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Abstract

Dopamine (DA) is produced from tyrosine by tyrosine hydroxylase (TH). A recent study
has reported that DA promotes mineralization of murine pre-osteoblasts. However, the
role of DA in odontoblasts has not been examined. Therefore, in this investigation, we
researched the expression of TH and DA in odontoblasts and the effects of DA on the
differentiation of pre-odontoblasts (KN-3 cells). Immunostaining showed that TH and DA
were intensely expressed in odontoblasts and pre-odontoblasts of rat incisors and molars.
KN-3 cells expressed D1-like and D-2 like receptors for DA. Furthermore, DA promoted
odontoblastic differentiation of KN-3 cells, whereas an antagonist of D1-like receptors
and a PKA signaling blocker, inhibited such differentiation. However, antagonists of D2-
like receptors promoted differentiation. These results suggested that DA in pre-
odontoblasts and odontoblasts might promote odontoblastic differentiation through D1-
like receptors, but not D2-like receptors, and PKA signaling in an autocrine or paracrine

manner and plays roles in dentinogenesis.
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Introduction

Dentin is the major component of teeth and is formed by odontoblasts derived from dental
papilla cells (Goldberg et al., 2011; Rothova et al., 2012). Dental papilla cells differentiate
into pre-odontoblasts under the influence of enamel proteins secreted by inner enamel
epithelial cells and growth factors (e.g. bone morphogenetic protein, fibroblast growth
factor, transforming growth factor f—1, and nerve growth factor) (Mitsiadis & Pagella,
2016; Niwa et al., 2018; Sagomonyants et al., 2017; Yang et al., 2012), and finally into
mature odontoblasts.

Odontoblasts secrete collagenous and non-collagenous proteins that act as scaffolds
for mineralization to form dentin. Dentin matrix acidic phosphoprotein 1 (Dmp-1) and
Dentin sialophosphoprotein (Dspp), which are extracellular non-collagenous proteins, are
essential for dentinogenesis (Butler et al., 1997). Previous studies have reported that
Dmp-1- or Dspp-knockout mice exhibit thin dentin (Gibson et al., 2013). In addition,
Nestin is a cytoskeletal protein and neural stem cell marker (Lendahl et al., 1990), which
has been reported to be involved in odontoblastic differentiation (Quispe-Salcedo et al.,
2012).

When dentin is damaged by caries or trauma resulting in pulp exposure, the
application of a pulp-capping material to the exposed site induces the differentiation of
pulp cells into odontoblast-like cells to facilitate reparative dentin formation that prevents
bacterial infection (Okiji & Yoshiba, 2009). However, the ideal material to induce the
differentiation of odontoblasts according to their differentiation process has not been
reported.

Dopamine (DA) is involved in the control of motion, hormone secretion, and

differentiation of lymphocytes (Garcia Barrado et al., 2015; Mello et al., 1994; Papa et



al., 2017; Salamone et al., 2016). It is synthesized by tyrosine hydroxylase (TH) and
known as a cathecholamine neurotransmitter and immunomodulator. TH is a rate-limiting
enzyme in DA biosynthesis, which is a known sympathetic nerve marker (Joh et al., 1973).
Recent studies have reported that DA regulates bone formation. Bliziotes et al. showed
that deletion of the DA transporter gene in mice reduces the cancellous bone mass
(Bliziotes et al., 2000). Moreover, DA promotes osteoblastic differentiation of murine
pre-osteoblasts (Lee et al., 2015) and rat bone marrow mesenchymal stem cells (MSCs)
(Lee et al., 2017).

