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A B S T R A C T   

Severe dental tissue damage induces odontoblast death, after which dental pulp stem and progenitor cells 
(DPSCs) differentiate into odontoblast-like cells, contributing to reparative dentin. However, the damage- 
induced mechanism that triggers this regeneration process is still not clear. We aimed to understand the effect 
of odontoblast death without hard tissue damage on dental regeneration. Herein, using a Cre/LoxP-based 
strategy, we demonstrated that cell-rich zone (CZ)-localizing Nestin-GFP-positive and Nestin-GFP-negative 
cells proliferate and differentiate into odontoblast-like cells in response to odontoblast depletion. The regener
ated odontoblast-like cells played a role in reparative dentin formation. RNA-sequencing analysis revealed that 
the expression of odontoblast differentiation- and activation-related genes was upregulated in the pulp in 
response to odontoblast depletion even without damage to dental tissue. In this regenerative process, the 
expression of type I parathyroid hormone receptor (PTH1R) increased in the odontoblast-depleted pulp, thereby 
boosting dentin formation. The levels of PTH1R and its downstream mediator, i.e., phosphorylated cyclic AMP 
response element-binding protein (Ser133) increased in the physically damaged pulp. Collectively, odontoblast 
death triggered the PTH1R cascade, which may represent a therapeutic target for inducing CZ-mediated dental 
regeneration.   

Abbreviations: PTHrP, type I PTH/PTH-related peptide; PTH1R, type I parathyroid hormone receptor; CZ, cell-rich zone; DPSCs, dental pulp stem and progenitor 
cells; BM-MSPCs, bone marrow mesenchymal stem and progenitor cells; αSMA, alpha-smooth muscle actin; GFP, green fluorescent protein; Nes, nestin; Col1, type I 
collagen α; PFA, paraformaldehyde; BSA, bovine serum albumin; SD, standard deviation; DT, diphtheria toxin; DTR, DT receptor; Dspp, dentin sialophosphoprotein; 
EdU, 5-ethynyl-2′-deoxyuridine; μ-CT, microcomputed tomography; Ab, alveolar bone; GSEA, gene set enrichment analysis; RNA-seq, RNA-sequencing; TPM, 
transcript kilobase per million; GO, gene ontology; Bglap, bone gamma-carboxyglutamate protein; Runx2, runt-related transcription factor 2; PDL, periodontal 
ligament; CREB, cyclic AMP response element-binding protein; MAR, mineral apposition rate; Osmr, oncostatin M receptor; Il27ra, IL-27 receptor alpha; MTA, 
mineral trioxide aggregate; MFM, maxillary first molar. 
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1. Introduction 

The bone tissue is constantly resorbed by osteoclasts and replaced 
with the newly formed bone tissue by osteoblasts [1,2]. Although the 
average lifetime of mature osteoblasts is limited, their counts are 
continuously maintained by bone marrow mesenchymal stem and pro
genitor cells (BM-MSPCs), which exhibit the potential for self-renewal 
and differentiation into mesenchymal lineages in the bone marrow 
[3–6]. Studies indicate that dental pulp tissue also contains a multi
potent stromal population, known as dental pulp stem and progenitor 
cells (DPSCs) [7–9]. Although controversial, several reports suggest that 
the DPSC population is identified as neural-glial antigen 2+ pericytes 
[10], glioma-associated oncogene 1+ cells [11], or proteolipid protein 
1+ glial cells [12] in the incisors and alpha-smooth muscle actin 
(αSMA)+ perivascular cells [13] or Axin2+ cells [14] in the molars. In 
contrast to osteoblasts, dentin-forming odontoblasts reside within the 
dental tissue for a long term; therefore, DPSCs do not differentiate into 
odontoblasts in healthy fully formed teeth [15]. However, when odon
toblast death occurs as a result of severe tooth damage, the DPSCs 
proliferate and differentiate into odontoblast-like cells that contribute to 
reparative dentin formation [10,11,14,16,17]. However, how odonto
blast death is associated with the mechanisms underlying reparative 
dentin formation remains unclear. 

The cell-rich zones (CZs) adjacent to the odontoblast layer in the 
dental pulp have been reported to contain odontoblast progenitor cells 
[18–20], which can be specifically detected in Nestin (Nes) reporter 
mice, wherein the gene encoding green fluorescent protein (GFP) is 
driven by the enhancer element of the second intron of Nes and minimal 
promoter of the heat shock protein-68 gene [21,22]. Furthermore, BM- 
MSPCs can be labeled based on Nes-GFP expression in another Nes-GFP 
line, which expresses GFP under the control of the 5.8-kb promoter and 
1.8-kb fragment of the second intron of Nes [23–25]. Although these 
reports suggest that the Nes-GFP lines are useful for detecting the pre
cursor population of hard tissue-forming cells, whether the Nes-GFP- 
positive population contributes to dental tissue regeneration and neo
formation of odontoblast-like cells in the dental pulp remains elusive. 

The biologically active N-terminal 1–34 peptide of the human 
parathyroid hormone [PTH (1–34)] exerts a bone anabolic activity and 
is therefore used clinically for the treatment of patients with osteopo
rosis. Previous studies have suggested that one of the mechanisms un
derlying the therapeutic action of PTH (1–34) is the positive regulation 
of BM-MSPC osteoblastogenesis [26–28]. The type I PTH/PTH-related 
peptide (PTHrP) receptor (PTH1R) has been reported to be expressed 
by diverse dental mesenchymal cell types, including odontoblasts, 
dental pulp cells, and dental follicle cells, during the neonatal period and 
contributes to root formation [29,30]. These reports suggest that the 
activation of additional signaling pathways downstream of PTH1R may 
positively affect the recovery of damaged dental tissue; however, 
experimental validation is still required. 

Therefore, to understand the mechanistic details of dental tissue 
regenerative processes, herein, we induced Cre/LoxP-mediated odon
toblast-specific cell death and found that this process significantly af
fects the dental pulp environment in triggering tissue regeneration. 

2. Materials and methods 

2.1. Experimental animals 

C57BL/6 mice were purchased from Japan SLC (Shizuoka, Japan). 
B6.FVB-Tg(Col1a1-cre)1Kry mice (Col1(2.3)-Cre) (RBRC0503) [31] 
were purchased from RIKEN BRC (Ibaraki, Japan). C57BL/6-Gt(ROSA) 
26Sortm1(HBEGF)Awai/J (iDTR) (JAX007900) mice were purchased from 
Jackson Laboratory (Bar Harbor, ME, USA). Col1(2.3)-GFP [32] mice 
were generated in one of the authors' laboratories (K.M.). Nes-GFP 
[23,25] mice were kindly provided by G. Enikolopov from Stony Brook 
University. All mice used for the experiments belonged to the C57BL/6 

strain, and their weight and age ranges were 5–28 g and 7 days to 24 
weeks, respectively. During the experiments, euthanasia was performed 
by cervical spine fracture dislocation under anesthesia with isoflurane 
(Pfizer Inc., New York City, NY). Mice were fed with a regular diet (MF; 
Oriental Yeast Co., Ltd., Tokyo, Japan). Mice >12 weeks of age were 
used for DT-induced odontoblast depletion experiments because denti
nogenesis (depending on development) was rarely observed at 12 weeks 
of age (Fig. 4A). To reduce the number of mice euthanized, both male 
and female mice were used in this study. The maximal number of mice 
per cage was five. All mice were housed under specific pathogen-free 
conditions at 24 ± 2 ◦C, exposed to 50–60% humidity with a 12-h 
light/dark cycle, and provided with sterile water and ad libitum access 
to food in animal facilities certified by the Animal Care and Use Com
mittees of Tokyo Dental College (Tokyo, Japan) or Matsumoto Dental 
University (Nagano, Japan). Animal studies were approved—and per
formed in accordance with the guidelines provided—by the ARRIVE and 
Animal Care Committee of Tokyo Dental College (Tokyo, Japan) and 
Matsumoto Dental University (Nagano, Japan). 

