Tomioka et al. Fluids Barriers CNS (2016) 13:22
DOI 10.1186/512987-016-0046-x

Fluids and Barriers of the CNS

RESEARCH Open Access

Immunohistochemical and in situ @
hybridization study of urate transporters GLUT9/

URATvV1, ABCG2, and URAT1 in the murine brain

Naoko H. Tomioka' ®, Yoshifuru Tamura?, Tappei Takada®, Shigeru Shibata?, Hiroshi Suzuki®, Shunya Uchida?

and Makoto Hosoyamada'

Abstract

porters in the murine brain.

porters: GLUT9/URATV1, ABCG2, and URATT1.

results were validated by in situ hybridization.

may provide a novel strategy for targeted neuroprotection.

Background: Uric acid (UA) is known to exert neuroprotective effects in the brain. However, the mechanism of UA
regulation in the brain is not well characterized. In our previous study, we described that the mouse urate transporter
URAT1 is localized to the cilia and apical surface of ventricular ependymal cells. To further strengthen the hypothesis
that UA is transported transcellularly at the ependymal cells, we aimed to assess the distribution of other UA trans-

Methods: Immunostaining and highly-sensitive in situ hybridization was used to assess the distribution of UA trans-

Results: Immunostaining for GLUT9 was observed in ependymal cells, neurons, and brain capillaries. Immunostain-
ing for ABCG2 was observed in the choroid plexus epithelium and brain capillaries, but not in ependymal cells. These

Conclusions: We propose that given their specific expression patterns in ependymal, choroid plexus epithelial, and
brain capillary endothelial cells in this study, UA may be transported by these UA transporters in the murine brain. This

Background

Uric acid (UA) exerts a neuroprotective effect due to its
antioxidant property, and epidemiological and experi-
mental evidence suggests that UA plays an important role
in the development or progression of neurodegenerative
disorders [1]. For instance, higher serum UA is associ-
ated with the decreased incidence and slower progres-
sion of Parkinson’s disease (PD) [2]. Moreover, recent
studies indicate that UA transporter genes, which control
the transport of UA in the kidney and extra renal tissues,
and thus affect serum UA levels, are also associated with
the risk and age at onset of PD [3—6]. In rodent models
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of PD, elevated UA levels attenuated behavioral and neu-
rodegenerative deficits [7, 8]. Urate-elevating clinical
trials are currently underway in patients with the early
stages of PD. An oral administration of inosine, a precur-
sor of UA, can elevate UA levels in serum and cerebro-
spinal fluid (CSF), with a persistent elevation of plasma
antioxidant capacity [9, 10]. Further, CSF UA is inversely
correlated with the clinical progression of PD, albeit to a
lesser extent than serum UA [11]. However, the molec-
ular mechanism as to how the UA in blood reaches the
brain parenchyma and affects neuronal viability remains
unclear.

We previously demonstrated that URAT1, which is a urate
transporter responsible for urate reabsorption in the kidney
[12], is localized to cilia and the apical surface of ventricular
ependymal cells in the murine brain [13]. Ependymal cells
form a single-layer of epithelial cells which line the surface
of the cerebral ventricles. Although the lateral ventricular
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CSF-brain interface does not usually act as a barrier due to
the lack of tight junctions and may allow passive molecu-
lar exchange, immunoreactivity of tight junction proteins
has been demonstrated in the ependymal cells of specific
regions of the third and fourth ventricles [14—17]. Therefore,
alternative carrier-mediated transport systems may exist at
the ependymal layer in addition to slow paracellular diffu-
sion. For example, a recent study indicates that the gluta-
mate transporter EAAT1, which is localized on the apical
membrane of the ependymal cell is involved in the removal
of L-Glutamate from the CSF [18]. It is also known that
proximal tubules which express functional UA transporters,
are leaky epithelial cells [19]. In this regard, we hypothesized
that ependymal URAT1 and other transporters may func-
tion as a UA transporter between the ventricular CSF and
the interstitial fluid of the brain parenchyma.

To further strengthen the hypothesis that UA trans-
port systems exist in ependymal cells, the aim of this
study was to address if other UA transporters were also
localized in those cells. In this study, we focused on two
other UA transporters, GLUT9/URATvl and ABCG?2,
which are known to regulate serum UA levels [20]. RT-
PCR analyses showed that mRNA encoding the long iso-
form of GLUTY is found both in the human and murine
brain [21, 22]. Furthermore, GLUT9 is also expressed in
cultured dopaminergic neurones and astroglial cells [23].
However, the spatial distribution of GLUT9 in the brain
is still unknown. Further, while ABCG2 luminal localiza-
tion in brain capillaries, and on murine choroid plexus
epithelial cells has been previously described [24, 25], its
localization on ependymal cells is still unknown.

Thus, the aim of this study was to investigate the dis-
tribution of GLUT9 and ABCG2 in the murine brain,
particularly in ependymal cells. To do this, we performed
immunostaining and highly-sensitive in situ hybridiza-
tion analyses of the murine brain.

Methods

Animals

A total of seven male C57BL/6] mice (Sankyo Laborato-
ries, Tokyo, Japan), a male Abcg2-knockout (KO) mouse
(FVB.129P2-Abcg2, Taconic Farms, Hudson, NY), and a
littermate wild-type (WT) mouse were used in this study.
Mice were maintained in 12 h light and dark cycles, with
free access to food and water. All animal experiments
were carried out in accordance with the guidelines for
animal experimentation in Teikyo University and the
University of Tokyo, and the project was approved by the
local committee.

