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a b s t r a c t

Several populations of stem cells, including those from the dental pulp and periodontal ligament, have
been isolated from different parts of the tooth and periodontium. The characteristics of such stem cells
have been reported as well. However, as a common progenitor of these cells, ectomesenchymal stem cells
(EMSCs), derived from the cranial neural crest have yet to be fully characterized. The aim of this study was
to better understand the characteristics of EMSCs isolated from rat embryonic facial processes. Immuno-
histochemical staining showed that EMSCs had migrated to rat facial processes at E11.5, while the absence
of epithelial invagination or tooth-like epithelium suggested that any epithelial–mesenchymal interac-
tions were limited at this stage. The p75 neurotrophin receptor (p75NTR), a typical neural crest marker,
was used to select p75NTR-positive EMSCs (p75+ EMSCs), which were found to show a homogeneous fibro-
blast-like morphology and little change in the growth curve, proliferation capacity, and cell phenotype dur-
ing cell passage. They also displayed the capacity to differentiate into diverse cell types under chemically
defined conditions in vitro. p75+ EMSCs proved to be homogeneous, stable in vitro and potentially capable
of multiple lineages, suggesting their potential for application in dental or orofacial tissue engineering.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction Our previous studies have demonstrated the isolation, in vitro
There has been significant recent progress in the field of dental
tissue regeneration, which can be attributed to major advances in
our understanding of dental stem cells such as those from the den-
tal pulp and periodontal ligament [1–3]. However, it has been pro-
posed that such cells isolated from mature tooth tissues are
progenitor cells already committed to certain dental cell lineages
and not multipotent mesenchymal stem cell populations [4]. Tooth
development research has indicated that ectomesenchymal stem
cells (EMSCs) derived from the cranial neural crest may be a com-
mon progenitor of dental mesenchymal stem cells, including den-
tal papilla and dental follicle cells [5]. During tooth morphogenesis,
odontogenic genes in EMSCs are triggered by the epithelial–mes-
enchymal interaction, whereby EMSCs finally give rise to the cells
of the dental papilla and dental follicle, subsequently forming den-
tin, pulp, cementum and periodontal ligaments [6,7]. Therefore,
the characterization of EMSCs derived from the cranial neural crest
is important for assessing opportunities for periodontal/dental
regeneration and tissue-engineering approaches in the repair of
orofacial structures and understanding normal and abnormal oro-
facial development.
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multipotency and peripheral nerve regenerative capacity of EMSCs
from the first branchial arch [8,9]. These cells, isolated using the
enzymatic dissociation method, are marked by morphologic heter-
ogeneity and tendency to spontaneously differentiate along
smooth muscle or osteoblast lineages. However, their characteriza-
tion does pose challenges.

p75 neurotrophin receptor (p75NTR), which is abundantly ex-
pressed in neuronal precursor cells, is considered a typical neural
crest marker [10,11] and has previously been used to isolate neural
crest-derived stem cells from embryonic mandibular processes
using magnetic-activated cell sorting (MACS) prior to investigation
of their multi-potentiality [12]. The aim of this study was to purify
EMSCs via fluorescence activated cell sorting (FACS) using p75NTR
and to characterize the in vitro proliferative capacity, cell pheno-
type and multipotential differentiation of p75NTR-positive EMSCs
(p75+ EMSCs), thereby providing an EMSC model for studies of
tooth development and regeneration.
2. Materials and methods

2.1. Experimental animals

Sprague–Dawley (SD) rats that were 11.5 days into embryonic
development (E11.5) were provided by the Third Military Medical
University Animal Laboratory. All procedures were approved by

http://dx.doi.org/10.1016/j.bbrc.2012.08.109
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http://dx.doi.org/10.1016/j.bbrc.2012.08.109
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the Medical Ethics Committee of the Third Military Medical
University.
2.2. Immunohistochemistry

