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Abstract

We hypothesized that odontoblasts release exosomes as well as dental pulp cells and focused on the exosome membrane
marker CD63. Odontoblasts are well-differentiated mesenchymal cells that produce dentin. Dental pulp, a tissue complex
formed with odontoblasts, releases exosomes to epithelial cells and stimulates their differentiation to ameloblasts. However,
the localization of CD63 in differentiated odontoblasts is poorly understood. Therefore, herein, we aimed to reveal the expres-
sion of CD63 in odontoblasts during tooth development. We first investigated the localization of CD63 in mouse incisors
and molars using immunofluorescence. In adult mouse incisors, the anti-CD63 antibody was positive in mature odontoblasts
and dental pulp cells but not in pre-odontoblasts along the ameloblasts in the apical bud. Additionally, the anti-CD63 anti-
body was observed as a vesicular shape in the apical area of odontoblast cytosol and inside Tomes’ fibers. The anti-CD63
antibody-positive vesicles were also observed using immunoelectron microscopy. Moreover, during mouse mandibular molar
tooth morphogenesis (E16 to postnatal 6 weeks), labeling of anti-CD63 antibody was positive in the odontoblasts at E18. In
contrast, the anti-CD63 antibody was positive in the dental pulp after postnatal day 10. Furthermore, anti-CD63 antibody was
merged with the multivesicular body marker Rab7 in dental pulp tissues but not with the lysosome marker Lamp1. Finally,
we determined the effect of a ceramide-generation inhibitor GW4869 on the mouse organ culture of tooth germ in vitro.
After 28 days of GW4869 treatment, both CD63 and Rab7 were negative in Tomes’ fibers, but were positive in control
odontoblasts. These results suggest that CD63-positive vesicular organelles are important for mouse tooth morphogenesis.
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Introduction

The tooth germ is a primordium in the maxilla and mandi-
ble that develops into teeth. From the cap to the bell stage,
odontoblasts are differentiated from the dental papilla lined
with ameloblasts, and they participate in dentin forma-
tion. Odontoblasts are present in the dental pulp as dentin-
producing columnar cells and are involved in the lifelong
accumulation of dentin matrix. Dentin matrix is released
from the odontoblasts via matrix vesicles, which possess a
lipid bilayer and are released from the plasma membrane via
budding, like osteoblasts in bone tissues. Released matrix
vesicles attach to collagen fibers and provoke the deposition
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of calcium phosphate around themselves via calcium pumps
and phosphatases in the vesicle membrane in vivo (Strat-
mann et al. 1997) and in vitro (Chaudhary et al. 2016).
Extracellular vesicles (EVs) are lipid-bound vesicles
that are directly released from the plasma membrane via
budding (microvesicles) or the secretion of stored small
vesicles from multivesicular bodies (exosomes) (Veziro-
glu and Mias 2020). The well-known associated proteins
of EVs are tetraspanins, including CD63, CD9, and CD81
(Veziroglu and Mias 2020). The lipid membranes of EVs
also contain ceramide, a bioactive sphingolipid. Inhibition
of ceramide production using the neutral sphingomyeli-
nase inhibitor, GW4869, is a useful method for confirming
the release ability of EVs in cells (Catalano 2020). EVs,
especially exosomes, often load nucleic acids (microRNAs
and mRNAs) or content proteins (Tsgl01, annexins, and
heat shock proteins). Released EVs fuse with target cell
membranes and import nucleic acids or content proteins.
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Therefore, exosomes are important for the regulation of gene
expression and the physiological functions of target cells.

Vesicular organelles are well developed in the odonto-
blasts for matrix secretion or endocytosis (Sasaki and Garant
1996; Garant et al. 1968). Previous morphological studies
have recognized specific vesicular organelles and secretory
granules in the cell body and Tomes’ fiber of odontoblasts.
Pro-collagen-containing granules, endosomal vesicles, lyso-
some-like dense vesicles, and multivesicular bodies (MVBs)
have been reported in the cell bodies of odontoblasts using
transmission electron microscopy (TEM). Additionally,
collagen-containing cylindrical granules and coated vesi-
cles have been identified in Tomes’ fibers using TEM and
immunofluorescence. MVBs in odontoblasts are involved
in the endocytosis of extracellular proteins (Nanci et al.
1996). Thus, odontoblasts can be considered as manipula-
tors of vesicles for various functions inside the cell body and
Tomes’ fiber. CD63 is one of the most well-known tetraspa-
nin proteins that localizes in the exosome membrane, MVB,
or lysosomes (Nieuwenhuis et al. 1987; Perez-Hernandez
et al. 2013). Using immunofluorescence, co-localization
between CD63 and other proteins on organelle membrane
proteins has been observed in various tissues (Veziroglu
and Mias 2020), especially in ameloblasts at the develop-
mental stage of incisors (Shapiro et al. 2007). Stem cells in
the dental pulp are also reported to express CD63-positive
exosomes (Swanson et al. 2020). However, the localization
of CD63 in differentiated odontoblasts is poorly understood.

