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ABSTRACT 

Objectives: Shortening the root of a mouse molar prior to tooth replantation results in 

early revascularization in the pulp cavity and activation of the dental pulp quiescent 

stem cells. This study aimed to elucidate the effects of perforating the floor of the pulp 

chamber on pulpal healing after tooth replantation in order to determine whether this 

strategy is a valid methodology to promote early revascularization into the pulp. 

Methods: The maxillary first molars of three-week-old Crlj:CD1 mice were extracted 

and repositioned into the original socket: the left teeth were immediately replanted 

(control group: CG), whereas the floor of the pulp chamber of the right teeth was 

perforated with a tungsten carbide bur before tooth replantation (experimental group: 

EG). The samples were collected from three days to eight weeks after the operation. In 

addition to the TUNEL assay, immunohistochemistry for Nestin, CK14, and Ki-67 was 

conducted.  

Results: Early revascularization occurred with the decrease of apoptosis and an increase 

in cell proliferation to facilitate the pulpal healing in the EG compared with the CG. The 

rate of Nestin-positive perimeter in the distal root significantly increased on days 5 and 

14 as well as Nestin-positive hard tissue on day 14. On day 7, the number of epithelial 

cell rests of Malassez in the EG significantly decreased, making the EG susceptible to 
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ankylosis at the floor.  

Conclusions: Intentionally perforating the floor of the pulp chamber provides a route 

via the floor for early revascularization, resulting in the better pulpal healing after tooth 

replantation.  
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1. Introduction 

Incomplete or complete dislocation of teeth frequently occurs following trauma. 

Permanent teeth suffer from avulsion at an approximate rate of 0.5%–3% among trauma 

cases in clinical dentistry, and tooth replantation is the first choice for treatment [1]. The 

complications associated with tooth replantation include pulp necrosis and obliteration, 

arrested or incomplete root formation, replacement resorption, internal root resorption, 

loss of attached gingiva, and tooth loss [2-4]. Pulpal healing patterns have a significant 

impact on the prognosis of replanted teeth [5, 6]. Inducing early dentin formation in the 

pulp cavity is essential for the optimal healing process of roots or periodontal tissue 

after tooth replantation, since the replanted teeth, in which the pulp cavity is replaced 

with bone, easily suffer root resorption and ankylosis [7]. The root development of 

replanted teeth, or the size of apical foramina, has a greater impact on pulpal healing [8-

10]. Pulpal healing of the replanted tooth is expected if the roots are immature, whereas 

pulpectomy after or during operation is generally inevitable in the case of replanted 

teeth with matured roots that fail to establish revascularization [9, 10]. Previous animal 

investigations have shown that transplanting teeth with incomplete roots enhances 

pulpal healing [11], as well as expanding the apical foramina by apicoectomy of 

permanent teeth prior to replantation [12]. Transient root apical resorption may occur in 
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the pulpal healing process after tooth replantation of avulsed mature teeth [13]. Thus, 

the maintenance of a sufficient route for revascularization is an essential factor for 

pulpal healing. 

 The source of cells engaged in pulpal repair after tooth injuries is the dental 

pulp stem and progenitor cells. Previous research has identified two types of stem cells: 

active and quiescent stem cells [14]. The prenatal labeling method has been established 

to label dental pulp quiescent stem cells with prenatal administration of 5-bromo-2-

deoxyuridine in the wild-type mice or doxycycline in TetOP–histone 2B (H2B)–green 

fluorescent protein (GFP) mice, using their characteristics of asymmetric cell division 

[15-19]. A combination of in vivo and in vitro animal models for tooth injury and a 

pulse-chase paradigm with prenatal labeling techniques have shown that label-retaining 

cells [LRCs] (putative quiescent stem and progenitor cells) localize to the 

subodontoblastic layer (SOBL) and the perivascular niche of central pulp tissue and 

differentiate into odontoblast-like cells (OBLCs) after exogenous stimuli [6, 17, 19-24]. 

