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The apical region of
developing tooth root
constitutes a complex and
maintains the ability to
generate root and
periodontium-like tissues

Xu L, Tang L, Jin F, Liu X-H, Yu J-H, Wu J-J, Yang Z-H, Wang Y-X,

Duan Y-Z, Jin Y. The apical region of developing tooth root constitutes a complex
and maintains the ability to generate root and periodontium-like tissues. J Periodont
Res 2009; 44.: 275-282. © 2009 The Authors. Journal compilation © 2009 Blackwell
Munksgaard

Background and Objective: Mammalian tooth root development is a long-term
process during which root elongates along the apical direction and is accompanied
with the formation of periodontium. Considering the heterogeneous apical region
of developing root as a functional entity, we observed and characterized the
developing apical complex of rat molar root. The aim of the present study was to
investigate the characteristics and developmental capability of developing apical
complex in situ and in vitro.

Material and Methods: Histological analysis of rat developing apical complex was
performed using hematoxylin and eosin staining and immunohistochemical
staining. Cell counting, bromodeoxyuridine incorporation, flow cytometry assays
and western blot analyses were performed to assess the proliferation potential of
developing apical complex cells in vitro, and its mineralization potential was
investigated by alkaline phosphatase activity, alizarin red staining and reverse
transcription—polymerase chain reaction analysis. /n vivo transplantation of both
developing apical complex tissues and cells were used to characterize the differ-
entiation capacity of developing apical complex cells. Dental pulp cells were used
as a control in this study.

Results: Isolated developing apical complex maintained the developmental capa-
bility to form tooth root/periodontal complex ectopically. Developing apical com-
plex cells exhibited relatively higher proliferation and mineralization potential
compared with dental pulp cells in culture. When cultured developing apical complex
cells were putatively depleted of Hertwig’s epithelial root sheath cells, only osteo-
dentin-like tissues and fibrous connective tissues formed in cell-scaffold explants.

Conclusion: The sustainable development ability of developing apical complex
qualifies it as the growth center of tooth root and as a promising candidate source
of cells for tooth root and periodontal regeneration.

© 2009 The Authors.
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Mammalian tooth root development is
a long-term process (1,2). By acting as
a putative root growth center, the
apical end of the developing root pro-
liferates throughout the period of root
development, promoting the elonga-
tion of root along the apical direction
coincident with periodontium devel-
opment (3). Clinically, when necrotic
pulp in young permanent teeth is
removed, viable root apical tissue can
maintain subsequent root formation,
implying the enormous independent
developmental potential of apical root
tissue in situ (4).

The development of tooth root and
periodontium involves a complicated
sequence of events and requires the
participation of various types of cells
(2,5). The elongating apical portion of
developing root contains a bilayered
epithelial sheath, termed Hertwig’s
epithelial root sheath, which subdi-
vides the adjacent dental ectomesen-
chymal tissues into dental papilla and
dental follicle (6-8). Despite the
heterogeneity of this region, it exists as
a single entity where the interaction
and function of these components are
essential for the establishment of a
structurally intact root/periodontal
complex. Therefore, the apical portion
of developing root seems to be a
developmentally viable complex com-
prising multiple, closely related cell
types that are dependent on each other.
The above clinical and developmental
phenomena motivated us to charac-
terize this developing structure and
uncover its possible roles in regenerat-
ing tooth root and the supporting
structure using tissue engineering
techniques. We refer to this structure
as developing apical complex of tooth
root and regard it as a functional
entity in root and periodontium
development.

In the present study we character-
ized the developing apical complex of
the rat molar root in situ, then evalu-
ated the proliferation and differentia-
tion features of cells from this region.
Using an ectopic transplantation
model, we demonstrated that both
isolated tissues and cultured cells of
the developing apical complex can
independently generate tooth root-like
and periodontium-like tissues in vivo,

mimicking normal root/periodontal
complex structures in situ.

