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Copyright © 2008 AHCThis study was designed to investigate the distribution of cells expressing podoplanin in the

mouse tooth bud. Podoplanin expression was detected in enamel epithelia of the cervical

loop at cell-cell contacts strongly, and weakly on the loosely aggregated stellate reticulum

in the center and the neighboring stratum intermedium. Odontoblasts exhibited intense

podoplanin expression at the junction with predentin while no expression was detected in the

enamel organ containing ameloblasts. These results suggest that proliferating inner and

outer enamel epithelia express podoplanin but that the expression is suppressed in the

differentiated epithelia containing ameloblasts. On the other hand the podoplanin expres-

sion occurs in the differentiating odontoblasts and the expression is sustained in differenti-

ated odontoblasts, indicating that odontoblasts have the strong ability to express podoplanin.

In cultured apical bud cells podoplanin was detected at cell-cell contacts. In real-time PCR

analysis the amount of podoplanin mRNA of the apical buds was 2-fold compared with the

amount of kidney used as a positive control. These findings indicate that apical bud cells

have the strong ability to express the podoplanin gene. Podoplanin is a mucin-type glyco-

protein negatively charged by extensive O-glycosylation and a high content of sialic acid,

which expresses the adhesive property. The podoplanin may contribute to form odontoblas-

tic fiber or function as the anchorage to the tooth development and in proliferating epithelial

cells of cervical loop and apical bud.
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I. Introduction

Podoplanin is a 43-kDa transmembrane glycoprotein

which was first reported as E11 antigen and was further

identified as podoplanin because of the expression in kidney

glomerular epithelial cells, podocytes. Podoplanin is homol-

ogous to T1α which encodes an antigen expressed at alveo-

lar type I cells and is also one of the most highly expressed

lymphatic-specific genes [2, 3, 6, 10, 15, 20]. Podoplanin

null mice die at birth because of respiratory defect and con-

genital lymphedema due to the failure in lymphatic pattern

formation. The expression of podoplanin in the several epi-

thelial cells, such as epidermis and alveolar epithelia, has

been noticed [17, 22], and we have recently reported the

podoplanin expression in mouse salivary glands [5]. Our

study showed that podoplanin expression was rarely found

in acini of the parotid gland but clearly found at the basal

portion of ducts in the submandibular and sublingual glands,

suggesting that podoplanin is a marker of myoepithelial cells

of salivary glands.

Podoplanin is a mucin-type glycoprotein negatively

charged by extensive O-glycosylation and a high content of

sialic acid [2, 16]. Podoplanin possesses a platelet aggrega-

tion-stimulating (PLAG) domain, and the mutation of threo-

nine residues in the PLAG domain reduces the platelet ag-

gregation, suggesting that podoplanin could function as a

ligand for proteins with lectin activity to sialic acid [7, 8].

The reports for the increased expression of podoplanin in

almost all human intestinal tumors, and for the implication

of podoplanin overexpression in oral cancer metastasis, also
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may provide a new physical role such as adhesion function

in the proliferated cells. The up-regulation of podoplanin ex-

pression has been reported in squamous cell carcinomas of

oral cavity, lung, and head and neck [9, 11, 23], and in cen-

tral nervous system tumors [12, 18], and podoplanin pro-

motes tumor cell invasion in vitro and in vivo [21]. These

facts may suggest that the increased expression of podopla-

nin is associated with the ectodermal cell proliferation.

In our recent study to clarify the distribution of cells

expressing podoplanin in mouse oral tissues, podoplanin

expression was found in the mouse tooth bud. So far there

has been no report about the expression of podoplanin

about the cells in tooth bud, dental pulp, and periodontium.

The study here was designed to investigate the distribution

of cells expressing podoplanin in mouse tooth buds.

II. Materials and Methods

Cell culture

Pregnant mice (C57BL6/J, n=5) purchased from the

Jackson Laboratory (Bar Harbor, ME, USA) were used. The

collection of the tissue was conducted from mouse in 9 days

after birth after euthanasia by intraperitoneal injection with

sodium pentobarbital (10 ml/kg, Nembutal, Abbott Labora-

tories, North Chicago, IL, USA). The protocol for animal

use was reviewed and approved by the animal experiment

committee of Fukuoka Dental College, Fukuoka, Japan. The

tissue of eternal tooth germ which formed at the apical end

of lower incisors, referred to as the ‘apical bud’ [4, 14], and

the periodontal ligament were cultured in Dulbecco’s modi-

fied Eagle medium (Gibco Life Technologies, Inc., Grand

Island, NY, USA).

