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Abstract

Podoplanin is a transmembrane glycoprotein indirectly linked to classic cadherins through ezrin-actin networks.
Recently, the overexpression of podoplanin in high-grade malignancy brain tumors has been reported. The aim
of this study was to investigate the expression of podoplanin and classic cadherins in the mouse brain. Immuno-
histochemistry showed that podoplanin was expressed on ependymal cells and choroid plexus epithelial cells at
the ventricle side of the cell surface and at the cell-cell junctions, and on retinal pigment epithelial cells and in
the pia mater; P-cadherin between choroid plexus epithelial cells and endothelial cells at the basement mem-
brane side of cell surface, and between retinal pigment epithelial cells; VE-cadherin on the PECAM-1 positive-
choroid plexus endothelial cells of the fibrovascular core; and N-cadherin on the cell surface and at the cell-cell
junctions of ependymal cells, and in the pia mater. The regions expressing podoplanin, P-cadherin, and VE-
cadherin did not coincide. In real-time PCR analysis, the amounts of podoplanin and P- and N-cadherin mRNA
were larger in the ventricular wall with choroid plexus than in the abdominal aorta and cerebrum. In the
RT-PCR analysis, the intensities of amplicon for VE-cadherin mRNA were the same for the abdominal aorta,
cerebrum, and ventricular wall with the choroid plexus, suggesting that mouse ependymal cells, choroid
plexus epithelial cells, and glial cells under the pia mater have the ability to express podoplanin and P- and N-
cadherins. Glial cells and retinal pigment epithelial cells may create barriers by podoplanin and classic cadherins
as a rate-determining step for transmission of blood components.
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Introduction

Podoplanin is a mucin-type transmembrane glycoprotein
first identified in podocytes, kidney glomerular epithelial
cells (Breiteneder-Geleff et al. 1997). The role of podoplanin
has been studied in a rat model of nephropathy caused by
puromycin aminonucleoside nephrosis with severe protein-
uria. Podoplanin is thought to play a role in maintaining
the shape of podocyte foot processes and glomerular per-
meability because of morphological alterations of cell
shapes with selective losses of podoplanin in the nephrosis
accompanying proteinuria (Koop et al. 2008). Podoplanin
upregulates RhoA-GTPase activity, resulting in the phos-
phorylation of ezrin. The increase in the cell surface distri-
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bution of phosphorylated ezrin promotes the actin
cytoskeleton rearrangement by the development of mem-
brane-actin structures, thus contributing to actin filament
rearrangement. Podoplanin links and stabilizes the phos-
phorylated ezrin mediating the anchorage of F-actin to the
plasma membrane. Since an actin filament links classic cad-
herins through cytoplasmic catenins, podoplanin indirectly
interacts with classical cadherins through ezrin-actin net-
works (Aberle et al. 1996; Gautreau et al. 1999; Scholl et al.
1999; Pujuguet et al. 2003; Lan et al. 2006; Lien et al. 2006;
Martin-Villar et al. 2006; Wicki et al. 2006; Raica et al. 2008;
Belkina et al. 2009; Harris & Tepass, 2010; Noda et al. 2010).
It has been reported that podoplanin promotes the epithe-
lial to mesenchymal transition (EMT) in cancer cells. EMT
represents a phenotypic conversion by which epithelial cells
lose polarity and acquire fibroblast characteristics. The po-
doplanin-induced EMT is accompanied by downregulation
of E-cadherin and upregulation of mesenchymal N-cadherin
in several cancers (Martin-Villar et al. 2006; Wicki et al.
2006). It is expected that podoplanin expression may be a
close link in the regulation of classical cadherin expressions.



Classical cadherins are calcium-dependent adhesion mole-
cules at adherens junctions and combine cytoplasmic f-cate-
nin, which binds to o-catenin, with the actin filament
networks. In cell-cell contacts, E-, P- and VE-cadherins play
a key role at adherens junctions of epithelium and endothe-
lium. Soluble E-cadherin also promotes cell survival and N-
cadherin functions in the nervous system (Nose & Takeichi,
1986; Aberle et al. 1996; Halbleib & Nelson, 2006; Lien et al.
2006; Harris & Tepass, 2010; Inge et al. 2011). Recently, it
has been reported that VE-cadherin is reduced in cortical
microvessels with tight junctions but is present in microves-
sels of circumventricular organs (CVO). It was also reported
that cadherin-10 is expressed in the retinal pigment epithe-
lial cells, cortical microvessels, choroid plexuses epithelial
cells, and ependymal cells lining CVO (Williams et al. 2005).