DA binds to DA receptors (DRD1-5) that are classified into either D1-like receptors
(DRD1 and DRDS) or D2-like receptors (DRD2—4) (Jaber et al., 1996). Signaling through
D1-like receptors activates adenylate cyclase and PKA signaling, whereas the signaling
through D2-like receptors suppresses such signaling (Missale et al., 1998). A previous
study has shown that PKA signaling promotes osteoblastic differentiation of human
MSCs derived from bone marrow (Kim et al., 2013). On the other hand, PKA signaling
has been reported to regulate the expression of synthetic enzymes of neurotransmitter and
growth factors (Carlezon et al., 2005). A previous study showed that PKA signaling
increased the expression of Brain Derived Neurotrophic Factor (BDNF) (Karege et al.,
2004) and Th (Kim et al., 1993).

In this study, we hypothesized that TH and DA might be involved in the differentiation
of odontoblasts. Therefore, we researched the expression of TH and DA in odontoblasts

and the effect of DA on odontoblastic differentiation.

Materials and Methods

Reagents


https://www.sciencedirect.com/science/article/pii/S875632829900232X#!

Anti-rat TH and anti-rat DA antibodies were purchased from Abcam (Cambridge, UK).
Anti-rat DRD4 antibody was purchased from Invitrogen (Carlsbad, CA, USA). Anti-rat
DRDS5 antibody was purchased from Bioss (Biosynthesis biotechnology Ltd, Beijing,
China). Anti-B—actin was purchased from Santa Cruz (Santa Cruz Biotechnology, CA).
Normal rabbit IgG was purchased from R&D Systems (Minneapolis, MN, USA).
Dopamine hydrochloride, H89 (PKA inhibitor), SCH23390 (Drd1 and Drd5 antagonist),
sulpiride (Drd2 and Drd3 antagonist), and clozapine (Drd4 antagonist) were purchased
from Sigma Aldrich (St. Louis, MO, USA). An Alexa Fluor 568-conjugated goat anti
rabbit antibody was purchased from Invitrogen. Biotinylated anti-rabbit IgG was

purchased from Nichirei (Tokyo, Japan).

Cell culture

We cultured KN-3 cells in alpha-minimum essential medium (a-MEM; Gibco-BRL,
Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Biowest,
Nuaille, France), designed as CM, at 37°C in a humidified atmosphere of 5% CO>

according to a previous report (Nomiyama et al., 2007) .

Immunohistochemical analysis

Five-week-old male SD rats were fixed with 4% paraformaldehyde (PFA; Merck
Millipore, Darmstadt, Germany) in phosphate-buffered saline (PBS). Mandibles were
decalcified using 10% ethylenediaminetetraacetic acid (Wako Pure Chemical Industries
Ltd., Osaka, Japan) at 4°C for 1 month before embedded in paraffin. The tissues were
sectioned at 5 um thicknesses. After deparaffinization, the sections were inhibited with

2% bovine serum albumin (BSA; Nacalai Tesque, Kyoto, Japan) in PBS for 1 hour at
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room temperature and then incubated with an anti-rat TH antibody (1:500; Abcam), anti-
rat DA antibody (1:1000; Abcam), anti-rat DRD4 antibody (1:200; Invitrogen), anti-rat
DRDS antibody (1:400; Bioss), or normal rabbit IgG overnight at 4°C. After the sections
were incubated with biotinylated anti-rabbit IgG (Nichirei Biosciences) for 30 min at
room temperature, they were reacted with an avidin-peroxidase conjugate (Nichirei
Biosciences) for 30 min at room temperature. A simple stain DAB solution (Nichirei
Biosciences) visualized positive staining. Nuclei were stained using Mayer’s hematoxylin
solution (Wako Pure Chemical Industries Ltd). All procedures were approved by the

Animal Ethics Committee and conformed to the regulations of Kyushu University.