The embryonic facial processes were dissected from the E11.5
SD rats and fixed in 4% paraformaldehyde. Hematoxylin and eosin
(H.E.) staining and immunostaining were performed using the fol-
lowing primary antibodies: mouse anti-rat CD29, CD44, CD90, and
CD105 (1:100, Santa Cruz, CA, USA); mouse anti-rat IgM Stro-1
(1:100, Abcam Inc., Cambridge, MA, USA); and rabbit anti-rat
p75NTR (1:100, R&D Systems, Inc., Minneapolis, MN, USA). Sec-
tions were then incubated with secondary antibodies and stained
with DAPI (40,6-diamidino-2-phenylindole) (Sigma, USA), prior to
observation with a confocal laser scanning microscope (TCS SP2;
Leica Microsystems, Heidelberg, Germany).
2.3. Isolation and culture of EMSCs

Rat embryonic facial processes were harvested, minced into fine
pieces, digested with 1% trypsin/l mM EDTA solution (Sigma, USA),
filtered through a 75 lm mesh filter, centrifuged and cultured in
Dulbecco’s Modified Eagles Medium/Ham’s F12 (DMEM/F12) (Gib-
co, USA) supplemented with 10% fetal bovine serum (FBS, Gibco,
USA).
2.4. Sorting of p75+ EMSCs

p75+ EMSCs were selected using FACS as described previously
[13]. Briefly, EMSCs at passage 3 were harvested and incubated
in 1% BSA–PBS containing anti-p75NTR antibody for 30 min on
ice prior to being incubated with anti-rabbit IgG-TRITC for another
30 min. p75+ EMSCs were then collected using a FACS Calibur flow
cytometer (BD Bioscience, San Jose, CA).
2.5. In vitro stability assays of p75+ EMSCs

2.5.1. Proliferation activity
p75+ EMSCs at passages 3 and 9 were seeded into 96-well plates

at a density of 1 � 103 cells/well. The proliferative activities of
these two cell populations were evaluated according to their
growth curves, population doubling times, cell cycles and MTT as-
say results, as previously described [15].
Table 1
Specific primers used for RT-PCR.

Gene Primer sequence

LPL 50-GTATCGGGCCCAGCAACATTATCC-30

50-GCCTTGCTGGGGTTTTCTTCATTC-30

PPARc 50-AGGATCCATGAAGAACCTTTCATTTCTCCTA-30

50-CCTTGCATCCCTCCAAAGCAT-30

Col I 50-CGTGACCAAAAACCAAAAGTGC-30

50-GGGGTGGAGAAAGGAACAGAAA-30

OCN 50-ATGAGGACCCTCTCTCTGCTC-30

50-CTAAACGGTGGTGCCATAGAT-30

Col II 50-GAAGCACATCTGGTTTGGAG -30

50-TTGGGGTTGAGGGTTTTACA-30

AGG 50-TAGAGAAGAAGAGGGGTTAGG-30

50-AGCAGTAGGAGCCAGGGTTAT-30

NF-M 50-GAAGGAAAAGAGGAGGAGGAG-30

50-CAAGGACTGAGGAGGCACCC-30

MAP-2 50-TCGGCTCATTAACCAACCTC-30

50-GAGCCACATTTGGAAGTCAC-30

b-Actin 50-CGGTTGGCCTTAGGGTTCAGGGGG-30

50-CATCGTGGGCCGCTCTAGGCACCA-30
2.5.2. Cell phenotype analysis
Flow cytometry was used to detect the expression of the follow-

ing cell surface markers in p75+ EMSCs at passages 3 and 9: CD29,
CD44, CD90, CD105, Stro-1 and p75NTR, as previously described
[16]. Briefly, approximately 5 � 105 cells were harvested and incu-
bated overnight with primary antibodies according to the manu-
facturer’s protocol before the addition of secondary antibodies.
Cells were then analyzed with a FACS Calibur flow cytometer.

