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1  | INTRODUC TION

p75 neurotrophin receptor (p75NTR), a well‐conserved transmem‐
brane proneurotrophin/neurotrophin receptor, plays critical roles in 
morphogenetic processes in many embryonic and adult tissues.1,2 It 
was well reported to bind to all the neurotrophins (NTs) with low af‐
finity. NTs are a family of growth factors which include nerve growth 
factor (NGF), brain‐derived neurotrophic factor (BDNF), neurotro‐
phin‐3 (NT‐3) and neurotrophin‐4 (NT‐4). Evidence shows that 

p75NTR bonding pro‐NTs associated with sortilin could directly acti‐
vate signalling cascades regulating cell apoptosis.3 In contrast, bond‐
ing to mature NTs, the association of p75NTR to tyrosine receptor 
kinases (Trk) (another neurotrophin receptor) promotes neuronal cell 
survival.4 The role of p75NTR is not limited to the nervous system, 
however, as it may have various biological functions in non‐neuronal 
tissues during development, especially tooth morphogenesis.5,6

Various experimental observations show that the epithelial–
mesenchymal interaction triggers tooth morphogenesis during 
embryonic development. In developing tooth, the ectomesenchy‐
mal stem cells (EMSCs), originating from the cranial neural crest 
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Abstract
Objective: The aim of this study was to investigate the spatiotemporal expression 
and potential role of p75NTR in tooth morphogenesis and tissue mineralization.
Materials and methods: The dynamic morphology of the four stages (from the begin‐
ning of E12.5 d, then E13.5 d and E15.5 d, to the end of E18.5 d) was observed, and 
the expressions of p75NTR and Runx2 were traced. The ectomesenchymal stem cells 
(EMSCs) were harvested in vitro, and the biological characteristics were observed. 
Moreover, the mineralization capability of EMSCs was evaluated. The relations be‐
tween p75NTR and ALP, Col‐1 and Runx2 were investigated.
Results: The morphologic results showed that the dental lamina appeared at E12.5 d, 
the bud stage at E13.5 d, the cap stage at E15.5 d and the bell stage at E18.5 d. 
p75NTR and Runx2 showed the similar expression pattern. EMSCs from the four 
stages showed no significant difference in proliferation. But the positive rate of 
p75NTR in the E12.5 d cells was significantly lower than that in the other three stages 
(P < 0.05). Moreover, the higher positive rate of p75NTR the cells were, the stronger 
mineralization capability they showed. p75NTR was well positively correlated with 
the mineralization‐related markers ALP, Col‐1 and Runx2, which increased gradually 
with the mature of dental germs.
Conclusion: p75NTR might play an important role in the regulation of tooth morpho‐
genesis, especially dental hard tissue formation.
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(CNC), differentiate into various mesenchymal cell lines such as 
pre‐odontoblasts, dental papilla cells and dental follicle cells, sub‐
sequently giving rise to dentine, pulp, cementum and periodontal 
ligaments.7-9 And the interacted dental epithelial cells differen‐
tiate into ameloblast, forming enamel. Then, the whole tooth is 
generated. p75NTR is highly expressed in CNC cells and reported 
to be a reliable marker for EMSCs from CNC.10 Moreover, evi‐
dence showed that p75NTR is not only used to select the cells 
originating from CNC,11 but also to participate in the regulation of 
tooth morphogenesis.6,12 In our previous studies, both histological 
and molecular biological evidence suggested that p75NTR plays 
an important role in the initiation of tooth morphogenesis.13,14 
However, its definite effects and molecular mechanism are not 
clear yet. Recent studies reported that p75NTR enhanced the ex‐
pression of the mineralization‐related markers Osteric, BSP, OCN 
and promote the mineralization of mesenchymal stem cells.15,16 
There was also an adverse study by Mikami et al17 that the expres‐
sion of p75NTR in dental pulp stem cells was negatively correlated 
with that of Runx2, OSX, ALP, and BSP, implying an inhibition of 
mineralization. Taken together, results from previous studies imply 
diverse roles of p75NTR in regulation of cellular processes during 
tooth development and further studies are needed.