The expression of podoplanin has also been reported in
tumors of the central nervous system: ependymal tumors,
choroid plexus papillomas, meningiomas, astrocytic tumors,
medulloblastomas, and hemangioblastomas, with variable
frequency and intensity. The podoplanin expression in
astrocytic tumors is associated with malignant properties as
podoplanin expression is markedly higher in glioblastomas
than in anaplastic astrocytomas (Mishima et al. 2006a,b;
Shibahara et al. 2006; Raica et al. 2008; Ishizawa et al.
2009). Therefore, it is thought that glia cells, e.g. astrocytes
and ependymal cells, usually express podoplanin; however,
the distribution of podoplanin-positive cells in the normal
brain has not been reported. This study set out to examine
the expression of classic cadherins and podoplanin in the
non-CNS tissue around ventricles and in the retina.

Materials and methods

Immunohistochemistry

Tissue of the brain, tongue, and heart of 7-week-old male ICR
mice and the placenta from ICR mice at the 16th day of preg-
nancy (n = 5) (Charles River Japan Inc., Yokohama, Japan) were
used. The collection of the tissue was conducted after euthana-
sia by intraperitoneal injection with sodium pentobarbital
(10 mL kg™, Nembutal; Abbott Laboratories, North Chicago, IL,
USA). The protocol for animal use was reviewed and approved
by the animal experiment committee of Fukuoka Dental College
in accordance with the principles of the Helsinki Declaration.
Mice were perfused through the heart with 100% methanol
and tissue was fixed in 100% methanol for 10 min at —-20 °C,
and then immersed in 30% sucrose-phosphate-buffered saline
(PBS) for 12 h at 4 °C before freezing. The frozen 10-um sections
were cut in a cryostat and fixed in 100% methanol for 5 min at
-20 °C. The sections were treated with 0.1% goat serum for
30 min at 20 °C and then the sections were treated with PBS
containing 0.1% goat serum and primary antibodies: 2 ug mL™"
of monoclonal hamster anti-mouse podoplanin (AngioBio Co.,
Del Mar, CA, USA), 4 ug mL™" of monoclonal rat anti-mouse P-
cadherin (R&D Systems Inc., Minneapolis, MN, USA), 4 ug mL™’
of polyclonal rabbit anti-mouse N-cadherin (Abcam plc., Cam-
bridge, UK), and 1.5 ug mL™" of polyclonal rabbit anti-mouse
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VE-cadherin (Abcam), for 8 h at 4 °C. Further, 2 ug mL™" of rat
monoclonal anti-mouse CD31 (PECAM-1) and rabbit polyclonal
anti-mouse PECAM-1 (Abcam) were used to identify blood ves-
sels. After the treatment with primary antibodies, the sections
were washed three times in PBS for 10 min and immunostained
for 0.5h at 20 °C with 0.1 ug mL™" of secondary antibodies:
Alexa Fluor (AF) 488 or 568-conjugated goat anti-hamster, goat
anti-rabbit, or goat anti-rat IgGs (Probes Invitrogen Co., Eugene,
OR, USA). The immunostained sections were mounted in 50%
polyvinylpyrrolidone solution and examined by fluorescence
microscopy (BZ-8100; Keyence Corp., Osaka, Japan) or laser-scan-
ning microscopy (LSM710; Carl Zeiss, Jena, Germany) with a x63
oil planapochromatic objective lens (numerical aperture x1.3).
The Chinese hamster ovary (CHO) K1 cells (CRL-2243) from the
American Type Culture Collection (Manassas, VA, USA) and the
human tongue squamous cell carcinoma cell line (HSC-3) from
the Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan) were cultured in Dulbecco’s Modified Eagle Med-
ium (Wako Pure Chemical Industries, Osaka, Japan) including
2 mm L-glutamine (Wako) supplemented with 10% heat-inacti-
vated fetal bovine serum (Wako) on the coverslips in six-well
plates. After forming the 100% confluent monolayer, the cover-
slips with cells were immersed in 100% methanol for 5 min at
—-20 °C. After the treatment with 0.1% goat serum for 30 min at
20 °C, the cells were treated with PBS containing 0.1% goat
serum and primary antibodies: 2 ug mL™" of hamster anti-mouse
podoplanin (AngioBio), 4 ug mL~" of rat anti-mouse P-cadherin
(R&D Systems), 4 ug mL™" of rabbit anti-mouse N-cadherin (Ab-
cam), 1.5 ug mL™" of rabbit anti-mouse VE-cadherin (Abcam),
and 2 ug mL™" of rat and rabbit anti-mouse PECAM-1 (Abcam)
for 8 h at 4 °C. After the treatment with primary antibodies the
slips were washed three times in PBS for 10 min. Both cells trea-
ted with primary antibodies and cells without them were trea-
ted for 0.5 h at 20 °C with 0.1 ug mL™" of secondary antibodies:
Alexa Fluor (AF) 488 or 568-conjugated goat anti-hamster, goat
anti-rabbit, or goat anti-rat 1gGs (Invitrogen). The coverslips
with the cells were mounted in 50% polyvinylpyrrolidone solu-
tion on slide glasses and examined by fluorescence microscopy
(BZ-8100; Keyence Corp.).