2.6. Multipotential differentiation assay of p75+ EMSCs

2.6.1. Adipogenic differentiation
p75+ EMSCs were seeded in 6-well plates at a density of

1 � 105 cells per well overnight and later incubated with adipo-
genic medium. After 10 days of culture, the cells were stained
using Oil Red-O and observed with a digital inverted microscope
(Leica, Cambridge, UK).

2.6.2. Osteogenic differentiation
After two weeks of culturing in osteogenic medium, p75+ EMSCs

were fixed and stained with Alizarin red. The mineralized nodules
were then examined with a digital inverted microscope.

2.6.3. Chondrogenic differentiation
p75+ EMSCs were seeded in 6-well plates and cultured in chon-

drogenic medium for two weeks. The differentiated cells were
fixed and incubated in 1% (w/v) Alcian blue (Sigma, USA) for
30 min. Finally, 0.1 M HCl was used to remove any excess stain be-
fore the cells were observed with a digital inverted microscope.

2.6.4. Neuron-Like differentiation
The seeded p75+ EMSCs were initially incubated with a pre-

induction medium containing DMEM/F12 without FBS but contain-
ing 1 mM b-mercaptoethanol (Sigma, USA) and then incubated in a
neurogenic medium as described previously [14]. After five days of
culturing, the cells were fixed and incubated with an anti-neurofil-
ament M (NF-M) (1:100, Santa Cruz, CA, USA) antibody, followed
by secondary IgG-FITC (1:100) and DAPI. The cells subsequently
were observed using a confocal laser scanning microscope.

2.6.5. RT-PCR assay
RT-PCR was performed as previously described [15] to further

confirm the multipotential differentiation ability of the p75+

EMSCs. The following primers were used, which are also
detailed in Table 1: lipoprotein lipase (LPL) and peroxisome
Product size (bp) GenBank
�

accession no.

520 NM_012598

360 NM_013124

188 NM_Z78279

300 NM_340986

448 L48440

322 J03485

500 NM_017029

150 NM_013066

248 NM_031144
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proliferator-activated receptor-c2 (PPARc2) mRNA for adipogenesis,
osteocalcin (OCN) and type I collagen (Col I) mRNA for osteogenesis,
Aggrecan (AGG) and collagen type II (Col II) for chondrogenesis, and
microtubule-associated protein-2 (MAP-2) and NF-M for Neuron-Like
Differentiation.
2.7. Statistical analysis

Data from the stability assays for the p75+ EMSCs during cell
passaging were statistically analyzed using the chi-square test
and independent sample t-test (Student’s unpaired t-test). The dif-
ference was considered to be statistically significant at p < 0.05.
3. Results

3.1. Immunohistochemistry of rat embryo facial processes

The dissected embryo facial processes are shown in Fig. 1A and
B). H.E. staining (Fig. 1C–E) indicated that embryonic facial pro-
cesses were composed of large numbers of mesenchymal cells with
a thin covering layer of epithelium. There was no evidence of epi-
thelial invagination or tooth-like epithelium, suggesting that epi-
thelial–mesenchymal interactions might be limited at this stage.
Immunofluorescence staining (Fig. 1F–L) demonstrated the posi-
tive expression of p75NTR, Stro-1, double p75NTR/Stro-1, CD29,
CD44, CD90 and CD105, indicating that neural crest-derived EMSCs
Fig. 1. Immunohistochemical staining of SD rat embryo facial process tissues. (A) Embryo
of rat embryo facial process at different levels of magnification. Embryonic facial proc
whereas epithelial invagination or tooth-like epithelium was not observed. (F–L) Immu
Stro-1 (G), both P75NTR and Stro-1 (H), CD29 (I), CD44 (J), CD90 (K), and CD105 (L) pre
had migrated to and populated the rat embryonic facial processes
at E11.5.