The available data suggest that the p75NTR plays more roles 
than it has been until recently assigned. The present study was con‐
ducted to investigate the spatiotemporal expression of p75NTR in 
the early tooth development. Furthermore, we examined the poten‐
tial effect of p75NTR in tooth morphogenesis and tissue mineral‐
ization, which would contribute to reveal the molecular mechanism 
of tooth development and promote dental tissue engineering.

2  | MATERIAL S AND METHODS

2.1 | Experimental animals

Sprague Dawley (SD) rats were provided by the Third Military 
Medical University Animal Laboratory. The presence of a vaginal 
plug is considered embryonic day 0.5 (E 0.5 d). All procedures were 
approved by the Medical Ethics Committee of the Third Military 
Medical University.

2.2 | Immunohistochemistry

The embryonic maxillofacial processes were dissected from the 
E12.5 d, E13.5 d, E15.5 d and E18.5 d rats and fixed in 4% para‐
formaldehyde. The 6‐μm sections of tissue specimens were obtained 
for haematoxylin and eosin (HE) staining and immunostaining. The 
primary antibodies were used as follows: rabbit anti‐rat monoclonal 
p75NTR (1:1500; Abcam, Cambridge, MA, USA), rabbit anti‐rat poly‐
clonal Runx2 antibody (1:1500; Abcam, Cambridge, MA, USA) and 
rabbit anti‐rat polyclonal GAPDH antibody (1:2000; Immunoway, 
Plano, TX, USA). Then, the specimens were treated with the DAB 
Detection Kit Streptavidin‐Biotin (ZSGB, Beijing, China) according to 

the manufacturer’s protocols, followed by visualization under phase 
contrast microscopy.

2.3 | Isolation and culture of EMSCs

The embryonic maxillofacial processes were dissected from the total 
20 embryos of the four rats for each development stage (E12.5 d, 
E13.5 d, E15.5 d and E18.5 d). The molar area tissue was minced and 
digested with 1% trypsin/1 mmol/L EDTA solution (Sigma, St. Louis, 
MO, USA) at 37°C for 10 minutes and neutralized with Dulbecco’s 
modified Eagle’s medium/Ham’s F12 (DMEM/F12) (Gibco, Waltham, 
MA, USA) containing 10% foetal bovine serum (FBS) (Gibco Waltham, 
MA USA). Cell suspension was filtered through a 75‐μm mesh filter 
(BD Biosciences, Franklin Lakes, NJ, USA) to remove tissue debris. 
The suspension was then centrifuged at 800 rpm for 5 minutes. The 
cell pellet was resuspended in DMEM/F12 supplemented with 10% 
FBS and antibiotics (100 μg/mL penicillin and 100 μg/mL streptomy‐
cin) and then cultured at 37°C in a 5% CO2 humidified incubator.

2.4 | CCK‐8 proliferation assay

The proliferation rate of E12.5 d, E13.5 d, E15.5 d and E18.5 d 
EMSCs was assayed by Cell Counting Kit‐8 (CCK‐8; Dojindo Kagaku 
Co., Kumamoto, Japan) according to the manufacturer’s proto‐
cols. Briefly, the cells were seeded at 2 × 103 cells/well in 96‐well 
plates (Corning Inc Shanghai, China) and then cultured overnight. 
Subsequently, the medium was replaced daily with 10% FBS DMEM/
F12. After culturing cells for 7 days, they were counted using the cell 
counting kit. Absorbance was measured using a microplate reader 
at 450 nm to determine the number of viable cells in each well. A 
well containing the medium and CCK‐ 8 solution, but without cells, 
was used as the blank control. Cell proliferation was represented as 
mean ± SD of absorbance for five wells from each group.