2.2. Antibodies and reagents 

The list of antibodies and reagents used for immunostaining is shown 
in Table S1. PTH (1–34) was provided by Asahi Kasei Pharma Corpo
ration (Tokyo, Japan). Dissection, sectioning, and staining for each 
experiment were always performed at the same time and conditions. 

2.3. Microscopy and histomorphometry 

Mice were perfused with 4% paraformaldehyde (PFA) for fixation. 
The maxillae were removed and further fixed with 4% PFA for 24 h at 
4 ◦C. 

To perform imaging analysis of the paraffin-embedded tissue, the 
maxilla was dissected and decalcified in 10% EDTA for 3 weeks at 4 ◦C. 
Paraffin-embedded 4-μm-thick sections were used for hematoxylin and 
eosin staining or immunohistochemistry. The sections were incubated 
with primary antibodies overnight at 4 ◦C, and immunoreactivity was 
visualized using Histofine Simple Stain Mouse MAX PO (R) (Nichirei 
Biosciences Inc., Tokyo, Japan) and ImmPACT DAB Substrate (Vector 
Laboratories, Burlingame, CA) according to the manufacturers' in
structions; the samples were counterstained with hematoxylin. Bright- 
field images were acquired using an Axioskop2 plus equipped Plan- 
NEOFLUAR (2.5×/0.075, 10×/0.30, 20×/0.50, 40×/0.75) and Axio
Vision Rel. 4.8 (all from Carl Zeiss, Oberkochen, Germany). 

To perform imaging analysis of the cryosections, the dissected 
maxilla was decalcified using 20% Morse solution (Fujifilm Wako Pure 
Chemical, Osaka, Japan) for 24 h at 4 ◦C (or used without decalcifica
tion) and subsequently incubated with 10%, 20%, and 30% sucrose 
solutions for more than 2 h at 4 ◦C for cryoprotection. The samples were 
then embedded in super cryo-embedding medium (Section-Lab, Hir
oshima, Japan). Cryosections, 10-μm-thick, were cut in accordance with 
Kawamoto's film method [33] using Cryofilm type IIIC and a tungsten 
carbide knife (Section-Lab). The sections were incubated with primary 
antibodies overnight at 24 ± 2 ◦C, however, in case of staining with 
rabbit anti-pCREB (Ser133) antibody coupled to AF 488 (87G3) or rat 
anti-CD31 antibody coupled to PE (MEC13.3), the tissue was pretreated 
with 0.25% Triton X-100 for 15 min at 24 ± 2 ◦C. The sections were 
further incubated with secondary antibodies for 2 h at 24 ± 2 ◦C, 
mounted using 30% glycerol, covered with coverslips, and sealed with 
nail polish. Z stacks of confocal images were obtained at 1-μm intervals 
between 10-μm-thick sections. Fluorescence images were acquired using 
a laser-scanning confocal microscope (Axio Observer, LSM510 and 
LSM880) equipped with Plan-APOCHROMAT (20×/0.8) and ZEN 2.3 
black edition (Carl Zeiss). Col1(2.3)+ cells in the dental pulp of molars 
were calculated based on the frequency of Col1(2.3)+ cell surfaces per 
dentin surface localized above the pulp floor (Fig. 1F). The area corre
sponding to a single pulp horn of a molar (1.3 × 104–2.0 × 105 μm2), 
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including the tip area, was quantified in every other image. 

2.4. iDTR-mediated cell depletion 

For DT-mediated cell depletion, 250 ng of DT (Sigma-Aldrich, St. 
Louis, MO) was injected intraperitoneally every 24 h for 1 week; sub
sequently, mice were analyzed for 1–70 days after final DT treatment. 

2.5. Calcein and PTH (1–34) treatments 

Mice were injected with 160 μL calcein (Sigma-Aldrich) (3 mg/mL) 
subcutaneously according to each experimental time-course. Details of 
the experimental time courses are shown in Fig. S1. As shown in Fig. 4A, 
4–12-week-old wild-type mice were injected twice at an interval of 4 
days and analyzed 1 day after the final calcein injection (Fig. S1A). 
Calcein was injected 3 and 6 days after the final DT injection, and the 
dentin tissue was used for imaging analysis on day 7 (Figs. 4B, S1B). One 
day after the final DT injection, mice were intraperitoneally injected 
with 80 μg/kg human PTH (1–34) (Asahi Kasei Pharma Corporation) 
every 12 h for 16 days, with calcein injection (twice) on days 11 and 16 
after the final DT injection and analyzed 1 day after the final calcein 
injection (Figs. 8, B and C, S1C). PTH (1–34) (80 μg/kg/12 h) (Asahi 
Kasei Pharma Corporation) was administered for 12 days after cavity 
preparation, and calcein was administered on days 2 and 12 during the 
course of PTH treatment; mice were analyzed 1 day after the final cal
cein injection (Figs. 9, C and D, S1D). Mice were perfused with 4% PFA, 
and the maxillary first molars were further fixed with 4% PFA for 24 h at 
4 ◦C and subsequently incubated with 10%, 20%, and 30% sucrose so
lutions for more than 2 h at 4 ◦C for cryoprotection. Cryosections (10- 
μm-thick) were prepared using Kawamoto's film method, and images 
were captured using a laser-scanning confocal microscope as described 
in “Microscopy and histomorphometry.” Seven points in the calcein 
double-labeled region were measured in the area of a single pulp horn 
(1.2 × 105 μm2), and their average was used for calculating the MAR, i. 
e., the distance between adjacent labeling lines per interval of labeling 
days. Mice were randomly assigned to the vehicle (0.1% bovine serum 
albumin [BSA]) or PTH (1–34) treatment group. 

2.6. EdU incorporation experiments 

One day after the final DT injection, the mice were intraperitoneally 
injected with 0.4 mg EdU (Thermo Fisher Scientific, Waltham, MA) 
every 24 h for 13 days and euthanized 1 day after the final EdU injection. 
EdU-positive cells were detected using the Click-iT Plus EdU Alexa 
Fluor™ 647 Imaging Kit (Thermo Fisher Scientific) as per the manu
facturer's recommendations. 

2.7. In situ hybridization 

Four-micrometer-thick paraffin sections were prepared as described 

in “Microscopy and histomorphometry.” In situ hybridization was per
formed using the RNAscope 2.5HD Reagent Kit-RED with probes for 
Dspp and Pth1r (Advanced Cell Diagnostics, Newark, CA). 

2.8. RNA isolation 

Extracted maxillary first molars were incubated with Hanks' 
balanced salt solution (HBSS) containing 0.1% collagenase IV, 0.2% 
dispase (Thermo Fisher Scientific), and 20 U/mL DNase (Worthington 
Biochemical, Lakewood, NJ) for 15 min at 37 ◦C to remove the PDL. 
Molars were washed with phosphate-buffered saline and homogenized 
in TRIzol (Thermo Fisher Scientific) using Tissue Lyser (Qiagen, Hilden, 
Germany), and total RNA was purified using a PureLink RNA Micro kit 
(Thermo Fisher Scientific). 

2.9. Dental cavity preparation 

A pulp-exposed cavity with a diameter of 0.5 mm was prepared in the 
maxillary first molars of 6–15-week-old mice, under anesthesia with 
pentobarbital sodium (30 mg/kg), using a steel bar (round, HP1/4, 005; 
Dentsply Sirona, Charlotte, NC) and micro motor handpiece (INTRA
matic 10C; KAVO Dental Excellence, Tokyo, Japan). The exposed cavity 
was capped with mineral trioxide aggregate (MTA) (TheraCal LC; Bisco, 
Schaumburg, IL) and closed with glass ionomer cement (FujiVII, GC, 
Tokyo, Japan). To prevent cement from detaching, opposing mandibular 
first molars were extracted, and 2 or 4 weeks later, the maxillary first 
molars were collected and used for imaging analysis. 