Tissue section preparation
To prepare fixed, frozen sections, mice were anesthe-
tized by pentobarbital injection (50 mg/kg, i.p.) and
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perfused intracardially with HEPES buffer (30 mM
HEPES, 100 mM NaCl, 2 mM CacCl,, pH 7.4), followed
by 4% paraformaldehyde (PFA) in HEPES buffer. Brains
were then removed and post-fixed for 3 h at 4 °C in the
same fixative. The post-fixed brains were cut coronally
and cryoprotected in 15% sucrose (wt/vol) in PBS for
48 h at 4 °C, embedded in Tissue-Tek OCT compound
(Sakura Finetek Japan, Tokyo, Japan), and frozen on dry
ice. Sections were cut at 12 um for immunostaining.

To prepare paraffin sections, anesthetized mice
were perfused intracardially with methacarn fixative
(methanol:chloroform:acetic acid = 6:3:1). Brains were
removed, cut coronally, and post-fixed 2 h at 4 °C in the same
fixative. For paraffin embedding, tissues were dehydrated in
a graded series of alcohols, cleared with Hemo-De (a Xylene
substitutive, FALMA, Tokyo, Japan), embedded in Paraplast
Plus (Sigma, St. Louis, MO, USA), and sectioned at 4 pm.

To prepare unfixed, fresh frozen sections for immu-
nostaining, mice were killed by cervical dislocation and
the brains were removed and frozen on dry ice. Sections
were cut at 20 pm on a cryostat. To prepare paraffin sec-
tions for in situ hybridization, the anesthetized mouse
was perfused intracardially with PBS, followed by 4% PFA
in PBS. Brains were removed and cut coronally, post-
fixed overnight (i.e. for at least 16 h), at 4 °C in 4% PFA
in PBT (PBS containing 0.1% Tween 20). After rinsing in
PBT, tissues were dehydrated in a graded series of etha-
nol in PBT, cleared with Hemo-De, embedded in Para-
plast Plus and sectioned at 5 pm.

Immunostaining for brain sections
For immunofluorescence staining of cryostat sections,
sections were autoclaved in 10 mM citrate buffer, pH 6.0,
for 5 min at 105 °C for antigen retrieval, and incubated in
blocking solution (PBS containing 10% normal goat serum
and 0.1% Triton X-100) for 1 h at room temperature
(22-25 °C). The sections were then subsequently incu-
bated with primary antibodies overnight at 4 °C and with
Alexa 488- or Alexa 594-conjugated secondary antibodies
(Molecular Probes, Tokyo, Japan) for 1 h at room temper-
ature. Slides were mounted with Vectashield containing
DAPI (Vector Laboratories, Burlingame, CA, USA).
Paraffin sections were deparaffinized with Hemo-De
and rehydrated prior to staining. For immunohistochem-
istry, sections were further incubated in 0.3% H,O,/
methanol solution for 10 min to block the endogenous
peroxidase activity. Sections were then incubated for 1 h
at room temperature in blocking solution, which con-
sisted of 5% normal goat serum and 0.1% Triton X-100,
followed by an overnight-incubation at 4 °C with primary
antibodies diluted in blocking solution. Detection was
performed with EnVision™ + Systems and DAB+, Liquid
(Dako Japan, Tokyo, Japan). Sections were counterstained
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with Mayer’s hematoxylin (Wako, Tokyo, Japan). Immu-
nofluorescence staining of the rehydrated sections was
performed using the protocol outlined above for cryostat
sections, but without the antigen retrieval. For immuno-
fluorescence staining of fresh frozen sections, sections
was fixed in methanol (—20 °C, 30 min) and acetone
(4 °C, 10 min), incubated with blocking buffer, primary,
and fluorescently-labelled secondary antibodies. The
following primary antibodies were used in this study:
anti-GLUT9 (NBP1-05054, Novus Biologicals, 1/500 or
1/1000 dilution for immunofluorescence staining, 1/5000
dilution for immunohistochemistry); anti-acetylated-a-
tubulin (6-11B-1, Sigma, 1:500); anti-NeuN (A60, Mil-
lipore, 1/500); anti-P Glycoprotein (C219, GeneTax,
1/200); anti-BCRP/ABCG2 (BXP-9, Abcam, 1/100). For
antigen absorption experiment, GLUT9 peptide (NBP1-
05054PEP, Novus Biologicals) was used at a concentra-
tion of 100 pg/ml.

In situ hybridization

In situ hybridization was performed using ViewRNA
ISH Tissue 2-Plex assay (Affymetrix, Tokyo, Japan)
according to the manufacturer’s protocol. Paraffin sec-
tions were deparaffinized with Hemo-De, boiled in pre-
treatment solution for 10 min, and digested with protease
for 10 min. Sections were then hybridized with ViewRNA
probes (Mouse Slc22al2, Type 6; Mouse Slc2a9, Type 1:
Mouse Abcg2, Type 1). Bound probes were amplified by
hybridization with preamplifier and amplifier mix solu-
tions. Sections were incubated with Label Probe 6-alka-
line phosphatase (AP) solution and Fast Blue substrate.
Subsequently, sections were incubated with Label Probe
1-AP Type 1 solution and Fast Red substrate. Finally, the
sections were counterstained with Gill's hematoxylin and
cover-slipped with Ultramount Permanent Mounting
Medium (Dako Japan, Tokyo, Japan).

