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Abstract

The tooth root transmits and balances occlusal forces through the periodontium to the alveolar
bone. The periodontium, including the gingiva, the periodontal ligament, the cementum and the
partial alveolar bone, derives from the dental follicle (DF), except for the gingiva. In the early
developmental stages, the DF surrounds the tooth germ as a sphere and functions to promote tooth
eruption. However, the morphological dynamics and factors regulating the differentiation of the DF
during root elongation remain largely unknown. Miniature pigs are regarded as a useful experimental
animal for modeling in craniofacial research because they are similar to humans with respect to
dentition and mandible anatomy. In the present study, we used the third deciduous incisor of
miniature pig as the model to investigate the factors influencing DF differentiation during root
development. We found that the DF was shaped like a crescent and was located between the root
apical and the alveolar bone. The expression levels of WNT5a, 3-Catenin, and COL-| gradually
increased from the center of the DF (beneath the apical foramen) to the lateral coronal corner,
where the DF differentiates into the periodontium. To determine the potential regulatory role of
the apical papilla on DF cell differentiation, we co-cultured dental follicle stem cells (DFSCs) with
stem cells of the apical papilla (SCAPs). The osteogenesis and fibrogenesis abilities of DFSCs were
inhibited when being co-cultured with SCAPs, suggesting that the fate of the DF can be regulated by
signals from the apical papilla. The apical papilla may sustain the undifferentiated status of DFSCs
before root development finishes. These data yield insight into the interaction between the root
apex and surrounding DF tissues in root and periodontium development and shed light on the future
study of root regeneration in large mammals.
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Introduction

The dental follicle (DF) originates from cranial
neural crest cells and is a loose connective tissue sac
that plays critical roles in multiple stages of tooth
development [1-3]. The DF is formed at the cap stage
and surrounds the developing tooth germ as a sphere.
The DF coordinates the tooth eruption by regulating
osteoclastogenesis and osteogenesis [2]. After tooth
eruption, DF cells come in contact with root dentin
through perforated Hertwig’'s epithelial root sheath

(HERS) and then differentiate into cementum,
periodontal ligament and part of the alveolar bone
[3-8].

To date, the mechanisms of DF cells
differentiated to periodontium remain undefined [7].
It is known that the interaction between HERS and the
apical papilla provides the driving force for root
elongation. The differentiation of DF cells always
coordinates with root development [3]. Some studies
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have found that HERS could facilitate the
cementogenic/ osteogenic differentiation of
periodontal ligament stem cells, which are the
daughter cells of the dental follicle progenitor cells [5].
However, whether differentiation of DF cells could be
regulated by the signals from the apical papilla during
root elongation has been seldom investigated.

Dental follicle stem cells (DFSCs) are one kind of
dental mesenchymal stem cell identified from DF
tissues and have the capability to differentiate into
osteoblast, periodontal ligament fibroblast, and
cementoblast [1, 7-9]. Several signaling pathways,
including BMP, Notch and canonical Wnt, are crucial
for osteogenic differentiation of DFSCs [7]. WNT5a, a
ligand that can activate both canonical and
non-canonical Wnt pathways [10], is expressed in the
dental epithelium and mesenchyme at early
developmental stages of a tooth [11, 12]. It is also one
of the few Wnt molecules that are expressed in
matured periodontium [13]. The capability of
inducing mineralization of DFSCs shows WNT5a
plays important roles in cytodifferentiation of DFSCs
[13]. However, the expression patterns of WNT5a and
related Wnt signaling genes in undifferentiated DF
and developing periodontium tissues remain unclear.
COL-I is the well-known differential marker of both
osteogenesis and fibrogenesis [14-16]. Therefore, it is
significant to study the expression pattern of COL-I
during the root development as well.

Currently, most studies on tooth development
are carried out on mice. However, the incisor’s crown
of mice grows continuously throughout life and is not
the ideal model to study root and periodontium
development. Recently, miniature pigs have been
regarded as a new excellent experimental animal
model in craniofacial research because they are
similar to humans with respect to mandible anatomy
and diphyodont dentition [17, 18]. Similar to humans,
miniature pigs have more than one incisor in each
quadrant, which are embedded deeply inside the
alveolar bone. In this research, we use the third
deciduous incisor (DI3) of miniature pig to elucidate
the factors regulating the differentiation of DF cells
during root development. First, the morphology of DF
was examined, and then, the expression patterns of
WNT5a, p-Catenin and COL-I in the undifferentiated
DF cells and developing periodontium were
determined and compared. To study the possible role
of the apical papilla on DFSCs differentiation, the
DFSCs were co-cultured with stem cells of the apical
papilla (SCAPs), and the osteogenesis and
fibrogenesis abilities of DFSCs were analyzed.
Together, these results might provide insight into the
complex interactions between the DF and the apical
papilla during periodontium development.