2.10. Quantitative real-time PCR 

Quantitative real-time PCR using purified total RNA was performed 
by One-Step SYBR Prime Script PLUS RT-PCR (Takara, Shiga, Japan). 
The PCR conditions were 42 ◦C for 5 min and 95 ◦C for 10 s for reverse 
transcription, followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. 
Gene expression data were normalized to that of elongation factor-1 
alpha gene, and relative expression was calculated using the standard 
curve method. Melting curve analyses of products were performed to 
ensure reaction specificity. The primers for each gene are shown in 
Table S2. 

2.11. RNA-seq analysis 

Reads were aligned to the reference mouse genome (Gencode 
GRCm38.p6.genome) using STAR (version 2.7) [34], and read counting 
was performed using RSEM (version 1.3.1) [35]. We restricted the 
analysis to genes with transcript kilobase per million (TPM) >1 in at 
least one sample. Raw reads of those genes were then normalized using 
the trimmed mean of M-values method in edgeR (version 3.26.8, R 
package). Differential expression analysis was performed using Fisher's 
exact test implemented in edgeR [36]. The adjusted p-value was 

Fig. 1. The depleted odontoblast population is readily replenished. 
A. Confocal images (Z stack) showing odontoblast-specific Col1(2.3)-GFP expression in thick maxillary first molar (MFM) sections of 12-week-old Col1(2.3)-GFP 
mice. Arrows: Col1(2.3)-GFP+ odontoblasts. Scale bar = 200 μm. Right panel shows the magnified view of the boxed area. Scale bar = 50 μm. n = 3. B. Images 
showing odontoblast-specific diphtheria toxin receptor (DTR) expression in MFM sections of 12-week-old Col1(2.3)-Cre; iDTR mice. Arrows: DTR+ odontoblasts. 
Scale bar = 20 μm. n = 3. C–I. Twelve-week-old Col1(2.3)-Cre; iDTR and iDTR (control) mice (C, D, and G–I) or Col1(2.3)-Cre; iDTR; Col1(2.3)-GFP and iDTR; Col1 
(2.3)-GFP (control) mice (E and F) were treated with diphtheria toxin (DT) (250 ng/day) for 1 week and analyzed at the indicated time points after the final DT 
injection. (C and D) Hematoxylin and eosin (HE) staining showed depleted odontoblasts in MFMs (C) and maxillary incisors (D). Arrows: odontoblasts. Scale bar =
200 μm. Numbered panels represent magnified views of the boxed areas. Scale bar = 20 μm. C: Control: n = 3, Col1(2.3)-Cre; iDTR: n = 3, D: Control: n = 3, Col1 
(2.3)-Cre; iDTR: n = 3. (E and F) Confocal images (Z stack) (E) and quantification [F: percentage of Col1(2.3)-GFP+ surfaces per dentin surface above the pulp floor] 
of Col1(2.3)-GFP+ cells in thick MFM sections. Scale bar = 200 μm. Control: n = 7 (8 MFMs), Col1(2.3)-Cre; iDTR (day 1): n = 3 (5 MFMs), (day 7): n = 5 (6 MFMs), 
(day 21): n = 3 (6 MFMs). One-way analysis of variance (ANOVA) followed by Tukey's test. (G and H) Real-time PCR for Col1a1 and Dspp, Control: n = 10 (10 MFMs), 
Col1(2.3)-Cre; iDTR (day 1): n = 3 (6 MFMs), (day 7): n = 4 (6 MFMs), (day 21): n = 3 (6 MFMs). One-way ANOVA followed by Kruskal-Wallis test. (I) in situ 
hybridization for Dspp. Arrows: Dspp+ odontoblasts, arrowheads: Dspp+ odontoblast-like cells. Scale bar = 200 μm. Lower panels show the magnified view of the 
boxed area. Scale bar = 50 μm. Control: n = 3, Col1(2.3)-Cre; iDTR (day 1): n = 3, (day 7): n = 3. Nuclei were visualized using TO-PRO-3. P: pulp, D: dentin, Ab: 
alveolar bone, Ctrl: control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± standard deviation (SD). 
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obtained using the Benjamini–Hochberg method [37]. Hierarchical 
clustering analysis was performed using Euclidean distance and the 
furthest neighbor method. We performed gene ontology (GO) analysis 
for the differentially expressed genes with adjusted p-value < 0.05 and 
absolute log2 fold change ≥ 0.5 using Metascape [38]. GSEA [39] was 
performed using GSEA software (v 4.0.3) with GO gene sets (c5.All.v7.0. 
symbols.gmt). Data analysis was performed by Genble Inc. (Fukuoka, 
Japan). 

2.12. Microcomputed tomography 

Mouse maxillary first molars were fixed in 70% ethanol for 1 week at 
4 ◦C. Three-dimensional reconstructions of molars were generated using 
the Scanco Medical μ-CT 35 system. Hard tissue and pulp volume of the 
molars were analyzed using IPL Evaluation software (Scanco Medical, 
Bruttisellen, Switzerland). Microcomputed tomography (μ-CT) analysis 
was performed by an investigator blinded to the genotypes of the ani
mals under investigation. 

2.13. Statistical analyses 

Statistical analyses were performed using GraphPad Prism 8.0 
(GraphPad Software Inc., La Jolla, CA). The data were first analyzed 
using the Shapiro-Wilk test to evaluate whether they followed normal 
distribution. To compare two groups, equality of the two variances was 
assessed using the F-test. When the data sets met the test requirements 
for distribution as well as variance, Student's t-test was used to assess the 
significance. When the data did not follow normal distribution, a 
nonparametric Mann-Whitney U test was used. When the data variances 
were significantly different in the F-test, the Welch's t-test was used. 

To compare multiple groups for significance, one-way ANOVA with 
Tukey's multiple comparison test was used when the data sets met the 
test requirements for distribution as well as variance. When the data did 
not follow normal distribution, a nonparametric Kruskal-Wallis test was 
used. All data investigated using one-way ANOVA with Tukey's multiple 
comparison test showed no significant difference in variances as 
assessed via the Brown-Forsythe test. The results were expressed as 
mean ± standard deviation (SD). p < 0.05 was considered significant. 

3. Results 

3.1. Odontoblasts are regenerated after depletion 

To induce cell death specifically in the odontoblasts using a Cre/ 
LoxP-based strategy, we confirmed the odontoblast-specific expression 
pattern of GFP in type I collagen α [Col1(2.3)]-GFP mice, in which GFP is 
expressed under the control of a 2.3-kb fragment of the Col1 promoter 
[29,32,40]. Consistent with previous reports, GFP expression was only 
observed in odontoblasts in the maxillary first molars of Col1(2.3)-GFP 
mice (Fig. 1A, arrows: Col1(2.3)-GFP+ odontoblasts). Based on these 
observations, we bred Col1(2.3)-Cre and inducible diphtheria toxin (DT) 
receptor (DTR; ROSA26-loxP-stop-loxP-DTR: iDTR) mice. In this mouse 
model, Cre recombinase is expressed in the Col1(2.3)+ odontoblasts and 
subsequently removes the DTR stop codon leading to its expression; 
therefore, odontoblasts are specifically depleted by DT treatment. We 
confirmed the odontoblast-specific expression of DTR in dental tissue 
using an anti-DTR antibody (Fig. 1B, arrows: DTR+ odontoblasts). The 
Col1(2.3)-Cre; iDTR mice were injected with DT for 1 week (250 ng/ 
day), and it was confirmed that odontoblasts had dramatically depleted 
in both maxillary first molars and incisors 1 day after the final DT in
jection (Fig. 1C and D, arrows: odontoblasts). To determine whether 
odontoblast counts recover post depletion, we generated Col1(2.3)-Cre; 
iDTR; Col1(2.3)-GFP mice, in which odontoblasts can be monitored as 
GFP-positive cells. The odontoblast population significantly decreased 1 
day after odontoblast depletion in Col1(2.3)-Cre; iDTR; Col1(2.3)-GFP 
mice compared with that in control mice (Fig. 1E; quantification of Col1 

(2.3)-GFP+ cell surfaces per dentin surface (%) is shown in Fig. 1F). The 
Col1(2.3)-GFP+ cell counts further decreased until 7 days after final DT 
treatment; however, they recovered significantly on day 21 (Fig. 1, E 
and F). Furthermore, real-time PCR showed that Col1a1 mRNA expres
sion in the molars 7 days after odontoblast depletion was higher than 
that after 1 day, suggesting that the recovery of odontoblasts was initi
ated before day 7 (Fig. 1G). Consistent with these data, the mRNA levels 
of dentin sialophosphoprotein (Dspp)—an essential marker of odonto
blast differentiation—decreased 1 day after odontoblast depletion but 
recovered by day 7 (Fig. 1, H and I, arrows: Dspp+ odontoblasts, 
arrowhead: recovered Dspp+ odontoblast-like cells). The odontoblast 
regeneration reached a plateau 21 days after the final DT treatment 
(Fig. S2). Altogether, these findings suggest that the dental pulp envi
ronment is modified upon odontoblast depletion, which promptly trig
gers the odontoblastogenesis of immature cells. 