Immunofluorescence analysis

We fixed KN-3 cells (8 x 10* cells/dish) cultured in 35-mm dishes (Becton Dickinson
Labware, Lincoln Park, NJ) for 24 h with 4% PFA and 0.5% dimethylsulfoxide (Nacalai
Tesque) in PBS for 20 min. After blocking with 2% BSA in PBS for 1 hour, cells were
reacted with the anti-rat TH antibody (1:200), anti-rat DA antibody (1:1000), or normal
rabbit IgG overnight at 4°C. Cells were incubated with Alexa Fluor 568-conjugated goat
anti-rabbit IgG (1:1000; Invitrogen) for 30 min at room temperature. Cell nuclei were
stained with a 4',6-diamidino-2-phenylindole solution (DAPI; Nacalai Tesque). We

observed images using a Biozero digital microscope (Keyence, Osaka, Japan).

Odontoblastic differentiation
KN-3 cells (2 x 10* cells/well) were seeded on 24-well plates (Becton Dickinson
Labware) and cultured in a-MEM containing 5% FBS and 2 mM CaCl: as odontoblastic

differentiation medium (DM), according to our study (Mizumachi et al., 2017), or DM


https://www.sciencedirect.com/topics/medicine-and-dentistry/dapi
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/solution-and-solubility

containing DA. After 6 days of cultivation, KN-3 cells were fixed with 10% formalin for
1 h and washed with sterile water. Then, they were stained with a 0.3% Alizarin Red S
solution (Sigma-Aldrich) for 1 h. The positive areas of Alizarin Red S-staining were
quantified under the Biozero digital microscope. In addition, expression of Dmp-1, Dspp,
and Nestin genes was examined by quantitative reverse transcription-polymerase chain

reaction (RT-PCR).

Semi-quantitative RT-PCR

We collected Total RNA from KN-3 cells and rat brain using TRIzol reagent and reverse
transcribed by an ExScript RT reagent Kit (Takara Bio Inc., Shiga, Japan), according to
the manufacturer’s instructions and our recent report (Hamano et al., 2018). PCR was
performed in a PCR Thermal Cycler Dice (Takara Bio Inc). PCR conditions were 94°C
for 2 min and then the appropriate number of cycles at 94°C for 30 s; appropriate
annealing temperature for 30 s; 72°C for 30 s, and finally 72°C for 7 min. Primer
sequences, annealing temperatures, cycle numbers, products sizes, and sequence IDs for
Drdl, Drd2, Drd3, Drd4, Drd5, and Gapdh are shown in Table 1. Gapdh was used as an
internal control. The PCR products were separated by electrophoresis on 2% agarose gels
(Seakem ME; BioWhittaker Molecular Applications, Rockland, ME, USA) containing

ethidium bromide.

Quantitative RT-PCR
PCR assays were performed using KAPA Express Extract (Kapa Biosystems, Woburn,
MA, USA) in a Thermal Cycler Dice Real Time System (Takara Bio Inc). PCR conditions

were 95°C for 10 s; 45 cycles at 95°C for 5 s, and 60°C for 30 s; dissociation cycle at



95°C for 15 s, 60°C for 30 s, and 95°C for 15 s. The expression levels of target genes
were determined by their AAC; values. Primer sequences, annealing temperatures, cycle
numbers, products sizes, and sequence IDs for Bdnf, Dmp-1, Dspp, Nestin, Th, and Gapdh

are shown in Table 2. Gapdh was used as an internal control.

Cell proliferation assay

KN-3 cells (3 x 10° cells/well) were cultured on 48-well plates (Becton Dickinson
Labware) for 24, 48, 72, and 96 h in CM with or without DA, H89, sulpiride and clozapine,
or SCH23390. The cell proliferation rate was observed using a Premix WST-1 Cell

Proliferation Assay System (Takara Bio Inc), according to the manufacturer’s instructions.

