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Abstract Dental pulp stem cells were primarily derived
from the pulp tissues of exfoliated deciduous teeth, primary
incisors and permanent third molar teeth. The aim of this
study was to isolate and extensively characterise SCs
derived from human natal dental pulp (hNDP). For charac-
terisation, proliferation capacity, phenotypic properties,
ultrastructural and diVerentiation characteristics and gene
expression proWles were utilised. A comparison was done
between the properties of NDP-SCs and the properties of
mesenchymal stem cells (MSCs) from bone marrow (BM)
of the human. Stem cells isolated from hNDP and hBM
were analysed by Xow cytometry, reverse transcriptase-
PCR, Real Time-PCR, and immunocytochemistry. Both
cell lines were directionally diVerentiated towards adipo-
genic, osteogenic chondrogenic, myogenic and neurogenic
lineages. hNDP-SCs and hBM-MSCs expressed CD13,
CD44, CD90, CD146 and CD166, but not CD3, CD8,
CD11b, CD14, CD15, CD19, CD33, CD34, CD45, CD117,
and HLA-DR. Ultrastructural characteristics of hNDP-SCs
showed more developed and metabolically active cells.
hNDP-SCs and hBM-MSCs expressed some adipogenic

(leptin, adipophilin and PPAR�), myogenic (desmin,
myogenin, myosinIIa, and �-SMA), neurogenic (�-enolase,
MAP2a,b, c-fos, nestin, NF-H, NF-L, GFAP and betaIII
tubulin), osteogenic (osteonectin, osteocalcin, osteopontin,
Runx-2, and type I collagen) and chondrogenic (type II col-
lagen, SOX9) markers without any stimulation towards
diVerentiation under basal conditions. Embryonic stem cell
markers Oct4, Rex-1, FoxD-3, Sox2, and Nanog were also
identiWed. The diVerentiation potential of hNDP-SCs and
hBM-MSCs to adipogenic, osteogenic, chondrogenic, myo-
genic and neurogenic was shown. This report described the
Wrst successful isolation and characterisation of hNDP-SCs.
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Introduction

Due to their similar characteristics with other mesenchymal
stem cells (MSCs) and the relative ease at which they can
be obtained and propagated, mesenchymal stem cells
derived from dental pulp have become increasingly popular
to study. Detailed in vivo and in vitro studies were previ-
ously carried out to examine the proliferation and diVerenti-
ation capacity of MSCs derived from dental pulp. The Wrst
report in this area, published by Gronthos et al. (2000),
revealed that stem cells isolated from the dental pulp of
wisdom teeth, formed dentin/pulp-like structures both in
vivo and in vitro. Later, the same group (2003) was able to
produce ectomesenchymal stem cells from exfoliated
deciduous teeth (Miura et al. 2003).

In other studies, researchers induced the diVerentiation
of stem cells isolated from dental pulp (DPSCs) derived
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from deciduous teeth or wisdom teeth into various cell
types (Nosrat et al. 2001; Shi et al. 2001; Gronthos et al.
2002; Laino et al. 2005; Ikeda et al. 2006; d’Aquino et al.
2007; Struys et al. 2007; Huang et al. 2008). Overall,
experiments revealed that stem cells and/or precursor cells
derived from dental pulp can diVerentiate into dentin-pro-
ducer odontoblasts, osteoblasts, adipocytes, skeletal and/or
smooth muscle cells, endothelial cells, neural cells and
elastic cartilage cells both in vivo and in vitro (Arthur et al.
2008; d’Aquino et al. 2007; Gandia et al. 2008; Gronthos
et al. 2000, 2002; Huang et al. 2008; Iohara et al. 2004; Jo
et al. 2007; Kerkis et al. 2006; Laino et al. 2005; Miura
et al. 2003; Nosrat et al. 2001; Otaki et al. 2007; Papaccio
et al. 2006; Yu et al. 2007; Zhang et al. 2006a, b).

Huang et al. (2008) demonstrated the feasibility of
deriving DPSCs from tissue that is usually discarded such as
supernumerary teeth. The presence of teeth in a newborn is
uncommon, appearing in approximately one in every 2,000
to 3,000 live births. The majority of natal teeth are normal,
primary teeth that erupted early and less than 10% of natal
teeth are supernumerary. The aim of this study was to iso-
late and extensively characterise SCs derived from human
natal dental pulp (hNDP). Furthermore, the properties of
hNDP-SCs and of MSCs isolated from human bone mar-
row (hBM) were compared.