™

Image acquisition

DAB-stained sections were scanned with a NanoZoomer
2.0-HT slide scanner (Hamamatsu Photonics, Hama-
matsu, Japan). For immunofluorescence experiments,
single-plane images were captured using a Nikon A1 con-
focal microscope (Nikon, Tokyo, Japan) with identical
settings. In situ hybridization, fluorescence, and bright
field images were also acquired with the Nikon A1 confo-
cal microscope. The Fast Blue and Fast Red signals were
observed using Alexa 750 and Cys3 filter sets, respectively.

Results

Immunofluorescence staining of GLUT9 in PFA-fixed
murine brain sections

To determine whether GLUTY is localized in ependy-
mal cells, we first performed immunostaining analysis
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using a rabbit polyclonal anti-GLUT9 antibody on PFA-
fixed murine brain frozen sections. Distinct GLUT9
immunoreactivity in the ependymal cells of the dorsal
third ventricle, and weaker staining in the brain paren-
chyma region were detected (Fig. 1a). The specificity of
anti-GLUT9 antibody was verified by antigen absorp-
tion test (Fig. 1b). Higher magnification imaging revealed
that GLUT9 was not localized to the nucleus or the cilia,
visualized using anti-acetylated-a-tubulin, suggesting an
intracellular and plasma membrane localization (Fig. 1c,
d). To identify the cell type of GLUT9-positive cells in the
brain parenchyma, we performed double immunostain-
ing for GLUTY and NeuN (neuronal marker; Fig. le—g).
All GLUT9-positive cells in the parenchyma co-localized
with NeuN, suggesting that GLUT9 is also present in
neurons.

GLUT9 immunoreactivity is detected in ependymal cells

of all ventricles

Next, we observed the distribution of GLUT9 in other
ventricles using PFA-fixed, frozen coronal sections at dif-
ferent levels. In addition to the ependymal cells of dorsal
third ventricle (Figs. 1a, 2c), GLUT9 immunoreactivity was
detected in ependymal cells of all ventricles including the
lateral, ventral third, and fourth ventricles, and the aque-
duct (Fig. 2a, b, d—f). GLUT9 was also prominent in tany-
cytes, which are specialized ependymal cells that line the
floor of the ventral third ventricle, and in its long processes
that extend into the parenchyma (Fig. 2d). No immu-
nostaining was detected in the choroid plexus (Fig. 2b, ¢, f).

Immunohistochemistry and immunofluorescence staining

of GLUT9 in a methacarn-fixed murine brain

Next, we performed immunostaining analysis using
methacarn-fixed tissue. Similar to the results obtained
from PFA-fixed tissue, GLUT9 immunoreactivity was
detected in ependymal cells (Fig. 3a). In addition, cap-
illary-like structures were also immunopositive for
GLUT?Y in the brain parenchyma, including the cortical
region (Fig. 3a, c). No staining was detected with antigen-
preabsorbed antibody (Fig. 3b). To investigate the dis-
tribution of GLUTY in the brain capillary endothelium,
we conducted double-immunostaining with anti-GLUT9
and anti-P-glycoprotein (P-gp) antibody, which is a lumi-
nal marker (Fig. 3d—f). GLUT9 co-localized with P-gp
(Fig. 3f), indicating that GLUT9 possibly localizes to the
luminal membrane of the brain capillary endothelium.

Immunofluorescence staining of ABCG2 in methanol/
acetone-fixed and methacarn-fixed murine brain
Immunohistochemistry of ABCG2 was done on fresh,
frozen sections of the wild type (Fig. 4a) and Abcg2 KO
(Fig. 4b) mice, which were post-fixed with methanol and
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NeuN, neuronal nucleus marker

Preabsorbed-Ab

GLUT9/

Fig. 1 Immunofluorescence staining of GLUT9 in PFA-fixed murine brain sections. Frozen sections of paraformaldehyde-fixed wild-type murine
brain were used for immunofluorescence staining. a, b Antigen absorption test. Immunofluorescence staining of the ependymal wall of the dorsal
third ventricle using a anti-GLUT9 antibody and b antigen-preabsorbed antibody. Scale bar 100 um. ¢, d Immunofluorescence staining of GLUT9
(magenta), acetylated-tubulin (Ac-Tubulin, green) and DAPI (blue) on ependymal cells. Scale bar 10 um. e-g Immunofluorescence staining of GLUT9
(magenta) and NeuN (green) showing co-localization in neurons. Scale bar 10 um. D3V, dorsal third ventricle; DAPI, 4’,6-diamidino-2-phenylindole;

acetone. ABCG2 immunoreactivity on the luminal mem-
brane of the capillary endothelium and the CSF side of
the choroid plexus epithelial cells has been previously
reported [25]. Using a different antibody, we also demon-
strated a similar distribution of ABCG2 in the capillary
endothelium and choroid plexus epithelial cells (Fig. 4a).
These immunoreactivity patterns were not observed in
sections from the Abcg2 KO mouse (Fig. 4b), demon-
strating antibody specificity. ABCG2 immunoreactivity
was not detected in ependymal cells (Fig. 4c). Using par-
affin sections from methacarn-fixed brain, we observed
the colocalization of ABCG2 and GLUT9 on the capillary
endothelium (Fig. 4d-f).

Localization of mRNA of urate transporters in the murine
brain by fluorescence in situ hybridization

The distribution of urate transporters in the murine
brain was further verified by a highly-sensitive in situ
hybridization system using Slc22a12 (URAT1), Slc2a9
(GLUTY), and Abcg2 probes. In accordance with our pre-
vious URAT1 immunostaining results, where URAT1

was distributed in ependymal cells [13], Slc22a12 mRNA
was expressed in the ependymal cells (Fig. 5a). Weaker
signals were observed in choroid plexus and brain paren-
chyma where the protein localization was not confirmed
(Fig. 5a). Slc2a9 mRNA was expressed broadly in epend-
ymal cells, the choroid plexus, and brain parenchyma
(Fig. 5b). Abcg2 mRNA was expressed in choroid plexus
epithelial cells and weakly in brain parenchyma, but not
in ependymal cells (Fig. 5c). These results establish the
validity of immunostaining results, which revealed the
distribution of URAT1 and GLUTY in ependymal cells,
and of ABCG2 in the choroid plexus.