Western blotting analysis

Protein was collected from KN-3 cells using Pierce RIPA Buffer (Invitrogen). The 15 pg
protein per lane were separated by electrophoresis on 10% sodium dodecyl sulfate-
polyacrylamide gel and transferred onto Immune-Blot PVDF membranes (Bio-Rad
Laboratories). After blocking with 5% skim milk (Yukijirushi, Tokyo, Japan) for 1 hour
at room temperature, the membranes were reacted with the anti-f—actin antibody (1:1000),
anti-DRD4 antibody (1:500), or anti-DRDS5 antibody (1:300) overnight at 4°C. These
membranes were incubated with biotinylated anti-mouse IgG (Nichirei Biosciences) or
anti-rabbit IgG (Nichirei Biosciences), and then reacted with an avidin-peroxidase
conjugate (Sigma-Aldrich). The ECL select Western blotting detection system (GE
Healthcare, Buckinghamshire, UK) visualized the reactive bands. We observed the

images using Image Quant LAS 500 (GE Healthcare).



Statistical analysis

All values are expressed as the mean + standard deviation. Statistical analyses were
performed using one-way ANOVA followed by Tukey’s test for four comparisons or the
Student’s unpaired t-test. A probability value of p<0.05 was considered as statistically

significant.

Results

TH and DA expression in dental pulp tissues of the rat mandibular first molar
Immunohistochemical staining showed that odontoblasts had intensely positive reactions
against the anti-TH antibody (Figure la, b) and anti-DA antibody (Figure le, f). In
addition, odontoblastic processes exhibited clear reactions. However, pulp cells had
faintly positive staining. Normal control IgG displayed no positive reactions (Figure Ic,

d, g, h).

TH and DA expression in rat dental pulp tissues of the mandibular incisor

To assess TH and DA expression dependent on the differentiation stage of odontoblasts,
we performed immunohistochemical staining of TH and DA in pulp tissue of the rat
mandibular incisor. Pre-odontoblasts as well as mature odontoblasts showed intensely
positive reactions against the anti-TH antibody (Figure 2a, c-e) and anti-DA antibody
(Figure 2g, i-k), while no positive staining was observed in the cervical loop (Figure 2f,

1). Normal control IgG showed no positive reactions (Figure 2b, h).

Expression of TH, DA, and DA receptors in KN-3 cells

TH and DA expression in KN-3 cells, which are pre-odontoblasts, was analyzed by



immunofluorescence staining. KN-3 cells showed intensely positive reactions against the
anti-TH antibody (Figure 3a) and anti-DA antibody (Figure 3b). Normal control IgG
showed no positive reactions (Figure 3c).

Next, the gene expression of DA receptors in KN-3 cells was analyzed by semi-
quantitative RT-PCR. KN-3 cells expressed Drdl, Drd3, Drd4, and Drd5, but not Drd2
(Figure 3d). DNA from a rat brain was used as a positive control. Of D-1 like receptors,
Drd5 was highly expressed compared with Drdl, while of D-2 like receptors, the
expression level of Drd4 was the highest. Western botting analysis also demonstrated the

expression of Drd4 and Drd5 in KN-3 cells (Figure 3e).

Expression of DA receptors in dental pulp tissues of the rat maxillary first molar
and the rat mandibular incisor

Following the above results, we examined the expression of Drd4 and Drd5 in rat pulp
tissue. Immunohistochemical staining showed the intense expression of Drd4 (Figure 4a,
b, 1, k-m) and Drd5 (Figure 4e, f, 0, g-s) in pre-odontoblasts and odontoblasts. In addition,
we found partially positive reaction against the anti-DRD4 antibody (Figure 4n) and anti-
DRDS5 antibody (Figure 4t) in cervical loop. Normal control IgG showed no positive

reactions (Figure 4c, d, g, h, j, p).

Effects of DA on odontoblastic differentiation of KN-3 cells

After culture in DM with 0, 1, 10, and 100 uM DA for 6 days, KN-3 cells were subjected
to Alizarin Red S staining. The Alizarin Red S-stained area of KN-3 cells cultured in DM
containing >1 uM DA was significantly greater than that of KN-3 cells cultured in DM

alone, whereas no significant difference was found between DM containing 1, 10, or 100



uM (Figure 5a, b). Similarly, the expression of odontoblastic markers (Dmp-1, Dspp, and
Nestin) was also significantly increased in the presence of 10 uM DA (Figure 5c). KN-3
cells cultured in CM containing with 10 pM DA had no significant change in their
proliferation rate compared with those cultured in CM (Supporting Information Figure

2a).