Material and methods

Histological and
immunohistochemical analysis

in situ

Sprague—Dawley rats (21 d postnatal)
were purchased from the Laboratory
Animal Research Centre of the Fourth
Military Medical University. All
experimental animal use protocols
were approved by the Animal Care
Committee of the Fourth Military
Medical University. Following decal-
cification with 10% EDTA, the man-
dibles were embedded in paraffin and
5-um sections were prepared. Sections
were then stained by hematoxylin and
eosin. Immunohistochemical evalua-
tion was performed using the strepta-
vidin—biotin complex method
according to the manufacturer’s rec-
ommended protocols. Primary anti-
bodies included mouse anti-STRO-1
(1:50 dilution; R&D Systems, Minne-
apolis, MN, USA), mouse anti-prolif-
erating cell nuclear antigen (1:100
dilution; Dako Corporation, Copen-
hagen, Denmark) and rabbit anti-pan-
cytokeratin (1:200 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA, USA).

Cell isolation and culture

Developing apical complex and dental
pulp of the extracted mandibular first
molar were dissociated along the apical
foramen under stereomicroscopy. Dis-
sociated developing apical complex
and dental pulp were respectively
digested at 37°C for 1 h in a mixture of
dispase I and type I collagenase (Gibco
BRL, Bethesda, MD, USA). Single-cell
suspensions of developing apical com-
plex and dental pulp were seeded at
1 x 10° cellsymL and cultured in the
alpha-modification of Eagle’s medium
(Gibco BRL) supplemented with 15%
fetal bovine serum. Through repeated
differential trypsinization, as reported
previously (9), purified epithelial-like
cells and mesenchymal-like cells were
obtained. Mesenchymal-like cells were
cultured under the conditions des-
cribed above and epithelial-like cells

were cultured in keratinocyte serum-
free medium (Gibco-BRL). We then
prepared developing apical complex
cells by contact coculture of
third-passage epithelial-like and mes-
enchymal-like cells, and we prepared
developing apical complex mesenchy-
mal cells by culture of third-passage
purified mesenchymal-like cells.

Cell counting

Approximately 1 x 10° primary devel-
oping apical complex cells and dental
pulp cells were respectively seeded in a
six-well dish. Culture medium was
changed every 3 d. After 1, 4, 7 and
10 d of culture, plates were washed
three times with phosphate-buffered
saline to remove unattached cells, and
attached cells were collected by trypsi-
nization. The number of cells was
counted using a hemocytometer.

Detection of bromodeoxyuridine
incorporation

Single-cell suspensions of developing
apical complex and dental pulp were
respectively seeded on coverslips at a
density of 2 x 10° cells/mL. After ser-
um starvation-induced cell cycle syn-
chrony, 10 pm  bromodeoxyuridine
(Sigma-Aldrich, St Louis, MO, USA)
was added 4 h prior to fixation with
4% polyoxymethylene. Bromodeoxy-
uridine incorporation in proliferating
cells was revealed using immunostain-
ing against anti-bromodeoxyuridine
immunoglobulin G (1:100 dilution;
Boster Biotechnology, Wuhan, China).
The total cell number was counted in
a rectangular frame under a phase-
contrast microscope (Olympus Optical
Co. Ltd., Tokyo, Japan) 10 cells for
each coverslip (X200 magnification).
The number of bromodeoxyuridine-
positive cells in the same frame was
counted. The percentage of bromo-
deoxyuridine-positive cells was calcu-
lated using a previously described
method (10).

Flow cytometry

Single-cell suspensions of developing
apical complex and dental pulp at day
7 of culture were treated as described



previously (11). Approximately 1 x 10°
cells per sample were counted, and the
number of cells in the Gl, S and
G2 phases of the cell cycle was
determined.

Alkaline phosphatase activity

Alkaline phosphatase activity was
determined on days 1, 3, 5, 7, 10 and
14, using an alkaline phosphatase
assay kit (Zhongsheng Co., Beijing,
China), as described previously (12).
Single-cell suspensions of dental pulp
and developing apical complex were
respectively seeded at a density of
1 x 10° cells/well in 96-well plates.
The cells were washed in phosphate-
buffered saline and lysed with 0.05%
Triton X-100 solution. The alkaline
phosphatase activity of the lysates was
determined using p-nitrophenol-phos-
phate as a substrate. The absorbance
of each well was measured spectro-
photometrically at 405 nm using a
microplate reader.

Alizarin red S staining

The calcium deposition of developing
apical complex and dental pulp cells
was studied using 0.1% alizarin red S
staining solution. In brief, when nodule
formation was detected on day 14, the
samples were fixed with 4% poly-
oxymethylene for 15 min, rinsed twice
with phosphate-buffered saline and
stained with 0.1% alizarin red solution
at 37°C for 30 min.