Therefore, in the present study, we aimed to elucidate
the presence of CD63 during odontoblast differentiation and
dentinogenesis. Our findings suggest that a substance that
inhibits exosome release induces the accumulation of intra-
cellular vesicles in primary dental pulp cells.

Materials and methods
Animals

All human and animal studies were approved by the appro-
priate ethics committee and were performed in accordance
with ethical standards stated in the 1964 Declaration of Hel-
sinki and its later amendments. Female Institute of Cancer
Research (ICR) mice at 6 weeks or 14 days of gestation
(E14) (Figs. 1, 3,4, 5, 6) and female C57BL/6n mice (Fig. 2)
were purchased from Sankyo Laboratory Service Corpora-
tion (Tokyo, Japan). All mice were housed under normal
conditions. Mandible tissues from embryonic day 16 (E16),
E18, and postnatal day 0, 2, 5, 8, 10, 15, and 18, and 6 weeks
were examined in the experiments mentioned below. Kid-
ney tissues were extracted at 6 weeks and examined in the
experiments described below.
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Antibodies

Primary antibodies were purchased and diluted; the antibody
dilution ratio is presented against the protein concentration.
The following primary antibodies were used: anti-CD63
antibody (1:200 for immunofluorescence, 1:2000 for west-
ern blotting; BD Pharmingen, CA, USA), anti-Rab7 anti-
body (1:4500; Abcam, Cambridge, UK), anti-Tsg101 anti-
body (1:100; Abcam), anti-DMP-1 antibody (1:500, R&D
Systems, MN, USA), anti-biglycan antibody (1:450; Pro-
teintech, IL, USA), anti-collagen alpha 1 antibody (1:100;
Novus Biologicals, CO, USA), anti-LAMP-1 antibody
(1:100; Sigma-Aldrich, MO, USA), and anti-EEA1 anti-
body (1:100; MBL, Aichi, Japan). The following secondary
antibodies were used: anti-rat IgG conjugated Alexa 488
or 594, anti-mouse conjugated Alexa 594, anti-rabbit IgG
conjugated Alexa 488 and 594, anti-sheep IgG conjugated
Alexa 568 (1:200; Thermo Fisher Scientific, MA, USA), and
horseradish peroxidase (HRP)-conjugated anti-rat IgG anti-
body (for immunoelectron microscopy; 1:100, for Western
blotting; 1:10,000; Cytiva, Penzberg, Germany).

Microscopic observation

We applied all immunofluorescence samples to laser scan-
ning microscopy (LSM; Nikon A1, Tokyo, Japan). The LSM
was equipped with an objective lens: 4 (Plan Apo, NA 0.13),
10 (Plan Apo, NA 0.45), 40 (Plan Apo, NA 0.95) and 60
(Plan Apo VC, NA 1.4, Oil immersing lens) magnifications.
All image data pixels were 1024 X 1024. Laser scanning was
operated using NIS Elements software. For image acqui-
sition, the pinhole diameter was set to 1.2 mm, according
to laser wavelength which was calculated automatically by
NIS Elements software. In addition, laser power and detector
gain were limited to 4-15% and 90-120, respectively. Z-axis
scanning was not applied.

Immunofluorescence observation

For the immunofluorescence studies, longitudinally
divided kidney tissue and mandible tissues were fixed
with 4% paraformaldehyde (Merck) in phosphate-buffered
saline (PBS; 138 mM Nac(Cl, 8.1 mM Na,HPO,, 1.9 mM
NaH,PO,) at 4 °C for 16 h and decalcified with 10 mM
Tris-buffered 10% ethylenediaminetetraacetic acid (EDTA)
at 4 °C for 14-21 days. After embedding in optimal cut-
ting temperature (OCT) compound (Sakura Finetek Japan,
Tokyo, Japan), the specimens were rapidly frozen in iso-
pentane (Fujifilm Wako Chemicals, Osaka, Japan), and
they were cooled in ethanol with a dry ice pellet. Frozen
sagittal mandible sections were sliced into 4 pm-thick
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Fig. 1 Immunolocalization

of CD63 in mouse incisors.
Immunofluorescence staining
revealed a punctate appearance
of CD63 in mature and labial
odontoblasts. a Macroscopic
photograph of the decalcified
mandible bone. The inci-