3.2. Odontoblast depletion induces odontoblast precursors to proliferate 
and differentiate into odontoblast-like cells 

Considering that the cell cycle progression of pulp cells is essential 
for dental tissue damage-induced odontoblastogenesis, we next 
analyzed the cell cycle status of the dental pulp cells in odontoblast- 
depleted molars [10,11,14,16,17]. Ki67-positive proliferating cells 
were more abundant in Col1(2.3); iDTR tissues 1 day after odontoblast 
depletion than in control tissues (Fig. 2A, arrows: Ki67+ cells; quanti
fication is shown in Fig. 2B). Real-time PCR indicated that the Ki67 
mRNA significantly increased in the molars 1 day after odontoblast 
depletion, albeit transiently, suggesting that the proliferation of dental 
pulp cells was triggered by odontoblast death (Fig. 2C). 

Furthermore, we analyzed whether these proliferating pulp cells 
differentiate into odontoblast-like cells, by performing lineage tracing 
analysis of 5-ethynyl-2′-deoxyuridine (EdU)-labeled cells. EdU was 
administered daily for 13 days; EdU administration was initiated 1 day 
after odontoblast depletion in Col1(2.3)-Cre; iDTR; Col1(2.3)-GFP mice. 
Col1(2.3)-GFP+ odontoblasts did not express Ki67 in either control or 
odontoblast-depleted mice, indicating that the odontoblasts were in a 
quiescent state (Fig. 2D, arrows: Ki67− Col1(2.3)-GFP+ odontoblasts, 
arrowheads: Ki67+Col1(2.3)-GFP− dental pulp cells). Consistent with 
these data, although many EdU+ cells were detected in the marrow 
spaces of the alveolar bone (Ab), EdU was not incorporated into Col1 
(2.3)-GFP+ odontoblasts in control mice (Fig. 2E, yellow asterisks: EdU+

cells in Ab, white arrows in square 1: EdU− Col1(2.3)- 
GFP+CD45− Ter119− odontoblasts). Similarly, EdU+ cells were not 
observed in control pulpal tissue (Fig. 2E, square 2). In contrast, EdU- 
incorporated Col1(2.3)-GFP+ odontoblast-like cells were observed 
along the dentin surfaces in odontoblast-depleted molars [EdU+Col1 
(2.3)-GFP+CD45− Ter119− odontoblast-like cells: 3.7 ± 0.6 cells per 
single pulp horn (1.3 × 104 μm2), n = 3] (Fig. 2E, yellow arrows in 
square 3). EdU+ cells other than Col1(2.3)-GFP+ odontoblast-like cells 
were also observed in odontoblast-depleted pulp tissue. EdU+Col1(2.3)- 
GFP− cells localized around the dentin were CD45/Ter119-negative 
pulp stromal cells (Fig. 2E, white arrowheads in square 3). In contrast, 
EdU+ cells localized far from dentin were detected as CD45/Ter119- 
positive hematopoietic cells (Fig. 2E, yellow arrowheads in square 4). 
These findings suggest that pulp stromal odontoblast precursors prolif
erate in response to odontoblast death and generate odontoblast-like 
cells. 

3.3. Nes-GFP-positive and Nes-GFP-negative pulp cells localized in the CZ 
differentiate into odontoblast-like cells in response to odontoblast depletion 

To characterize the proliferating precursor of odontoblast-like cells, 
we analyzed the GFP expression pattern of the dental pulp tissue in the 
maxillary first molars of Nes-GFP reporter mice [23,25]. Nes-GFP+ cells 
were mainly localized in the CZ; however, low levels of GFP were 
observed in the odontoblast layer (Fig. 3A, white arrows: Nes- 
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GFP+αSMA− cells in the CZ, yellow arrows: Nes-GFPlowαSMA− odonto
blasts). CD45/Ter119-positive hematopoietic cells and CD31-positive 
endothelial cells did not express Nes-GFP, indicating that the Nes-GFP- 
labeled cells are confined to the pulp stromal population (Fig. 3B and 
C, arrows: Nes-GFP− CD45+Ter119+ hematopoietic cells, arrowheads: 
Nes-GFP− CD31+ endothelial cells). Immunofluorescence revealed no 
overlap between Nes-GFP+ and αSMA+ DPSCs (Fig. 3A, arrowheads: 
Nes-GFP− αSMA+ DPSCs). In addition, Nes mRNA levels decreased on 
days 1 and 7 after odontoblast depletion but significantly recovered by 
day 21 (Fig. 3D, left panel). However, αSma mRNA was unaffected by 
odontoblast death (Fig. 3D, right panel). To assess whether Nes-GFP+

cells in the CZ proliferate after odontoblast depletion, we generated Col1 
(2.3)-Cre; iDTR; Nes-GFP mice and administered EdU for 2 weeks post 

odontoblast depletion. EdU+ nuclei were not observed in Nes-GFP+ cells 
in the CZ or in αSMA+ DPSCs in the control pulp tissues (Fig. 3E, squares 
1 and 2). Importantly, Nes-GFP+ cells in the CZ, but not αSMA+ DPSCs, 
were detected as EdU+ cells in the odontoblast-depleted pulp tissue 
(Fig. 3E, white arrows in square 3: EdU+Nes-GFP+αSMA− cells in the CZ, 
yellow arrows in square 4: EdU− Nes-GFP− αSMA+ DPSCs, quantification 
is shown in the left and middle graphs of Fig. 3G). Remarkably, some 
Nes-GFP-negative cells localized in the CZ were also detected as EdU+

cells (Fig. 3E, arrowheads in square 3). To rule out the possibility that 
these EdU+Nes-GFP− cells are hematopoietic cells, sections were further 
stained with CD45 and Ter119 antibodies (Fig. 3F) to quantify the 
EdU+Nes-GFP− αSMA− CD45− Ter119− population; we found that this 
population was significantly increased upon odontoblast depletion 
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Fig. 2. Dental pulp stromal cells proliferate and differentiate into odontoblast-like cells after odontoblast depletion. 
A–E. Col1(2.3)-Cre; iDTR and iDTR (control) mice (A–C) or Col1(2.3)-Cre; iDTR; Col1(2.3)-GFP and iDTR; Col1(2.3)-GFP (control) mice (D and E) (all 12 weeks old) 
were treated with diphtheria toxin (DT) (250 ng/day) for 1 week and analyzed at the indicated time points after the final DT injection. (A and B) Confocal images (A) 
and quantification (B: 2.0 × 105 μm2 from the top of a single pulp horn) of Ki67+ cells in thick maxillary first molar (MFM) sections. Arrows: Ki67+ cells. Scale bar =
50 μm. Control: n = 4, Col1(2.3)-Cre; iDTR: n = 5. Two-tailed Welch's t-test. (C) Real-time PCR for Mki67 expression in MFMs. Control: n = 10 (10 MFMs), Col1(2.3)- 
Cre; iDTR (day 1): n = 3 (6 MFMs), (day 7): n = 4 (6 MFMs), (day 21): n = 3 (6 MFMs). One-way analysis of variance (ANOVA) followed by Kruskal-Wallis test. (D) 
Confocal images of Ki67+ cells in thick MFM sections. Arrows: Ki67− Col1(2.3)-GFP+ odontoblasts, arrowheads: Ki67+Col1(2.3)-GFP− dental pulp cells. Scale bar =
20 μm. Control: n = 4, Col1(2.3)-Cre; iDTR: n = 5. (E) One day after the final DT injection, 5-ethynyl-2′-deoxyuridine (EdU) (0.4 mg/day) was injected for 13 days, 
and imaging analysis was performed on day 14. Confocal images of EdU+ cells in 10-μm-thick MFM sections. White arrows: EdU− Col1(2.3)-GFP+CD45− Ter119−