 At least two types of pulpal healing patterns occur after tooth replantation: 

dentin and bone tissue formation. Maintaining quiescent stem and progenitor cells is 

probably a critical factor in inducing OBLC differentiation [20]. Intentional resection of 

the root before tooth replantation is effective in revascularization in the pulp cavity and 
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promotion of pulpal healing, suggesting that normoxia apart from hypoxia in the pulp 

cavity after tooth replantation is a prerequisite for activation of dental pulp quiescent 

stem cells [25]. However, stem cells from apical papilla (SCAP) [26] are present in the 

apical papilla, and resecting the root leads to the loss of SCAP, despite early 

revascularization. SCAP have the ability to differentiate into OBLCs [26] and have a 

significantly higher proliferative activity and mineralization capability after 

differentiation than dental pulp stem cells (DPSCs) [27]. Thus, losing SCAP as cell 

resources associated with pulpal healing may have a negative impact on the long-term 

prognosis of the replanted teeth. This study aimed to examine the hypothesis that 

intentionally perforating the floor of the pulp chamber before tooth replantation 

promotes early revascularization of the pulp cavity of the replanted tooth and 

consequently contributes to accelerate pulpal healing. Nestin and Ki-67 antibodies were 

used to identify the odontoblast/OBLC differentiation and proliferating cells, 

respectively. Because the epithelial cell rests of Malassez (ERM) have been suggested 

to be involved in the maintenance of the periodontal space [28], CK14 antibody was 

used to evaluate the extent of damage to the ERM caused by perforation at the floor of 

the pulp chamber. This new method could be expected to preserve the root length and 

presence of the SCAPs and contribute to improving the pulpal healing of injured teeth. 
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2. Materials and methods 

2.1. Animals 

Male Crlj:CD1 (ICR) mice (three weeks old) (Charles River Laboratories Japan, 

Yokohama, Japan) were used. The animals were maintained in a specific pathogen-free, 

temperature-controlled environment with free access to food and water. All animal 

experiments were conducted in compliance with ARRIVE guidelines and a protocol that 

was reviewed by the Institutional Animal Care and Use Committee and approved by the 

President of Niigata University (Approval number: SA00784). 

 

2.2. Tooth replantation 

Under deep anesthesia with a mixed solution (0.05–0.1 mL/10 g) of Domitor® (1.875 

mL: Nippon Zenyaku Kogyo Co, Ltd, Koriyama, Japan), midazolam (2 mL: Sandoz 

KK, Tokyo, Japan), Vetorphale® (2.5 mL: Meiji Seika Pharma Co, Ltd, Tokyo, Japan), 

and physiological saline (18.625 mL), both the right and left maxillary first molars (M1) 

of ICR mice were extracted (Nakakura-Ohshima et al., 2021). The left teeth were 

immediately replanted (control group: CG), whereas the floor of the pulp chamber of 

the right teeth was perforated with a tungsten carbide bur (diameter = 0.5 mm) before 

tooth replantation (experimental group: EG). The size of the perforation area was 
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measured in the sections of the EG at days three and five after operation using Image J 

software (Image J 1.53k, National Institutes of Health [NIH], Bethesda, MD). The 

average diameter of the perforation was 178 ± 98 m.  

 

2.3. Tissue preparation 

Materials were collected from 31 animals (Fig. 1). The detailed procedure was 

described in the previous study [29]. The animals were perfused with 4% 

paraformaldehyde in a 0.1 M phosphate buffer (pH 7.4) under deep anesthesia. 

Following decalcification in a 10% EDTA-2Na solution, the specimens were 

dehydrated, embedded in paraffin, and cut sagittally into 4 m sections. The sections 

were processed for hematoxylin and eosin staining and immunohistochemistry. 

 

2.4. Immunohistochemical analysis 

Immunohistochemistry for Nestin and Ki-67 was described elsewhere [29]. For CK14, 

anti- CK14(mouse monoclonal, #ab7800, Abcam plc, Cambridge, UK;1:50 dilution) 

was used. Apoptosis was quantified by terminal deoxynucleotidyl transferase-mediated 

dUTP nick end labeling (TUNEL) with the ApopTag Peroxidase In Situ Apoptosis 

Detection Kit (Merk Millipore, Billerica, MA, USA). 
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2.5. Micro-focus computed tomography (CT) imaging 

The CT imaging was performed for samples on week four and eight using the 

ScanXmate-D100SS270 (Comscantecno Co. Ltd., Yokohama, Japan). The CT settings 

were as follows: slice thickness, 12.68 m; magnification, ×20.04; voltage, 80 kV; and 

electrical current, 58 A. The maxillae were reconstructed using a software program 

(TRI/3D Bon, Ratoc System Engineering, Tokyo, Japan) to evaluate the three-

dimensionally reconstructed views of the maxillae including the M1. 