3.2. p75+ EMSCs selection

In live cell sorting, p75+ EMSCs accounted for 31.37% (Supple-
mentary Fig. 1A and B) of the present cells. A morphologic investi-
gation showed that EMSCs before selection were not homogeneous
and that some cells were clustered in a mass (Supplementary
Fig. 2A), whereas the selected p75+ EMSCs displayed a homoge-
neous fibroblast-like morphology (Supplementary Fig. 2B).

3.3. In vitro stability of p75+ EMSCs

The effects of nine passages on the growth, proliferation and cell
phenotype of p75+ EMSCs were investigated. Both the 3rd and 9th
passages of p75+ EMSCs began to grow exponentially at day 2,
reaching a peak at days 8 and 9, respectively (Fig. 2A). The popula-
tion doubling time (PDT) was calculated at 31.75 h for the 3rd pas-
sage p75+ EMSCs and at 34.09 h for the 9th passage p75+ EMSCs, a
difference that showed no statistical significance (p > 0.05). In the
MTT assay, a slightly higher OD value was detected for the 3rd pas-
sage p75+ EMSCs at days 5 and 7 (Fig. 2B), although significant dif-
ferences were not found (p > 0.05). Cell-cycle assays showed a
similar percentage of cells shifting to the S phase (Fig. 2C and D).
The results indicated that the proliferative activity of p75+ EMSCs
was stable in vitro during cell passaging.
from an E11.5 SD rat. (B) Embryo facial processes were dissected. (C–E) H.E. staining
esses comprised mostly of mesenchymal tissue containing large numbers of cells,
nofluorescence staining of rat embryo facial process. Cells positive for P75NTR (F),
sent in rat embryo facial processes (scale bar, 50 lm).



Fig. 2. Growth curves and proliferative activities of the p75+ EMSCs at different passages. (A) 3rd and 9th passage p75+ EMSCs both began to grow exponentially at day 2,
reaching their peaks on days 8 and 9, respectively. No significant difference was found between them. (B) In the MTT assay, higher OD values were seen for the 3rd passage
p75+ EMSCs on days 5 and 7 than for the 9th passage p75+ EMSCs, although these differences were not significant. (C and D) The cell-cycle assay results indicated that similar
percentages of 3rd passage p75+ EMSCs (33.02%) and 9th passage p75+ EMSCs (32.72%) shifted to the S phase.

Fig. 3. Flow cytometric analysis of the expression levels of the following cell surface markers: CD29, CD44, CD90, CD105, Stro-1 and p75NTR in EMSCs (A–F), as well as 3rd
(G–L) and 9th (M–R) passage p75+ EMSCs.
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Cell phenotype analysis using flow cytometry showed that
p75NTR-positive cells of the 3rd and 9th passage p75+ EMSCs ac-
counted for 98.44% (Fig. 3L) and 99.69% (Fig. 3R) of the cells present,
which was significantly higher than that for EMSCs before selection
(60.04%) (Fig. 3F). This finding indicated that p75+ EMSCs had been
purified and showed little change in p75NTR expression during cell
passaging. Similar results were found for the expression of CD29,
CD44 and CD90 (Fig. 2A–C, G–I, M–O). Stro-1 was highly expressed
in all three cell populations (Fig. 2E, K and Q), which indicated that
most cells from the embryonic facial process were mesenchymal
stem cells. An exception was CD105, which was highly expressed
in the 9th passage p75+ EMSCs (Fig. 2P) while being expressed at
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relatively low levels in both 3rd passage p75+ EMSCs and EMSCs
(Fig. 2D and J). This result may imply a possibly higher proliferative
activity for the 9th passage p75+ EMSCs because CD105 has been re-
ported to be associated with proliferation [17].
3.4. Multipotential differentiation ability of p75+ EMSCs