Materials and methods

Animals

Pregnant and new born miniature pigs were
obtained from the Animal Science Institute of Chinese
Agriculture University. The gestation time was
calculated starting from the insemination day.
Pregnancy was proved by B-type ultrasonic
inspection. Animal experiments were approved by
the Animal Care Use Committee of Capital Medical
University  (Beijing, China) (Permit Number:
AEEI-2016-063). The miniature pigs were anesthetized
and sacrificed as previously described [19]. The third
deciduous incisor (DI3) and dental tissues were
isolated at embryonic day 90 (E90) and postnatal day
10 (PN10).

Tissue preparation for histological analyses

Samples were fixed in 4% paraformaldehyde-
PBS at 4°C overnight. After being rinsed in PBS twice,
the samples were decalcified with 10% EDTA-PBS for
30-90 days according to the degree of calcification.
They were then dehydrated through serial ethanol
(30%, 50%, 75%, 90% and 100%) and embedded in
paraffin. The samples were sectioned (5pm thickness)
and ready for staining. Sections were stained with
hematoxylin and eosin (H&E) for morphological
examination.

In situ hybridization

The procedure for in situ hybridization was
described previously [20]. Briefly, RT-PCR was
performed using mRNA from tooth germ of
miniature pigs. The correct size bands were extracted
from agarose gels and DNA sequencing was
performed. The RNA probe was synthesized by in
vitro transcription according to the protocol of DIG
RNA labeling Mix (Roche). For the staining
procedure, after serial rehydration, the slides were
treated with proteinase K (1 pg/ml in PBS) for 30 min
at 37°C. After Dbeing re-fixed with 4%
paraformaldehyde, the sections were dehydrated in
series of ethanol (25, 50, 75 and 100%). After being
dried for 1 h, the specimens were hybridized with
probe at 70°C overnight. After being washed for
hours, the sections were incubated with alkaline
phosphatase conjugated anti-digoxigenin Fab (Roche)
overnight. Signals were detected with NBT/BCIP
substrates (Promega). Primers used for RT-PCR were
list as follows:

e WNT5a (forward: 5'-ctggcaggactttctcaagg-3';
reverse: 5'-cgcgcetgtcatacttctect-37);

e p-Catenin (forward: 5’-ggtccatcagctttccaaaa-3’;
reverse: 5'-ctgaacaagggtcccaagaa-3);
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o Axin2 (forward: 5’-gagggagaaatgcgtggata-3’;
reverse: 5'-tgggtgagagtttgcacttg-3').

Immunohistochemistry

The procedure for immunohistochemistry was
described previously [19]. Briefly, sections were
deparaffinized and treated with antigen retrieval,
followed by immersed in 10% H>O> / methanol for 10
minutes to quench the endogenous peroxidase
activity. The sections were incubated with primary
antibodies at 4°C overnight. The primary antibodies
were list as follows: WNTba (LS-B4565, lifespan

bioscience); p-Catenin (ab22656, abcam); COL-I
(C2456, sigma).
Cell culture

The methods of isolation and stem cell

characterization of DFSCs and SCAPs were described
previously [21, 22]. Briefly, the DF tissue was
harvested from the apical area of DI3, and apical
papilla was obtained from apical part of dental
papilla. After the tooth was extracted, the dental
follicle tissue was attached to the root apex. We
scraped the dental follicle tissue from the surface of
root sheath and collected it. Then, we opened the root
sheath carefully with forceps and dissected the apical
papilla of 2 mm thickness. These tissues were digested
with dispase II (4mg/ml, Sigma) and collagenase type
I (3mg/ml, Sigma) for 1h at 37°C. Then the slurry was
filtered through 70pm cell strainer (BD bioscience)
and centrifuged at 1,100 rpm for 5 min. Single cell
suspensions were seeded into culture dishes and
cultured with alpha-modification of the Eagle’s
medium (Invitrogen) containing 15% fetal bovine
serum, 2 mM glutamine, 100 U/mL penicillin, and 100
mg/mL streptomycin. The cells were incubated in 5%
carbon dioxide at 37°C. The expression of stem cell
markers and the capabilities of multi-lineage
differentiation were determined.