sor occupies the center of

the mandible (dotted line). b
Hematoxylin—eosin staining
against mandible cryosec-
tions. The asterisk indicates
the apical bud of the incisor
(pre-odontoblast region), and
the arrow indicates the mature
odontoblast region. ¢ The same
series of cryosections were
prepared with the anti-CD63
antibody (red), Alexa 488-con-
jugated phalloidin (green),

and DAPI (nuclear). Enlarged
images are shown in (d) and (e).
d Puncture anti-CD63 antibody
reaction was observed in the
odontoblast layer and dental
pulp cells. A puncture reaction
was also observed in Tomes’
fiber (odontoblast process,
arrowhead, and inset). e In the
apical bud region, pre-odonto-
blasts were not positive for the
anti-CD63 antibody. f and g
The same antibody reaction
was confirmed in the kidney.

h Negative control for kidney
tissues. i High magnification
photograph of Tomes’ fiber and
odontoblast cell body. Bar: ¢,
100 um, d, e and i, 20 um

sections, and subsequently pasted onto a Silane IlI-coated
glass slide (Muto Pure Chemicals, Tokyo, Japan). After
air drying for 30 min, the specimens were washed twice
with PBS and blocked with PBS containing 0.1% bovine
serum albumin and 0.05% goat IgG for 30 min. Specimens
were treated with or without (for negative control) primary
antibodies (concentration is shown in Table 1) overnight,
washed three times with PBS, and then treated with sec-
ondary antibodies (as described above), Alexa 488-conju-
gated phalloidin (for cortical actin staining, Thermo Fisher
Scientific), and 4',6-diamidino-2-phenylindole, dihydro-
chloride (DAPI, for nuclear staining, Dojindo Laborato-
ries) for 60 min. PBS-washed specimens were mounted
with coverslips and Aqua-Poly/Mount (Polysciences, PA,

dentin/
pre-dentin

[ odontoblast
cell body

USA). The sections were observed under a laser scanning
microscope (Nikon Corporation, Tokyo, Japan).

Immunoelectron microscopic observation

For the immunoelectron microscopic studies, mandible tis-
sues were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) at 4 °C for 16 h. Incisor tissues
were extracted from the fixed mandible and dissected to
3—-4 mm-thick slices with fine blade. Tissues were rinsed
with PBS twice and dipped in 1% H,0,-methanol solu-
tion for 15 min, then blocked with PBS containing 0.1%
bovine serum albumin and 0.05% goat IgG for 30 min.
Specimens were subsequently incubated with primary
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Fig.2 Ultrastructure of anti-CD63 positive vesicles in odontoblasts
of mouse incisors. a Representative image of odontoblasts with anti-
CD63 antibody stained with diaminobenzidine observed under a
transmission electron microscope. Anti-CD63 positive vesicles were
observed (arrowhead). The cells possess adherence junction (arrow).
b Anti-CD63 positive vesicles were observed even without acetate
uranyl-lead citrate staining (arrowhead). Scale bar: 500 nm

Table 1 Primers used for RT-PCR

Gene (accession ID) Primer sequence (5 to 3')

Actb (AY399815.1) FW: 5'-AGCCATGTACGTAGCCATCC-3'
RV: 5-GCTGTGGTGGTGAAGCTGTA-3'
FW: 5'-TGCAGTGCTTGCTATTGGAC-3'
RV: 5'-GGCGAATATCACCAAGAGGA-3'
FW: 5" TCTTGAAGCAGGCCATTACC-3’
RV: 5'-CCACCTCCACAAGCATGATA-3’
FW: 5-CCTGCCTTGTGATCCTGTTT-3'
RV: 5-CAGTTGAGCGTCTCATGGAA-3’
FW: 5'-CCAGTGGTTATCCTGGCTGT-3'
RV: 5-ATCCGCCATCTCAGTTTGTC-3’
FW: 5'-AGGCCAATGCTGAGTACCAC-3'
RV: 5'-CAGTAAGGGCACGGTTGATT-3'
FW: 5'-GGAACTGCAGCACAGAATGA-3'
RV: 5'-CAGTGTTCCCCTGTTCGTTT-3'

CD9 (BC070474.1)

CD63 (CT010179.1)

CD81 (BC011433.1)

Tsgl01 (AF060868.1)

Alix (AJ0O05073.1)