p75+ EMSCs in chemically defined conditions were induced to
differentiate into mature adipocytes, osteocytes, chondrocytes or
neuronal cells. In adipogenic medium, p75+ EMSCs underwent a
morphologic change from being fibroblast-like to elliptical, while
the cell body also increased in size. Lipid droplets visualized with
Fig. 4. Multipotent differentiation of p75+ EMSCs. (A and B) Adipogenic induction.
Treated p75+ EMSCs formed lipid droplets as visualized with Oil Red-O staining and
showed strong expression of specific genes (LPL PPARc2 mRNA), which were not
detected among the untreated p75+ EMSCs. (C and D) Osteogenic induction. An
abundance of mineralized nodules was observed among the treated p75+ EMSCs
using Alizarin red staining, while the mineralization-related markers of OCN, Col I
mRNA were strongly expressed. The slight expression of Col I mRNA was detected
among the untreated p75+ EMSCs. (E and F) Chondrogenic induction. Cartilage
matrix with Alcian blue staining and the strong expression of AGG and Col II mRNA,
which were not expressed or expressed only at low levels among the untreated
p75+ EMSCs, were observed among the treated p75+ EMSCs. (G and H) Neuron-like
induction. Confocal laser scanning microscopy and RT-PCR assays showed strong
expression levels of NF-M and MAP-2 among the treated p75+ EMSCs, whereas no
expression was detected among the untreated p75+ EMSCs (scale bar, 50 lm).
Oil Red-O staining appeared to have accumulated in the cytoplasm
(Fig. 4A). The adipogenic differentiation of p75+ EMSCs was further
confirmed by the RT-PCR results that indicated the strong expres-
sion levels of LPL and PPARc2 mRNA (Fig. 4B).

In an osteogenic medium, p75+ EMSCs changed from a fibro-
blast-like state to a multilateral form after 4 days, developing a
cuboidal shape and displaying a tightly packed arrangement at
two weeks. Abundant mineralized nodules showing Alizarin red
staining (Fig. 4C) and strong expression levels of OCN and Col I
mRNA (Fig. 4D) were detected among the treated p75+ EMSCs,
although they were not observed among the untreated p75+ EMS-
Cs, except for the slight expression of Col I mRNA.

In a chondrogenic medium, p75+ EMSCs were enlarged while
becoming flat and polygonal in shape. A large amount of cartilage
matrix was formed that showed positive Alcian blue staining
(Fig. 4E). Strong expression levels of AGG and Col II mRNA were de-
tected among the treated p75+ EMSCs, while no or little expression
was observed in untreated p75+ EMSCs (Fig. 4F).

In a neurogenic medium, some of the p75+ EMSCs underwent
neuron-like morphologic changes: the cells’ processes became
thinner and longer, and the cytoplasm around the nucleus shrunk.
The treated p75+ EMSCs were NF-M positive, as observed using
confocal laser scanning microscopy (Fig. 4G). The expression of
NF-M and MAP-2 was detected among the treated p75+ EMSCs
(Fig. 4H), but not among the untreated p75+ EMSCs.
4. Discussion

Stem cells, defined as those cells possessing an intrinsic self-re-
newal ability and multilineage potential, have greatly contributed
to the field of regenerative medicine. To understand the potential
characteristics of stem cells harvested from immature tissues, the
following three issues are important: (1) identification of the pres-
ent stage of development of these cells, (2) purification of these
cells, and (3) determination of stable proliferative behavior and
multipotency.

In mice, tooth initiation is triggered by the reciprocal interac-
tion between the dental epithelium and ectomesenchyme, which
is derived from the neural crest and the first mandibular arch mes-
enchyme, via extracellular signaling factors at approximately E10
[18]. The data in this study indicated that EMSCs had migrated to
the embryonic facial process at E11.5 in rats, while epithelial mes-
enchymal interactions were likely limited at this stage as epithelial
invagination or tooth-like epithelium was not observed. Slight dif-
ferences in the timing of these events between rats and mice re-
flect the shorter gestation period in mice [18,19]. This result is
important both to our understanding of the fate of EMSCs at this
site and to identifying the stage of development at which stem
cells might be usefully exploited in tissue-engineering
applications.