Co-culture and cell sorting

To label SCAPs with green fluorescent protein,
recombinant retrovirus expressing green fluorescent
protein (RV-GFP, GenePharma) was used to label the
third-passage SCAPs. Positive cell percentage was
calculated above 95% by flow cell sorter. Then the
third passage of SCAPs and DFSCs were seeded as the
ratio of 1:1 in 6-well culture plate and co-cultured for
3 days. Then, the mixed cells were harvested and
single-cell suspensions (1x10¢ cells) were incubated
with anti-GFP tag antibody (mouse IgG2a)
(66002-1-Ig, Proteintech). Subsequently, the mixed
cells were washed and suspended in PBS containing
1% BSA (80 pL/107 cells), before 20 pL of anti-mouse
IgG superparamagnetic MicroBeads (Miltenyi Biotec)

per 107 total cells was added. The sample was
incubated for 15 minutes at 4°C. Thus, the fraction of
GFP+ SCAPs, not DFSCs, was marked with superp-
aramagnetic MicroBeads. Then, the mixed cell
suspension was loaded onto a MACS® Column
(Miltenyi Biotec), and placed in the magnetic field of a
MACS Separator (Miltenyi Biotec). In the magnetic
field, the flow-through contained the unlabeled
DFSCs only. After removing the column from the
magnetic field, the magnetically retained cells, which
were GFP* SCAPs, were collected by pushing the
plunger into the column. Thus, both of the fractions
were collected separately. The percentage of GFP*
SCAPs was analyzed by fluorescence-activated cell
sorting and the percentage enrichment was up to
98.14%.

Real-time RT-PCR

Control DFSCs and co-cultured DFSCs were
harvested and total RNA was extracted, followed by
reverse transcription using the SuperScript III
first-Strand synthesis system (Invitrogen). Real time
RT-PCR was performed with SYBR GreenPCR mix
(Applied Biosystems) and reactions were run on the
CFX96real-time system (Bio-Rad). Triplicate reactions
(20pl  volume) were performed. Melting curve
analysis was completed. Expression level of each gene
was normalized by the level of f-Actin. Relative
expression level was determined using the
2AACTmethod. Forward and reverse primers for
WNT5a, p-Catenin, Alkaline phosphatase (ALP),
Osteocalcin (OCN), Bone sialoprotein I (BSP-1I), RUNX2,
Periodontal ligament associated protein 1 (PLAP1)/asporin,
FGF2, COL-I and p-Actin were list in Table S1.

Statistical analysis

Statistical analysis was performed using SPSS
13.0 software. Unpaired t-test was used for statistical
significance. P<0.05 was considered statistically
significant.

Results

Morphological changes of the DF during root
development

The Development of tooth root begins following
crown formation. We used the third deciduous incisor
(DI3) of miniature pig as a model to examine the
morphological changes of the DF during root and
periodontium development. At the stage of E90, the
crown calcification was almost completed. Enamel,
dentin, ameloblasts and odontoblasts could be
observed in the crown. The DF was located outside of
the outer enamel epithelium (OEE) and surrounded
the tooth germ as a sphere. The morphology was
more obvious beneath the dental papilla (Fig.1A and
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A’). The DI3 erupted at E95 (the embryo was given
birth at about E110). At the stage of postnatal day 10
(PN10), the morphology of the root apex region
varied drastically. The DF was shaped like a crescent
and was located between the apical foramen (AF) and
the alveolar bone. At the lateral coronal corner of the
DF, the loose DF tissue was differentiating into
compact periodontium. The perforated HERS and the
cellular cementum could be observed on the surface
of dentin (Fig.1B and B’).

Expression dynamics showing high expression
levels of WNT5a, 3-Catenin, and COL-l in
developing periodontium compared to the
undifferentiated DF.