2.5 | Immunofluorescence staining and confocal 
laser scanning microscopy

The cells at the third passage were harvested and seeded onto cov‐
erslips overnight. Then, the specimens were fixed with 4% polyoxym‐
ethylene and incubated with rabbit anti‐rat p75NTR (1:200). To detect 
primary antibodies, goat anti‐rabbit IgG‐TRITC (for red fluorescence) 
secondary antibody was added and incubated for 30 min at room tem‐
perature. The cells were counterstained with DAPI (40,6‐diamidino‐2‐
phenylindole) (Sigma) and observed under a confocal laser scanning 
microscope (TCS SP2; Leica Microsystems, Heidelberg, Germany).

2.6 | Flow cytometry analysis

The approximately 5×105 cells of each group were harvested, and the 
cell surface markers (CD14, CD29, CD90, CD146, CD45, p75NTR) 
were tested by flow cytometry as previously described.18 Briefly, 
the cells were fixed with 4% polyoxymethylene for 30 min followed 
by incubation at 4°C overnight with primary antibodies: anti‐rat 
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p75NTR‐FITC (1:100; Abcam, Cambridge, UK), mouse anti‐rat CD14, 
CD29, CD44, CD45, CD90, CD105 and CD146 (1:100; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) according to the manufac‐
turer’s protocol. The corresponding secondary antibodies including 
anti‐mouse IgG‐FITC (1:1000) were added. Cells were then analysed 
with a FACS Calibur flow cytometer (BD Biosciences).

2.7 | ALP staining and alizarin staining

E12.5d, E13.5d, E15.5d and E18.5d EMSCs (5×104) at P3 were cul‐
tured with the osteogenic induction medium, which is 10% FBS 
α‐MEM containing 50 mg/mL ascorbic acid, 10 mmol/L b‐glycerol 
phosphate and 100 nmol/L dexamethasone. The osteogenic induc‐
tion medium was changed every three days. The capacity of differ‐
ential mineralization was assessed by ALP staining and alizarin red 
staining. Briefly, the cells were incubated with the mineralized me‐
dium for 7 days (changed every three days), washed twice by PBS 
and then fixed with 4% paraformaldehyde for 30 minutes. ALP stain‐
ing kit (Beyotime, Shanghai, China) was exerted according to the 
manufacturer’s protocols. After 21 days of incubation in the miner‐
alized induction medium, the specimens were fixed and stained with 
alizarin red (Sangon, Shanghai, China). All cells were washed three 
times in distilled water and visualized under phase contrast micros‐
copy. Cells at the third passage were used for experiments.

2.8 | RT‐PCR assay

RT‐PCR was performed as previously described19 to investigate the 
potential role of p75NTR in EMSC mineralization. The total amount 
RNA used for RT was 1 μg, and 25 ng cDNA was used for each PCR. 
The primers were used as follows: p75NTR, ALP, Col‐1, Runx2, which 
are also detailed in Table 1.

2.9 | Western blotting assay

Cells were washed twice with ice‐cold PBS, and proteins were ex‐
tracted from the cells with ice‐cold RIPA lysis buffer (Beyotime, 
Shanghai, China). Following centrifugation at 13 400 g for 

10 minutes at 4°C, the cell debris was removed and the protein was 
obtained. The concentration was determined using a bicinchoninic 
acid (BCA) assay kit (Beyotime, Shanghai, China). Equal amounts 
of proteins were separated by 10% SDS‐polyacrylamide gel elec‐
trophoresis (SDS‐PAGE), transferred to a polyvinylidene difluoride 
membrane, blocked with 5% skim milk in 0.05 mol/L Tris‐buffered 
saline containing 0.1% Tween 20 (TBS) and probed with the follow‐
ing primary antibodies: rabbit polyclonal GAPDH antibody (1:2000; 
Immunoway, Plano, TX, USA), rabbit polyclonal Runx2 antibody 
(1:1000; Abcam), rabbit monoclonal P75NTR (1:1000; Cell Signaling, 
Danvers, MA, USA) and mouse monoclonal Col‐1 antibody (1:1500; 
Abcam Cambridge, MA, USA), respectively. GAPDH on the same 
membrane was used as a loading control. Signals were revealed after 
incubation with anti‐rabbit (1:2000) or anti‐mouse IgG secondary 
antibody (1:2000) coupled to peroxidase using ECL.