 

2.6. Statistical analysis 

The rate of Nestin-positive perimeter on the pulp-dentin border in the mesial and distal 

pulps was measured in sections immunohistochemically stained for Nestin using the 

WinROOF image processing software (Mitani Corp., Tokyo, Japan) and Image J 

software (Image J 1.53k, NIH). The rate of hard tissue formation was measured in 

sections immunohistochemically stained for Nestin using the WinROOF image 

processing software (Mitani Corp.) and Image J software (Image J 1.53k, NIH). The 

number of ERM was calculated in sections immunohistochemically stained for CK14 

using Image J software (Image J 1.53k, NIH), excluding areas with ankylosis. Apoptosis 

was quantified, and the rate of Ki-67- and TUNEL-positive cells was calculated 



11 

 

according to the previous study [25]. A picture was taken using the same grid and 

magnification (2.1 × 104 µm2). The rate of Ki-67-positive cells in the picture was 

calculated using a computerized image analysis system, Patholoscope ver.1.2.1 (Mitani 

Corp.). In the case of the root area, two pictures were taken for each of the mesial and 

distal root pulp in the sagittal section of each sample. The rate of Nestin-positive 

perimeter and Ki-67/TUNEL-positive cells and the number of ERM/3.0x105 m2 of 

periodontal ligament among different stages after tooth replantation was compared 

using one-way analysis of variance followed by the Bonferroni test for multiple 

comparisons and the rates and number between different groups were compared using 

two-tailed Student’s t-test with statistical software after the confirmation of data 

normality and homogeneity of variance (SPSS 16.0J for Windows; SPSS Japan, Tokyo, 

Japan). The samples showing no normal distribution were compared by Kruskal Wallis 

test followed by the Bonferroni test for multiple comparisons for more than three groups 

or Mann Whitney U test for two groups.  

 

Results 

3.1 Chronological changes in the Nestin expression in the replanted teeth 

In the untreated tooth, differentiated odontoblasts showed Nestin-positive reactions 
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throughout the dental pulp (Fig. 2). Three days after tooth replantation, Nestin 

expression was observed in the survived odontoblasts or newly differentiated OBLCs 

beneath the root pulp of the CG and EG, although the expression pattern was variable 

depending on the samples. Nestin-positive OBLCs were not found in the coronal pulp 

(Fig. 3a–f). On day 5, the revascularization did not reach the coronal pulp, and the 

Nestin immunoreaction was limited to the root pulp of the CG (Fig. 3g–i). In contrast, 

the revascularization was almost completed in the coronal pulp where Nestin-positive 

newly differentiated OBLCs appeared in the EG (Fig. 3j–l). On day 7, the 

revascularization was almost completed in the coronal pulp of both the CG and EG (Fig. 

3m–q). In the CG, the coronal pulp lacked Nestin-positive OBLCs, although Nestin-

positive filamentous structures appeared in the matrix (Fig. 3n, o). In the EG, Nestin-

positive OBLCs were observed in the coronal and root pulps, although ankylosis 

appeared in the pulp floor (Fig. 3p, r). On day 14, Nestin-positive newly differentiated 

OBLCs were arranged along the pulp-dentin border of the coronal and root pulps of 

both the CG and EG (Fig. 4a–f). The part of the coronal pulp of the CG lacked Nestin-

positive reaction, and the pulp floor suffered from ankylosis in the EG. The coronal and 

root pulps of the EG contained thick, reparative dentin (Fig. 4d–f). In the CG, Nestin-

negative bone-like tissue was induced in the coronal pulp due to the degeneration of 
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pulp cells including odontoblasts (Fig. 4a–c). The rate of Nestin-positive perimeter of 

the EG tended to be higher than that of the CG, and the EG showed significant increases 

in the rate of Nestin-positive perimeter in the distal root compared with the CG on days 

5 and 14 (Fig. 4g, h). The amount of the Nestin-positive tertiary dentin in the EG was 

significantly larger than that in the CG. Whereas the Nestin-negative bone-like tissue 

increased in amount in the CG compared with that in the EG (Fig. 4i). 