Effects of DA receptor antagonists on odontoblastic differentiation of DA-treated
KN-3 cells

We investigated whether DA promotes odontoblastic-like differentiation of KN-3 cells
through DA receptors using D1-like receptor antagonist SCH23390 and D2-like receptor
antagonists sulpiride and clozapine. KN-3 cells were cultured in DA-containing DM with
or without SCH23390 (0.1, 1, and 10 uM) or sulpiride (0.1, 1, and 10 uM) and clozapine
(0.001, 0.01, and 0.1 uM). After 6 days of cultivation, Alizarin Red S staining was
performed. 10 uM SCH23390 significantly inhibited mineralization in DA-treated KN-3
cells compared with other groups, while 10 uM sulpiride and 0.1 pM clozapine induced
calcification compared with other groups. (Supporting Information Figure 1a-d). We also
found no effects of these antagonists on KN-3 cell proliferation (Supporting Information
Figure 2b, ¢).

DM and 10 pM SCH23390-treated cells showed similar mineralization levels,
whereas DA treatment significantly increased mineralization that was blocked by 10 uM
SCH23390 treatment (Figure 6a, b). Moreover, the expression of Dmp-1, Dspp, and
Nestin in KN-3 cells cultured under the same conditions showed similar patterns to the
mineralization (Figure 6¢). However, treatment with sulpiride and clozapine, D2-like

receptors antagonists, further induced mineralization and the gene expression of Dmp-1,



Dspp, and Nestin in DA-treated KN-3 cells (Figure 7a—c).

Effect of the PKA signaling inhibitor on odontoblastic differentiation of DA-treated
KN-3 cells

We examined the expression of Bdnf and Th which was induced in the downstream of
PKA signaling to elucidate if PKA signaling was involved in odontoblastic differentiation
of DA-treated KN-3 cells. 10 uM SCH23390 decreased the expression of these genes in
KN-3 cells induced by DA, while 10 uM sulpiride and 0.1 uM clozapine increased (Figure
6d, 7d).

KN-3 cells, furthermore, were cultured in DM with or without DA and/or H89 (0.01,
0.1, and 1 uM), a PKA inhibitor. After 6 days of cultivation, Alizarin Red S staining was
performed. 1 uM H89 significantly decreased positive areas of Alizarin red S-staining in
DA-treated KN-3 cells compared with other groups (Supporting Information Figure le,
f). Then, the proliferation of KN-3 cells cultured in CM with or without 1 uM H89 using
the WST-1 assay was examined. KN-3 cells cultured in CM containing 1 uM H89 showed
no significant difference compared with those cultured in CM (Supporting Information
Figure 2d).

One uM HS89 treatment significantly reduced the formation of mineralized deposits
induced by DA treatment (Figure 8a, b) and the expression of not only Bdnf and Th but
Dmp-1, Dspp, and Nestin in KN-3 cells cultured under the same conditions showed

similar results to the mineralization (Figure 8c).

Discussion

In this study, we first clarified the expression of both TH and DA in pre-odontoblasts and



mature odontoblasts in rat incisors and molars, and found that DA promoted odontoblastic
differentiation of pre-odontoblasts via D1-like receptors probably through PKA signaling.
However, D2-like receptors might downregulate excess differentiation induced by DA.
This mechanism may be a requisite for dentinogenesis.

Expression of TH and DA has been observed in various tissues such as the brain and
heart (Lopez-Sanchez et al., 2010). Several reports have examined the expression of TH
and DA in dental pulp (Casasco et al., 1995; Schachman et al., 1995). However, it had not
been elucidated whether odontoblasts express TH and DA. Our present study
demonstrated that pre-odontoblasts and mature odontoblasts highly expressed TH and DA
compared with pulp cells, while no expression was observed in the cervical loop.
Therefore, TH and DA expression might be upregulated dependently on the odontoblastic
differentiation stage.