Reverse transcription (RT)-PCR and real-time PCR

The abdominal aorta was cut to 5 mm length, and the cortex sur-
face with pial and the ventricle wall with choroid plexus were
peeled away from the cerebrum within a 5-mm square with an
18-gauge needle. The total RNA extraction from the tissue of the
aorta, cortex surface, and ventricular wall was performed with a
QlAshredder column and RNeasy kit (Qiagen, Inc., Tokyo, Japan).
Contaminating genomic DNA was removed using DNAfree (Ambi-
on, Huntingdon, UK), and the RT was performed on 30 ng of total
RNA, followed by 25-30 cycles of PCR for amplification using the
Ex Taq hot start version (Takara Bio Inc., Otsu, Japan) with 50 pm
of primer sets (Table 1) where the specificities had been con-
firmed by the manufacturer (Sigma-Genosys Ltd., Cambridge,
UK). The RT-PCR products were separated on 2% agarose gel
(NuSieve; FMC, Rockland, ME, USA) and visualized by Syber Green
(Takara). The correct size of the amplified PCR products was
confirmed by gel electrophoresis and amplification of accurate
targets was confirmed by sequence analysis.

To quantify podoplanin and cadherin mRNA generation,
cDNA samples were analyzed by real-time quantitative PCR.
A total of 1 uL of ¢cDNA was amplified in a 25-uL volume of
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Table 1 Primer sequences.

Gene names Base pairs Forward (5’-3’) Reverse (5’-3')

Podoplanin 332 CACCTCAGCAACCTCAGAC ACAGGGCAAGTTGGAAGC
P-cadherin 199 GCAGAAGTCAGCGAGAAAGGAG GGAGGATGAAACCACCCTTCCA
N-cadherin 119 CCACAGTACCCAGTCCGATCC ACTAAGAGGGAGTCATACGGTGG
VE-cadherin 116 AACCGCTGATCGGCACTGT TCCCTGCTTGGTTATTCGGAAG
p-Actin 411 GTTCTACAAATGTGGCTGAGGA ATTGGTCTCAAGTCAGTGTACAG

PowerSYBR Green PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) in a Stratagene wmx3o000p real-time PCR system
(Agilent Technologies, Inc., Santa Clara, CA, USA), and the fluo-
rescence was monitored at each cycle. Cycle parameters were
95 °C for 15 min to activate Taq followed by 35 cycles of 95 °C
for 15, 58 °C for 1 min, and 72 °C for 1 min. For the real-time
analysis, two standard curves were constructed from amplicons
for both the g-actin and target genes (podoplanin, P-cadherin,
N-cadherin, VE-cadherin) in three serial fourfold dilutions of
cDNA from sublingual gland tissue. The -actin or target gene
cDNA levels in each sample were quantified against f-actin or
the target gene standard curves by allowing the mx3000p soft-
ware to determine each ¢cDNA unit accurately. Finally, target
gene ¢DNA units in each sample were normalized to f-actin
cDNA units. Thus, the relative target gene expression units were
expressed as arbitrary units, calculated according to the follow-
ing formula: relative target gene expression units = target gene
cDNA units/f-actin cDNA units.

Statistics

All experiments were repeated five times, and data are
expressed as mean + SEM. The statistical significance of differ-
ences (P < 0.01) was determined by the Student’s t-test and one-
way ANovA with sTatview 4.51 software (Abacus concepts, Calaba-
sas, CA, USA).

Results

Control experiments for the immunostaining with
antibodies for mouse podoplanin and classical
cadherins

The CHO K1 and HSC-3 cells were not immunostained by
anti-podoplanin and anti-cadherins, and none of the mouse
tissue was immunostained with the secondary antibodies
alone (data not shown). In the mouse tongue tissue, anti-
podoplanin reacted with lymphatic vessels but did not
cross-react with blood vessels, lingual muscle or connective
tissue. Anti-VE-cadherin reacted with blood vessels and
weakly with lymphatic vessels but did not cross-react with
other lingual tissue. In the placenta, anti-podoplanin
reacted with syncytiotrophoblasts of placenta villus and
anti-P-cadherin reacted with decidua. In the heart, anti-
podoplanin reacted with epicardium and anti-N-cadherin
reacted with epicardium and intercalated disks but did not
cross-react with cardiac muscle (Fig. 1).
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Immunostaining for podoplanin and classic cadherins
in mouse ventricles and retina