DSPP (BC129802.1)

antibodies (concentrations are described under the sub-
heading “Antibodies” in this section) for 2 h, washed three
times with PBS, and then treated with secondary antibod-
ies (HRP-conjugated anti-rat antibody) for 2 h. Next, the
PBS-washed specimens were stained with diaminobenzi-
dine (KPL, MD, USA) for 5 min, washed twice with PBS,
and subjected to osmication for 1 h. Post-osmication, the
specimens were dehydrated with ethanol, treated with pro-
pylene oxide, and embedded in EPON 812 (TAAB Labo-
ratories Equipment Ltd, UK). After ultrathin sectioning,
slices were attached to a polyvinyl formal-covered nickel
grid and subjected to uranyl acetate-lead citrate staining.
Finally, the sections were observed under a transmission
electron microscopy (H-7600, Hitachi, Tokyo, Japan).
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Western blotting

Proteins were collected from the kidney, dental papilla (PO)
and dental pulp (P15) of molar teeth or incisor dental pulp
(6 weeks), immersed in 15% weight/volume of lysis buffer
according to the manufacturer's instructions [25 mM Tris
(pH: 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5%
glycerol, 0.1% Triton X-100, 1 tablet of complete Mini in
10 mL], and mechanically homogenized 20 times with a
plastic pestle in a 1.5-mL plastic tube on ice. Protein concen-
tration was measured using a BCA assay kit (Thermo Fisher
Scientific), and protein lysates were mixed with 4X sample
buffer at room temperature for 30 min. Protein (20 pg) was
subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) on a 12% gel (FasctCast 12%
gel, Bio-Rad, CA, USA). Proteins were transferred onto
polyvinylidene difluoride (PVDF, Thermo Fisher Scientific)
membranes with a Trans-Blot Turbo System (Bio-Rad) in
a standard transfer setting. The membranes were blocked
with 2% ECL blocking agent (Cytiva) in Tris-buffered salt
solution with Tween 20 (TBST; 0.05 M Tris—HCl in pH 7.4,
0.15 M CaCl, 0.1% Tween 20 purchased in Sigma-Aldrich)
for 60 min and incubated with anti-CD63 antibody over-
night. After washing twice with TBST for 15 min each, the
membranes were reacted with an HRP-conjugated anti-rat
IgG antibody for 1.5 h. Following this, the membranes were
washed with TBST, and blots were detected with an ECL
prime western blotting detection reagent (Cytiva).

Reverse transcription and gene amplification using
polymerase chain reaction (PCR)

Total RNA was isolated from 2-3 mouse mandibular inci-
sors and kidney tissues using TRIzol (Thermo Fisher Sci-
entific), isopropyl alcohol, and 75% ethanol using stand-
ard techniques. Primers were synthesized using Primer3.
Cross-reactions to similar sequences were neglected using
the Basic Local Alignment Search Tool search. Oligopoly-
merization of primers was produced by Eurofins Genomics
(Tokyo, Japan). Total RNA (1 pg) was subjected to reverse
transcription with VILO Master Mix (Thermo Fisher Sci-
entific) and amplified using Takara Ex Tag DNA polymer-
ase (Takara Bio, Shiga, Japan). Amplified genes of interest
were assessed using fluorescence imaging and Midori Green
Direct staining (Nippon Genetics, Tokyo, Japan) with 2%
agarose (Takara Bio) gel electrophoresis. The primers used
are listed in Table 1.

Organ culture of tooth germ
At E16, the first molar tooth germs were dissected from the

mandible and cultured on 0.45 pm pore-size filter (Millipore,
Bedford, MA, USA) supported by a stainless-steel mesh
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with Fitton-Jackson modified BGJb medium supplemented
with 10% fetal bovine serum, 100 mM ascorbic acid, anti-
biotic—antimycotic reagent (Thermo Fisher Scientific), and
50 mM p-glycerophosphate (Sigma-Aldrich) under 5% CO,.
Following this, 50 pM GW4869 (Tocris, MN, USA) or 0.1%
dimethyl sulfoxide (Fujifilm Wako Chemicals, for control
group) was added to the culture medium for 28 days (Ohki
et al. 2021). For immunofluorescence imaging, speci-
mens were fixed with 4% paraformaldehyde overnight and
then decalcified with 10% EDTA for 21 days. Specimens
were applied to cryosections, stained with antibodies, and
observed using laser scanning microscopy as previously
described in “Immunofluorescence observation.” The speci-
mens were also subjected to conventional hematoxylin—eosin
staining (Muto Pure Chemicals).

Measurement of dentin thickness

For the measurement of whole dentin and pre-dentin thick-
ness, photographic data of tooth germ organ culture stained
with hematoxylin—eosin (three individual samples each, con-
trol and GW4869) were taken in X100 magnification and
printed on paper using full-color ink. Next, whole dentin
and pre-dentin thickness were measured with a micrometer
caliper. For elimination of diagonally cut areas, the region of
enamel-coated dentin was collected. In each enamel-coated
region, 5-6 representative points were collected and meas-
ured. The actual thickness of dentin was calculated from
the scale bar.