Discussion

In the current study, we showed that GLUT9 is expressed
in ependymal cells, neurons, and brain capillaries, while
ABCG2 is expressed in choroid plexus epithelium and
brain capillaries, but not in ependymal cells. Taken
together with our previous findings that URAT1 is local-
ized at the CSF side of the ependymal cells, we speculate
that UA may be transported via transporters expressed



Tomioka et al. Fluids Barriers CNS (2016) 13:22

Page 5 of 10

Fig. 2 GLUT9/URATv1 immunoreactivity is detected in ependymal cells of all ventricles. Frozen sections of paraformaldehyde-fixed wild-type
murine brain were used for immunofluorescence staining. The red squares in the diagrams indicate the region shown in each image. a-f GLUT9
staining of coronal sections. b—d Images were obtained from the same section. Scale bar 100 um. LV, lateral ventricle; V3V, ventral third ventricle; AQ,
aqueduct; 4V, fourth ventricle

at the cells which form the boundary between brain, CSF
and blood.

While the immunoreactivity of GLUT9 in the ependy-
mal cells was consistently observed in our experiments,
its immunoreactivity in neurons or brain capillaries was
dependent on fixation or antigen retrieval conditions.
The difference in the immunostaining pattern may be
caused by antigen masking or degradation. The preser-
vation of antigenicity can be affected by fixation meth-
ods and may vary among tissues. Methacarn fixation
is a non-cross-linking organic solvent, which has been
shown to improve immunoreactivity, in comparison to
aldehyde-based fixatives, against particular antigens
[26]. The neuronal expression of GLUTY is feasible,
since its expression in cultured dopaminergic neurons
has been previously demonstrated using western blot
[23]. Two isoforms of GLUT9, which differ in the amino
terminus, are known to exist in the human and mouse.
The long isoform of human GLUTY is expressed at the
basolateral membrane of proximal tubules of human
kidney, whereas the short isoform is expressed at the

apical membrane of the collecting duct [21, 27]. In con-
trast, mouse GLUT9 is reportedly expressed both in
the apical and basolateral membranes of distal convo-
luted tubules of the murine kidney and enterocytes of
the murine jejunum, albeit with no information about
its isoform-specific localization [22, 28, 29]. Since the
current study did not reveal the exclusive plasma mem-
brane localization compared to our previous finding of
apical localization of URAT1 [13], further work includ-
ing electron microscopy analysis is required to deter-
mine if GLUTO is specifically localized in the apical
and/or basolateral membrane of ependymal cells and
neuronal somatic membranes. Unknown mechanisms,
such as a stimulus-dependent translocation to the
plasma membrane like the insulin-dependent GLUT4
translocation may exist [30]. Surprisingly, we found
that methacarn fixation alone showed the localiza-
tion of GLUTY on brain capillary endothelial cells. This
result supports RT-PCR findings that GLUT9 mRNA is
detected in bEnd.3 cells (a murine brain endothelial cell
line) [31, 32].
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a GLUT9 b Preabsorbed-Ab c GLUT9

D3V

Fig. 3 Immunohistochemistry and immunofluorescence staining of GLUT9 in methacarn-fixed murine brain. Paraffin sections of methacarn-fixed
murine brain were used for immunostaining. a, b Antigen absorption test. Immunohistochemistry using showing a anti-GLUT9 antibody staining

in the third ventricle ependyma and parenchyma and b antigen-preabsorbed antibody. Scale bar 100 um. € GLUT9 immunoreactivity observed in
brain capillaries in the cortex. Scale bar 100 um. d—f Immunofluorescence staining of d GLUT9 and e P-gp showing co-localization in capillaries. Blue
indicates DAPI-stained nucleus of the brain capillary endothelial cell. Scale bar 10 um. P-gp, P-glycoprotein

ABCG2/

ABCG2-KO

D3V CP

Fig. 4 Immunofluorescence staining of ABCG2 in methanol/acetone-fixed and methacarn-fixed murine brain. Fresh frozen sections of the dorsal
third ventricle were prepared from wild-type (WT) and ABCG2 knockout (KO) mice and post-fixed with methanol and acetone. Immunofluo-
rescence staining of ABCG2 was seen in choroid plexus and capillaries in sections from a WT but not in b ABCG2 KO mouse. Scale bar 100 um. ¢
Immunofluorescence staining of ABCG2 (magenta) and GLUTO (green) showing ABCG2 in the choroid plexus and GLUT9 in the ependyma. Scale bar
100 pm. d—f Immunofluorescence staining of d ABCG2 and e GLUT9 using methacarn-fixed paraffin section of capillaries showing co-localization in
f. Blue indicates DAPI-stained nucleus of the brain capillary endothelial cell. Scale bar 10 um. CP, choroid plexus; D3V, dorsal third ventricle