In the lateral ventricle, anti-podoplanin reacted with the
surface of ependymal cells and choroid plexus epithelial
cells at the region of the ventricle surrounded by corpus
callosum, caudate nucleus, and fimbria hippocampus
(Fig. 2). Anti-P-cadherin reacted with the inside of choroid
plexus where anti-podoplanin did not react. Anti-N-
cadherin reacted with ependymal cells at the region
where anti-podoplanin also reacted, but not with choroid
plexus epithelial cells (Fig.2). In the third ventricle,
anti-podoplanin reacted with the surface of ependymal
cells and choroid plexus epithelial cells at the region of
the ventricle surrounded by red nuclei (Fig. 3). Anti-P-
cadherin reacted with the inside of choroid plexus where
anti-podoplanin did not react. Anti-N-cadherin reacted
with ependymal cells and the pia mater of the fornix at
the region where anti-podoplanin reacted, but not with
choroid plexus epithelial cells (Fig. 3). In the fourth ventricle,
anti-podoplanin reacted with ependymal cells and choroid
plexus epithelial cells at the region of the ventricle
surrounded by nodulus and cerebellar lingual, and on the
pia mater around the cerebellar lingual (Fig. 4). Anti-P-
cadherin reacted with the inside of the choroid plexus
where anti-podoplanin did not react. Anti-N-cadherin
reacted with ependymal cells and the pia mater of the cere-
bellum at the region where anti-podoplanin reacted, but
not on choroid plexus epithelial cells (Fig. 4). In the laser-
scanning confocal microscopy of the immunostaining for
podoplanin, and P- and VE-cadherins on the choroid
plexus and ventricle epithelia, the fluorescence with anti-
podoplanin was found on ependymal cells and epithelial
cells at the ventricle side both on the cell surface and in the
cell—cell junctions, whereas the fluorescence with anti-P-
cadherin was found on the choroid plexus epithelial cells at
the basement membrane side both on the cell surface and
in the cell-cell junctions (Fig. 5). The fluorescence with anti-
VE-cadherin was found on the choroid plexus endothelial
cells of the fibrovascular core on the cell surface and in the
cell—cell junctions. The regions that reacted with anti-
podoplanin, anti-P-cadherin, and anti-VE-cadherin did not
coincide (Fig. 5). In the laser-scanning confocal microscopy
of the immunostaining for podoplanin, and P- and VE-
cadherins on the choroid plexus fibrovascular core, the
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Fig. 1 Immunostaining for podoplanin, P-, N- and VE-cadherin in mouse tissue. The immunostained sections were re-stained by hematoxylin-eosin
(H-E) staining, which shows blood vessels (B) of the muscle layer of the tongue, the villus (V), and decidua (D) of the placenta, and the cardiac
muscle and epicardium of the heart. The fluorescence with anti-podoplanin (arrowhead) is found on the lymphatic vessel of the tongue, on
syncytiotrophoblasts of the placenta villus, and on the epicardium. The fluorescence with anti-VE-cadherin (arrows) is found on blood vessels, and
weakly on the lymphatic vessel of the tongue. The lymphatic vessel immunostained with both anti-podoplanin and anti-VE-cadherin is shown in
the merged image. The fluorescence with anti-P-cadherin (arrows) is found on the decidua of the placenta. The separation of the area
immunostained with anti-podoplanin and anti-P-cadherin in the placenta is shown in the merged image. The fluorescence with anti-N-cadherin
(arrows) is found on epicardium and intercalated disks without a cross-reaction with cardiac muscle. The epicardium immunostained with both
anti-podoplanin and anti-N-cadherin is shown in the merged image. The anti-podoplanin and ant-cadherins did not show a cross-reaction with

connective tissue or muscle. Bar: 50 pum.

fluorescence with both anti-PECAM-1 and anti-VE-cadherin
was found on the endothelial cells of the fibrovascular
core in the choroid plexus and the fluorescence with anti-
podoplanin and anti-P-cadherin was found on choroid
plexus epithelial cells on the cell surface at the ventricle side
and at the basement membrane side, respectively. The
region reacting with anti-PECAM-1 coincided with neither
podoplanin nor anti-P-cadherin (Fig. 6). In the retina,
pigment epithelial cells were immunostained by anti-
podoplanin on the surface and at cell-cell junctions, and
with anti-P-cadherin at cell-cell junctions (Fig. 7).

The expression of podoplanin and classic cadherin
mRNAs in the choroid plexus

Total RNA extraction from the abdominal aorta, the surface
of the cerebrum with the pia mater, and the ventricular
wall with choroid plexus were examined (Fig. 8). In the
real-time PCR analysis, the podoplanin, and P- and N-cadh-
erin mRNA amounts were significantly larger in ventricular

walls with the choroid plexus than in the abdominal aorta
and cerebrum. The VE-cadherin mRNA amount is smaller in
ventricular walls with choroid plexus than in the abdominal
aorta and cerebrum. Podoplanin and N-cadherin mRNA
amounts were significantly larger in the surface of cere-
brum with the pia mater than in the abdominal aorta. In
the RT-PCR analysis, the intensities of the amplicon for f-
actin and VE-cadherin mRNAs were similar for abdominal
aorta, cerebrum, and ventricular walls with choroid plexus.
The intensities of amplicon for podoplanin, and P- and
N-cadherin mRNA were increasingly stronger, in order
ventricular wall, cerebrum, and abdominal aorta.