Results

CD63-positive vesicles are localized in mouse incisor
odontoblasts

First, we observed the localization of CD63 in mouse incisor
odontoblasts using an anti-CD63 antibody. The mouse inci-
sor in the mandible (Fig. 1a, dotted line) was decalcified and
cryosectioned. Hematoxylin—eosin staining was confirmed
for the cryosections of incisors, pre-odontoblasts in tooth-
producing terminal (apical bud, *), and mature odontoblasts
(arrow) (Fig. 1b). We then analyzed the reaction of the anti-
CD63 antibody in mouse incisors. Mouse incisors produce
enamel and dentin on the labial side whereas the lingual side
can only produce dentin. Moreover, mouse incisors produce
hard tissues from the ends of incisors, the so-called apical
bud (also the cervical loop), during the entire lifespan of
mice. In our study, the anti-CD63 antibody was negative in
the pre-odontoblast cell area (Fig. 1¢ and d) near the amelo-
blasts of the apical bud. However, mature odontoblasts were
positive for the anti-CD63 antibody, which was observed
as a diffuse and small vesicle-like pattern (Fig. 1e). To

determine the cell shape of odontoblasts, filamentous cor-
tical actin was stained with Alexa-488 (green)-conjugated
phalloidin. Phalloidin staining can depict the branching
of odontoblasts in dentinal tubules (Mahdee et al. 2018).
Anti-CD63 antibody-positive vesicles stained with Alexa
594 (red) in odontoblasts were also observed in the odonto-
blast branching processes surrounded by phalloidin (Fig. le,
arrowhead). These findings clearly indicate that odontoblasts
possess anti-CD63 antibody-positive vesicles in the cyto-
plasmic area, especially in the apical portion and Tomes’
fibers surrounded by cortical F-actin (Fig. 1i, arrowhead).
The reactivity of anti-CD63 antibody was confirmed in the
microvilli region of kidney renal tubule cells (Fig. 1f and g),
similar to previous findings (Schulze et al. 2017).

Next, we observed the ultrastructure of vesicles stained
with anti-CD63 antibody in odontoblast using immunoelec-
tron microscopy. Anti-CD63 antibody-positive small and
large vesicles in the cell body of odontoblast were stained
black with diaminobenzidine (Fig. 2a, arrowhead). Large
vesicles were found to have multilamellar or multivesicu-
lar structure. Based on the presence of adherence junctions
(arrow), we could distinguish the odontoblast from dental
pulp cells. The anti-CD63 antibody-positive vesicles were
distinctly stained with diaminobenzidine even without ura-
nyl acetate-lead citrate staining (Fig. 2b, arrowhead). These
data indicate that CD63 localizes in large and small vesicles.

Moreover, we determined the expression and localiza-
tion of CD63 during molar tooth morphogenesis using the
anti-CD63 antibody according to the developmental stage of
tooth germ (Gaete et al. 2004) (Fig. 3a—e). At E16, the tooth
germ was at the cap stage. Dental papilla does not produce
dentin; however, the anti-CD63 antibody was negative for
odontoblasts (Fig. 3a) whereas the anti-CD63 antibody was
positive for periosteal (Fig. 3b), similar to previous results
(Joyner et al. 1997). At E18, pre-dentin production had
already started and CD63 antibody labeling was positive for
the cusp region of dental papilla (Fig. 3b). From P5 to P15,
anti-CD63-positive vesicles were observed in odontoblasts
at PS5, and the vesicles were localized at the tip of Tomes’
fiber (Fig. 3c—e). Interestingly, the anti-CD63 antibody was
also present in the dental pulp tissue after P10 (Fig. 3d).
These data suggest that CD63 expression in odontoblasts
starts at the same time as dentin formation in the molar
tooth.