As reported by others, cell cultures harvested via enzymatic dis-
sociation can give rise to heterogeneous cell populations [20]; this
heterogeneity was significantly reduced after cell selection in the
present study. Moreover, selected p75+ EMSCs showed relatively
stable proliferative activity and phenotypes during cell expansion
to the 9th passage, on the basis of the growth curve and cell cycle
analyses and MTT assay and flow cytometry results. Previous stud-
ies have reported that neural crest cells in vitro have a tendency to
spontaneously differentiate along smooth muscle cells or osteo-
blast lineages in the absence of LIF, an inhibitor of differentiation
of mouse embryonic stem cells [8,21,22]. In the present study,
p75+ EMSCs up to nine passages showed a relatively stable prolif-
erative activity and the expression of the stem cell surface markers
STRO-1, CD29, CD44, and CD90, as well as an increased expression
of CD105, a component of the transforming growth factor-beta
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receptor (TGF-betaR) complex associated with proliferation [17].
The data indicated that p75+ EMSCs maintained an active renewal
potential and showed no evidence of spontaneous differentiation
during cell passage. A possible reason for these differences in the
behavior of these cells is that the cells excluded by FACS, as well
as their products, may play crucial roles in the spontaneous differ-
entiation of neural crest cells, thereby reinforcing the view that the
fate of pluripotent neural crest cells may be determined by their
environment [23].

Stro-1, a widely accepted marker for mesenchymal stem cells,
has been used to select adult stem cells in many studies [24,25].
In previous studies, Stro-1-expressing cells accounted for approxi-
mately 20–40% of dental stem cells [20,26]. However, the present
study showed a very high expression level of Stro-1 (i.e., more than
90%) both among p75+ EMSCs cells and in the cells before selection.
The data indicated that the proportion of stem cells in cultures from
embryonic tissue was much larger than that from mature tissues,
suggesting a potential application of embryonic tissue-derived stem
cells in the engineering of tissues and organ systems. In contrast
with Stro-1, in this study, p75NTR was differentially expressed be-
tween the p75+ EMSCs (more than 99%) and the cells prior to selec-
tion (60.04%), indicating that Stro-1-positive cells might include
cells with an origin other than the neural crest. Therefore, we pro-
pose that p75NTR, rather than Stro-1, be considered an optimal
marker for the selection of dental stem cells of neural crest origin.

The multipotency of neural crest cells is suggested by their
capacity to give rise to odontoblasts, pulp cells, osteoblasts, and
chondrocytes, which all form the orofacial tissues during develop-
ment [27,28]. However, only limited information regarding cell
lineage diversity is available from in vitro experiments. In the cur-
rent study, the formation of lipid droplets, mineralized nodules,
and the cartilage extracellular matrix, as well as the detection of
NF-M immunofluorescent-positive cells in the p75+ EMSCs after
treatment with various chemically defined conditions, demon-
strated the adipogenic, osteogenic, chondrogenic and neurogenic
differentiation potential of these cells. The RT-PCR results further
confirmed the in vitro multilineage potential of p75+ EMSCs, which
suggested their potential application in tissue engineering and
regenerative strategies for teeth.

In conclusion, in this study, we confirmed the presence of
p75NTR positive cells in embryonic facial processes of E11.5 SD
rats and the non-appearance of an epithelial invagination or
tooth-like epithelium. p75+ EMSCs isolated from rat embryonic fa-
cial processes showed a stable proliferation pattern, phenotype
and multipotential differentiation capacity in vitro. This character-
ization of p75+ EMSCs in this study led to favorable results and
highlighted its advantages in the cell aggregate technique that mi-
micks cell-to-cell and epithelial–mesenchymal interactions in the
bioengineered tooth germ [29]. Moreover, p75+ EMSCs may pro-
vide an in vitro model that contributes to our understanding of
those mechanisms underlying epithelial–mesenchymal interac-
tions in tooth morphogenesis. Further studies are necessary to
investigate both the in vitro and in vivo biological properties of
these cells as well as their potential for use in odontogenesis.
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