Reverse transcription—polymerase
chain reaction

Developing apical complex cells and
dental pulp cells at 80% confluence
were harvested after 7 d of culture.
Total RNA isolation, first-strand
complementary DNA synthesis and
polymerase chain reaction (PCR)
processes were performed as reported
elsewhere (11). The following primer
sequences were used: bone sialopro-
tein, sense, 5-ACA GCT GAC GCG
GGA AAG TTG-3’ and antisense,
5-ACC TGC TCA TTT TCA TCC
ACT TC-3"; osteopontin, sense,
5-GCT GAA GCC TGA CCC ATC
T-3” and antisense, 5-TCC CGT TGC
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TGT CCT GAT-3’; osteocalcin, sense,
5-ATG AGG ACC CTC TCT CTG
CTC-3’ and antisense, 5-CTA AAC
GGT GGT GCC ATA GAT-3%
alkaline phosphatase, sense, 5-TTT
GCT ACC TGC CTC ACT TCC G-
3’ and antisense, 5-GGC TGT GAC
TAT GGG ACC CAG-3; dentin
sialophosphoprotein, sense, 5-TGG
TAC CCA AAC AAC ACA GG-¥
and antisense, 5-CAT CAT CAC
TTC CGT CAC TT-3"; dentin matrix
protein 1, sense, 5-CGG CTG GTG
GTC TCT CTA AG-3’ and antisense,
5-GTC CCT CTG GGC TAT CTT
CC-3’; ameloblastin, sense, 5-CAT
CAG AGA ACC CAC CA-3 and
antisense, 5-ATG GGA CTT CCT
CTT TCT-3"; and p-actin, sense,
5-TGG AAT CCT GTG GCA TCC
ATG AAA C-3 and antisense,
5-TAA AAC GCA GCT CAG TAA
CAG TCC G-3’. The amplification
process was performed for 27-30
cycles after an initial 45-s denatur-
ation at 94°C, annealed for 30 s at
56-60°C and extended for 5 min at
74°C. Polymerase chain reaction
products were separated by agarose-
gel electrophoresis and revealed by
staining with ethidium bromide. This
experiment was repeated three times
and B-actin was used as the positive
control.

Western blot

Total proteins of developing apical
complex cells and developing apical
complex mesenchymal cells were
extracted for analysis of the expres-
sion of pan-cytokeratin (1:1000 dilu-
tion) and ameloblastin (1:400 dilution;
a gift of Dr Yu Tian, Fourth Military
Medical University, Xi’an, China)
using western blotting, as described
previously (13). Primary developing
apical complex cells and dental pulp
cells were harvested after a 7-d
induction, and were lysed on ice for
30 min in lysis buffer [10 mm Tris (pH
8.0, I mm EDTA, 400 mm NacCl,
10% glycerol, 0.5% Nonidet P-40,
5 mm sodium fluoride, 0.1 mm phenyl-
methylsulfonyl fluoride, 1 mm dith-
iothreitol]. Equal amounts of protein
(25 pg) were loaded onto a sodium
dodecyl sulfate-poly acrylamide gel.
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For western blotting, anti-cytokeratin,
anti-ameloblastin  and  anti-B-actin
were added for 3 h. The blots were
then washed, and species-matched
peroxidase-conjugated secondary anti-
body was added (1:2000 dilution).
Labeled bands from washed blots
were detected by enhanced chemilu-
minescence (Amersham Biosciences,
Bucks., UK). The expression levels of
B-actin in both groups were detected
as an internal control.

Subrenal transplantation

Eight-week allogenic Sprague—Dawley
rat hosts were used for subrenal trans-
plantation. The procedures
performed as previously described
(12,14). For tissue transplantation, iso-
lated developing apical complex was
implanted into the left side of the rat
host. As a control, the dental pulp was
implanted into the other side of the same
host. For cell transplantation, approxi-
mately 5 x 10° third-passage develop-
ing apical complex cells or developing
apical complex mesenchymal cells were
mixed with 30 mg of ceramic bovine
bone powder (Research and Develop-
ment Center for Tissue Engineering,
Fourth Military Medical University,
Xi’an, China) for 2 h and then trans-
planted. The transplants were recovered
at 4 wk post-transplantation, fixed with
4% paraformaldehyde and decalcified
with buffered 10% EDTA; the sections
were stained with hematoxylin and
eosin.