 

3.2 A cell proliferation assay 

The timing of active cell proliferation in the EG tended to be sooner than that in the CG, 

and the peak of cell proliferation in the EG tended to be higher than that in the CG, 

according to Ki-67 immunostaining in the coronal and root pulps. In the EG, the rate of 

Ki-67 positive cells of the mesial coronal and root pulps showed peak on day 3 and 

progressively decreased according to the progress of pulpal healing. In contrast, cell 

proliferation of the mesial coronal and root pulps reached its peak on day 5 or 7 in the 

CG (Fig. 5a, c). A significant difference was observed between the EG and CG on day 3 

in the mesial root pulp (Fig. 5c). In the EG, the rate of Ki-67 positive cells of the distal 

coronal and root pulps showed a peak on day 5 and progressively decreased according 

to the progress of pulpal healing (Fig. 5b, d). Significant differences between EG and 
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CG were observed on day 5, in the distal coronal and root pulps (Fig. 5b, d). 

  

3.3 TUNEL assay 

In the coronal and root pulps on days 3 and 5, the rate of TUNEL-positive cells in the 

EG tended to be lower than that in the CG. In both groups, the rate of TUNEL-positive 

cells tended to decrease progressively after its peak on days 3 or 5. In the mesial coronal 

pulp on day 3 and the distal root pulp on day 5, the rate of TUNEL-positive cells in the 

EG was substantially lower than in the CG (Fig. 5e–h). 

 

3.4 Morphological changes in long-term cases 

In the EG, thick tertiary dentin was observed throughout the pulp cavity where Nestin-

positive newly differentiated OBLCs were arranged along the pulp-dentin border except 

for the perforation site on week four (Fig. 6d, e). In contrast, in the CG, bone-like tissue 

lacking Nestin immunoreaction occurred in the coronal pulp, and Nestin-positive newly 

differentiated OBLCs were recognizable in the root pulp and part of the coronal pulp 

(Fig. 6a, b). The pulp floor of the EG suffered from ankylosis in week four (Fig. 6d, f). 

In week eight, Nestin-positive tertiary dentin formation was observed in the coronal and 

root pulps except for the perforation site in the EG. Although ankylosis was not found in 
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this sample, bone-like tissue development blocked the pulp chamber around the 

puncture site in the EG (Fig. 6j–l). In contrast, the coronal pulp was replaced by bone-

like tissue and occluded, and part of the root was absorbed in the CG (Fig. 6g–i). The 

number of ERM in the EG tended to be lower than that in the CG, and that in the EG 

was significantly lower than that in the CG on day 7 (Fig. 6m). 

 

4. Discussion 

4.1. Intentional perforation elicits the early revascularization and the activation of 

dental pulp stem and progenitor cells 

This study demonstrated that intentionally perforating the floor of the pulp chamber 

accelerated the early revascularization after tooth replantation and promoted the 

differentiation of Nestin-positive OBLCs to form tertiary dentin. The extent of their 

damage depends on the time that it takes for the establishment of revascularization in 

the pulp cavity, and the intentionally prolonged time for the completion of tooth 

replantation worsens the survival of odontoblast-lineage cells [30]. Thus, this study 

adopted immediate tooth replantation. DPSCs in the perivascular niche of the central 

pulp and SCAP provide the cell sources that are competent for proliferating during the 

pulpal healing process after tooth replantation [17]. The progenitor cells of OBLCs 
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reside in the SOBL [31]. As the damage to pulp cells, including odontoblasts, is limited 

in the case of tooth drilling, the SOBL cells survive to quickly differentiate into OBLCs 

without proliferation [29, 32]. In contrast, the SOBL cells are extensively damaged in 

our study. In addition to odontoblasts in the case of tooth replantation, the cell sources 

competent for pulpal healing after injury depend on stem and progenitor cells around 

the perivascular niche of central pulp tissue [19] and SCAP [26], since the SOBL cells 

are extensively damaged in the case of tooth replantation. The hypoxia activates 

DPSCs, and active cell proliferation synchronizes with the restoration of blood 

circulation, and the delayed revascularization leads to the death of DPSCs [25]. On days 