The protein expression of URAT1 and GLUT9, but not  in the brain parenchyma may correspond to the protein
ABCG2, in the ependymal cells was also validated by the  localization in neurons and brain capillary endothelial
use of highly-sensitive in situ hybridization. Similarly, cells. Conversely, Slc22412 mRNA signals were observed
the expression of ABCG2 in choroid plexus cells was in the choroid plexus and the brain parenchyma, and
also confirmed. Slc2a9 and Abcg2 mRNA distribution  Slc2a9 mRNA signals were observed in the choroid
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Abcg2 in the choroid plexus epithelium

Slc2a9

Fig. 5 Localization of mRNA of urate transporters in murine brain by fluorescence in situ hybridization. a—¢ Merged bright field and fluorescence
images are seen in the upper panels, while the lower panels show the fluorescence images alone. Green dots show Fast Blue signal observed with the
Alexa 750 filter set, while the red dots show Fast Red signal observed with the Cy3 filter set. mRNA probes: SIc22a12 (URAT1), Slc2a9 (GLUT9), Abcg2
(ABCG2). SIc22a12 is expressed largely in the ependyma and less in the parenchyma, Slc2a9 is expressed in the ependyma and parenchyma and

plexus, which is inconsistent with the immunostain-
ing results. Immunoblotting analysis in earlier studies
has reported that URAT1 was detected in the murine
choroid plexus, brain capillaries, cultured dopaminer-
gic neurons, and astrocytes [23, 33]. Our previous study
exhibited weak immunostaining in the choroid plexus
and the brain parenchyma, both in wild type and URAT1
KO mice, indicating the possibility of non-specific stain-
ing [13]. The discrepancy between the immunostaining
and in situ hybridization data of GLUT9 (Slc249) and
URAT1 (Slc22a12) could be considered that the mRNA
is not translated to protein or that the translated protein
is unstable. Alternatively, other optimum fixative condi-
tions for immunostaining may be needed.

Specific localization of UA transporters in the murine
brain could be involved in the transport of UA derived
from blood or by intracellular purine metabolism. Con-
sidering the correlation between blood and CSF UA levels
[34], we suppose that brain interstitial UA could be mainly
provided by CSF, which originates from blood at the cho-
roid plexus. The endothelial cells of the choroid plexus are

fenestrated and tight junctions of choroid plexus epithe-
lial cells constitute the blood-CSF barrier [35]. Our group
and others have demonstrated that ABCG2 is localized
at the apical membrane of choroid plexus epithelial cells
[25], raising the possibility that UA may be partly secreted
by ABCG?2 into the ventricular CSF. An unidentified UA
transporter at the blood side may be involved in the uptake
of blood UA into the choroid plexus epithelial cells. CSF
flows through the ventricles, enters into the subarachnoid
space, and is reabsorbed into the blood or reaches lym-
phatic drainage [36]. During the ventricular circulation,
UA in the CSF could be transported into ependymal cells
by URAT]1 located at the apical membrane of ependymal
cells [13]. Since it has been reported that ependymal cells
express xanthine oxidase, which converts hypoxanthine to
xanthine and xanthine to uric acid [37], metabolized UA
in the ependymal cells could also be the transport target.
If GLUTOY is localized at the basolateral membrane, then it
is likely to contribute to the transport of UA from ependy-
mal cells to brain parenchyma. CSF-derived UA could
increase the regional UA concentration near the ventricle,
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for example in the striatum near the lateral ventricles.
Conversely, apically-localized GLUT9 could transport UA
from ependymal cells to the ventricular CSFE. It has been
demonstrated that ATP-binding cassette transporters
ABCG2 and MRP4/ABCC4 that transport UA are local-
ized to luminal membrane of endothelial cells [20, 25, 38].
At the abluminal membrane, OAT3, which can function
as a urate/dicarboxylate exchanger, is present [39, 40]. In
addition to these transporters, we revealed that GLUT9
also exists at the capillary endothelial cells, albeit its lumi-
nal/abluminal distribution should be further investigated
by electron microscopy analysis. We postulate that at the
blood—brain barrier, UA in the capillary endothelial cell is
excreted into blood via luminal ABCG2 and GLUT9 may
also be involved in the UA transport at this site.

In the present paper, we have mainly discussed about
the possible role of brain GLUT9 and ABCG2 regarding
the transport activity of UA [41-43]. However, associa-
tion with other candidate substrates of the transporters
needs to be taken into consideration. Initially, GLUT9
was shown to be a high-affinity, low-capacity glucose
and fructose transporter [44]. Other GLUT transport-
ers are also expressed in the brain [45] and among them,
GLUT1 is highly expressed in both the luminal and ablu-
minal membranes of the endothelial cells and predomi-
nantly involved in the glucose transport into the brain
[46, 47]. Whether the brain UA transporters are actually
involved in the UA transport at the ependymal cells, cho-
roid plexus epithelial cells and brain capillary endothelial
cells and the effect of competitive substrates should be
ascertained in future studies including the direct meas-
urement of local UA at the cellular level.

It has recently been reported that genetic variants of
SLC2A9 (GLUTY) and ABCG2, which influence the serum
level of UA, can modify susceptibility to PD [3, 5, 6]. Fur-
ther, an elevated/reduced UA level in serum correlates
closely with an elevated/reduced UA level in the brain [34].
Moreover, the dysfunction of regional UA transport in the
brain may have additional effects on the level of UA in the
brain. GLUT9 dysfunction in the ependymal cells may
reduce the UA supply for brain parenchyma. ABCG2 dys-
function in the brain capillary endothelial cells may inhibit
UA excretion into blood and maintain the brain paren-
chyma UA level. Since multiple UA transporters exist on
the luminal side of endothelial cells, further investigation is
required to reveal the main driver of UA transport.