Discussion

The expression of podoplanin and classic cadherins
in mouse tissues

Podoplanin is a mucin-type 38-kDa transmembrane glyco-

protein first identified in kidney glomerular epithelial cells

© 2012 The Authors
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Fig. 2 Immunostaining for podoplanin, P- and N-cadherin of the lateral ventricle. (A) Immunostaining for podoplanin and P-cadherin. The
immunostained sections were re-stained by the H-E staining which shows corpus callosum (CC), caudate nucleus (CN), and fimbria hippocampus
(FH). Bottom figures represent the region highlighted by the box. The fluorescence with anti-podoplanin (arrowheads) is found on ependymal cells
and choroid plexus epithelia. The fluorescence with anti-P-cadherin (arrow) is found inside the choroid plexus. The anti-podoplanin-positive region
did not coincide with the region with which anti-P-cadherin reacted in the merged images. Bar: 100 um. (B) Immunostaining for podoplanin and
N-cadherin on the section adjacent to (A). The fluorescence with anti-N-cadherin (arrow) is found on lateral ventricle ependymal cells at the region
where anti-podoplanin reacted (arrowheads), but not found on choroid plexus epithelia in the merged images. Bar: 100 um.

(Breiteneder-Geleff et al. 1997; Koop et al. 2008). Podopla-
nin is homologous to the T1s-2 gene which encodes the
type | alveolar cell specific antigen and to the oncofetal
antigen M2A recognized by the D2-40 antibody (Wetter-
wald et al. 1996; Williams et al. 1996; Ramirez et al. 2003;
Schacht et al. 2003; Chu et al. 2005; Ordofiez, 2005; Sonne
et al. 2006; Yu et al. 2007; Marsee et al. 2009). The role of
podoplanin has been studied in the puromycin-induced

© 2012 The Authors
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nephropathy rat. It has been thought that podoplanin plays
a role in maintaining the shape of podocyte foot processes
and glomerular permeability because podocyte foot
processes have extensive flattening with selective loss of
podoplanin to < 30% in the kidneys of nephropathy model
rats (Koop et al. 2008). Podoplanin is also well known as a
lymphatic endothelial cell marker (Schacht et al. 2003;
Iwasawa et al. 2008; Noda et al. 2010). Podoplanin-deficient
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Fig. 3 Immunostaining for podoplanin, P- and N-cadherin of the third ventricle. The double immunostained section for podoplanin and P-cadherin
is adjacent to the double immunostained section for podoplanin and N-cadherin. Immunostained sections were re-stained by H-E staining, which
shows red nuclei (RN), choroid plexus (CP), and ependymal cells (arrow). The fluorescence with anti-podoplanin is found on ependymal cells
(arrow) and choroid plexus epithelia. The fluorescence with anti-P-cadherin (arrowhead) is found inside the choroid plexus, where anti-podoplanin
did not react in the merged image. The fluorescence with anti-N-cadherin is also found on ependymal cells (arrow) where anti-podoplanin reacted
(arrowheads) but was absent on choroid plexus epithelia in the merged image. Bar: 50 um.

P-cadherin

Podoplanin Y N-cadherin

Fig. 4 Immunostaining for podoplanin, P- and N-cadherin of the fourth ventricle. The double immunostained section for podoplanin and P-
cadherin is adjacent to the double immunostained section for podoplanin and N-cadherin. The immunostained section for podoplanin and P-
cadherin was re-stained by the H-E staining which shows nodulus (No), cerebellar peduncle (CeP), and cerebellar lingual (CL). The fluorescence
with anti-podoplanin (arrowheads) is found on ependymal cells and choroid plexus epithelial cells, and on the pia mater around the cerebellar
lingual. The fluorescence with anti-P-cadherin (arrow) is found inside the choroid plexus, where anti-podoplanin did not react in the merged
image. The fluorescence with anti-N-cadherin (arrow) is also found on ependymal cells, and on the pia mater around the cerebellar lingual, where
anti-podoplanin reacted (arrowheads), but not on choroid plexus epithelia. Bar: 100 um.

mice have defects in lymphatic formation but not in blood et al. 2003), placenta villus (Wang et al. 2011), follicular
vessels. Further, there have been reports of the podoplanin dendritic cells (Yu et al. 2007, Marsee et al. 2009), and
expression in osteocytes and osteoblasts (Wetterwald et al. immature cells such as fetal germ cells and Sertoli cells