2.10 | Statistical analysis

The data for CCK‐8 proliferation, RT‐PCR and Western blotting assay 
were presented as mean ± standard deviation (SD). Statistical signifi‐
cance was assessed using Prism 5 software (GraphPad Software, San 
Diego, CA, USA). Comparisons were made using a t‐test or one‐way 
ANOVA (Tukey’s test) for experiments involving more than three 
groups. All experiments were repeated three times, and differences 
were considered significant at P < 0.05.

3  | RESULTS

3.1 | HE staining for rat tooth germs and 
immunohistochemistry staining for p75NTR and 
Runx2

HE staining shows that the rat original oral epithelium invaginated 
to form dental lamina at E12.5 d (Figure 1A). Then, the dental germs 
turned up and entered the bud stage at E13.5 d, the cap stage at E15.5 
d and the bell stage at E18.5 d (Figure 1B‐D). Immunohistochemistry 
staining shows that p75NTR immunoreactivity was little expressed 
at E12.5 d in some subjacent mesenchyme area under the oral pit 
epithelium (Figure 1E). p75NTR immunoreactivity was enhanced at 
E13.5 d, but not detected around the tooth buds (Figure 1F). At the 
cap stage, p75NTR began to express in the mesenchyme of dental 
papilla, which seemed to be that p75NTR‐positive ectomesenchymal 
cells might migrate to dental papilla from the oral pit (Figure 1G). 
At the bell stage (Figure 1H), the p75NTR expression became weak 
in dental papilla and strong in dental follicle. It is worth noting that 
p75NTR was the first highly expressed in the inner enamel epithe‐
lium. Runx2, one of the mineralization‐related markers, showed the 
similar pattern to p75NTR but weaker in immunohistochemistry 
staining. It was hardly detected at E12.5 d (Figure 1I) and became 
weakly positive in the mesenchyme around the tooth buds at E13.5 
d (Figure 1J). With the tooth germ reaching the cap stage, Runx2 was 
positive in mesenchyme area and became significantly enhanced 
under epithelial–mesenchymal interaction of the tooth germs at 

TA B L E  1  Specific primers used for RT‐PCR

Gene Primer sequences

GAPDH Forward: 5’‐ACAGCAACAGGGTGGTGGAC‐3’

Reverse: 5’‐TTTGAGGGTGCAGCGAACTT‐3’

Runx2 Forward: 5’‐CTGCCACCTCTGACTTCTGC‐3’

Reverse: 5’‐GATGAAATGCCTGGGAACTG−3’

Col I Forward: 5’‐GGTCCTTCTGGTCCTCGTG‐3’

Reverse: 5’‐TCTCCGTTCTTGCCAGGA‐3’

ALP Forward: 5’‐GGCTCTGCCGTTGTTTCTCT‐3’

Reverse: 5’‐AAGGTGCTTTGGGAATCTGC‐3’

p75NTR Forward: 5’‐GAGGGCACATACTCAGACGA‐3’

Reverse: 5′‐CTCTTCGCATTCAGCATCAG‐3’
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E15.5 d, but not positive in the mesenchyme area under the oral pit 
epithelium (Figure 1K). At the bell stage of E18.5 d, Runx2 was posi‐
tive in the inner enamel epithelium and dental follicle area but little 
in the dental papilla (Figure 1L).

3.2 | The in vitro culture and proliferation 
comparison of EMSCs from the four tooth 
development stages

The primary EMSCs of E12.5 d, E13.5 d, E15.5 d and E18.5 d were 
isolated and cultured, respectively, in vitro. All of them exhibited a fi‐
broblast‐like morphology, and no difference was observed between 

the cells from different tooth development stages (Figure 2A‐D). The 
results of CCK‐8 assay showed that the higher proliferation capacity 
the cells were of, the earlier stages they were from (Figure 2E). But 
there was also no significant difference (P > 0.05).