Conclusions

In this study, we propose that UA in the brain could be
transported by UA transporters, which show specific
expression patterns in ependymal, choroid plexus epi-
thelial and brain capillary endothelial cells. Thus far, the
importance of UA in the brain as an antioxidant has been
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widely discussed however, the dynamics of UA transport
in the brain has remained unexplored. Further clarifica-
tion of the regulatory mechanism of the level of UA in
the central nervous system would be helpful for the reali-
zation of targeted neuroprotective therapy.

Abbreviations
CSF: cerebrospinal fluid; KO: knockout; PD: Parkinson’s disease; PFA: paraform-
aldehyde; UA: uric acid; WT: wild-type.

Authors’ contributions

NHT and MH conceived, designed the study and wrote the paper. NHT per-
formed the immunohistochemical and in situ hybridization studies. TT and HS
participated in the study with ABCG2 KO mouse. YT, SS and SU participated in
the design of the immunohistochemical study. All authors read and approved
the final manuscript.

Author details

! Department of Human Physiology and Pathology, Faculty of Pharma-Sci-
ences, Teikyo University, 2-11-1 Kaga, Itabashi-ku, Tokyo 173-8605, Japan.

2 Department of Internal Medicine, Teikyo University School of Medicine,
Teikyo University, 2-11-1 Kaga, Itabashi-ku, Tokyo 173-8605, Japan. ® Depart-
ment of Pharmacy, The University of Tokyo Hospital, Faculty of Medicine, The
University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655, Japan.

Acknowledgements
The authors thank Yui Ishiyama, Chiemi Shigetomi, Natsumi Hasebe and Seiha
Katabami for technical assistance.

Competing interests
The authors declare that they have no competing interests.

Availability of data and material
All data are included in the manuscript.

Ethics approval and consent to participate

All animal experiments were carried out in accordance with the guidelines for
animal experimentation in Teikyo University and the University of Tokyo and
the project was approved by the local committee.

Funding

This work was in part supported by Grant-in-Aid for Research Activity Start-up
from Japan Society of the Promotion of Science (JSPS) (Grant No. 26893275)
and the Gout Research Foundation of Japan.

Received: 12 October 2016 Accepted: 26 November 2016
Published online: 12 December 2016

References

1. Kutzing MK, Firestein BL. Altered uric acid levels and disease states. J
Pharmacol Exp Ther. 2008;324:1-7.

2. Chen X, Wu G, Schwarzschild MA. Urate in Parkinson’s disease: more than
a biomarker? Curr Neurol Neurosci Rep. 2012;12:367-75.

3. Matsuo H, Tomiyama H, Satake W, Chiba T, Onoue H, Kawamura Y,
Nakayama A, Shimizu S, Sakiyama M, Funayama M, Nishioka K, Shimizu T,
Kaida K, Kamakura K, Toda T, Hattori N, Shinomiya N. ABCG2 variant has
opposing effects on onset ages of Parkinson’s disease and gout. Ann Clin
Transl Neurol. 2015;2:302-6.

4. Simon KC, Eberly S, Gao X, Oakes D, Tanner CM, Shoulson |, Fahn'S, Schwar-
zschild MA, Ascherio A, Parkinson Study G. Mendelian randomization of
serum urate and parkinson disease progression. Ann Neurol. 2014;76:862-8.

5. Facheris MF, Hicks AA, Minelli C, Hagenah JM, Kostic V, Campbell S, Hayward
C, Volpato CB, Pattaro C, Vitart V, Wright A, Campbell H, Klein C, Pramstaller
PP Variation in the uric acid transporter gene SLC2A9 and its association
with AAO of Parkinson’s disease. J Mol Neurosci. 2011;43:246-50.



Tomioka et al. Fluids Barriers CNS (2016) 13:22

20.

21

22.

23.

24.

Gonzalez-Aramburu |, Sanchez-Juan P, Jesus S, Gorostidi A, Fernandez-
Juan E, Carrillo F, Sierra M, Gomez-Garre P, Caceres-Redondo MT, Berciano
J, Ruiz-Martinez J, Combarros O, Mir P, Infante J. Genetic variability related
to serum uric acid concentration and risk of Parkinson’s disease. Mov
Disord. 2013;28:1737-40.

Chen X, Burdett TC, Desjardins CA, Logan R, Cipriani S, Xu'Y, Schwarzschild
MA. Disrupted and transgenic urate oxidase alter urate and dopaminergic
neurodegeneration. Proc Natl Acad Sci USA. 2013;110:300-5.

Gong L, Zhang QL, Zhang N, Hua WY, Huang YX, Di PW, Huang T, Xu XS,
Liu CF, Hu LF, Luo WF. Neuroprotection by urate on 6-OHDA-lesioned rat
model of Parkinson’s disease: linking to Akt/GSK3beta signaling pathway.
J Neurochem. 2012;123:876-85.

Parkinson Study Group S-PDI, Schwarzschild MA, Ascherio A, Beal MF,
Cudkowicz ME, Curhan GC, Hare JM, Hooper DC, Kieburtz KD, Macklin EA,
Oakes D, Rudolph A, Shoulson I, Tennis MK, Espay AJ, Gartner M, Hung A,
Bwala G, Lenehan R, Encarnacion E, Ainslie M, Castillo R, Togasaki D, Barles
G, Friedman JH, Niles L, Carter JH, Murray M, Goetz CG, Jaglin J, et al. Ino-
sine to increase serum and cerebrospinal fluid urate in Parkinson disease:
a randomized clinical trial. JAMA Neurol. 2014;71:141-50.