1996; Hantusch et al. 2007), mesothelial cells (Chu et al. (Mishima et al. 2006a,b; Sonne etal. 2006). We have
2005; Ordonez, 2005), epidermal basal layer cells (Schacht recently shown that tooth germ epithelium and salivary
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Fig. 5 The laser-scanning confocal microscopy of immunostaining for podoplanin, P- and VE-cadherins on the choroid plexus and ventricle

epithelia of the lateral ventricle. The upper, middle, and lower panels are the same sections. The immunostained sections were re-stained by the
H-E staining, which shows choroid plexus (CP) and ependymal cells (arrowhead, yellow). In the immunostaining with anti-podoplanin and anti-P-
cadherin, the fluorescence with anti-podoplanin is found on the choroid plexus epithelial cells (arrowheads, white) and ependymal cells
(arrowhead, yellow) on the ventricle side both on the cell surface and in the cell-cell junctions, where the fluorescence with anti-P-cadherin is
found on the choroid plexus epithelial cells (arrow) at the basement membrane side both on the cell surface and in the cell-cell junctions. The
region reacting with anti-podoplanin did not coincide with the region reacting with anti-P-cadherin in the merged image. In the immunostaining
with anti-podoplanin and anti-VE-cadherin, the fluorescence with anti-podoplanin is found on the choroid plexus epithelial cells (arrowheads) on
the ventricle side both on the cell surface and in the cell-cell junctions, whereas the fluorescence with anti-VE-cadherin is found on the choroid
plexus endothelial cells (arrows) both on the cell surface and in the cell-cell junctions. The region reacting with anti-podoplanin did not coincide
with region reacting with anti-VE-cadherin in the merged image. In the immunostaining with anti-VE-cadherin and anti-P-cadherin, the region
reacting with anti-VE-cadherin on the choroid plexus endothelial cells (arrowheads) did not coincide with the region reacting with anti-P-cadherin

on the choroid plexus epithelial cells (arrows) in the merged image. Bar: 20 pm.

gland myoepithelium express podoplanin (Hata et al. 2008,
2010; Sawa et al. 2008; Imaizumi et al. 2010; Noda et al.
2010). In the study reported here, CHO K1 cells from Chinese
hamster ovary and HSC-3 cells from human tongue squamous
cell carcinoma were not immunostained by anti-mouse
podoplanin, and the anti-podoplanin reacted to lymphatic
vessels and epicardium without cross-reacting with blood
vessels, muscle cells or connective tissue cells in the mouse
tissue, indicating the reaction of anti-mouse podoplanin
(Fig. 1). Especially in the placenta, anti-podoplanin reacted
only with syncytiotrophoblasts. Podoplanin may function in
the placental barrier in syncytiotrophoblasts, restricting the
villus to the decidua in the endometrium.

Classic cadherins are involved in cellcell adhesion at
adherens junctions. Further, P-cadherin that has been iden-
tified in the mouse placenta acts as an adhesion molecule

© 2012 The Authors
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and has unknown roles in the decidua of the placenta and
in mammary glands (Nose & Takeichi, 1986; Shimoyama
et al. 1989; Hatta et al. 1991; Aberle et al. 1996; Radice
et al. 1997; Angst et al. 2001; Soler et al. 2002; Gama et al.
2004; Halbleib & Nelson, 2006; Hantusch et al. 2007; Shapiro
& Weis, 2009); N-cadherin functions in the nervous system
and the expression is clearly observed in the intercalated
disks of cardiac muscle (Angst et al. 2001; Ferreira-Cornwell
et al. 2002; Halbleib & Nelson, 2006; Shapiro & Weis, 2009).
In vascular systems, VE-cadherin regulates the vascular per-
meability at adherens junctions (Angst et al. 2001; Vincent
et al. 2004; Dejana et al. 2008; Shapiro & Weis, 2009). In this
study, CHO K1 and HSC-3 cells were not immunostained by
anti-mouse cadherins, and the anti-VE-cadherin reacted
with blood and lymphatic endothelial cells, anti-P-cadherin
with placenta decidua, and anti-N-cadherin  with
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Fig. 6 The laser-scanning confocal microscopy of immunostaining for podoplanin, P- and VE-cadherins on the choroid plexus fibrovascular core of
the lateral ventricle. The upper, middle, and lower panels are the same sections. The immunostained sections were re-stained by the H-E staining,
which shows the choroid plexus (CP). In the immunostaining with anti-PECAM-1 and anti-VE-cadherin, the fluorescence with anti-VE-cadherin is
present on the choroid plexus endothelial cells (arrows) of the fibrovascular core as well as the region reacted with anti-PECAM-1 (arrowheads).
The region reacting with anti-PECAM-1 coincided with the region reacting with anti-VE-cadherin in the merged image. In the immunostaining
with anti-PECAM-1 and anti-podoplanin, there is fluorescence with anti-PECAM-1 on the choroid plexus endothelial cells (arrowheads) of the
fibrovascular core, whereas fluorescence with anti-podoplanin occurs on the choroid plexus epithelial cells (arrows) on the ventricle side both on
the cell surface and in the cell—cell junctions. The region reacting with anti-PECAM-1 did not coincide with the region reacting with anti-
podoplanin in the merged image. In the immunostaining with anti-PECAM-1 and anti-P-cadherin, the fluorescence with anti-P-cadherin is on the
choroid plexus epithelial cells (arrows) at the basement membrane side both on the cell surface and in the cell-cell junctions, whereas the
fluorescence with anti-PECAM-1 is on the choroid plexus endothelial cells (arrowheads) of the fibrovascular core. The region reacting with anti-
PECAM-1 did not coincide with the region reacting with anti-P-cadherin in the merged image. Bar: 20 um.

epicardium and intercalated disks, but there were no
cross-reactions with muscle or connective tissue in the mouse
tissue, suggesting that the reactions of anti-cadherins can
reliably be expected to occur (Fig. 1).