To explore the factors influencing the
differentiation of DF, we studied the expression
patterns of WNT5a, p-Catenin and COL-I and
compared the differences between developing
periodontium and the undifferentiated DF (DF
beneath the AF). We found that the expression of

WNTb5a was strong in the mature periodontal
ligament, weaker in the developing periodontium,
and weakest in the DF beneath the AF (Fig.2A-A").
Quantitative comparison of expression intensity also
showed that the WNT5a expression in developing
periodontium was significantly stronger than it was in
the DF beneath the AF (P<0.05) (Fig.2B).

B-Catenin is the central component of the
canonical Wnt signaling pathway [23]. We found that
the expression of P-Catenin was stronger in the
developing periodontium than it was in the DF
beneath the AF (P<0.05) (Fig.2C-C”, D). COL-I is the
important differentiation marker of both osteogenesis
and fibrogenesis [14-16, 24]. We found that COL-I was
expressed strongly in the developing periodontium,
which was also stronger than it was in the DF beneath
the AF (P<0.05) (Fig. 2E-E”, F). It is worth mentioning
that the intensity became weaker when getting closer
to the AF (Fig. 2A”, C”, E”). To further analyze the
mRNA expression pattern of WNT5a and related

canonical Wnt signaling genes (f-Catenin,
Axin2), we conducted in  situ

E90

PN10

hybridization. The result confirmed that
the expression levels of these genes in

o Pok:
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Figure 1. Morphological changes of the DF during root development of DI3 of
miniature pig. (A, A’) H&E staining of DI3 at stage of E90; the boxed region in A was magnified in
A’. The dental follicle (DF) was located outside of outer enamel epithelium (OEE) and beneath the
dental papilla (DP) (boxed regions). HERS grew apically and directed root formation. (B, B’) H&E
staining of DI3 at the stage of PN10; the boxed region in B was magnified in B’. The DF was shaped
like a crescent and was located between the apical foramen (AF) and the alveolar bone. The lateral
coronal corner of DF (boxed region) was the area of differentiation from DF to periodontium.
Periodontal ligament (PDL), cementum, broken HERS, dentin, and odontoblasts could be identified.

Scale bars represent 100um (A, A’, B, B).

odontoblasts————

R,

developing periodontium were higher
than those in the DF beneath the AF
(P<0.05) (Figure S1A-F).

it Taken together, these results
1 ~ showed higher expression levels of
j WNT5a, p-Catenin, and COL-I in
{ I developing periodontium. The low-to-
, high gradient from the central to lateral
parts suggested the possible regulatory
role of the apical papilla in DF
differentiation through the AF.

DFSCs showing weaker differential
abilities after being co-cultured
with SCAPs

To study the possible regulatory
role of the apical papilla in DF
differentiation, = we  designed a
co-cultured  experiment (Fig.3A-C).
DFSCs were isolated from DF tissue of
DI3 at the stage of PN10 and cultured
(Fig.3D). Meanwhile, SCAPs were
isolated from the apical papilla and
cultured (Fig.3E). After being infected
with GFP-expressing retrovirus (Fig.3B,
F, G), SCAPs were co-cultured with
DFSCs at the ratio of 1:1. After 3 days of
culture, the mixed cells were harvested.

Before cell sorting, the mixed cell
suspension was incubated with anti-GFP

tag antibody (mouse IgG2a) and then
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with anti-mouse IgG superparamagnetic MicroBeads
sequentially. Only the GFP* SCAPs could be labeled
with the MicroBeads (Fig.3B). Then the mixed cells
were loaded onto the column. In the magnetic field,
cells that passed through were the unlabeled DFSCs,
while the magnetically labeled GFP* SCAPs were
retained within the column. After the magnetic field
was removed, the retained GFP-SCAPs were eluted
later (Fig.3C). After being sorted, the percentage

3.6% (Fig.3H-]).

Then, the expression levels of WNTb5a, p-Catenin,
the osteogenic markers (ALP, OCN, BSP-II and
RUNX2) and the fibrogenic markers (PLAP1, FGF2
and COL-I) were analyzed and compared between
control and co-cultured DFSCs. The results showed
that all of these markers were significantly
down-regulated in the DFSCs co-cultured with SCAPs
as compared to controls (Fig.4A-C).