Immunohistochemistry

Pregnant mice (C57BL6/J, n=5) were used. The collec-

tion of the tissue was conducted from mouse in 9 days after

birth as described above. Mice were perfused through the

heart with 4% paraformaldehyde in 0.1 M phosphate buffer

(pH 7.4). The frozen 10 μm sections were cut in a cryostat

and fixed in 5% formalin-PBS containing 0.1% glutaralde-

hyde for 10 min at 4°C. After the treatment with 0.1% rabbit

serum the sections were treated with a cocktail of antibodies:

0.5 μg/ml of hamster anti-mouse podoplanin antibody

(AngioBio Co., Del Mar, CA, USA) and rabbit anti-mouse

nestin antibody (Abcam Inc., Cambridge, MA, USA) for

8 hr at 4°C. After reacting with first antibodies, the sections

were immunostained for 1 hr at 20°C with a cocktail of

second antibodies (0.1 μg/ml): Alexa Fluor (AF) 488 or

AF568-conjugated goat anti-hamster or anti-rabbit IgGs

(Probes Invitrogen, Eugene, OR, USA), and examined by

laser-scanning microscopy (Axiovert 135M, Carl Zeiss,

Jena, Germany) with a ×52 oil planapochromatic objective

lens (numerical aperture ×1.3).

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

The total RNA extraction from tissue of apical bud,

kidney, and periodontal ligament of mice was achieved with

a QIAshredder column and RNeasy kit (Qiagen). Contami-

nating genomic DNA was removed using DNAfree (Am-

bion, Huntingdon, UK), and the RT was performed on 30 ng

of total RNA, followed by 25–30 cycles of PCR for amplifi-

cation with 50 pM of primer sets using the Ex Taq hot start

version (Takara Bio Inc., Otsu, Japan). We used primer sets

of mouse β-actin (5-GTTCTACAAATGTGGCTGAGGA:

upper, 5-ATTGGTCTCAAGTCAGTGTACAG: lower, 411

bp), and mouse podoplanin (upper: 5-CACCTCAGCAAC-

CTCAGAC, lower: ACAGGGCAAGTTGGAAGC, 332 bp)

where the specificities had been confirmed by the manufac-

turer (Sigma-Genosys Ltd., Cambridge, UK). The 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 mRNA generation, cDNA

samples were analyzed by real-time quantitative PCR. A

total of 1 ml of cDNA was amplified in 25 μl using

PowerSYBR Green PCR Master Mix (Applied Biosystems,

Foster City, CA, USA) in an 7500 Real-time PCR System

(Applied Biosystems), and fluorescence was monitored at

each cycle. Cycle parameters were 95°C for 15 min to acti-

vate Taq followed by 35 cycles of 95°C for 15 s, 58°C for 1

min, and 72°C for 1 min. For real-time analysis, a standard

curve was constructed from amplicons for β-actin in three

serial 4-fold dilutions of cDNA stock from LEC. The β-actin

cDNA levels in each sample were quantified against a stan-

dard curve by allowing the software to accurately determine

the sample β-actin units. The adhesion molecule cDNA

levels in each sample were quantified against a standard

curve as the sample adhesion molecule units and were nor-

malized to the sample β-actin units. Thus, relative adhesion

molecule production units were expressed as arbitrary units,

calculated according to the following formula: relative

adhesion molecule production units=sample adhesion

molecule units/sample β-actin units.

Statistical analysis

All experiments were carried out five times, repeatedly,

and data are expressed as mean±SEM. The statistical signif-

icance of differences (p<0.01) was determined by the paired

two-tailed Student’s t test with StatView 4.51 software

(Abacus Concepts, Calabasas, CA, USA).

III. Results and Discussion

Immunohistochemical analysis for mouse tooth germ

Figure 1 shows that a tooth germ at the bell stage in

which the aggregated cells of the enamel organ lie above a

condensation of ectomesenchymal cells, the dental papilla.

The cervical loop where the outer enamel epithelium and the

inner enamel epithelium join is observed at the apical side

of the tooth germ. It has been recently reported that the

intermediate filament nestin which is expressed in neural

stem cells or progenitor cells is a specific marker for the
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Fig. 1. Podoplanin expression in a tooth

germ of mouse incisor at the bell stage.

Aggregated cells of the enamel organ lie

above a condensation of ectomesenchymal

cells, the dental papilla. The cervical loop

where the outer enamel epithelium and the

inner enamel epithelium join is observed at

the apical side of the tooth germ. Reaction

products with anti-podoplanin antibody are

observed in the cervical loop, and in the

odontoblast layer with the immunoreactivity

to anti-nestin. H-E, Hematoxylin-Eosin

staining. Bar=100 μm.

Fig. 2. Podoplanin expression in the cervical

loop. Figure observed the area of (a) in

Figure 1 at a high magnification. Reaction

products with anti-podoplanin antibody are

observed strongly on the cell membrane of

enamel epithelia at cell-cell contacts

(arrow), and weakly on cells of the stratum

intermedium (asterisk). Bar=100 μm.
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Fig. 3. Podoplanin expression in the odonto-

blast layer. Figure shows the area of (b) in

Figure 1 at a high magnification. Odonto-

blasts exhibited intense reaction products

with anti-nestin and anti-podoplanin anti-

bodies at the junction with predentin (arrow)

while immunoreactivities with anti-podo-

planin and anti-nestin antibodies are not

observed in the enamel organ containing

ameloblasts (asterisk). Bar=100 μm.