odontoblasts; asterisks: EdU+ cells in Ab; yellow arrows: EdU+Col1(2.3)-GFP+CD45− Ter119− odontoblast-like cells; white arrowheads: EdU+Col1(2.3)- 
GFP− CD45− Ter119− pulp stromal cells; yellow arrowheads: EdU+Col1(2.3)-GFP− CD45+Ter119+ hematopoietic cells. Scale bar = 100 μm. Numbered panels 
represent the magnified views of the boxed areas. Scale bar = 20 μm. Control: n = 4, Col1(2.3)-Cre; iDTR: n = 3. Nuclei were visualized using TO-PRO-3 (A and D) 
and Hoechst (E). P: pulp, D: dentin, Ab: alveolar bone, Ctrl: control. *p < 0.05, **p < 0.01. Data are represented as mean ± standard deviation (SD). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 3G, right panel). Collectively, these data suggest that Nes-GFP+ and 
Nes-GFP− cells localized in the CZ proliferate and differentiate into 
odontoblast-like cells after odontoblast depletion. Moreover, these 
findings indicate that the proliferation of αSMA+ DPSCs might be 
induced earlier or later in response to odontoblast death, which re
plenishes CZ-localized Nes-GFP+ and Nes-GFP− populations. 

3.4. Regenerative odontoblast-like cells mediate reparative dentin 
formation 

To test whether the odontoblast depletion-induced odontoblast-like 
cells mediate reparative dentin formation, we attempted to detect newly 
calcified dentin in odontoblast-depleted dental tissue using calcein la
beling. Following primary dentinogenesis, mature odontoblasts 
continue to generate secondary dentin, albeit at a slower rate [41]. 
Although calcein-labeled hard tissue was observed in 4-week-old dentin, 
it gradually decreased with age and was hardly detectable in 12-week- 
old dentin (Fig. 4A, arrows: double-labeled dentin by calcein, arrow
heads: single-labeled dentin by calcein, Fig. S1A). Consistent with these 
data, calcein-labeled dentin was not detected in control mice (iDTR) 
older than 12 weeks; however, in molars, the labeled region was 
dramatically increased 7 days post odontoblast depletion (Fig. 4B, ar
rows: double-labeled dentin by calcein, Fig. S1B). μ-CT analyses 
revealed a significantly increased amount of hard tissue and decreased 
dental pulp volumes in molars 42 days post odontoblast depletion 
(Fig. 4, C–G). Odontoblast depletion-induced dentin regeneration was 
confirmed via histological analyses (Fig. 4H, arrows: reparative dentin). 
These observations indicate that the regenerative odontoblast-like cells, 
produced in response to odontoblast death, exhibit the capacity to 
promote reparative dentin formation. 

3.5. Odontoblast death induces the expression of odontoblast 
differentiation- and activation-related genes in the pulp environment 

To analyze the effect of odontoblast death on the expression of genes 
related to odontoblast differentiation and activation in the pulp envi
ronment, we carried out transcriptional profiling using RNA-sequencing 
(RNA-seq). Statistical analysis revealed 660 upregulated and 731 
downregulated genes [TPM > 1 in at least one sample, adjusted p < 0.05, 
| log2 fold change | ≥ 0.5] in the molars 7 days after odontoblast 
depletion compared with control molars (Fig. 5A). GO analysis revealed 
that a set of differentially expressed genes—odontoblast-depleted versus 
control molars—is associated with significantly enriched processes, 
including extracellular matrix organization, positive regulation of the 
immune response, blood vessel development, and response to wounding 
(Fig. 5B, File S1), suggesting the activation of tissue regeneration and 
reparative dentin formation. To comprehensively analyze whether 

odontoblast death modified the pulp environment status for reparative 
dentin formation from inactive to active, we performed a gene set 
enrichment analysis (GSEA). We found that odontoblast-depleted pulp 
cells expressed several genes related to extracellular matrix organization 
and the immune response (Fig. 5, C and D, Tables S3-S6). In odontoblast- 
depleted molars, the expression of cell cycle indicators (Mki67) and 
several odontoblast differentiation- and activation-related genes was 
significantly increased, including dental matrix protein 1 (Dmp1), Dspp, 
Col1a1, Col1a2, bone gamma-carboxyglutamate protein (Bglap/osteo
calcin), Bglap2, alkaline phosphatase (Alpl), and secreted protein acidic 
and rich in cysteine (Sparc/osteonectin) (Fig. 5, E and F) [42–45]. 
However, the expression levels of secreted phosphoprotein 1 (Spp1/ 
osteopontin), runt-related transcription factor 2 (Runx2), and Sp7/osterix 
were comparable with those in the control. Additionally, real-time PCR 
demonstrated that Runx2 and Sp7 expression did not change in 
odontoblast-depleted molars at any time point (Fig. S3). Consistent with 
our real-time PCR analysis results shown in Fig. 3D, the mRNA level of 
the CZ marker Nes was decreased, but no effect on the DPSC marker 
αSma was observed in odontoblast-depleted molars at this time point 
(Fig. 5F). 

3.6. Odontoblast depletion increases PTH1R expression in the pulp tissue, 
thereby driving reparative dentin formation 

It has been suggested that PTH1R is expressed in developing dental 
mesenchymal cells [29,30]. Consistently, immunostaining images of 
postnatal molars on day 7 showed that PTH1R is expressed in dental 
follicle cells localized in the upper side of the molars, dental pulp cells, 
and odontoblasts in the pulp horn (Fig. 6A, black arrows: dental follicle 
cells, asterisks: dental pulp cells, black arrowheads: odontoblasts). 
However, PTH1R expression decreased with age and was observed in the 
periodontal ligament (PDL) in 8-week-old mice, whereas it was absent in 
dental pulp cells and odontoblasts (Fig. 6B, blue arrowheads: PTH1R+

PDL cells). Remarkably, we found that the expression of PTH1R was 
increased in dental pulp cells and odontoblast-like cells at 7 and 21 days 
after odontoblast depletion, which was undetectable in control pulp 
tissue (Fig. 6C, arrows: PTH1R+ odontoblast-like cells, asterisks: 
PTH1R+ dental pulp cells). Similarly, the expression of Pth1r also 
increased 7 days after odontoblast depletion, although the mRNA levels 
returned to control levels on day 21 (Fig. 6D and E, arrows: Pth1r+ cells; 
quantification is shown in Fig. 6F). We next analyzed the level of Ser133 
phosphorylation in cyclic AMP response element-binding protein 
(CREB), which acts downstream of the PTH1R/cAMP/protein kinase A 
signaling pathway in odontoblast-depleted dental pulp tissue [46,47]. 
The level of pCREB (Ser133) was undetectable in the control pulp tissue. 
However, it dramatically increased 7 days after odontoblast depletion 
and showed a trend similar to that observed following PTH1R induction 