enrichment of co-cultured DFSCs was up to 85.42+
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Figure 2. Expression dynamics of WNT5a, B-Catenin, and COL-l in developing periodontium and the undifferentiated DF. The differences of
expression patterns of WNT5a, B-Catenin and COL-I between developing periodontium (Dev. Periodontium) and the DF beneath AF (undifferentiated DF) were
studied. The boxed regions of Dev. Periodontium were magnified in A’, C’, E’, and the boxed region of DF beneath AF was magnified in A”, C”, E”. Dark blue arrows
point to the mature periodontium; light blue arrows point to the developing periodontium; green arrows point to the undifferentiated DF; red arrows point to the
apical papilla. (A-A”, B) WNT5a expression pattern showed the gradually increasing expression levels from the undifferentiated DF to the matured periodontal
ligaments. The expression level in Dev. Periodontium was stronger than that in the DF beneath AF (n=4, P<0.05). (C-C”, D) B-Catenin pattern showed the expression
level in DF was higher than that in the periodontium. The expression level in Dev. Periodontium was stronger than that in the DF beneath AF (n=3, P<0.05). (E-E”,
F) Col-I pattern showed the expression level in the DF was higher than that in the periodontium. The expression level in Dev. Periodontium was stronger than that
in the DF beneath AF (n=3, P<0.05). Scale bars represent 100um (A-A”, C-C”, E-E”).
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Figure 3. DFSCs were co-cultured with GFP-labeled SCAPs and then sorted. (A) The co-culture experiment was designed to study the possible regulating
role of SCAPs in differentiation of DFSCs. (B-C) The schematic figures showing how to label SCAPs to sort them out from the cell mixture. (B) Step I-Il: SCAPs were
transfected with recombinant retrovirus expressing GFP (RV-GFP). Step IlI: After the cell mixture (SCAPS:DFSCs = 1:1) was harvest, it was incubated with anti-GFP
tag antibody (mouse IgG2a). Step IV: The mixture was incubated with anti-mouse IgG MicroBeads. (C) The cell mixture was loaded onto the column. The GFP+ SCAPs
with MicroBeads (red) was attracted and retained inside the column in the magnetic field, while the unlabeled DFSCs (yellow) could pass through. After the magnetic
field was removed, the retained SCAPs could be collected later. (D) DFSCs were isolated from DF tissue of DI3 at the stage of PN10 and cultured. (E) SCAPs were
isolated from the apical papilla of DI3 at the stage of PN10 and cultured. (F) SCAPs were transfected with GFP retrovirus. (G) High efficiency of GFP transfection
(98.14£3.3%) was examined. (H-]) After being sorted, the proportion of co-cultured DFSCs was elevated from 56.23+2.6% (before) to 85.42+3.6% (after). Scale bars

represent 100pm.

Discussion

In the present study, the third deciduous incisor
of miniature pig was used as the model to investigate
the factors influencing DF differentiation during root
development. We found that the expression levels of
WNT5a, pB-Catenin, and COL-I gradually increased
from the undifferentiated DF to the developing
periodontium. The osteogenesis and fibrogenesis
abilities of DFSCs were inhibited when being
co-cultured with SCAPs. It suggests that the apical
papilla may help sustain the undifferentiated status of

DF before root development completes.

The DF is a kind of loose connective tissue sac
that surrounds the tooth germ in the early
developmental stages [1]. It coordinates tooth
eruption by facilitating more bone resorption in the
coronal half of the DF and more osteogenesis in the
basal half [2, 25]. A previous study found that dental
follicle cells participated in tooth eruption via the
Runx2-miR31-SATB2 loop [26]. After tooth eruption,
cells in the DF differentiate into cementoblasts,
fibroblasts and osteoblasts in the periodontium [3].
However, the morphologic dynamics of the DF
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during root development is largely unknown. With
miniature pig as an animal model in this study, we
found that the DF tissue was shaped like a crescent
that was located between the root apical and the
alveolar bone during root development (Fig.1 and
Fig.5).
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Figure 4. The expression levels of Wnt signaling and differentially
related genes of DFSCs were down-regulated after being co-cultured
with SCAPs. (A) The expression levels of WNT5a and B-Catenin of DFSCs
were down-regulated after being co-cultured with SCAPs (**¥P<0.001). (B) The
expression levels of the osteogenic markers (ALP, OCN, BSP-Il and RUNX2) of
DFSCs were down-regulated after being co-cultured with SCAPs (**P<0.001,
*P<0.01). (C) The expression levels of the fibrogenic markers (PLAPI, FGF2 and
COL-l) of DFSCs were down-regulated after being co-cultured with SCAPs
(***P<0.001).