Although DA promotes the differentiation of neural cells and striatal neurons (Ohira
et al., 2019; Schmid et al., 1998), several reports have shown that DA enhances the
differentiation of non-neural cells. DA treatment promotes cardiac muscle cell
differentiation of early chick embryo cells (Sarasa & Climent, 1991) and osteoblastic
differentiation of MC3T3-E1 cells (Lee et al., 2015). In the present study, we found that
DA treatment promoted mineralization and the expression of odontoblast-related genes
in KN-3 cells. In addition, we found expression of DA in KN-3 cells. Baudry et al.
reported that DA released from injury-activated platelets is important to recruit dental
pulp stem cells after pulp injury (Baudry et al., 2015). Taken together, we assumed that
DA released from pre-odontoblasts or odontoblasts might promote odontoblastic
differentiation in an autocrine or paracrine manner during dentinogenesis.

Previous studies have shown that DRD1 and DRDS3 are involved in CD4" helper T



cell differentiation (Mori et al., 2013), and that DRD2 and DRD3 receptors play an
important role in T cell adhesion to fibronectin (Yu et al., 2014). Furthermore, DRD4 is

essential for the proliferation and migration of vascular smooth muscle cells (Levite et al.,
2001). Additionally, stem cells in dental pulp express Drdl and Drd3 (Baudry et al., 2015).

In this study, we demonstrated that KN-3 cells expressed Drdl, Drd3, Drd4, and Drd5
and the protein of Drd4 and Drd5, and that pre-odontoblasts and odontoblasts also clearly
expressed Drd4 and Drd5 in rat molars and incisors. We also found that the signal of D1-
like receptors contributed to odontoblastic differentiation induced by DA, but the signal
of D2-like receptors suppressed such differentiation. These results suggest the regulation
of dentinogenesis by DA through D1- and D2-like receptors.

Schmidt et al. demonstrated that stimulation of D1-like receptors and the cAMP/PKA
signaling pathway causes the differentiation of striatal neurons in the presence of DA
(Schmidt et al., 1998). Our study also revealed the involvement of PKA signaling in
odontoblastic differentiation of DA-treated KN-3 cells. Therefore, DA might induce
odontoblastic differentiation of immature pulp cells through D1-like receptors via PKA
signaling.

Based on these results, we believe that DA could be a new factor involved in
dentinogenesis and be applied as a new dental pulp capping reagent which induce
reparative dentin formation. Further research is needed to confirm these efficiencies of

DA.
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Size of

Annealing
Target gene Forward (top) and reverse (bottom) amplified
temperature | Cycles Sequence ID
(abbreviation) primer sequences products c
O
(bp)

TGACATCATGTGCTCTACGGC
Drdl 288 59 35 NM 012546.3

GAAATGGCATACGTCCTGCTC

TTGCCATTGTTCTCGGTGTGT
Drd2 227 59 35 NM 012547.1

CCACAGCTTGCAGGGATGAG

GGAGCACATAGAAGACAAACAATATCCCCA
Drd3 338 63 35 NM_017140.2
CAATGACCACCATCTGGGTGGCCTTCTTCT

GATGTGTTGGACGCCTTTCT
Drd4 151 56 35 NM 012944.2

CTCGGCATTGAAGATGGTGTA

GGAGGAAGGCTGGGAGCTAGAA
Drd5 403 62 35 NM 012768.1
GCTGACACAAGGGAAGCCAGTC
GCAAGTTCAACGGCACAG

Gapdh 140 59 20 NM_017008.4

GCCAGTAGACTCCACGACA

Table 1: primer sequences, annealing temperature, cycle numbers, product sizes, and

sequence IDs for semi-quantitative RT-PCR




Size of

Annealing
Target gene Forward (top) and reverse (bottom) amplified
temperature Cycles Sequence ID
(abbreviation) primer sequences products
(0
(bp)
AGGAGCCCCATCACAATCTC
Bdnf 231 60 40 NM_001270630.1