Co-localization of CD63 and related organelle
proteins in odontoblasts in developing tooth germ

We analyzed the co-localization of CD63 with other orga-
nelle marker proteins in odontoblasts. Tsgl101, which sorts
ubiquitinated proteins in MVBs to exosomes, was co-
localized with CD63 in odontoblasts (Fig. 4a—c). Addition-
ally, CD63 was merged with Rab7 small GTPase, an MVB
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«Fig. 3 Protein expression pattern in the molar tooth of mandible.
The first molar tooth expressed CD63 from E18 until the eruption
stage. [“] denotes an enlarged photograph of the cusp region and
[*“] denotes an enlarged photograph of the root region. a CD63 was
not observed in the E16 tooth germ. b CD63 was only observed in
odontoblasts at the cusp region of E18 tooth germ. The pre-odonto-
blasts in the terminal region were negative. ¢ CD63 was observed in
both the cusp and root odontoblasts. d and e CD63 was observed in
the cusp, root, and dental pulp regions. Bar: a—e, 50 um, other data,
20 um

marker at P5 (Fig. 4d—f). Rab7 was positive in the cytoplas-
mic area of crown odontoblasts above the nucleus (Fig. 4d),
and the position has been found to be enriched with MVBs
using TEM (Sasaki and Garant 1996).

EEAL (early endosome marker, Fig. 4g, inset: endothelial
cells in dental pulp) or LAMP1 (lysosome marker, Fig. 4h,
inset: ameloblast) did not merge with CD63-positive intra-
cellular vesicles. Moreover, CD63 did not co-localize with
collagen alpha 1 (major dentin collagen fiber, Fig. 4i, inset:
bone tissue around tooth germ), DMP-1 (major peritubular
dentin protein, Fig. 4j), or biglycan (pre-dentin proteogly-
can, Fig. 4k). These data suggest that odontoblasts’ CD63 is
present in the exosomes or MVB-related vesicular organelles
and is not involved in other types of membrane trafficking or
dentin matrix secretion.

Exosome-related genes and proteins are expressed
during the tooth morphogenesis of dental papilla
to dental pulp, including odontoblasts

Morphological observations demonstrated that CD63 was
localized in odontoblasts and dental pulp cells, and RT-PCR
and western blotting revealed the gene and protein expres-
sion of exosome-related genes in odontoblasts and pulp cells.
Dental pulp tissue, including odontoblasts, was extracted
from mouse incisors and subjected to conventional RT-PCR.
The amplified cDNA is shown in Fig. 5a. The kidney was
used as the positive control, and the spleen was collected as
the negative control of exosome-related genes. Cd9, Cd63,
Cd81, Alix, and Tsgl01 are exosome-related genes. Dentin
sialophosphoprotein (Dspp) is an odontoblast or dental pulp
marker used as a positive control of tissues. In kidney (K)
and dental pulp (D), the band of exosome-related genes was
positive, whereas the spleen (S) showed weak (CD9, CD63,
CDS81) or negative bands (Alix, Tsgl101) (Fig. 5a). In DSPP,
only the dental pulp tissue was positive. These data suggest
that dental pulp tissues express exosome-related genes.
Previous reports have shown that the molecular weight
of non-glycosylated CD63 is approximately 25 kDa (Tom-
inaga et al. 2014). Glycosylated CD63 is detected in the
40-50 kDa band or a higher band up to 70-100 kDa. In den-
tal pulp tissue (D), the anti-CD63 antibody band appeared at
40-50 kDa, almost the same as kidney (K) tissues (Fig. 5b).

Additionally, as reported previously, CD63 was observed
in whole dental pulp tissues at P10 and was not expressed
around PO (Fig. 3¢). To support the immunofluorescence
data, we examined protein lysates of dental pulp tissues
extracted from PO and P15 molar teeth. At PO, CD63 band
did not appear at any molecular weight (Fig. 5c). At P15, a
positive band of CD63 was observed in the 40-50 kDa area,
similar to the adult incisor dental pulp tissues. These find-
ings proved that the CD63 protein was expressed in the inci-
sor and molar dental pulp tissues, including odontoblasts,
and was glycosylated as a positive control tissue.

Neutral sphingomyelinase 2 (nSMase) inhibitor
abolishes CD63-positive vesicles in the Tomes' fibers
of tooth germ organ culture

To determine whether CD63-positive intracellular vesicles
are involved in dentinogenesis, we investigated the mor-
phological effect of ceramide production blocking reagent
on the organ culture of dental pulp cells using GW4869,
an inhibitor of nSMase (Menck et al. 2017). nSMase is an
enzyme that can produce ceramide, and is involved in vesicle
formation. To determine the effect of the drug on dentino-
genesis, we applied 50 pM of GW4869 and observed the
co-localization of CD63 and Rab7 (Fig. 6a—f). After 28 days
of culture without GW4869, dentin (arrow) and pre-dentin
(arrowhead) were formed around the odontoblasts with den-
tal pulp (Fig. 6a and inset). The formed dentin (arrowhead)
appeared thinner in the tooth germ cultured with GW4869
for 28 days than in the control (Fig. 6b and inset). In the
tooth germ cultured with GW4869, both the whole den-
tin thickness and pre-dentin thickness were thinner than
the control. In contrast, there was no significant difference
observed between the ratio of pre-dentin to whole dentin
thickness. Moreover, in the cultured odontoblasts, CD63
and Rab7 were positive in the cytoplasm and Tomes' fibers
as native tissues (Fig. 6d). Both CD63 and Rab7 were not
detected in Tomes’ fibers (Fig. 6g). Taken together, GW4869
blocked the recruitment of CD63 and Rab7-loaded vesicles
to Tomes’ fibers of odontoblasts and partially hindered den-
tinogenesis, especially in the pre-dentin.