Fig. 3. Nes-GFP-positive and Nes-GFP-negative cells localized in the cell-rich zone contribute to odontoblast-like cells after odontoblast depletion. 
A–C. Confocal images (Z stack) (A and B, left panel) and confocal images (B, right panels, and C) of thick maxillary first molar (MFM) sections stained with αSMA (A), 
CD45 and Ter119 (B), or CD31 (C) antibodies from 20-week-old Nes-GFP mice. (A) White arrows: Nes-GFP+αSMA− cells in the CZ; yellow arrows: Nes-GFPlowαSMA−

odontoblasts; arrowheads: Nes-GFP− αSMA+ DPSCs. Scale bar = 200 μm. Middle and right panels represent the magnified views of the boxed areas. Scale bar = 10 
μm. n = 3. (B) Arrows: Nes-GFP− CD45+Tre119+ hematopoietic cells. Scale bar = 200 μm. Right panels are magnified views of the boxed areas. Scale bar = 20 μm. n 
= 3. (C) Arrowheads: Nes-GFP− CD31+ endothelial cells. Scale bar = 20 μm. n = 3. D–G. Col1(2.3)-Cre; iDTR and iDTR (control) mice (D) or Col1(2.3)-Cre; iDTR; Nes- 
GFP and iDTR; Nes-GFP (control) mice (E-G) (all 12 weeks old) were treated with diphtheria toxin (DT) (250 ng/day) for 1 week and analyzed at the indicated time 
points after the final DT injection. (D) Real-time PCR for Nes and αSMA expression in MFMs. Control: n = 10 (10 MFMs), Col1(2.3)-Cre; iDTR (day 1): n = 3 (6 MFMs), 
(day 7): n = 4 (6 MFMs), (day 21): n = 3 (6 MFMs). One-way analysis of variance (ANOVA) followed by Tukey's test (left panel) and one-way ANOVA followed by 
Kruskal-Wallis test (right panel). (E–G) One day after the final DT injection, EdU (0.4 mg/day) was injected for 13 days, and the sample was used for imaging analysis 
on day 14. (E) Confocal images (Z stack) (left panels) and confocal images (middle and right panels) of thick MFM sections stained with αSMA antibody. White 
arrows: EdU+Nes-GFP+αSMA− cells in the CZ; yellow arrows: EdU− Nes-GFP− αSMA+ DPSCs; arrowheads: EdU+Nes-GFP− αSMA− cells in the CZ. Scale bar = 100 μm. 
Numbered panels represent magnified views of the boxed areas. Scale bar = 20 μm. Control: n = 3, Col1(2.3)-Cre; iDTR: n = 3. (F) Confocal images (Z stack) (upper 
panel) and confocal images (lower panels) stained with αSMA, CD45, and Ter119 antibodies. Arrows: EdU+Nes-GFP− αSMA− CD45− Ter119− cells in the CZ. Scale 
bar = 100 μm. Lower panels show the magnified view of the boxed area. Scale bar = 50 μm. n = 3. (G) Quantification of EdU+Nes-GFP+αSMA− cells in the CZ, 
EdU+Nes-GFP− αSMA+ DPSCs, and EdU+Nes-GFP− αSMA− CD45− Ter119− cells in the CZ of thick MFM sections (1.2 × 105 μm2 from the top of a single pulp horn). n 
= 3. Two-tailed Mann-Whitney U test (left panel) and Two-tailed Student's t-test (right panel). Nuclei were visualized using Hoechst. P: pulp, D: dentin, CZ: cell-rich 
zone, DIC: differential interference contrast, Ctrl: control. *p < 0.05, **p < 0.01, ND: not detected. Data are represented as mean ± standard deviation (SD). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 7A, arrows: pCREB (Ser133)+ dental pulp cells, arrowheads: 
pCREB (Ser133)+ odontoblast-like cells; quantification of pCREB 
(Ser133)+ cell frequency in the pulp 7 days after odontoblast depletion is 
shown in Fig. 7B). The pCREB (Ser133)+ cells were not only observed in 
the dental pulp tissue but also in the PDL, where PTH1R expression was 
mainly detected at the adult stage [Fig. 6B, blue arrowheads: PTH1R+

PDL cells; Fig. 7C, asterisks: pCREB (Ser133)+ dental pulp cells, arrows: 
pCREB (Ser133)+ PDL cells]. These observations suggest that CREB 
phosphorylation (Ser133) correlates with PTH1R expression. 

We next analyzed the levels of Pthrp, a ligand of PTH1R, and found 
comparable mRNA levels between control and odontoblast-depleted 
molars at any time point (Fig. 8A). It has been demonstrated that 
PTHrP is mainly expressed in the dental follicle but not in the dental 
pulp tissue [29]. These findings indicate the possibility that PTH1R 
induced in odontoblast-depleted molars could be further activated by 
ligand treatment. To confirm this, we intermittently injected PTH (1–34) 
(80 μg/kg/12 h) into Col1(2.3)-Cre; iDTR mice for 16 days during 
odontoblast depletion-induced reparative dentin formation (Fig. S1C). 
Previously, we confirmed that this PTH treatment dose significantly 
increases bone volume for 10 days [48]. As expected, the calcein la
beling experiment demonstrated that reparative dentin formation was 
significantly accelerated in response to PTH (1–34) treatment in 
odontoblast-depleted molars [Fig. 8B; quantification of the mineral 
apposition rate (MAR) is shown in Fig. 8C]. We further examined the 
effect of PTH (1–34) treatment on the regeneration of odontoblasts using 
Col1(2.3)-Cre; iDTR; Col1(2.3)-GFP mice. In contrast to the positive ef
fect on reparative dentin formation, the number of regenerated Col1 
(2.3)-GFP+ odontoblast-like cells were comparable between vehicle and 
PTH (1–34)-treated mice (Fig. 8, D and E). These observations demon
strate that the PTH/PTH1R signaling cascades are positive regulators of 
reparative dentin formation but not of odontoblast regeneration in the 
odontoblast-depleted dental pulp environment. 

Finally, we analyzed whether physical pulp-exposed dentin damage- 
induced odontoblast death activates the PTH1R signaling axis. The pulp- 
exposed cavity was prepared in mouse maxillary first molars by using a 
steel bar, and pulp capping was performed using MTA. PTH1R expres
sion was notably increased in the dental pulp cells and in odontoblast- 
like cells beneath the damaged area after 2 weeks of cavity prepara
tion (Fig. 9A, black arrows: PTH1R+ dental pulp cells, black arrowheads: 
PTH1R+ odontoblast-like cells). Consistent with the expression pattern 
of PTH1R, most of the pCREB (Ser133) was also detected near the 
damaged area [Fig. 9A, red arrows: pCREB (Ser133)+ dental pulp cells, 
red arrowheads: pCREB (Ser133)+ odontoblast-like cells]. Reparative 
dentin was observed at 4 weeks after the damage, and the levels of 
PTH1R and CREB (Ser133) phosphorylation were sustained till this time 
point (Fig. 9B, asterisks: reparative dentin). These observations indicate 
that enhanced PTH1R expression and CREB (Ser133) phosphorylation 
following odontoblast death occurred not only via the Cre/LoxP-based 
strategy but also in response to physical hard tissue defects. We 
further analyzed whether the physical damage-induced reparative 
dentin formation is accelerated by PTH treatment. Mice were subjected 
to pulp-exposed dentin damage, and intermittently injected with PTH 

(1–34) (80 μg/kg/12 h) (Fig. S1D). Although there was no significant 
difference, the reparative dentin formation tended to increase with PTH 
treatment (Fig. 9, C and D). Therefore, we suggest that the PTH1R- 
mediated signaling cascade may positively regulate reparative dentin 
formation. 

4. Discussion 

The immature odontoblast population is believed to contribute to the 
formation of reparative dentin that will replenish the depleted odonto
blasts as a result of severe dental tissue damage; however, this regen
erative process is still unclear. Targeted cell depletion approaches using 
genetically modified mice provide a method to understand the in vivo 
events related to tissue environment modifications, specifically those 
caused by cell death. Our comprehensive analyses revealed that pulp 
regeneration could be triggered by odontoblast death without physical 
dental tissue damage. In response to odontoblast depression, CZ- 
localized Nes-GFP+ and Nes-GFP− cells differentiated into 
odontoblast-like cells with cell-cycle progression and contributed to 
reparative dentin formation. During this process, pulpal PTH1R 
expression was increased, and its ligand stimulation accelerated repar
ative dentin formation (Fig. 10). Furthermore, these data shed light on 
an unknown regulatory mechanism of dental tissue regeneration medi
ated by CZ-localized cells. 