GCCAAAAAGAGACCACAGCA

TCAGATGACAGCCAGGATGTGGAA
Dmp-1 151 60 40 NM_203493.3
TTTCCTCCTTGGAGCGGAAATCCT

TCCCACAGAGGGTGGGATTAT
Dspp 71 60 40 NM_012790.2
TCTAATCCCTGATTTTGGCTCTG

AGAGAAGCGCTGGAACAGAG

Nestin 234 60 40 NM_001308239.1
AGGTGTCTGCAACCGAGAGT
CGGGCTATGTAAACAGAATGG
Th 163 60 40 NM_012740.3
CACAGGCTGGTAGGTTTGATC
GCAAGTTCAACGGCACAG
Gapdh 140 60 40 NM_017008.4
GCCAGTAGACTCCACGACA

Table 2: primer sequences, annealing temperature, cycle numbers, product sizes, and

sequence IDs for quantitative RT-PCR



Figure 1 Expression of TH and DA in dental pulp tissues of the rat mandibular first molar.
Immunohistochemical staining of sagittal sections of the mandibular first molar from 5-
week-old male SD rats by an anti-TH antibody (a, b) and anti-DA antibody (e, f). (b, )
Magnified images of the boxed areas in a, e. (d, h) Magnified images of the boxed areas
inc, g. (¢, d, g, h) Rabbit control IgG was used as a negative control. Nuclei were stained

with hematoxylin. Bars=100 um; D, dentin; Od, odontoblasts; P, dental pulp.



Figure 2 Expression of TH and DA in rat dental pulp tissues of the mandibular incisor.
Immunohistochemical staining of the mandibular incisor from 5-week-old male SD rats
by the anti-TH antibody (a, c-f) and anti-DA antibody (g, i-1). (c-f) Magnified images of
the boxed areas in a. (i-1) Magnified images of the boxed areas in g. (f, 1) No positive
staining was detected in the cervical loop. (b, h) Rabbit control IgG was used as a negative
control. Nuclei were stained with hematoxylin. Bars=100 um; Am, ameloblast; D, dentin;

Od, odontoblasts; P: dental pulp; pOd, pre-odontoblasts.
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Figure 3 Expression of TH, DA, and DA receptors in KN-3 cells. Immunofluorescence
staining of KN-3 cells by the anti-TH antibody (red) (a) and anti-DA antibody (red) (b).
(c) Rabbit control IgG (cIgG) was used as a negative control. Nuclei were stained with
DAPI (blue). Bars=50 um. (d) Gene expression of DA receptors in KN-3 cells was
examined by semi-quantitative RT-PCR. DNA from a rat brain was used as a positive
control. (e) Protein expression of Drd4 and Drd5 in KN-3 cells was investigated by

Western blotting analysis.
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Figure 4 Immunohistochemical staining of sagittal sections of the maxillary first molar
from 5-week-old male SD rats (a-h) and the mandibular incisor from 4-week-old male
SD rats (i-t) by an anti-DRD4 antibody (a, b, i, k-n) and anti-DRD5 antibody (e, f, o, g-
t). (b, f) Magnified images of the boxed areas in a, e. (d, h) Magnified images of the boxed
areas in ¢, g. (k-n) Magnified images of the boxed areas in i. (q-t) Magnified images of
the boxed areas in o. (c, d, g, h, j, p) Rabbit control IgG was used as a negative control.