Materials and methods

Isolation and culturing of hNDP-SCs

Two vital human natal teeth were obtained from a healthy
newborn female. The teeth were immersed in a physiologi-
cal solution containing antibiotics to eliminate any conta-
mination. Soon after the extraction, under sterile conditions,
pliers (bone forceps) were used to fracture the dental crown
into several parts and the dental pulp was uncovered. The
pulp tissue was digested using collagenase type I (Sigma-
Aldrich, St. Louis MO) to generate single cell suspensions.
The cells were cultured in MEM-Earle (Biochrom-FG0325)
containing 15% foetal bovine serum (FBS; Invitrogen/
GIBCO, Grand Island, NY, USA) and 100 IU/ml penicilin-
100 �g/ml streptomycin (Invitrogen/GIBCO). The cells
from one tooth were seeded into two 25 cm2 plastic tissue
culture Xasks (BD Biosciences) and incubated at 37°C in a
humid atmosphere containing 5% CO2 for 3 days. The stem
cells were isolated based on their ability to adhere to culture
plates. On the third day, red blood cells and other non-
adherent cells were removed and fresh medium was
added to allow further growth. The adherent cells were
grown to 70% conXuency and were deWned as passage
zero (P0) cells. Later passages were named accordingly.
For passaging, the cells were washed with Ca2+–Mg2+ free

phosphate-buVered saline (PBS) (Invitrogen/GIBCO) and
detached by incubating with 0.25 % trypsin-EDTA solution
(Invitrogen/GIBCO) for 5–10 min at 37°C. Growth
medium was added to inactivate the trypsin. The cells were
then centrifuged at 200£g for 10 min, resuspended in 1 ml
complete medium, counted in duplicate using a Thoma
chamber, and then plated in 75 cm2 Xasks (BD Biosciences)
at a concentration of 1 £ 106 cells/Xask. Growth medium
was replaced every 3 days over a 10–14 day period.

Isolation and culture of hBM-MSCs

Bone marrow aspirates of 2–4 ml were taken from the iliac
crest of patients (n = 5, age = 4–7 years) who were diag-
nosed with idiopathic thrombocytopenic purpura (ITP).
Flow cytometry demonstrated that the individuals were
actually healthy. Informed consent was received in accor-
dance with the terms of the ethics committee of the Univer-
sity of Kocaeli. The bone marrow was diluted 1:3 with PBS
and layered over a Ficoll-histopaque gradient (1.077 g/ml).
The low-density mononuclear cells were washed twice with
PBS, counted, and 1 £ 106 cells/cm2 were plated in culture
Xasks in MEM-Earle containing 15% foetal bovine serum,
100 IU/ml penicillin, and 100 �g/ml streptomycin. The cells
were incubated at 37°C in a humid atmosphere containing
5% CO2 for 3 days. The mesenchymal stem cells were iso-
lated based on their ability to adhere to culture plates. On the
third day, red blood cells and other non-adherent cells were
removed and fresh medium was added to allow further
growth. The adherent cells were grown to 70% conXuency
and were deWned as passage zero (P0) cells. Passaging of the
cells was performed as described above.

Electron microscopy

SCs at passage three were centrifuged at 200£g for 5 min.
and the pellet was Wxed with 2.5% gluteraldehyde (Fluka)
in 0.1 M Sorensen phosphate buVer (pH 7.2) for 24 h at
4°C. Next, the pellet was embedded in agar powder and
post-Wxed with 1% OsO4 (Sigma-Aldrich, St. Louis, MO,
USA) supplemented buVer for 1 h at room temperature.
Samples were dehydrated and embedded in araldite CY212
(Sigma-Aldrich). Ultrathin sections were counterstained
with lead citrate and uranyl acetate and ultrastructural
observations were made using a Jeol JEM-1400 transmis-
sion electron microscope.