Our data indicated that odontoblast-like cells were generated from 
dental pulp cells localized in the CZ in response to odontoblast deple
tion. The CZ has been considered as a reservoir of odontoblast precursors 
because it is localized adjacent to the odontoblast layer in the dental 
pulp tissue. However, the mechanistic details of the differentiation of 
cells in the CZ into odontoblast-like cells remain unclear. Reportedly, the 
CZ can be detected through CD90 expression in the rat dental pulp tis
sue, and a higher calcification activity has been observed in the FACS- 
sorted CD90+ pulp population than in the CD90− pulp population, 
both in vitro and in vivo [20]. This suggests that the committed odon
toblast precursors are localized in the CZ. Moreover, when the rat dental 
pulp hard tissue was removed and subcutaneously transplanted, calci
fication was first observed in the pulp cells localized in the CZ [49]. Of 
note, in the transplanted pulp tissue, the pre-existing odontoblasts were 
depleted as a result of physical damage. Therefore, consistent with our 
data, the formation of odontoblast-like cells may have been triggered by 
odontoblast depletion. These findings suggest that odontoblasts may 
function as suppressors of the odontoblastogenesis mediated by odon
toblast precursors localized in the CZ; however, further studies 
demonstrating this hypothesis are warranted. 

EdU administration demonstrated that Nes-GFP-positive and Nes- 
GFP-negative cells in the CZ proliferate and differentiate into 
odontoblast-like cells (Fig. 3). In agreement with previous studies, our 
data confirmed that Nes-GFP expression decreased through odontoblast 
differentiation [22] (Fig. 3A). Further, with respect to odontoblasto
genesis, the Nes-GFP− cells may represent a more mature subpopulation 
than Nes-GFP+ cells in the CZ. Combinations with other reporter murine 
models that enable monitoring odontoblastogenesis using fluorescence 

Fig. 4. Regenerative odontoblast-like cells induce reparative dentin formation. 
A. Confocal images (Z stack) of calcein-labeled thick maxillary first molar (MFM) sections from wild-type mice at indicated stages injected twice with calcein. The 
second injection was administered 4 days after the first one. Experimental time-course is shown in Fig. S1A. Arrows: calcein double-labeled dentin; arrowheads: 
calcein single-labeled dentin. Scale bar = 200 μm. n = 3. B–H. Col1(2.3)-Cre; iDTR and iDTR (control) mice (both 12–19 weeks old) were treated with diphtheria 
toxin (DT) (250 ng/day) for 1 week. (B) Confocal images (Z stack) of thick MFM sections labeled with calcein twice at 3 and 6 days after the final DT injection and 
analyzed 1 day later. Experimental time-course is shown in Fig. S1B. Arrows: calcein double-labeled dentin. Scale bar = 200 μm. The right panel represents a 
magnified view of the boxed area. Scale bar = 50 μm. Control: n = 3, Col1(2.3)-Cre; iDTR: n = 3. (C–G) Microcomputed tomography (μ-CT) was used to visualize hard 
tissue and pulp tissue areas (C), and pulp tissue volume (E: heat map indicates the pulp volume) was analyzed 42 days after the final DT injection. Scale bar = 200 
μm. Quantification of hard tissue volume (D), pulp volume (F), and hard tissue ratio in the molars (G) was performed. Control: n = 5 (9 MFMs), Col1(2.3)-Cre; iDTR: 
n = 4 (6 MFMs). Two-tailed Student's t-test (D), two-tailed Mann-Whitney U test (F), and two-tailed Welch's t-test (G). (H) Hematoxylin and eosin (HE) staining 
images showed the area of reparative dentin in MFM sections at the indicated time points after the final DT injection. Scale bar = 50 μm. Control: n = 3, Col1(2.3)- 
Cre; iDTR (day 21–70): n = 4. Arrows: reparative dentin. Nuclei were visualized using TO-PRO-3. P: pulp, D: dentin, Ab: alveolar bone, Ctrl: control. **p < 0.01, ***p 
< 0.001. Data are represented as mean ± standard deviation (SD). 
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markers besides GFP, such as DSPP-cerulean, may help address this 
distinction [50]. 

Previous histological time-course analyses have shown that the 
odontoblast-like cells differentiated from CZ-localized pulp cells in 
response to pulp-unexposed mild dental tissue damages, which deplete 
odontoblasts without causing unrelated pulp cell damage [19]. This 
report suggests that when the CZ-localized odontoblast precursor pool is 
undamaged, it provides sufficient odontoblast-like cells to replenish the 
depleted odontoblast population, and subsequently, CZ-localized 

odontoblast precursors are replenished by DPSCs. When severe tissue 
damage depletes not only the odontoblasts but also the CZ-localized 
pulp cells, lineage contribution of DPSCs might be more prominent 
than that in the odontoblast depletion mouse model. Targeted cell 
depletion of Nes+ pulp cells in the CZ, as well as odontoblasts, using the 
Nes-CreERT2; iDTR mouse model might help demonstrate this hypothesis 
[24]. 

It has been suggested that the Wnt signaling cascades positively 
regulate reparative dentin formation in mouse models of molar tooth 
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damage [14,51]. However, our RNA-seq data showed that the expres
sion of Wnt-related molecules was not increased in odontoblast-depleted 
dentin tissue (data not shown). In addition, we did not observe contri
bution of DPSCs to odontoblast depletion-induced reparative dentin 

formation in our experimental time course (Fig. 3). These results may 
indicate that Wnt signal activation is only required for DPSC-dependent 
lineage differentiation in the regenerative pulp tissue. 

The expression of PTH1R was increased in the odontoblast-depleted 

Fig. 6. Odontoblast death increases PTH1R levels in the pulp tissue. 
A and B. Immunostaining for type I parathyroid hormone receptor (PTH1R)+ cells using an anti-PTH1R antibody in the maxillary first molar (MFM) sections from 
postnatal day 7 (A) and 8-week-old (B) wild-type mice. (A) Black arrows: PTH1R+ dental follicle cells; asterisks: PTH1R+ dental pulp cells; black arrowheads: 
PTH1R+ odontoblasts. Left panels show images stained with control rabbit IgG. Scale bar = 300 μm. Numbered panels represent magnified views of boxed areas. 
Scale bar = 50 μm. n = 3. (B) Blue arrowheads: PTH1R+ PDL cells. Scale bar = 100 μm. Numbered panels represent magnified views of boxed areas. Scale bar = 50 
μm. n = 3. C–F. Col1(2.3)-Cre; iDTR and iDTR (control) mice (both 12–16 weeks old) were administered diphtheria toxin (DT) (250 ng/day) for 1 week and analyzed 
at the indicated time points after the final DT injection. (C) Images of PTH1R+ cells in MFM sections. Arrows: PTH1R+ odontoblast-like cells, asterisks: PTH1R+