3.3 | The cell phenotype analysis to 
determine the origin of EMSCs

The confocal laser scanning microscopy assay showed that p75NTR 
was detected at different levels in the cells from the four tooth de‐
velopment stages (Figure 3). p75NTR was weakly expressed in the 
cells of E12.5 d, whereas it was significantly enhanced in the cells of 

F I G U R E  1  The results of HE staining (A‐D) and immunohistochemistry staining (E‐L). The rat original oral epithelium(ep) invaginated to 
form dental lamina at E12.5 d (A). The dental germs turned up and entered the bud stage at E13.5 d, the cap stage at E15.5 d and the bell 
stage at E18.5 d (B‐D). p75NTR immunoreactivity was little expressed at E12.5 d in some subjacent mesenchyme area under the oral pit 
epithelium (E). p75NTR immunoreactivity was enhanced at E13.5 d, but not detected around the tooth buds(tb) (F). At the cap stage, p75NTR 
began to express in the mesenchyme(me) of dental papilla(dp), liking that p75NTR‐positive ectomesenchymal cells migrate to dental papilla 
from the oral pit (G). At the bell stage (H), the p75NTR expression became weak in dental papilla and strong in dental follicle(df), but firstly 
expressed in the inner enamel epithelium(iee). Runx2 was hardly detected at E12.5 d (I) and became weakly positive in the mesenchyme 
around the tooth buds at E13.5 d (J). It was positive in mesenchyme area and became significantly enhanced under epithelial–mesenchymal 
interaction of the tooth germs at E15.5 d, but not positive in the mesenchyme area under the oral pit epithelium (K). At the bell stage of E18.5 
d, Runx2 was positive in the inner enamel epithelium and dental follicle area but little in the dental papilla (L). Scale bar represents 100 μm
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E13.5 d, E15.5 d and E18.5 d. This result coincided with the follow‐
ing flow cytometry detection that the expression rates of p75NTR 
were 27.40% at E12.5 d, while 80.68% at E13.5 d, 88.66% at E15.5 
d and 90.85% (Figure 4). The expression rates of the mesenchymal 
stem cell surface markers CD14, CD29, CD90 and CD146 were, re‐
spectively, 88.27%, 95.31%, 91.00% and 89.51% in the EMSCs of 
E12.5 d; 86.14%, 97.56%, 97.21% and 98.46% in the EMSCs of E13.5 
d; 97.02%, 93.74%, 95.58% and 95.03% in the EMSCs of E15.5 d; 
and 93.43%, 93.15%, 95.27% and 96.93% in the EMSCs of E15.5 
d. In contrast, the hemopoietic stem cell surface marker CD45 was 
little expressed in the cells of the four tooth development stages. 
The results of cell phenotype analysis confirmed that the EMSCs 
isolated in this paper were characteristic of neural crest origin and 

mesenchymal stem cells. Moreover, the expression rate of p75NTR 
dramatically increased when the tooth morphogenesis was triggered, 
implying a potential role of p75NTR in the early tooth development.

3.4 | Comparing the mineralization 
capability of EMSCs

Alkaline phosphatase staining showed that the colour of EMSCs gradu‐
ally becomes deeper with the increase in development days (Figure 5). 
The colour of E18.5 d EMSCs was the deepest after a 7‐day mineral‐
ized induction. This result was confirmed in the following alizarin red 
staining. There were more and bigger mineralized nodules (Figure 5) 
in the E18.5 d and E15.5 d EMSCs than that in the E13.5 d and E12.5 

F I G U R E  2   The cell culture and 
proliferation assay in vitro. All the cells 
exhibited a fibroblast‐like morphology, 
and no difference was observed 
between the cells from different 
tooth development stages (A‐D). The 
CCK‐8 assay showed that the cell 
proliferation capacity decreased during 
the development proceeding (E). But 
there was also no significant difference 
(P > 0.05). Scale bar represents 100 μm

F I G U R E  3   The confocal laser scanning 
microscopy results showed that p75NTR 
was detected at different levels in the 
cells from the four tooth development 
stages. p75NTR was weakly expressed 
in the cells of E12.5 d, whereas it was 
significantly enhanced in the cells of 
E13.5 d, E15.5 d and E18.5 d. Scale bar 
represents 50 μm
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d EMSCs after a 21‐day mineralized induction. The comparing experi‐
ment indicated that the mineralization capability of EMSCs in the early 
tooth morphogenesis was weak. With the mature of dental germs, 
especially at the bell stage when the dental hard tissue began to be 
formed, the mineralization capability of EMSCs became significantly 
enhanced.