were

Statistical analysis

The results of cell counting analysis,
bromodeoxyuridine incorporation and
alkaline phosphatase activity were
analyzed for significance using the
independent-samples #-test. Differences
in values of the cell cycle between the
two groups were analyzed using the
chi-square test. p-Values of less than
0.01 were considered to be statistically
significant. The spss 12.0 software
package (SPSS Inc, Chicago, IL, USA)
was used for the statistical tests.
For histomorphological analyses of
implantation, all slides were examined
by a single masked and calibrated
examiner.
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Results

Characterization of developing apical
complex in situ and ectopic
developmental capability of
developing apical complex

The tooth roots of 21-d postnatal rats
reached approximately half the com-
plete root length. Except for the
apparent subdivision position of Her-
twig’s epithelial root sheath, no
boundary of dental papilla and follicle
was observed (Fig. 1A). Generally, the
cells in developing apical complex were
denser than those in the pulp, espe-
cially in the sites adjacent to Hertwig’s
epithelial root sheath (Fig. 1B, C).
A greater number of STRO-1-positive
and proliferating cell nuclear antigen-
positive cells were detected in devel-
oping apical complex than in dental
pulp (Fig. 1D, E). Hertwig’s epithelial
root sheath was immunopositive for
cytokeratin (Fig. 1F), as reported
previously (7).

A microphotograph of rat mandib-
ular first molar is shown in Fig. 1H. At
this stage, developing apical complex

of 21-d postnatal rat mandibular first
molar was a loose connective tissue
and bulged out of the developing api-
cal foramen with diameter of about
0.5 mm. Developing apical complex
and dental pulp were dissociated along
the apical margin of the tooth at the
level of hard tissue deposition
(Fig. 1H, I). Dissociated developing
apical complex contains continuous
cytokeratin-positive  epithelial  cells
(Fig. 1J). To assess the developmental
capacity of developing apical complex
ex situ, we transplanted isolated
developing apical complex into the
renal capsules of rat host using dental
pulp implants as a control. After 4 wk
of incubation in vivo, histological
examination of recovered implants
revealed that a total of 18 out of 20
(90%) developing apical complex
grafts formed typical root-like struc-
tures with supporting tissues (Fig. 1K
and Fig. S1). Histologically, most
explants were highly ordered with a
well-formed  dentin—pulp  complex
containing identifiable dentinal tubules
and pulp-like tissue. A layer of

unmineralized predentine was clearly

Fig. 1. Characterization of DAC in situ and ectopic development of isolated DAC. AP,
apical papillae; ¢, cementum; CK, cytokeratin; d, dentin; DAC, developing apical complex;
DF, dental follicle; DP, dental pulp; HERS, Hertwig’s epithelial root sheath; OD, odonto-
blasts; PCNA, proliferating cell nuclear antigen; PDL, periodontal ligament.

visible between mineralized dentine
and odontoblasts, while the newly
formed cementum-like structure with
fibrous tissue were deposited on the
dentin surface. The highly ordered
structure observed in developing apical
complex explants resembled the pro-
files of the normal root—periodontal
complex formed during development
(Fig. 1A). By contrast, 20 dental pulp
implants only formed irregular dentin—
pulp complex-like structures with no
distinct  tubular structure (20/20,
100%) (Fig. 1L and Fig. S1).

Developing apical complex cells
exhibit high proliferative activity
in vitro

In normal culture medium, developing
apical complex cells showed a fast pro-
liferative stage during initial culture,
with the total number of developing
apical complex cells being significantly
higher than the total number of dental
pulp cells until day 10 (Fig. 2A). In
addition, the level of bromodeoxyuri-
dine uptake was fourfold higher in
developing apical complex cells than in
dental pulp cells (Fig. 2B). The per-
centage of cells in different phases of the
cell cycle, as analyzed by flow cytometry
(Fig. 2C), showed a higher percentage
of developing apical complex cells in S
(23.8%) and G2 (5.9%) phases, and a
lower percentage in G1 phase (70.3%)
compared with dental pulp cells
(x? = 20.4, p < 0.01), whereas almost
all dental pulp cells were found to be in
Gl phase (Fig. 2D).

