluorescent images (G-I) are shown. In
addition, URAT1
(MBL) in sections from 5 human brains
(J-N) and one kidney (O) is
Immunoreactivity of URAT1 (LSBio) is ob-
served in the epithelial cells of the choroid
plexus (A-E: long arrow) and in renal
proximal (F:
Enlarged images in insets indicate that the
immunoreactivity is mainly located on the
basal side of the cytoplasm in epithelial cells
of the choroid plexus (A-E: short arrow),
and on the apical eytoplasmic membrane of
renal proximal tubule cells (F: short arrow).
Immunofluorescent signals of URAT1 (red)
are mainly observed on the basolateral side
of the cytoplasm in epithelial cells of the
choroid plexus (H: long arrow). G shows
nuclear stain with TO-PRO-3, and [ shows
the merged image. In addition,
munoreactivity of URAT1 (MBL) is observed
in the epithelial cells of the choroid plexus
(J-N: long arrow) and in renal proximal
tubule cells (O: long arrow). Enlarged
images in insets that the im-
munoreactivity is mainly located on the
basal side of the cytoplasm in epithelial cells
of the choroid plexus (J-N: short arrow),
and on the apical cytoplasmic membrane of
renal proximal tubule cells (O: short arrow).
Scale bars indicate 100 pm.

immunoreactivity of

shown.

tubule cells

long arrow).

im-

indicate

the human brains (Fig. 2J-N). Although immunoreactivity of URAT1
was not clear in ependymal cells at the lateral ventricular wall (Fig. 2),
that was observed in ependymal cells at the third ventricular wall (data
not shown). Very clear immunoreactivity of URAT1 (MBL) was ob-
served on the apical side of the cytoplasmic membrane (brush border)
of renal proximal tubule cells (Fig. 20). Based on these im-
munohistochemical findings, the proposed distribution of these urate
reabsorptive transporters, GLUT9 and URATI1, in the apical/basal
membrane of the renal proximal tubule and the choroid plexus epi-
thelial cells is schematically shown in Fig. 3.

4. Discussion

These findings wusing the human brain indicate that
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immunoreactivity of GLUT9 was observed on the apical side of the
cytoplasm of epithelial cells in the choroid plexus and on the apical side
of the cytoplasm of ependymal cells, especially cilia. In addition, im-
munoteactivity of URAT1 was localized on the basolateral side of the
cytoplasm of epithelial cells in the choroid plexus by im-
munohistochemistry with two kinds of anti-URAT1 antibodies. In ad-
dition, as with previous reports [15,16], immunoreactivity of GLUT9
and URAT1 was observed in basal and apical cytoplasmic membranes of
renal proximal tubule cells, respectively. The findings also suggest the
reliability of the specificity of these antibodies. The antibodies for
GLUTS [26] and URATL (MBL) [27] had already been used for im-
munohistochemistry. The difference in the staining intensity among
samples may be partially due to the differences in the lengths of storage
of the samples in paraffin blocks or variations in the background pa-
thological conditions.

At present, GLUT9 and URAT1 are recognized as representative
reabsorptive urate transporters in the kidney [11,13,15,16]. Accord-
ingly, it is likely that the localization of GLUT? on the apical side of the
cytoplasm and that of URAT1 on the basolateral side of the cytoplasm
of epithelial cells in the choroid plexus contribute in a coordinated
manner to transport intravascular urate into the ventriele through the
choroid plexus. It is interesting that the polarized distribution of GLUT9
and URAT1 in the epithelial cells of the choroid plexus. The choroid
plexus and kidney proximal tubule are similar in having a polarized
distribution of these two transporters with the two transporters on
opposite membranes, but the two transporters’ distribution differs be-
tween the tissue in terms of which membrane (apical/basal) expresses
which transporter (Fig. 3). On the contrary, in the mouse brain, im-
munoreactivity of GLUT9 and URAT1 was reported in ependymal cells
but not in epithelial cells of the choroid plexus [19,20]. The dis-
crepancy regarding the localization of urate transporters between hu-
mans and mice may be due to the differences in the expression level of
the transporters between them, the antibodies used, or the fixative
used. In addition, it was reported that GLUT9 on the brain microvessel
can be detected only in the methacarn-fixed tissue [20]. Accordingly, it
is likely that no immunoreactivity of GLUT9 on microvessels in au-
topsied human brains may not be non-expression of GLUT9, but loss of
antigenicity by formalin fixation. On immunoreactivity of URATL in
ependymal cells of mice, it was reported that URAT1 localization is
restricted to the ependymal cells that line the upper part of the ventral
third ventricle, showing that expression levels of URAT1 differ between
ventricles [19]. In this study, although URAT1 immunoreactivity was
not clear in ependymal cells at the lateral ventricular wall, that was
observed in ependymal cells at the third ventricular wall. Accordingly,

Choroid plexus epithelium
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Fig. 3. The proposed immunohistochemical distribution of the two
urate reabsorptive transporters, GLUT9 and URAT1, in apical/basal
membrane of the renal proximal tubule cell (a) and the choroid plexus
epithelium (b) is schematically sliown. (a) URATI is located on the
apical membrane of the renal proximal tubule cell, while GLUT9 is
located on the basal membrane. Urate is reabsorbed from the tbule
lumen into the vessel through URAT1 and GLUTY in the proximal
tubule cell (indicated by solld arrow). (b) URATI is located on the
basal membrane of the choroid plexus epithelium, while GLUT9 is
located on the apical membrane. From the immunohistochemical
findings, it is expected that urate Is transported from the choroid
plexus parenchyma into the ventricle through URAT1 and GLUT9
{indicated by dotted atrow).

basal

I T TR ]

the difference of expression levels of URAT1 between ventricles was
also confirmed in the human brain.

Two distinet N-terminal isoforms, GLUT9a and GLUTSb, are gen-
erated by alternative ends within SLC2A9 transcripts. GLUT9a and
GLUT9b differ in membrane targeting. In the human kidney, GLUT9a is
expressed on the basolateral membrane of proximal tubule cells with
GLUT9b on the apical membrane of collecting ducts [16,28], The im-
munohistochemical findings in the kidneys indicated that the antibody
for GLUT9 (ab104623, Abcam) used in this study recognized both
GLUT9a and GLUTSb variants, as shown in a previous paper [26].

Together with these previous results, the present findings suggest
that urate may be transported via GLUT9 and URAT1 at the choroid
plexus as well as via ABCG2 at the microvessels [24] in the human
brain. Urate may play a protective role in neurcns [29,30], while hy-
peruricemia is correlated with atherosclerosis and cardiovascular dis-
ease [1,2]. Recently, there is increasing evidence indicating that an
excessive intake of fructose induces hypertension, fatty liver, diabetes,
and renal diseases [31]. Actually, fructose is metabolized in cells,
generating urate [32]. We previously reported that GLUTS and GLUTS,
fructose transporters, were located in epithelial cells of the choroid
plexus and ependymal cells [25,33]. Accordingly, combined evaluation
of the intracerebral localization of urate and fructose transporters is
necessary to understand the roles of urate in the CNS,
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