3.5 | The role of p75NTR in the 
mineralization of EMSCs

The results of RT‐PCR assay were shown in Figure 6. p75NTR mRNA in 
the control groups was on the slight increase with the mature of den‐
tal germs, and there was no significant difference between the four 

F I G U R E  4   This results of the following flow cytometry detection showed that the mesenchymal stem cell surface markers CD14, CD29, 
CD90 and CD146 were highly expressed, while the hemopoietic stem cell surface marker CD45 was little expressed in the cells of the four 
tooth development stages. p75NTR was lowly expressed at E12.5 d, but significantly increased at E13.5 d and stably expressed at a high 
level during the 13.5 d‐18.5 d
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development stages (P > 0.05). After mineralization induction, p75NTR 
mRNA in all the experimental groups was significantly increased in 
comparison with each control group (P < 0.05), especially for the E18.5 
d EMSC groups in which the increase was the highest (Figure 6D). The 
patterns of the mRNA changes for the mineralization‐related markers 
ALP, Col‐1 and Runx2 were similar to that of p75NTR (Figure 6A‐C). 
Their mRNAs were significantly increased after mineralization induc‐
tion, and the highest increase was found in E18.5 d EMSC groups 
(P < 0.05). Western blot assay showed that the expressions of Col‐1 and 
Runx2 increased gradually with the mature of dental germs (Figure 7A, 
C, D), which was similar to the RT‐PCR result for p75NTR. These results 
indicated that p75NTR was well positively correlated with the miner‐
alization‐related markers ALP, Col‐1 and Runx2 during the early tooth 
development, implying that p75NTR might participate in the regula‐
tion of the dental hard tissue formation. This speculation was further 
confirmed by the Western blot result that p75NTR was significantly 
increased after mineralization induction (Figure 7B,E).

4  | DISCUSSION

It is well established that sequential and reciprocal interactions 
between oral epithelium and cranial neural crest‐derived mesen‐
chyme result in tooth morphogenesis.20,21 The first sign of tooth 
development is the formation of the dental lamina. The tooth 
morphogenesis begins with the invagination of dental lamina epi‐
thelium which forms dental bud. The cranial neural crest‐derived 
mesenchyme condenses around the bud and becomes specified 

as the dental mesenchyme giving rise to all the dental tissues ex‐
cept enamel. The epithelial bud invaginates at its tip and acquires 
cap and bell shapes called enamel organ which subsequently form 
the tooth enamel. The mesenchyme encompassed by the enamel 
organ is called the dental papilla which forms the dental pulp and 
the dentin. The mesenchyme surrounding the epithelium and den‐
tal papilla becomes the dental follicle and gives rise to the peri‐
odontal tissues including the cementum. All these aspects of tooth 
morphogenesis are regulated by epithelial–mesenchymal interac‐
tions which are mediated by the signalling networks.22 But most 
of the molecular signatures on the odontogenic tissues remain to 
be uncovered.