To date, the mechanisms of DF cells
differentiated to periodontium remain largely
unknown. In this study, we found that the lateral
coronal corner of the DF was the central region where
the differentiation into periodontium happens. The

contact of DFSCs with broken HERS and dentin
surface may facilitate the differentiation process. High
expression levels of WNT5a, B-Catenin, and COL-I in
this region showed these genes may play important
roles in the proliferation and differentiation of DFSCs
(Fig.5). In other studies, stimulation with WNT5a
suppressed  osteoblastic  differentiation,  while
significantly enhancing the proliferation and the
expression of PDL-related genes, such as Periostin,
COL-], and Fibrillin 1 [27]. In addition, it has been
shown that canonical Wnt signaling could inhibit
osteogenesis and cementoblast differentiation, while
the inhibition of Wnt signaling by Dkk1 facilitates the
cementogenic and osteogenic differentiation of DFSCs
[23, 28]. Due to the differentiation of multiple cell
types in periodontium, the elaborate regulatory role
of Wnt signaling in balancing osteogenesis and
fibrogenesis needs to be further investigated.

apical papilla ;.,: : . Sl
’ &
odontoblasts —b} .
~ Z &
dentin 5 : -
X
cementum +
periodontal 7
ligament » H
alveolar bone __q :1
’ \
Hertwig's root

sheath

apical foramen

dental follicle

Expression levels of WNT5a, B-Catenin and COL-I

Figure 5. The schema of morphology and expression dynamics from
the undifferentiated DF to the developing periodontium. The DF was
shaped like a crescent and was located between the root apex and the alveolar
bone during root development. The molecules of WNT5a, B-Catenin and
COL-l were expressed strongly in the developing periodontium, which was
located at the lateral coronal corner of the DF. Conversely, these genes were
expressed at low levels in the region of DF beneath the AF.

How the DF coordinates with root apex to
promote periodontium development, root elongation
and bone remodeling remains poorly understood [3].
In this study, we found that the AF was the channel
where the potential interaction between the apical
papilla and the DF occurs. In the classical theory, the
root apex formation and apical closure complete after
root development. The size of the AF shrinks into a
small hole as the root development completes [29].
This may suggest the potential communication
between the inside and outside tissues of the AF
during root development. To further investigate
whether the differentiation abilities of DFSCs could be
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regulated by SCAPs, these cells were co-cultured and
the differentiation abilities of DFSCs were examined.
The differentiation abilities were evaluated by the
expression levels of ALP, OCN, BSP-II and RUNX2,
which are well known as osteogenic-specific genes
[24, 30], and levels of PLAP1, FGF2 and COL-I, which
are regarded as the fibrogenic markers. Among these
genes, PLAP1 is known as the negative regulator of
periodontal ligament mineralization and thus
becomes one of the fibrogenic markers in the
differentiation towards fibroblasts [31, 32]. The
enhanced expression of FGF2 also corresponds to the
differentiation of periodontal ligament fibroblasts
[33]. In addition, COL-I is a well-known marker for
fibroblast differentiation [16]. The RT-PCR results
shows that the SCAPs may help sustain the
undifferentiated state of DFSCs. Similarly, the
pluripotency stem cell markers, including Oct4, Sox2
and Myc, were elevated in both dental papilla cells
and DFSCs after being co-cultured [34]. This elevation
confirmed our results that dental papilla cells helped
maintain the undifferentiated status of DFSCs.
However, the concrete interaction mechanisms
between these two types of tissues/cells need to be
further investigated in future studies.

Mice have one incisor in each quadrant and the
crown grows continuously throughout life. The stem
cells reside in the cervical loop and continue to
differentiate into ameloblasts [35]. Different from
mice, the growth of the incisor’s crown in human and
miniature pig is limited. The structure of the cervical
loop is lost after crown formation completes and
becomes HERS, which directs root formation. As a
result, the incisors of miniature pig can be regarded as
the ideal model to study the root and periodontium
development of the anterior tooth in large mammals.
Among three deciduous incisors, DI3 develops and
erupts earliest [18]. Therefore, DI3 was selected as the
study model in our research. In this study, we
examined the morphology of the DF and the
periodontium during DI3 root development and
investigated the potential interaction between the DF
and the apical papilla. These results may shed light on
the future study of root and periodontium
regeneration in large mammals.
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