Discussion

In our study, probing with the anti-CD63 antibody revealed
that CD63 was localized in vesicle-like structures in mouse
incisors and molar teeth. Kidneys and membranous bone
in the developmental stage also showed positive results, as
reported previously (Schulze et al. 2017; Joyner et al. 1997).
These results suggest that the anti-CD63 antibody reaction in
the present study indicates CD63 tetraspanin protein locali-
zation in odontoblasts and pulp cells. Moreover, the presence
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Fig.4 CD63 was merged with
Tst101 and Rab7 but not with
other organelle proteins. Molar
tooth cryosections (P10 except
d and f) were prepared with the
anti-CD63 antibody (green),
Alexa 488-conjugated phalloi-
din (red), and DAPI (nuclear).
a—c Tsgl01 and CD63, d—f
Rab7, and CD63 were merged.
d P5, e P10, and f P15. On the
other hand, EEA1 (g, inset:
endothelial cells in dental pulp),
LAMPI (h, inset: ameloblast),
Colal (i, inset: bone tissue
around tooth germ), DMP-1 (j),
and biglycan (k) did not merge
with CD63. Bar: 20 um

of CD63 was also confirmed with immunoelectron micros-
copy. The antibody-positive vesicle was multilamellar or
multivesicular in odontoblasts (Fig. 2a). These data suggest
that CD63 localizes in intracellular vesicles in odontoblasts.

In mouse incisors, CD63 was localized in the secretory
and maturation stages of odontoblasts; however, it was
not present in the pre-odontoblasts at the apical bud area
(Fig. 3). These data suggest that CD63-positive vesicles
are expressed in mature odontoblasts and daughter cells, in
addition to mature odontoblast cells. Thus, the presence of
CD63-positive vesicles depends on the differentiation sta-
tus. Furthermore, CD63 was observed after postnatal day 10
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in dental pulp cells. In P10, root formation begins in teeth
and dentinogenesis in the tooth crown area slows. These
data suggest that a decline in dentinogenesis in odontoblasts
stimulates the expression of CD63 in the dental pulp.

It was previously reported that human odontoblasts are
negative for immunohistochemistry with the anti-CD63 anti-
body and positive for caries-infected dentin-pulp complex
tissues (Wang et al. 2019). In contrast, our data showed that
immunofluorescence with anti-CD63 antibody was posi-
tive in healthy odontoblasts and dentin in mice (Figs. 1, 2,
3, 4). We speculated that the difference in CD63 expres-
sion between mice and humans was due to species-specific
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Fig.5 Gene expression and protein expression of CD63 and CD63-
related genes. a Expression of CD63 mRNA and related gene mRNA
was determined using RT-PCR. b Protein expression was recognized
as a band at 40-50 kDa using western blotting. K: kidney; D: incisor
dental pulp. ¢ The amount of protein expression increased from PO to
P15 in the dental pulp of molar teeth

patterns. Such difference is useful for investigating the func-
tional behavior of CD63 in mesenchymal cells in the tooth
germ.

Similar to our morphological findings of CD63 in odonto-
blasts, CD81 has been observed on matrix vesicle-associ-
ated proteins (Chaudhary et al. 2016). CD81 is present in a
vesicular pattern in the apical region of odontoblasts (Sasaki
et al. 2008), and it releases matrix vesicles from odonto-
blast-derived immortal cell lines (Chaudhary et al. 2016).
We have not yet tested the anti-CD81 antibody in mouse
teeth. On obtaining an appropriate antibody for CD81, dou-
ble immunofluorescence staining of tooth tissue will be per-
formed. Co-localization of tetraspanin proteins (CD9, CD63,
and CD81) has been reported in the plasma membrane or
extracellular vesicle membrane (Nydegger et al. 2006; Gori
et al. 2020). It is conceivable that CD63 and CD81 might be
localized in the same vesicle membrane and facilitate matrix
vesicle release. Further experiments are needed to clarify
the cooperation between CD63 and CD81 in odontoblasts.