5 and 14, the rate of Nestin-positive perimeter in the distal pulp in the EG was 

substantially higher than in the CG. On day 7, filamentous structures in the CG showed 

Nestin-positive reaction in the coronal pulp, which is considered a biological response 

associated with the activation of stem cells [33]. The EG had an earlier peak of active 

cell proliferation than the CG, and the EG had a greater peak of the cell proliferation 

than the CG. Furthermore, the rate of TUNEL-positive cells in the EG was lower than 

that in the CG on days 3 and 5, indicating that apoptosis in the pulp cavity after tooth 

replantation was suppressed in the EG. These results suggest that early establishment of 

revascularization via the perforation in the EG reduced the number of apoptotic cells in 
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the pulp chamber and that more progenitor and stem cells survived in the perivascular 

niche of central pulp tissue than those in the CG to actively proliferate thereafter.  

 In the EG, the arrangement of Nestin-positive OBLCs along the pulp-dentin 

border to form tertiary dentin formation was observed on day 14 after operation. A 

previous study demonstrated that the maintenance of pulp quiescent stem/progenitor 

cells is a decisive factor in inducing OBLC differentiation [7]. Thus, pulp quiescent 

stem/progenitor cells were maintained after tooth replantation in the EG. In addition, in 

the CG, the amount of tertiary dentin was significantly smaller and the bone-like tissue 

formation was significantly larger compared with those in the EG. In the CG, delayed 

revascularization, particularly in the coronal pulp far from the apical foramina, 

hampered pulpal healing, resulting in a stagnation of the inflammatory response and, as 

a result, the death of pulp stem and progenitor cells capable of differentiating into 

OBLCs, inhibiting tertiary dentin formation and inducing bone-like tissue formation. 

The amount of bone-like tissue was significantly larger in the CG, suggesting that the 

different dynamics of pulp stem and progenitor cells may occur in the EG and CG. In 

the CG, the pulp stem and progenitor cells in the perivascular niche of central pulp 

tissue are extensively degenerated, and the pulpal healing depends on SCAP at the 

apical foramina for the cell sources for OBLCs, resulting in the delayed arrival of pulp 
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stem and progenitor cells to the coronal pulp. The delayed arrival of stem and 

progenitor cells to the coronal pulp may be a decisive factor for the formation of bone-

like tissue. Because the absence of odontoblast-lineage cells including dental pulp stem 

and progenitor cells for a long time elicits the osteoblast differentiation in the CG group 

[7], the delayed arrival of SCAP into the coronal pulp may provide the circumstance 

suitable for bone-like tissue formation compared with the EG group with the presence 

of DPSCs in the perivascular niche of the central pulp. However, whether bone-like 

tissue-forming cells are derived from the inherent or no-inherent pulp cells (for 

example, bone marrow-derived cells) remains to be clarified. In the experimental model 

for tooth replantation using two-week-old mice with short roots and three-week-old 

mice with long roots, the patterns of pulpal healing differ dramatically in these two 

animals [33], suggesting that the distance between the injury site and the stem cell niche 

dramatically impacts the pulpal healing.  

 

4.2. The considerable issues in the current experimental model: induction of ankylosis 

and impact on epithelial cell rests of Malassez 

The EG suffered ankylosis after postoperative day 7. The number of ERM tended to be 

lower with a significant decrease on day 7 in the EG compared with that in the CG. 
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Experimentally reducing the ERM has been reported to induce ankylosis [28], 

suggesting that they may be involved in the maintenance of periodontal space. In this 

study, the induction of ankylosis in the EG may be attributed to a decrease in the 

number of ERM caused by perforation at the pulp chamber floor. Even in the EG, 

however, several samples did not suffer from ankylosis at the pulp floor, suggesting that 

ankylosis may be avoided by minimizing the damage to the periodontal tissue, e.g., the 

reduction in the size of the perforation. Due to the technical limitation in reducing the 

size of perforation in the experiment using mice, further experiments using larger 

animals such as rats with smaller sizes of perforation relative to the tooth size are 

needed to explore conditions to prevent ankylosis. 