High mineralization potential of
developing apical complex cells in
culture

To determine the mineralization
potential of developing apical complex
cells in vitro, alkaline phosphatase
activity and mineralized nodules were
analyzed. Alkaline phosphatase activ-
ity was about fourfold higher in
developing apical complex cells than in
dental pulp cells on day 14 (Fig. 3A).
Obvious alizarin red-positive nodules
appeared in developing apical complex
cells on day 14 (Fig. 3B, left panel),
and the number increased remarkably
with culture time. However, no alizarin
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Fig. 2. Comparison of cell proliferation capability between DACCs and DPCs. DACCs,
developing apical complex cells; DPCs, dental pulp cells.
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Fig. 3. Comparison of mineralization potential and mRNA expression between DACCs and
DPCs. ALP, alkaline phosphatase; AMBN, ameloblastin; BSP, bone sialoprotein; DACCs,
developing apical complex cells; DMP-1, dentin matrix proteinl; DPCs, dental pulp cells;
DSPP, dentin sialophosphoprotein; K.A. units; OCN, osteocalcin; OPN, osteopontin.

red-positive grains were detected in  PCR evaluation produced results sim-
dental pulp cells on day 14 (Fig. 3B, ilar to those described above. The
right panel). Reverse transcription-  developing apical complex cells, but

not dental pulp cells, strongly
expressed osteopontin, osteocalcin,
bone sialoprotein and alkaline phos-
phatase (Fig. 3C), which have been
reported previously as cemento/osteo-
blast-related markers (15-18). Both
groups expressed the odontoblast-
specific markers dentin sialophospho-
protein and dentin matrix protein 1.
Only developing apical complex cells
showed detectable expression of amel-
oblastin implicative of presence of
dental epithelial cells, that is Hertwig’s
epithelial root sheath cells at the stage
(19,20).

Effect of the presence or absence of
epithelial components in developing
apical complex cells on histological
appearance of the explants

Similarly to cells of the primary pas-
sage, developing apical complex cells
produced by contact coculture of third
passage epithelial-like and mesenchy-
mal-like developing apical complex
cells appeared heterogeneous, contain-
ing both cobblestone-like epithelial
cells and polygonal or spindle-shaped
mesenchymal cells (Fig. 4B). Cells with
an epithelial appearance were com-
pletely absent in third-passage purified
mesenchymal-like developing apical
complex mesenchymal cells (Fig. 4E).
Cytokeratin and ameloblastin were
confirmed to be expressed in cocul-
tured developing apical complex cells
and absent in developing apical com-
plex mesenchymal cells (Fig. 4A). Both
cell groups were recombined with
ceramic bovine bone scaffolds and
transplanted into the renal capsules of
rat hosts. After 4 wk, nearly half of the
developing apical complex cell grafts
(13/25, 52%) generated root—peri-
odontal complex-like tissue (Fig. 4C),
which included dentin-like, cementum-
like, periodontal ligament-like and
bone-like tissues. Some explants did
not form such intact structures but
remained as dentin—pulp complex-like
tissue (Fig. S2) and cementum-like
deposits with fibrous bundle embedded
in them, similarly to periodontal liga-
ment in situ (5/25, 20%, Fig. 4D).
However, in developing apical complex
mesenchymal cells, abundant osteo-
dentin-like tissue was observed and
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Fig. 4. Difference in the presence of epithelial component between DACCs and DACCs-M
cells and in the morphological appearance of transplants in vivo. AMBN, ameloblastin;
b, bone; ¢, cementum; CBB, ceramic bovine bone; CK, cytokeratin; d, dentin; DACCs,
developing apical complex cells; DACCs-M, developing apical complex mesenchymal cells;
EC, epithelial cells; FT, fibrous tissue; MC, mesenchymal cells; OSD, osteodentin; PDL,

periodontal ligament.

fibrous tissue, but no cementum-like
tissue, formed at the surface of osteo-
inductive ceramic bovine bone (25/25,
100%, Fig. 4F,G).

Discussion

The simultaneous elongation of tooth
root and formation of periodontium is
attributed to the continuous growth of
apical tissues (21), which in this context
was termed the developing apical
complex. In the present study, we
found that both the viable tissues and
cultured cells of developing apical
complex, when separated from the
molar root of young rat, retained the
capacity of independent development
and generated a well-shaped tooth
root-like structure with its supporting
tissue, lending support to the concept
that the developing apical complex
may act as a development center and
lead to the further development of root
and periodontium.