. Bhattacharyya S, Bakshi R, Logan R, Ascherio A, Macklin EA, Schwarzschild

MA. Oral inosine persistently elevates plasma antioxidant capacity in
Parkinson'’s disease. Mov Disord. 2016;31:417-21.

. Ascherio A, LeWitt PA, Xu K, Eberly S, Watts A, Matson WR, Marras C, Kie-

burtz K, Rudolph A, Bogdanov MB, Schwid SR, Tennis M, Tanner CM, Beal
MF, Lang AE, Oakes D, Fahn S, Shoulson I, Schwarzschild MA, Parkinson
Study Group DI. Urate as a predictor of the rate of clinical decline in
Parkinson disease. Arch Neurol. 2009;66:1460-8.

. Enomoto A, Kimura H, Chairoungdua A, Shigeta Y, Jutabha P, Cha SH,

Hosoyamada M, Takeda M, Sekine T, Igarashi T, Matsuo H, Kikuchi Y, Oda
T, Ichida K, Hosoya T, Shimokata K, Niwa T, Kanai Y, Endou H. Molecular
identification of a renal urate anion exchanger that regulates blood urate
levels. Nature. 2002:417:447-52.

. Tomioka NH, Nakamura M, Doshi M, Deguchi Y, Ichida K, Morisaki T,

Hosoyamada M. Ependymal cells of the mouse brain express urate trans-
porter 1 (URAT1). Fluids Barriers CNS. 2013;10:31.

Jimenez AJ, Dominguez-Pinos MD, Guerra MM, Fernandez-Llebrez P, Perez-
Figares JM. Structure and function of the ependymal barrier and diseases
associated with ependyma disruption. Tissue Barriers. 2014;2:e28426.
Johanson C, Stopa E, McMillan P, Roth D, Funk J, Krinke G. The distribu-
tional nexus of choroid plexus to cerebrospinal fluid, ependyma and
brain: toxicologic/pathologic phenomena, periventricular destabilization,
and lesion spread. Toxicol Pathol. 2011;39:186-212.

Mullier A, Bouret SG, Prevot V, Dehouck B. Differential distribution of tight
junction proteins suggests a role for tanycytes in blood-hypothalamus bar-
rier regulation in the adult mouse brain. J Comp Neurol. 2010,518:943-62.
Petrov T, Howarth AG, Krukoff TL, Stevenson BR. Distribution of the tight
junction-associated protein ZO-1 in circumventricular organs of the CNS.
Brain Res Mol Brain Res. 1994;21:235-46.

Akanuma S, Sakurai T, Tachikawa M, Kubo Y, Hosoya K. Transporter-medi-
ated L-glutamate elimination from cerebrospinal fluid: possible involve-
ment of excitatory amino acid transporters expressed in ependymal cells
and choroid plexus epithelial cells. Fluids Barriers CNS. 2015;12:11.
Gunzel D, Yu AS. Claudins and the modulation of tight junction perme-
ability. Physiol Rev. 2013;93:525-69.

Mandal AK, Mount DB. The molecular physiology of uric acid homeosta-
sis. Annu Rev Physiol. 2015;77:323-45.

Augustin R, Carayannopoulos MO, Dowd LO, Phay JE, Moley JF, Moley
KH. Identification and characterization of human glucose transporter-
like protein-9 (GLUT9): alternative splicing alters trafficking. J Biol Chem.
2004;279:16229-36.

Keembiyehetty C, Augustin R, Carayannopoulos MO, Steer S, Manolescu
A, Cheeseman Cl, Moley KH. Mouse glucose transporter 9 splice variants
are expressed in adult liver and kidney and are up-regulated in diabetes.
Mol Endocrinol. 2006;20:686-97.

Cipriani S, Desjardins CA, Burdett TC, Xu Y, Xu K, Schwarzschild MA.
Protection of dopaminergic cells by urate requires its accumulation in
astrocytes. J Neurochem. 2012;123:172-81.

Cooray HC, Blackmore CG, Maskell L, Barrand MA. Localisation of breast
cancer resistance protein in microvessel endothelium of human brain.
Neuroreport. 2002;13:2059-63.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 9 of 10

Tachikawa M, Watanabe M, Hori S, Fukaya M, Ohtsuki S, Asashima T,
Terasaki T. Distinct spatio-temporal expression of ABCA and ABCG
transporters in the developing and adult mouse brain. J Neurochem.
2005;95:294-304.

Mitchell D, Ibrahim S, Gusterson BA. Improved immunohistochemical
localization of tissue antigens using modified methacarn fixation. J Histo-
chem Cytochem. 1985;33:491-5.

Kimura T, Takahashi M, Yan K, Sakurai H. Expression of SLC2A9 isoforms
in the kidney and their localization in polarized epithelial cells. Plos ONE.
2014;9:284996.

Preitner F, Bonny O, Laverriere A, Rotman S, Firsov D, Da Costa A, Metref S,
Thorens B. Glut9 is a major regulator of urate homeostasis and its genetic
inactivation induces hyperuricosuria and urate nephropathy. Proc Natl
Acad Sci USA. 2009;106:15501-6.

DeBosch BJ, Kluth O, Fujiwara H, Schurmann A, Moley K. Early-onset
metabolic syndrome in mice lacking the intestinal uric acid transporter
SLC2A9. Nat Commun. 2014;5:4642.

Leto D, Saltiel AR. Regulation of glucose transport by insulin: traffic con-
trol of GLUT4. Nat Rev Mol Cell Biol. 2012;13:383-96.