 

4.3. The benefit of perforation at the pulp chamber’s floor and its clinical significance 

Compared with the experimental root resection [25], the pulp floor perforation promotes 

pulpal healing by maintaining the SCAP at the root apexes. Generally, endodontic 

treatment is necessary after replantation of avulsed teeth with mature roots since the 

survival of the pulp tissue is not expected [1]. This technique may induce 

revascularization in the pulp cavity via perforation, even in teeth with mature roots, and 

provides a putative new treatment method with regeneration of the pulp tissue in 
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avulsed teeth with mature roots. This strategy could be applied to the 

autotransplantation procedure of multirooted teeth, such as the transplantation of third 

molars to the other area, since perforating at the floor of the pulp chamber may 

contribute to success in the transplantation without pulp extraction during and after 

treatment. It is not easy to apply the concept of pulpal floor perforation to the treatment 

for avulsed teeth, because the teeth that are usually avulsed are anterior teeth, not 

multirooted molars. The clinical application of this concept requires the establishment 

and validation of an experimental model for perforating the lateral side of the root. The 

finding that accidental root fractures in the mouse model may induce early 

revascularization at the fracture site supports the usefulness of lateral root perforation. 

 

5. Conclusions 

This study demonstrated that intentionally perforating the floor of the pulp chamber 

provides a route via the floor for early revascularization, resulting in the better pulpal 

healing after tooth replantation. This new method could be expected to preserve the root 

length and presence of the SCAPs and contribute to improving the pulpal healing of 

avulsed teeth. The clinical application of this concept to the treatment of avulsed teeth 

requires the establishment and validation of an experimental model for perforating the 
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lateral side of the root. 
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Figure legends 

Fig. 1 Number of maxillae in each experiment and for statistical analysis after tooth 

replantation. IHC, immunohistochemistry. 

 

Fig. 2 Nestin immunohistochemical section of an untreated 4-week-old mouse molar. 

The b, c, and d are the higher magnified views of the boxed areas in a, b, and b, 

respectively. (a–d) Differentiated odontoblasts showed Nestin-positive reaction 

throughout the dental pulp. The coronal odontoblasts show pseudostratified features (c), 

whereas the cells at the pulp floor exhibit cuboidal shape (d). D, dentin; DP, dental 

pulp; OB, odontoblasts. Scale bars = (a) 500 m, (b) 250 m, (c, d) 50 m. 

 

Fig. 3 Hematoxylin & eosin (H&E) stained (a, d, g, j, m, p) and Nestin 

immunohistochemical sections (b, c, e, f, h, i, k, l, n, o, q, r) of the replanted teeth in the 

control group (CG) (a–c, g–i, m–o) and experimental group (EG) (d–f, j–l, p–r) 3 (a–f), 

5 (g–l), and 7 days (m–r) after tooth replantation. The insets in d, j, and p are the higher 

magnified views of the boxed areas in d, j, and p, respectively. The c, f, i, l, o, and r are 

the higher magnified views of the boxed areas in b, e, h, k, n, and q, respectively. (a–f) 
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Nestin expression is observed in the survived odontoblasts or newly differentiated 

odontoblast-like cells (OBLCs) beneath the root pulp of the CG and EG. The coronal 

pulp lacks Nestin-positive OBLCs. (g–i) Revascularization does not reach the coronal 

pulp, and the Nestin immunoreaction is limited in the root pulp. (j–l) Revascularization 

is almost completed in the coronal pulp where Nestin-positive newly differentiated 

OBLCs appear. (m–r) Revascularization is almost completed even in the coronal pulp of 

the CG. The coronal pulp lacks Nestin-positive OBLCs, and Nestin-positive 

filamentous structures appear in the matrix in the CG. Nestin-positive OBLCs are 

observed in the coronal and root pulps, although ankylosis appears in the pulp floor in 

the EG. D, dentin; DP, dental pulp; AB, alveolar bone. Scale bars = (a, b, d, e, g, h, j, k, 

m, n, p, q) 500 m, (c, f, i, l, o, r, insets) 100 m. 