dental pulp cells. Scale bar = 100 μm. Lower panels represent magnified views of the boxed areas. Scale bar = 50 μm. Control: n = 3, Col1(2.3)-Cre; iDTR (day 1): n =
3, (day 7): n = 3, (day 21): n = 3. (D) Real-time PCR for Pth1r expression in the MFMs. Control: n = 10 (10 MFMs), Col1(2.3)-Cre; iDTR (day 1): n = 3 (6 MFMs), (day 
7): n = 4 (6 MFMs), (day 21): n = 3 (6 MFMs). One-way analysis of variance (ANOVA) followed by Tukey's test. (E and F) Pth1r+ cells detected using in situ hy
bridization in maxillary first molar sections (E), and their quantification (F: 1.4 × 105 μm2 of a single pulp horn). Scale bar = 50 μm. Arrows: Pth1r+ cells. The right 
panel is a magnified view of the boxed area. Scale bar = 10 μm. Control: n = 3, Col1(2.3)-Cre; iDTR: n = 3. Two-tailed Mann-Whitney U test. P: pulp, D: dentin, PDL: 
periodontal ligament, Ab: alveolar bone, Ctrl: control. *p < 0.05, **p < 0.01. Data are represented as mean ± standard deviation (SD). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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dental pulp, suggesting that an unknown mediator may regulate this 
phenomenon in the pulp (Fig. 6, C–F). A previous report revealed that 
glycoprotein 130 (gp130), a common IL-6 superfamily receptor subunit, 
is required for PTH1R expression in osteoblast lineages [52]. This report 
suggested that the gp130-mediated signaling cascade may be a positive 
regulator of PTH1R expression. Our RNA-seq analysis showed that the 
gp130 expression level was not changed by odontoblast depletion 
(Fig. S4); however, expression of the co-receptors of gp130, oncostatin 
M receptor (Osmr) and IL-27 receptor alpha (Il27ra), was significantly 
increased in response to odontoblast death (Fig. S4). In addition, Osmr 
was identified both with the GO terms “positive regulation of immune 
response” and “cytokine-mediated signaling pathway” (Fig. 5B, File S1), 
and in the list of acute inflammatory response-related genes used for 
GSEA (Fig. 5D, Table S5). Similarly, Il27ra was listed with the GO term 

“positive regulation of immune response” (Fig. 5B, File S1), and with the 
adaptive immune response-related genes used for GSEA (Fig. 5D, 
Table S6). These results may suggest that the immunological events are 
related to the up-regulation of PTH1R in response to odontoblast death. 
When it comes to another regulatory mechanism, PTH1R expression in 
the bone tissue has been reported to be suppressed by 1,25-dihydroxyvi
tamin D3 through the regulation of promoter activity localized in the 5′

untranslated region of exon 3 [53]. This report suggests the possibility 
that the suppression of the PTH1R pathway is cancelled by the 
odontoblast-depleted pulp environment; however, further studies are 
needed to elucidate it. 

It has been suggested that PTHrP is not expressed in dental pulp (29), 
and our data demonstrated that the Pthrp expression level is not 
increased in the odontoblast-depleted pulp tissue. However, PTHrP may 
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= 3 (6 MFMs). One-way analysis of variance (ANOVA) followed by Tukey's test. (B and C) One day after the final DT injection, parathyroid hormone (PTH) (1–34) 
(80 μg/kg/12 h) or vehicle (0.1% BSA) was injected for 16 days with calcein labeling on days 11 and 16, and the dentin tissue was used for imaging analysis 1 day 
after the final calcein injection. Experimental time-course is shown in Fig. S1C. Confocal images (Z stack) of calcein-labeled thick MFM sections (B), Scale bar = 50 
μm, and quantification of mineral apposition rate (MAR) (C). Bidirectional arrows: distance between calcein-labeled dentin. Right panels represent the magnified 
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Confocal images (Z stack) (D) and quantification [E: percentage of Col1(2.3)-GFP+ surfaces per dentin surface above the pulp floor] of Col1(2.3)-GFP+ cells in thick 
MFM sections. Scale bar = 200 μm. Lower panels represent magnified views of the boxed areas. Scale bar = 50 μm. BSA: n = 4, PTH: n = 5. Two-tailed Student's t-test. 
Nuclei were visualized using Hoechst (B) or TO-PRO-3 (D). P: pulp, D: dentin, Ctrl: control, BSA: bovine serum albumin. *p < 0.05. Data are represented as mean ±
standard deviation (SD). 
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stimulate PTH1R in the odontoblast-depleted pulp through paracrine 
action and induce reparative dentin formation. PTH1R- or PTHrP- 
conditional deletion experiments using Pth1r-floxed [54] or Pthrp- 
floxed [55] mice are needed to address this question. Alternatively, this 
question may be addressed by comparing the dentin calcification ac
tivity in organ cultures of odontoblast-depleted molars with and without 
surrounding dental tissue. 

Our data showed that PTH1R expression increased in the dental pulp 
cells as well as in odontoblast-like cells in odontoblast-depleted molars, 
suggesting that PTH (1–34) may affect both types of cells (Fig. 6C); 
however, PTH (1–34) accelerated the reparative dentin formation, but 
not the odontoblast differentiation in odontoblast-depleted molars 
(Fig. 8, B–E). Regarding bone formation, previous studies have shown 
that PTH (1–34) treatment induced differentiation of BM-MSPC into 
osteoblasts, ultimately resulting in increased bone volume [28,48]. 
These results indicate that the mechanistic regulation of the formation of 
PTH-induced hard tissues is different between dentin and bone tissues. 

Additionally, increased levels of PTH1R and its downstream signaling 
molecules—pCREB (Ser133)—were observed in the pulp-exposed 
mouse molars with prepared cavities and PTH (1–34) treatment ten
ded to increase reparative dentin formation (Fig. 9). These data suggest 
that the PTH signaling cascade may contribute to reparative dentin 
formation after cavity preparation in the dentin tissue. We attempted to 
confirm the significance of CREB activation for odontoblast death- 
induced reparative dentin formation using the CREB inhibitor, 666-15 
[56]. However, the activated pulpal CREB in the odontoblast-depleted 
pulp tissue was not suppressed by a nonlethal dose of 666-15 (data 
not shown). In the future, additional studies will be carried out to clarify 
whether CREB activation is indispensable for reparative dentin forma
tion after odontoblast death. Moreover, future investigations are 
required to characterize how odontoblast death shapes the dental pulp 
niche and uncover the underlying network of regulatory mechanisms. 
Such an approach will enable the clinical applications of PTH (1–34) for 
dental treatment. 
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Fig. 9. Levels of PTH1R and pCREB (Ser133) increased in the physically damaged pulp. 
A and B. Images of type I parathyroid hormone receptor (PTH1R)+ and cyclic AMP response element-binding protein (pCREB) (Ser133)+ cells in maxillary first molar 
(MFM) sections 2 (A) and 4 (B) weeks after cavity preparation in 6–12-week-old wild-type mice. Scale bar = 50 μm. Black arrows: PTH1R+ dental pulp cells, black 
arrowheads: PTH1R+ odontoblast-like cells, red arrows: pCREB (Ser133)+ dental pulp cells; red arrowheads: pCREB (Ser133)+ odontoblast-like cells; asterisks: 
reparative dentin. Lower panels represent magnified views of the boxed areas. Scale bar = 20 μm. n = 3. C and D. After cavity preparation in 12–15-week-old wild- 
type mice, PTH (1–34) (80 μg/kg/12 h) or vehicle (0.1% BSA) was administered for 12 days, and calcein was administered on days 2 and 12 during the course of PTH 
treatment; mice were analyzed 1 day after the final calcein injection. Experimental time-course is shown in Fig. S1D. Confocal images (Z stack) of calcein-labeled 
thick MFM sections (C), Scale bar = 50 μm, and quantification of mineral apposition rate (MAR) (D). Bidirectional arrows: distance between calcein-labeled dentin. 
BSA: n = 6, PTH: n = 6. Two-tailed Student's t-test. Nuclei were visualized using TO-PRO-3. P: pulp, D: dentin, BSA: bovine serum albumin. Data are represented as 
mean ± standard deviation (SD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5. Conclusion 

In conclusion, while our study demonstrates that the activation of the 
PTH1R signaling cascade positively regulates reparative dentin forma
tion, the mediators of the upregulation of PTH1R in response to Cre/ 
LoxP-mediated odontoblast death or physical pulp-exposed dentin 
damage remain to be elucidated. Furthermore, it is still unclear whether 
the upregulation of PTH1R is also induced in damaged dental pulp tissue 
in humans. In addition, it is necessary to evaluate the age or sex dif
ferences in the regeneration of dental tissues. Regardless, our data 
provide evidence of reparative dentin tissue formation—mediated by 
CZ-localized cells—in Cre/LoxP-induced odontoblast depletion as well 
as physical pulp-exposed hard tissue damage. 
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