Distribution of podoplanin and classical cadherin-
expressing cells in mouse ventricles

There have been no detailed reports on podoplanin
expression in the normal brain. The study here showed
that on the lateral, third, and fourth ventricles, the surfaces
of ependymal cells, choroid plexus epithelia, and the pia
mater reacted with anti-podoplanin (Figs 2-4), suggesting
that ependymal cells, choroid plexus epithelial cells, and
glial cells under the pia mater have the ability to express
podoplanin. Investigation for the distribution of classic
cadherin-expressing cells at the ventricles showed that

anti-P-cadherin reacted with the inside of choroid plexus
epithelial cells, and that anti-N-cadherin reacted with
ependymal cells and the pia mater (Figs 2-4), indicating
that choroid plexus epithelial cells express P-cadherin, and
that ependymal cells and glial cells under the pia mater
express N-cadherin.

The choroid plexus consists of epithelial cells and a fibro-
vascular core formed by both fibroblasts originating in the
pia mater and endothelial cells of the fenestrated choroidal
capillaries which produce cerebrospinal fluid (CSF). Blood
components immediately permeate into extravascular space
under epithelial cells surrounding the fibrovascular core
because of the absence of a tight junction at the cell—cell
junctions between choroid plexus endothelial cells. Blood-
CSF barriers are formed by the tight junctions at cell—cell
junctions of choroid plexus epithelial cells and limit the per-
meability of blood components into CSF. The CSF reflects

© 2012 The Authors
Journal of Anatomy © 2012 Anatomical Society



Expression of podoplanin and classic cadherins in the mouse brain, C. Kaji et al. 443

Podoplanin P-cadherin Podoplanin/P-cadherin

Fig. 7 Immunostaining for podoplanin and P-cadherin of the retina. Upper sections were examined by a fluorescence microscopy (bar: 100 um)
and lower sections by laser-scanning confocal microscopy (bar: 20 um). The fluorescence with anti-podoplanin is found on the surface of retinal
pigment epithelial cells (arrowheads), whereas the fluorescence with anti-P-cadherin is localized on retinal pigment epithelial cells at cell—cell
junctions (arrows).
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Fig. 8 Gene analysis for the expression of podoplanin, P-, N-, and VE-cadherin mRNAs in the choroid plexus. Total RNA extraction from tissue of
the abdominal aorta (AA), the surface of cerebrum with the pia mater (Ce), and the ventricular wall with choroid plexus (CP) were examined. (A)
Real-time PCR analysis. Relative mRNA amounts are expressed in arbitrary units. Target gene cDNA units in each sample were normalized to f-
actin ¢cDNA units. Podoplanin, P- and N-cadherin mRNA amounts were significantly larger in the ventricular wall with choroid plexus than in
cerebrum tissue or in abdominal aorta as a negative control. The VE-cadherin mRNA amount was significantly smaller in the ventricular wall with
choroid plexus than in cerebrum tissue and in abdominal aorta as a positive control. The amounts of podoplanin and N-cadherin mRNA were
significantly larger in the surface of cerebrum with the pia mater than in abdominal aorta. *Statistically significant difference by Student’s t-test
and one-way anova** (P < 0.01). (B) RT-PCR analysis. Intensities of amplicon for -actin mRNA and VE-cadherin were similar in abdominal aorta,
cerebrum, and ventricular wall with choroid plexus. Intensities of amplicon for podoplanin, P- and N-cadherin mRNA increased in strength in the
order ventricular wall with choroid plexus, cerebrum, and abdominal aorta.

brain interstitial fluid because ependymal cells connect via face and in the cell-cell junctions, but the regions did not

the gap junctions and desmosomes, which have a limiting coincide; podoplanin was found at the ventricular side and
transmission that is weaker than at a tight junction (Zamora P-cadherin at the basement membrane side (Fig. 5). Further,
& Thiesson, 1980; Williams et al. 2005). In the laser-scanning the expression of VE-cadherin was observed in the choroid
confocal microscopy, both podoplanin and P-cadherin were plexus but the VE-cadherin-positive region did not coincide
expressed on choroid plexus epithelial cells on the cell sur- with the podoplanin- or P-cadherin-positive regions, sug-
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gesting that choroid plexus epithelial cells do not express
VE-cadherin. Taken together, this may suggest that podo-
planin and P-cadherin play a role as a rate-determining step
in the permeability of CSF on choroid plexus epithelial cells
at the ventricle side and at the vascular side, respectively.