 

Fig. 4 H&E stained (a, d) and Nestin immunohistochemical sections (b, c, e, f) of the 

replanted teeth in the CG (a–c) and EG (d–f) 14 days after tooth replantation (a–f) and 

the rates of Nestin-positive perimeter in the mesial (g) and distal pulps (h) during days 

3–14 and Nestin-positive/negative hard tissue formation in the pulp cavity on day 14 (i). 

The insets in a and d are the higher magnified views of the boxed areas in a and d, 

respectively. The c and f are the higher magnified views of the boxed areas in b and e, 
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respectively. (a–f) Nestin-positive newly differentiated OBLCs arrange along the pulp-

dentin border of the coronal and root pulps of both the CG and EG except for the part of 

coronal pulp of the CG and the pulp floor suffered from ankylosis in the EG. Nestin-

negative bone-like tissue is induced in the coronal pulp in the CG. The coronal and root 

pulps of the EG contain thick reparative dentin. (g, h) The rate of Nestin-positive 

perimeter of the EG tends to be higher than that of the CG, and the EG shows 

significant increases in the rate of Nestin-positive perimeter in the distal root compared 

with the CG on days 5 and 14. (i) The amount of the Nestin-positive tertiary dentin in 

the EG is significantly larger than that in the CG, whereas the Nestin-negative bone-like 

tissue increases in amount in the CG compared with that in the EG. D, dentin; DP, 

dental pulp; AB, alveolar bone, TD; tertiary dentin, B; bone-like tissue. Scale bars = (a, 

b, d, e) 500 m, (c, insets) 100 m, (f) 50 m. 

 

Fig. 5 The rates of Ki-67- (a–d) and TUNEL-positive cells (e–h) in the mesial (a, c, e, 

g) and distal (b, d, f, h) coronal (a, b, e, f) and root pulps (c, d, g, h) during days 3–14. 

(a–d) The timing of active cell proliferation in the EG tends to occur earlier than that in 

the CG, and the peak of the cell proliferation in the EG tends to be higher than that in 

the CG. The rate of positive cells of the mesial coronal and root pulps shows the peak 
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on day 3 and progressively decreases according to the progress of pulpal healing in the 

EG. Cell proliferation of the mesial coronal and root pulps reaches the peak on day 5 or 

7 in the CG. A significant difference is observed between the EG and CG on day 3 in 

the mesial root pulp. The rate of positive cells of the distal coronal and root pulps shows 

the peak on day 5 and progressively decreases according to the progress of pulpal 

healing in the EG. Significant differences between EG and CG are observed on day 5 in 

the distal coronal and root pulps. (e–h) In the coronal and root pulps on days 3 and 5, 

the rate of positive cells in the EG tends to be lower than that in the CG. the rate of 

TUNEL-positive cells tends to decrease progressively after its peak on days 3 or 5 in 

both groups. The rate of positive cells in the EG is significantly lower than that in the 

CG in the mesial coronal pulp on day 3 and the distal root pulp on day 5. 

 

Fig. 6 H&E stained (a, d, g, j) and Nestin immunohistochemical sections (b, e, h, k) and 

CT images (c, f, i, l) of the replanted teeth in the CG (a–c, g–i) and EG (d–f, j–l) 4 (a–

f) and 8 weeks (g–l) after tooth replantation and the number of ERM per unit area of the 

periodontal ligament during days 3–14 (m). (a–c) Bone-like tissue lacking Nestin 

immunoreaction occurs in the coronal pulp, and Nestin-positive newly differentiated 

OBLCs are recognizable in the root pulp and part of the coronal pulp. (d–f) Thick 
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tertiary dentin is observed throughout the pulp cavity where Nestin-positive newly 

differentiated OBLCs arrange along the pulp-dentin border except for the perforation 

site with ankylosis. (g–i) The coronal pulp is replaced by bone-like tissue and occludes, 

and part of the root is absorbed. (j–l) Nestin-positive tertiary dentin formation is 

observed in the coronal and root pulps. The ankylosis is not observed in this sample. 

(m) The number of ERM in the EG tends to be lower than that in the CG, and that in the 

EG is significantly lower than that in the CG on day 7. D, dentin; DP, dental pulp; AB, 

alveolar bone, TD; tertiary dentin, B; bone-like tissue. Scale bars = (a–l) 500 m, 

(insets) 50 m. 
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