In the present study, ectopic
developing apical complex implants
re-exhibited the correct morphogene-
sis of tooth root and periodontium,
whereas only irregular dentin—pulp
complex-like structures formed in the
dental pulp group. Several factors
may account for this discrepancy.
First, the heterogeneous composition
of developing apical complex enabled
it to form a multilayered structure;
this was supported by the observation
that Hertwig’s epithelial root sheath
was located apically between the

dental papilla and follicle, as indi-
cated by the presence of cytokeratin-
positive regions in vivo and ex vivo

using immunostaining. Second,
developing apical complex featured a
more ‘embryonic’ profile than its

neighboring adult dental pulp. This is
typically inferred by the denser
expression of STRO-1 and prolifer-
ating cell nuclear antigen in develop-
ing apical complex than in dental
pulp, which indicated the presence of
highly proliferative progenitor/stem
cells in developing apical complex
(22-24). Putative stem cells in the
same apical area of humans and pigs
were confirmed as SCAP (stem cells
from apical papilla), which had a
greater capacity for dentin regenera-
tion than dental pulp stem cells (25).
Our findings, of a denser expression
of STRO-1 in a similar region of rats,
coincided well with the expression
profile of SCAP (26). Besides, we
deemed that possible stem cell prop-
erties of cells within the apical dental
follicle and Hertwig’s epithelial root
sheath may also facilitate the correct
morphogenesis from developing api-
cal complex to the root/periodontal
complex. By using the cells of cap-
stage tooth germs, Nakao et al
developed a successful method for
bioengineering teeth, which produced
an appropriately arranged periodontal
structure. Hence, the speculation that
the developing apical complex pos-
sesses more characteristics of primary
tooth root primordium may well

explain its developmental ability, even
when dissociated and combined with
particle-shaped scaffold (27). Lastly,
developing apical complex is situated
in a ‘younger’ environment in which
more signals and elements favor the
maintenance of undifferentiated state
of cells within it. We observed that
the developing apical complex
featured a characteristic of cell con-
densation, especially of the ectomesen-
chymal cells adjacent to Hertwig’s
epithelial root sheath, which may be
related to more extensive cell-cell and
cell-matrix interactions. Findings that
disclosed the recruitment of multiple
signaling molecules (such as Bmp, Msx,
Fgf, Shh and GDF) in this developing
region may be indicative of specific
epithelial-mesenchymal interactions,
and signals regulating histomorpho-
genesis may be conserved within the
developing apical complex during for-
mation of the root and periodontium
(28-31). In addition, the postulation
that developing apical complex contains
features younger than its neighbouring
tissues was strongly supported by the
persistence of an abundant vasculature
network in this region during root
elongation (32), which actually confers
on developing apical complex the
advantage of more nutrition and prim-
itive cells. Together, developing apical
complex featured a unique ‘embryonic’
characteristic, which not only contains
stem/progenitor cells capable of differ-
entiation into multiple tooth root-
forming and periodontium-forming
cells, but also provides a proper local
environment leading to the establish-
ment of an integral tooth-supporting
structure.

As mentioned above, a unique
population of extensively proliferative
postnatal stem cells was previously
identified in the apical papilla of
developing tooth (25). In the present
study we regarded developing apical
complex (comprising apical papilla,
dental follicle and Hertwig’s epithelial
root sheath) as an inseparable integrity
and demonstrated a high proliferation
tendency of cells from this entity. The
population of proliferating cell nuclear
antigen-positive cells in developing
apical complex was distinctly denser
than that in dental pulp tissue, in



accordance with proliferation markers,
such as a higher rate of bromodeoxy-
uridine uptake (10) and an increased
percentage of S-, G2- and M-phase
cells (33) in culture. Because of a higher
cellular alkaline phosphatase activity
and a higher spontaneous occurrence
frequency of calcified nodules (15),
than of dental pulp cells, developing
apical complex cells seem to be
particularly prone to mineralize,
an essential characteristic of the
cells involved in tooth root and
periodontium formation. The RT-PCR
results further supported this by
determining the intrinsic expression
pattern related to cemento/osteo-asso-
ciated differentiation. The propensity
of developing apical complex cells to
mineralize compared with dental pulp
cells not only coincided with the dif-
ference of the physiological and func-
tional property between developing
apical complex and dental pulp, the
latter remaining unmineralized to
ensure that the integral pulp is a soft
tissue, but also highlighted the
potential utility of developing apical
complex cells as a candidate for root
and periodontium regeneration. All of
these proliferation and differentiation
profiles potentiated developing apical
complex to function as a long-term
active growth center of tooth root and
periodontium and promised the regen-
eration of tooth-supporting structure
using cells from developing apical
complex.