Cura AJ, Carruthers A. Acute modulation of sugar transport in brain capil-
lary endothelial cell cultures during activation of the metabolic stress
pathway. J Biol Chem. 2010,285:15430-9.

Sugihara S, Hisatome |, Kuwabara M, Niwa K, Maharani N, Kato M,
Ogino K, Hamada T, Ninomiya H, Higashi Y, Ichida K, Yamamoto K.
Depletion of uric acid due to SLC22A12 (URAT1) loss-of-function
mutation causes endothelial dysfunction in hypouricemia. Circ J.
2015;79:1125-32.

Imaoka T, Kusuhara H, Adachi-Akahane S, Hasegawa M, Morita N, Endou
H, Sugiyama Y. The renal-specific transporter mediates facilitative trans-
port of organic anions at the brush border membrane of mouse renal
tubules. J Am Soc Nephrol. 2004;15:2012-22.

Bowman GL, Shannon J, Frei B, Kaye JA, Quinn JF. Uric acid as a CNS
antioxidant. J Alzheimers Dis. 2010;19:1331-6.

Wolburg H, Paulus W. Choroid plexus: biology and pathology. Acta Neu-
ropathol. 2010;119:75-88.

Brinker T, Stopa E, Morrison J, Klinge P. A new look at cerebrospinal fluid
circulation. Fluids Barriers CNS. 2014;11:10.

Moriwaki'Y, Yamamoto T, Yamaguchi K, Takahashi S, Higashino K.
Immunohistochemical localization of aldehyde and xanthine oxidase
in rat tissues using polyclonal antibodies. Histochem Cell Biol.
1996;105:71-9.

Leggas M, Adachi M, Scheffer GL, Sun D, Wielinga P, Du G, Mercer KE,
Zhuang Y, Panetta JC, Johnston B, Scheper RJ, Stewart CF, Schuetz JD.
Mrp4 confers resistance to topotecan and protects the brain from
chemotherapy. Mol Cell Biol. 2004;24:7612-21.

Sweet DH, Chan LM, Walden R, Yang XP, Miller DS, Pritchard JB.
Organic anion transporter 3 (Slc22a8) is a dicarboxylate exchanger
indirectly coupled to the Na+ gradient. Am J Physiol Renal Physiol.
2003;284:F763-9.

Bakhiya A, Bahn A, Burckhardt G, Wolff N. Human organic anion trans-
porter 3 (hOAT3) can operate as an exchanger and mediate secretory
urate flux. Cell Physiol Biochem. 2003;13:249-56.

. Anzai N, Ichida K, Jutabha P, Kimura T, Babu E, Jin CJ, Srivastava S,

Kitamura K, Hisatome I, Endou H, Sakurai H. Plasma urate level is directly
regulated by a voltage-driven urate efflux transporter URATV1 (SLC2A9) in
humans. J Biol Chem. 2008:283:26834-8.

Woodward OM, Kottgen A, Coresh J, Boerwinkle E, Guggino WB,

Kottgen M. Identification of a urate transporter, ABCG2, with a com-
mon functional polymorphism causing gout. Proc Natl Acad Sci USA.
2009;106:10338-42.

Matsuo H, Takada T, Ichida K, Nakamura T, Nakayama A, lkebuchiV, Ito

K, Kusanagi Y, Chiba T, Tadokoro S, Takada Y, Oikawa Y, Inoue H, Suzuki K,
Okada R, Nishiyama J, Domoto H, Watanabe S, Fujita M, Morimoto Y, Naito
M, Nishio K, Hishida A, Wakai K, Asai Y, Niwa K, Kamakura K, Nonoyama

S, Sakurai'Y, Hosoya T, et al. Common defects of ABCG2, a high-capacity
urate exporter, cause gout: a function-based genetic analysis in a Japa-
nese population. Sci Transl Med. 2009;1:5ra11.

Doblado M, Moley KH. Facilitative glucose transporter 9, a unique
hexose and urate transporter. Am J Physiol Endocrinol Metab.
2009;297:E831-5.



Tomioka et al. Fluids Barriers CNS (2016) 13:22

45,

46.

Castro MA, Beltran FA, Brauchi S, Concha Il. A metabolic switch in brain:
glucose and lactate metabolism modulation by ascorbic acid. J Neuro-
chem. 2009;110:423-40.

Klepper J, Voit T. Facilitated glucose transporter protein type 1 (GLUT1)
deficiency syndrome: impaired glucose transport into brain—a review.
Eur J Pediatr. 2002;161:295-304.

Page 10 of 10

47. De Vivo DC, Trifiletti RR, Jacobson RI, Ronen GM, Behmand RA, Harik SI.
Defective glucose transport across the blood-brain barrier as a cause of
persistent hypoglycorrhachia, seizures, and developmental delay. N Engl
J Med. 1991,325:703-9.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at .
www.biomedcentral.com/submit () BiolMed Central




	Immunohistochemical and in situ hybridization study of urate transporters GLUT9URATv1, ABCG2, and URAT1 in the murine brain
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Tissue section preparation
	Immunostaining for brain sections
	In situ hybridization
	Image acquisition

	Results
	Immunofluorescence staining of GLUT9 in PFA-fixed murine brain sections
	GLUT9 immunoreactivity is detected in ependymal cells of all ventricles
	Immunohistochemistry and immunofluorescence staining of GLUT9 in a methacarn-fixed murine brain
	Immunofluorescence staining of ABCG2 in methanolacetone-fixed and methacarn-fixed murine brain
	Localization of mRNA of urate transporters in the murine brain by fluorescence in situ hybridization

	Discussion
	Conclusions
	Authors’ contributions
	References