In order to reveal the role of p75NTR in the signalling net‐
works, its dynamic expression was investigated during the tooth 
morphogenesis in this study. The histology data showed that 
the tooth morphogenesis in rats began with the dental epithe‐
lium bud formed at E13.5 d, which was equal to the 7th week 
of dental germs in humans.23 The rat dental germs entered the 
cap stage at E15.5 d and the bell stage at E18.5 d, which were, 
respectively, equal to the 15th week and 23rd week of human 
dental germ. The stage (E12.5d) was the initiation stage of tooth 
germ development, at which the tooth germ not yet differenti‐
ated and was in the morphogenesis; the tooth morphogenesis in 
rats began with the dental epithelium bud formed at E13.5 d. The 
rat dental germs entered the cap stage at E15.5d. The bell stage 
(E18.5d) was the maturation stage of tooth germ development, at 
which the tooth germ was undergoing tissue differentiation and 
morphological differentiation. The similar results were reported 

F I G U R E  5  The results of Alkaline phosphatase staining and alizarin red staining. The colour of EMSCs in ALP assay was gradually deeper 
with the increase in development days and becomes the deepest at E18.5 d after a 7‐day mineralized induction. The alizarin red staining also 
showed that there were more and bigger mineralized nodules in the E18.5 d and E15.5 d EMSCs than that in the E13.5 d and E12.5 d EMSCs 
after a 21‐day mineralized induction. Scale bar represents 50 μm
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by Obara et al24 in the mouse: the bud stage at E13.5 d, the cap 
stage at E14.5 d, the early bell stage at E16.5 d and the late bell 
stage at E18.5 d. These data indicated that there was no obvious 
difference in the tooth morphogenesis process between the rat 
and the mouse.

In the present study, p75NTR was not detected around the tooth 
buds, while began to be highly expressed in the mesenchyme of den‐
tal papilla at the cap stage. This pattern of p75NTR expression is 
similar to the reports in the previous literature.23,25 There were two 
speculations for the mesenchyme cell with the high expression of 
p75NTR: one is the epithelial–mesenchymal interaction that triggers 
the subjacent mesenchyme cells to express p75NTR; the other is the 
mesenchyme cells with the high p75NTR expression that migrate to 
dental papilla from the oral pit. When tooth germ entered the bell 
stage, the p75NTR expression became weak in dental papilla while 
was firstly detected strong in the inner enamel epithelium. The tran‐
sition of p75NTR expression indicated that the role of p75NTR in 
tooth morphogenesis might shift from the mesenchymal to epithe‐
lial component at E18.5 d. It is the right time that the dental hard 
tissues (enamel and dentine) begin to form. Additionally, the min‐
eralization‐related marker Runx2 was also detected to be strongly 
expressed around enamelo‐dentinal junction at this stage. These 
data implied that p75NTR was likely to participate in the regulation 

of tooth mineralization. This phenomenon further confirms that the 
exchange of odontogenic signals between the dental epithelium and 
the dental mesenchyme during the tooth morphogenesis.9,14,20

p75NTR, a 75‐kDa cell surface receptor glycoprotein, is a mem‐
ber of the tumour necrosis factor receptor superfamily and involved 
in diverse cellular response including cell proliferation, cell survival 
and apoptosis in neural and non‐neural tissues.26,27 p75NTR acts 
both as a TrkA coreceptor and as an autonomous signalling molecule. 
It has been reported that the costimulation of TrkA and p75NTR 
results in cell survival, whereas when p75NTR is expressed alone, 
binding of the ligands, including NGF, NT‐3, NT‐4 and BDNF, induces 
apoptosis.1,28,29 In the present study, p75NTR was weakly expressed 
in the cells of E12.5 d, whereas it was significantly enhanced in the 
cells of E13.5 d, E15.5 d and E18.5 d, which were consistent with the 
above histology data. But the enhanced expression of p75NTR did 
not result in the increase in cell proliferation, indicating that p75NTR 
was not involved in the regulation of the proliferation in EMSCs har‐
vested in the present study. In our previous study,13 TrkA was ex‐
pressed neither in the embryonic phases of EMSCs nor during the 
mineralized induction. Luukko et al30 also reported that TrkA mRNAs 
failed to be detected by in situ hybridization in rat first molars at 
any developmental stage except the trigeminal ganglia. This finding 
was different from the reports in the most previous literature that 