Fig. 4. Podoplanin expression at the end of

differentiating odontoblast layer. Figure

shows the area of (c) in Figure 1 at a high

magnification. Reaction products with anti-

podoplanin antibody are observed on the

differentiating odontoblasts at the junction

with predentin (arrow), and weakly on the

inner enamel epithelium at cell-cell contacts

(asterisk). Bar=100 μm.
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odontoblast in the tooth germ from early to late develop-

mental stages, and the nestin expression is sustained in

differentiated odontoblasts [1, 13, 19]. In this study anti-

nestin antibody was used to identify odontoblasts. Reaction

products with anti-podoplanin antibody were detected in the

cervical loop, and in the odontoblast layer immunoreacted

with anti-nestin antibody (Fig. 1). In the cervical loop reac-

tion products with anti-podoplanin antibody were detected

strongly on the cell membrane of enamel epithelia at cell-

cell contacts, and weakly on cells of the loosely aggregated

stellate reticulum in the center and the neighboring stra-

tum intermedium (Fig. 2). Odontoblasts exhibited intense

reaction products with anti-nestin and anti-podoplanin anti-

bodis at the junction with predentin while immunoreac-

tivity with anti-podoplanin antibody was not detected in

the enamel organ containing ameloblasts (Fig. 3). In the

end of differentiating odontoblasts the reaction products

with anti-podoplanin antibody were detected on the differ-

entiating odontoblasts at the junction with predentin, and

weakly detected on the inner enamel epithelium at cell-cell

contacts (Fig. 4). These results indicate that proliferating

inner and outer enamel epithelia express podoplanin but

that the expression is suppressed in the differentiated epi-

thelia of the enamel organ containing ameloblasts. On

the other hand the podoplanin expression occurs in the

differentiating odontoblasts and the expression is sustained

in differentiated odontoblasts, indicating the strong ability

to express podoplanin in odontoblasts.

Analysis for a mouse apical bud

The specialized epithelial structure consists of dental

epithelial stem cells, apical bud, and is formed at the region

of the apical end in tooth development in continuously

growing teeth. The region possesses a commonly special-

ized histological structure for the maintenance of adult stem

cells and the production of various progenitor cells produc-

ing dental tissues [4, 14]. In cultured cells derived from the

apical bud of the lower incisor, reaction products with anti-

podoplanin antibody were detected at cell-cell contacts of

primary cultured cells surrounding the apical bud tissue

whereas no immunoreactivity with anti-podoplanin antibody

was observed in cells derived from the periodontal ligament

(Fig. 5A). In the RT-PCR total RNA extracts from the tissue

of apical bud showed the PCR product for podoplanin

mRNA as well as the tissue of kidney used as a positive

control for the podoplanin expressing organ [5], whereas

no products were detected in the tissue of periodontal liga-

ment (Fig. 5B). In the real-time PCR analysis the amount

of podoplanin mRNA in the total RNA extracts from the

tissue of apical bud was 2-fold compared with the amount

Fig. 5. Analysis for the mouse apical bud. (A) Immunohisto-

chemical analysis for cultured cells derived from the apical

bud of lower incisor. Reaction products with anti-podoplanin

are observed at cell-cell contacts of primary cultured cells sur-

rounding the apical bud tissue whereas no immunoreactivity

with anti-podoplanin is observed in cells derived from the

periodontal ligament. Nuclei are stained by propidium iodide.

Bar=100 μm. (B) RT-PCR analysis. Products of β-actin is

shown in upper panel. Total RNA extracts from the tissue of

apical bud (Ab) showed the PCR product for podoplanin

mRNA (lower panel) as well as the tissue of kidney (Ki),

whereas no products were detected in the tissue of periodontal

ligament (PDL). M, molecular weight marker (489 bp, arrows).

(C) Real-time PCR analysis. Relative adhesion molecule pro-

duction units are expressed as arbitrary units. The amount of

podoplanin mRNA in the total RNA extracts from the tissue of

apical bud (Ab) is 2-fold compared with the amount in the total

RNA extracts from kidney (Ki), whereas little was detected in

the tissue of periodontal ligament (PDL). *, Significantly differ-

ent from Ki and PDL. **, Significantly different from PDL.
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in the total RNA extracts from kidney, whereas little was

detected in the tissue of periodontal ligament (Fig. 5C).

The podoplanin expression of periodontal ligament may be

ascribed to the lymphatic endothelial podoplanin mRNA in

the periodontium [6, 10, 17]. These results indicate that

apical bud cells have the strong ability to express podoplanin

gene and that the expression occurs at cell-cell contacts.

The podoplanin overexpression promotes formation of

elongated cell extensions and significantly increases endo-

thelial cell adhesion, migration, and tube formation [7]. The

overexpression of podoplanin is also detected in almost all

human intestinal tumors and podoplanin promotes tumor

cell invasion in vitro, and in vivo [8, 21]. The expression of

podoplanin in the proliferating epithelial cells of the cervical

loop and apical bud may play a physical role that contributes

to tooth development. Podoplanin is a mucin-type glyco-

protein negatively charged by extensive O-glycosylation

and a high content of sialic acid, which expresses the ad-

hesive property. The podoplanin may contribute to form

odontoblastic fiber or function as the anchorage to tooth

development and in proliferating epithelial cells of cervical

loop and apical bud [2, 16].
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