Nuclei were stained with hematoxylin. Bars=100 pm; Am, ameloblast; D, dentin; Od,



odontoblasts; P, dental pulp; pOd, pre-odontoblasts.
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Figure 5 Effect of DA on odontoblastic differentiation of KN-3 cells. (a) Alizarin Red S
staining of KN-3 cells cultured in DM containing DA (0—100 uM) for 6 days. (b) Positive
areas of Alizarin red S-staining were quantified by a Biozero digital microscope.
Statistical analysis was performed using one-way ANOVA followed by Tukey’s test. (c)
Gene expression of Dmp-1, Dspp and Nestin was examined by quantitative RT-PCR.
Statistical analysis was performed using the Student’s unpaired t-test. Dmp-1: dentin
matrix acidic phosphoprotein 1, Dspp: dentin sialophosphoprotein, n=3, **P<0.01,

*P<0.05.
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Figure 6 Effects of D1-like receptor antagonist on odontoblastic differentiation of DA-
treated KN-3 cells. (a) Alizarin red S staining of KN-3 cells cultured in DM or DM
containing 10 uM DA with or without SCH23390 (10 uM). (b) Positive areas of Alizarin
red S-staining were quantified using the Biozero digital microscope. Statistical analysis
was performed using one-way ANOVA followed by Tukey’s test (c, d) Gene expression
of Dmp-1, Dspp, Nestin, Bdnf, and Th was examined by quantitative RT-PCR. Statistical
analysis was performed using one-way ANOVA followed by Tukey’s test. Bdnf: brain

derived neurotrophic factor, Th: tyrosine hydroxylase, n=3, **P<0.01, *P<0.05.
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Figure 7 Effects of D2-like receptor antagonists on odontoblastic differentiation of DA-
treated KN-3 cells. (a) Alizarin Red S staining of KN-3 cells cultured in DM or DM
containing 10 uM DA with or without sulpiride (10 uM) and clozapine (0.1 uM). (b)
Positive areas of Alizarin red S-staining were quantified using the Biozero digital
microscope. Statistical analysis was performed using one-way ANOVA followed by
Tukey’s test. (¢, d) Gene expression of Dmp-1, Dspp, Nestin, Bdnf, and Th was examined
by quantitative RT-PCR. Statistical analysis was performed using one-way ANOVA

followed by Tukey’s test. n=3, **P<0.01, *P<0.05.
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Figure 8 Effects of a PKA signaling inhibitor on odontoblastic differentiation of DA-

treated KN-3 cells. (a) Alizarin Red S staining of KN-3 cells cultured in DM or DM

containing 10 uM DA with or without H89 (1 uM). (b) Positive areas of Alizarin red S-

staining were quantified using a Biozero digital microscope. Statistical analysis was

performed using one-way ANOVA followed by Tukey’s test. (¢) Gene expression of

Dmp-1, Dspp, Nestin, Bdnf, and Th was examined by quantitative RT-PCR. Statistical

analysis was performed using one-way ANOVA followed by Tukey’s test. n=3, **P<0.01,

*P<0.05
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Supporting Information Figure 1

Effects of the concentrations of SCH23390, sulpiride and clozapine, and H89 on the
mineralization of DA-treated KN-3 cells. (a, ¢, e) Alizarin Red S staining of KN-3 cells
cultured in DM containing DA with or without SCH23390 (0.1, 1, and 10 uM) (a),
sulpiride (0.1, 1, and 10 uM) and clozapine (0.001, 0.01, and 0.1 uM) (c), and H89 (0.01,
0.1, and 1 uM) (e). (b, d, f) Positive areas of Alizarin red S-staining of each experiment
were quantified using a Biozero digital microscope. Statistical analysis was performed

using one-way ANOVA followed by Tukey’s test. n=3, **P<0.01, *P<0.05.
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Supporting Information Figure 2 Effects of DA, SCH23390, sulpiride and clozapine,
and H89 on the proliferation of KN-3 cells. Proliferation of KN-3 cells treated with DA
(10 uM) (a), SCH23390 (10 uM) (b), sulpiride (10 uM) and clozapine (0.1 uM) (c), and
H89 (1 uM) (d) was examined using WST-1 assays. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s test. Absorbance was measured at 450 nm.

n=3.