To determinate whether choroid plexus endothelial cells
express podoplanin and P-cadherin, double immunostain-
ing for the endothelial cell marker CD31/PECAM-1 and VE-
cadherin, podoplanin, or P-cadherin was performed (Fig. 6)
(Hata et al. 2008). It is known that VE-cadherin is also a mar-
ker for vascular endothelial cells (Vincent et al. 2004; Dejana
et al. 2008). Since the PECAM-1-positive region coincided
with the VE-cadherin-positive region in the fibrovascular
core of the choroid plexus, it is thought that choroid plexus
endothelial cells were successfully identified by PECAM-1,
and that choroid plexus endothelial cells express VE-cadher-
in. In the double immunostaining for PECAM-1 and podopl-
anin or P-cadherin, the PECAM-1-positive region did not
coincide with the regions reacted with anti-podoplanin or
anti-P-cadherin, suggesting that choroid plexus endothelial
cells do not express podoplanin or P-cadherin.

In the retina, anti-podoplanin reacted with pigment epi-
thelial cells on the cell surface while anti-P-cadherin was
only found on pigment epithelial cells at the cell—<cell
junctions (Fig. 7). Earlier, Williams et al. (2005) examined
cadherin expression in brain tissue and reported that the
general vascular endothelial cadherin, VE-cadherin, was
reduced or absent in tight cortical microvessels. T reciprocal
to VE-cadherin, the type Il classical cadherin, cadherin-10,
was expressed in retinal pigment epithelial cells in the
blood-retinal barrier as brain barriers, in microvessel endo-
thelial cells of the cerebral cortex as the blood-brain bar-
rier, in choroid plexus epithelial cells as the blood-CSF
barrier, and in ependymal cells as the CSF-brain barrier, but
not in leaky microvessels such as the choroid plexus where
the blood-brain barrier is absent (Williams et al. 2005).
Therefore it seems that the expression pattern of P-cadherin
in the brain is similar to that of cadherin-10, although cadh-
erin expression in the blood-brain barrier was not clearly
established. The P-cadherin may play a role similar to cadh-
erin-10 in the blood-retinal barrier, and in brain barriers.

Total RNA extraction from the surface of cerebrum with
the pia mater and the ventricular wall with choroid plexus
contained more podoplanin mRNA compared with the
abdominal aorta as a negative control (Fig. 8). Total RNA in
the ventricular wall with choroid plexus contained more P-
cadherin and N-cadherin mRNAs compared with the surface
of cerebrum with the pia mater and in the abdominal aorta
as a negative control. Further, total RNA in the cerebrum
surface contained significantly more N-cadherin mRNA
compared with the abdominal aorta (Fig. 8). Total RNA in
ventricular walls with choroid plexus contained less VE-
cadherin mRNA compared with the surface of cerebrum
with the pia mater and in the abdominal aorta as a positive
control (Fig. 8). These results suggest that the glial cells of
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Fig. 9 A schematic outline of the expression for podoplanin, P-, N-,
and VE-cadherin in the choroid plexus. Podoplanin is expressed on the
cell surface and at the cell-cell junctions of ependymal cells and
choroid plexus epithelial cells. P-cadherin is expressed on choroid
plexus epithelial cells at the vascular side between epithelial cells and
endothelial cells or fibroblasts. VE-cadherin is expressed on choroid
plexus endothelial cells at the cell-cell junctions. N-cadherin is
expressed on the pia mater and ependymal cells at the cell surface
and cell-cell junctions. Podoplanin and P-cadherin participate in the
blood-CSF barrier, and podoplanin and N-cadherin play roles in the
CSF-brain barrier.

the ventricular wall including the choroid plexus have the
ability to express podoplanin as well as P- and N-cadherins
to a greater extent compared with the glial cells in the cere-
brum. Podoplanin and P-cadherin may play a role in a
blood-CSF barrier on choroid plexus epithelial cells on the
ventricle side and on the basement membrane side, respec-
tively (Fig. 9). Podoplanin is also able to interact with P- and
N-cadherins through the actin filament networks (Aberle
et al. 1996; Pujuguet et al. 2003; Lien et al. 2006; Martin-Vil-
lar et al. 2006; Wicki et al. 2006; Raica et al. 2008). Podopla-
nin and N-cadherin may function in coordination on the
ependymal cells and glial cells with the pia mater as a CSF-
brain barrier (Fig. 9).

In conclusion, the results would seem to suggest that po-
doplanin, and P- and N-cadherins act as a rate-determining
step in the blood and CSF component transmission on cho-
roid plexus epithelial cells and ependymal cells as partici-
pants in the blood-CSF and CSF-brain barriers.
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