Holding that expectation, we ob-
served the formation of a typical
tooth root- and periodontium-like
structure in explants of early-passage
cultured developing apical complex
cells combined with ceramic bovine
bone scaffold, known as bone-induc-
tive material. This may well argue for
maintenance of the development
capability of developing apical com-
plex cells, even after ex vivo expan-
sion. Zhao et al. found that the
delivery of cementoblasts with poly-
mer sponges could promote minerali-
zation in periodontal defects, whereas
the delivery of dental follicle cells
alone inhibited periodontal healing,
which was inconsistent with the
in vitro mineralization feature of den-
tal follicle cells. The fact that the

Apical region of developing tooth root

heterogenous developing apical com-
plex cells generated periodontium-like
mineralized tissues strongly empha-
sized the importance of the develop-
mental microenvironment created
by the interaction of multiple cells
within the developing apical complex
(34). The point especially worthy of
note is that after we performed dif-
ferential trypsinization to obtain rela-
tively pure dental mesenchymal cells
(developing apical complex mesen-
chymal cells), which included dental
follicle and papilla cells and elimi-
nated the contamination with Her-
twig’s epithelial root sheath cells, as
shown by cell morphology and protein
analysis, we only found osteodentin-
like tissues and fibrous connective
tissues in explants. This conceivably
implied that the absence of Hertwig’s
epithelial root sheath would attenuate
the ability of developing apical com-
plex cells to re-exhibit histomorpho-
genesis, as observed in the intact
developing apical complex cells—scaf-
fold transplants ectopically. It has
long been postulated that Hertwig’s
epithelial root sheath plays an
important role in the development of
root and periodontium (19,35). Most
recently, Sonoyama et al. (36)
successfully demonstrated that human
Hertwig’s epithelial root sheath cells
could not only promote the differen-
tiation of human periodontal ligament
stem cells along the cemento/osteo-
genic lineage in vitro, but could also
directly undergo epithelial-mesenchy-
mal transition under specific induction
and develop into cementum-forming
cells. Therefore, our results confirmed
again the importance of Hertwig’s
epithelial root sheath cells and, more
significantly, supported our disclosure
of functionality of developing apical
complex as an integrated part.

In summary, our study demon-
strated the sustainable developmental
ability of the apical region of rat tooth
root, which featured distinctive signa-
tures for a structurally and functionally
integral entity, proposed as developing
apical complex. The unique character-
istics of developing apical complex cells
might delineate them as promising
candidates for the regeneration of
human tooth root and periodontium,
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as they can be obtained from discarded
autologous developing wisdom teeth
and cryopreserved. However, the spe-
cific mechanisms required for the fine-
tuned regulation of the heterogeneous
cell types and their extracellular envi-
ronment in the developing apical
complex need further investigation and
elucidation.
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The following supplementary material
is available for this article:
Fig. S1. Histological view of DAC and
DP implants at low-power field. (A)
DAC grafts formed typical root like
structures with supporting tissues
which included dentin-pulp complex,
cementum- and periodontal ligament-
like tissue. (B) DP implants only
formed irregular dentin-pulp complex
like structures. C, cementum; D, den-
tin; DAC, developing apical complex;
DP, dental pulp; OD, odontoblasts;
PDL, periodontal ligament; R, renal
tissue. Scale bar = 300 pm.
Fig. S2. Histologic analysis of DAC
cells (DACCs) implants, 4 wk post-
transplantation and stained with
hematoxylin and eosin. DACCs
implants showed a distinctive dentin-
pulp complex structure including
odontoblasts, predentin and dentin.
The bone like tissue can also be found in
DACCs implants. B, bone; CBB, cera-
mic bovine bone; D, dentin; DACCs,
developing apical complex cells; OD,
odontoblasts. Scale bar = 100 um.
Please note: Wiley-Blackwell are not
responsible for the content or func-
tionality of any supporting informa-
tion supplied by the authors. Any
queries (other than missing material)
should be directed to the correspond-
ing author for the article.
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