TsglO1 is a transmembrane protein that loads ubig-
uitinated proteins into viral particles or exosome cargo.
Tsg101 has often been reported to co-localize with CD63
in multivesicular bodies or exosomes (Veziroglu and Mias
2020). In our study, Tsg101 was partially co-localized with

CD63 in the apical area of odontoblasts in a vesicular shape.
Therefore, CD63 is speculated to function with Tsg101 for
loading cargo onto the vesicles in odontoblasts. Moreover,
Rab7 was partially co-localized with CD63 in the cell body
and Tomes’ fibers of odontoblasts. Rab7 plays a central role
in endosomal maturation in MVBs (Huotari and Helenius
2011). These results suggest that CD63 is localized in MVBs
and plays an important role in recycling proteins or releasing
exosomes via MVBs.

A previous study reported that CD63 is localized in the
lysosomes (Schroder et al. 2009). However, our results
showed that the anti-CD63 antibody was not co-localized
with the lysosome marker, anti-LAMP1 antibody (Fig. 4).
Additionally, the endosomal marker, anti-EEA1 antibody,
did not merge with CD63 in odontoblasts. Early endosomes
and lysosomes should be excluded from the candidate orga-
nelles of CD63 localization.

Odontoblasts release dentin matrix proteins via mem-
brane-surrounded vesicles by budding from the plasma
membrane. Type I collagen is released into the scaffold
of intertubular dentin matrix whereas DMP-1 is a peritu-
bular protein that is released into the inner walls of den-
tin tubule (Goldberg et al. 2011; Massa et al. 2005). In our
immunofluorescence results, antibodies against the dentin
matrix-related proteins did not merge with the anti-CD63
antibody (Fig. 4). Additionally, biglycan, the proteoglycan
accumulated in pre-dentin (Orsini et al. 2007; Yamakoshi
et al. 2005), was not co-localized with CD63 (Fig. 4). These
data suggest that CD63 does not work with matrix vesicle
formation or the release of dentin matrix.

A positive band was detected against the anti-CD63 anti-
body reaction using western blotting. In our study, CD63
was glycosylated as a positive control in kidney tissues.
CD63 is known to be glycosylated; however, the specific
function of glycosylation is still unknown. In cancerous
cell lines, glycosylation of CD63 provokes its transfer from
the intracellular fraction to the plasma membrane in HIV-
infected cells (Chen et al. 2018) or co-localization with
MDRI1 and acceleration of malignancy in breast cancer
cells (Tominaga et al. 2014). Taken together, glycosylation
of CD63 in odontoblasts might be involved in the activation
of an unknown physiological mechanism. In vitro studies
have revealed that glycosylation of CD63 is necessary for
its translocation to the plasma membrane (Tominaga et al.
2014). Further studies are needed to clarify whether CD63
requires glycosylation for translocation to odontoblasts.

Using the sphingomyelinase inhibitor, GW4869, anti-
CD63 antibody-positive vesicles were not observed in the
Tomes’ fibers of tooth germ organ culture. The positive reac-
tion of the anti-Rab7 antibody was also absent in GW4869-
treated Tomes’ fibers of tooth germ. These results suggest
that ceramide formation is related to CD63-loaded intra-
cellular vesicles in odontoblasts. GW4869 blocks ceramide
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«Fig. 6 Ceramide-producing inhibitor decreases pre-dentin formation
and alters protein localization in the tooth germ of organ culture. a
and b Hematoxylin—eosin staining of tooth germ cultured without
(a) or with (b) GW4869 for 28 days. The inset shows the pre-dentin
region. ¢ and d Thickness of whole dentin and pre-dentin. e Ratio of
pre-dentin thickness to whole dentin thickness. g and f Both CD63-
and Rab7-stained intracellular vesicles were negative in GW4869-
treated tooth germ (g). h and i: Negative controls. Bar: 20 um

synthesis from sphingomyelin by inhibiting neutral sphingo-
myelinase activity in the sphingomyelinase pathway. Cera-
mide is required for MVB formation, exosome formation,
and lipid raft maintenance (Catalano and O’Driscoll 2020).
It is considered that GW4869 blocked CD63- and Rab7-
loaded vesicle formation via a reduction of ceramide for-
mation. Additionally, GW4869 is a well-known inhibitor of
exosome release; thus, CD63-loaded vesicles are presumed
exosomes. Further studies are needed to consider CD63-
loaded intracellular vesicles as exosomes.

Conclusion

Taken together, our results demonstrated that odontoblasts
contain CD63-loaded vesicles. The results of our study indi-
cate their physiological and pathological roles in dentino-
genesis and homeostasis of the dentin-pulp complex.
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