F I G U R E  6  The RT‐PCR assay showed 
that p75NTR mRNA was on the slight 
increase with the mature of dental 
germs in the four control groups, but 
no significant difference between them 
(P > 0.05). After mineralization induction, 
p75NTR mRNA in all the experimental 
groups was significantly increased in 
comparison with each control group 
(P < 0.05), especially for the E18.5 d 
EMSC groups in which the increase was 
the highest (D).The mineralization‐related 
markers ALP, Col‐1 and Runx2 mRNA 
showed the similar changes to p75NTR 
(A‐C). They changed slightly in the 
four control groups, while significantly 
increased after mineralization induction. 
Moreover, all the three markers were 
detected to be highest in the E18.5 d 
EMSC groups (*P < 0.05, ns.=no significant 
difference)
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p75NTR and TrkA were co‐expressed in cells and have a positive co‐
operation.15,31,32 Since the EMSCs in the present study differ from 
the cells used in other literature, p75NTR probably plays a different 
role in tooth development.

Most literature focuses on the role of p75NTR in soft tissue mor‐
phogenesis, especially nervous system,5,6,33 while its effect on hard 
tissue morphogenesis was little discussed. There was evidence that 
p75NTR upregulated the mineralization‐related markers (Runx2, 
Osteric, BSP, OCN, etc) and promote the osteoblastic differentia‐
tion.13,34 The similar results were found in the present study. Runx2 
showed the same expression pattern as p75NTR in immunohisto‐
chemistry staining, implying a positive correlation of them in the 
mineralization during the tooth development. To confirm this find‐
ing, EMSCs were harvested at the four stages of dental germ and 
its mineralization capability was further investigated. EMSCs with 
low expression of p75NTR (E12.5 d) showed weak colour and small 
mineralized nodules in alkaline phosphatase staining and alizarin red 
staining. But the colour became deeper and mineralized nodules big‐
ger in the EMSCs with high expression of p75NTR E13.5 d, E15.5 
d and E18.5 d. In particular, at the late bell stage when the dental 
hard tissues of enamel and dentin begin to form, p75NTR was the 
first highly expressed in the inner enamel epithelium. Moreover, the 
EMSCs harvested from this stage (E18.5 d) also showed the highest 
mineralization capability. Therefore, p75NTR was speculated to up‐
regulate mineralization in the early tooth development. The results 

of RT‐PCR assay and Western blotting assay further confirmed this 
conclusion.

In conclusion, our data showed that p75NTR was not detected 
at the dental bud stage, while began to be highly expressed at the 
cap and bell stages. p75NTR showed the similar expression pattern 
to the mineralization‐related marker Runx2 during the tooth devel‐
opment. The in vitro investigation of cell mineralization capability 
indicated that the higher the p75NTR expression was, the stron‐
ger the cells mineralization capability became. Moreover, p75NTR 
showed a positive correlation with the mineralization‐related mak‐
ers investigated in this study. All the data showed that p75NTR 
might participate in the regulation of tooth morphogenesis, es‐
pecially dental hard tissue formation. But the exact mechanism is 
unclear. Yang et al13 speculated in their study that p75NTR and 
Mage‐D1 might co‐operate to enhance the potential of differen‐
tial mineralization of EMSCs as TrkA was not expressed in them. 
A recent study reported that nuclear β‐catenin was upregulated 
by the overexpression of the low‐affinity nerve growth factor re‐
ceptor (LNGFR) during EMSC osteogenic differentiation, implying 
that the Wnt/β‐catenin pathway may be involved in the mineral‐
ization regulation of LNGFR in early tooth development.35 The 
current achievements are consistent in the p75NTR regulation of 
tooth mineralization. Some speculations, such as p75NTR–Mage‐
D1–Dlx/Msx, have been also put forward. Further studies are still 
needed in future.

F I G U R E  7   Western blot assay showed that the expressions of Col‐1 and Runx2 increased gradually with the mature of dental germs 
(A, C, D). p75NTR was on the slight increase with the mature of dental germs and significantly increased after mineralization induction 
(B, E). p75NTR/Exp means p75NTR experiment group, and p75NTR/Cont means p75NTR control group (*P < 0.05, ns.=no significant 
difference)
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