Phenotype identiWcation

Flow cytometry

To conWrm that hNDP-SCs and hBM-MSCs maintain
their phenotypic characteristics after growth in culture,
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undiVerentiated SCs were subjected to Xow cytometry
analysis. After each passage, stem cells were harvested and
suspended in their own culture medium at a concentration
of 1 £ 106 cells/ml. Flow cytometry was performed using a
FACSCalibur (BD Biosciences, San Diego, USA). The data
were analysed with Cell Quest software (BD Biosciences)
and the forward and side scatter proWle gated out debris and
dead cells.

Immunophenotyping of hNDP-SCs and hBM-MSCs was
performed with antibodies against the following human
antigens: CD3 (T-cell receptor; PerCP), CD8 (Cytotoxic
T-cell receptor; PE), CD10 (N-cadherin/common leucocyte
lymphocytic leukaemia antigen-CALLA; PE), CD11b
(Mac-1 �; integrin �M chain; PE), CD13 (Aminopeptidase
N/Vcadherin; PE), CD14 (Monocyte diVerentiation antigen/
LPS receptor; FITC), CD15 (3-fucosyl-N-acetyl-lactos-
amine; PE), CD19 (PerCP-Cy5.5), CD33 (Sialic Acid-Bind-
ing Immunoglobulin-Like Lectin 3; SIGLEC3; a surface
marker for very early bone marrow-derived hematopoietic
stem cells; PE), CD34 (Hematopoietic Progenitor Cell
Antigen; PE), CD44 (Hyaluronate/lymphocyte homing-
associated cell adhesion molecule-HCAM; PE), CD45
(Protein tyrosine phosphatase, receptor type, C/ PTPRC/
leucocyte common antigen/cell marker of hematopoietic
origin; FITC), CD71 (transferrin receptor, PE), CD73 (5�-
nucleotidase, ecto;NT5E/integrin �5; PE), CD90 (Thy-1/
Thy-1.1-FITC), CD117 (KIT or C-kit receptor/hematopoi-
etic stem cells; PE), CD146 (melanoma cell adhesion mole-
cule; MCAM/ a marker for endothelial cell lineage; PE),
CD166 (activated leucocyte cell adhesion molecule;
ALCAM/ integrin �3;mesenchymal stem cell marker; PE)
and HLA-DR (major histocompatibility complex, MHC
class II, cell surface receptor; FITC). All of the antibodies
were supplied by Becton Dickinson.

Immunohistochemistry

To identify cell characteristics, P0, P1, P3, P4, P7, P9, and P10

cells were seeded on poly-L-lysine- coated 8-well chamber
slides (BD Biosciences), cultivated for another 1–2 days
and subjected to immunocytochemistry and immunoXuo-
rescence studies.

ImmunoXuorescence staining

Samples were rinsed brieXy in PBS, Wxed in ice-cold meth-
anol for 10 min and were then allowed to dry completely.
After permeabilization with 0.025% Triton X-100 (Merck,
Darmstadt, Germany), cells were incubated with 1.5% nor-
mal goat or donkey blocking serum (Santa Cruz Biotech-
nology) in PBS for 30 min at 37°C to suppress non-speciWc
binding of IgG. After washing the cells three times with
PBS (5 min each), cells were incubated overnight at 4°C

with the primary antibodies listed in Table 1. After three
PBS washes, cells were incubated with FITC and Texas red
(Santa Cruz Biotechnology) labelled appropriate secondary
antibodies for 25 min in the dark. After washing three times
with PBS in the dark, cells were mounted with mounting
medium containing DAPI (Santa Cruz Biotechnology).

Immunocytochemistry

Immunocytochemistry analysis was performed using the
streptavidin-peroxidase method (UltraVision Plus Large
Volume Detection System Anti-Polyvalent, HRP immuno-
staining Kit, Thermo ScientiWc, UK). To reduce nonspeciWc
background staining due to endogenous peroxidase, cul-
tured cells were Wxed in ice-cold methanol with 0.3%
hydrogen peroxide (Carlo Erba Reactifs, Val-De-Reuil
Cedex Pa Des Portes, FRANCE) for 15 min and allowed to
dry. After additional PBS washes, cells were incubated
with Ultra V Block for 5 min at room temperature. Then,
cells were incubated overnight at 4°C with the primary anti-
bodies listed in Table 1. The following day, cells were
incubated with biotinylated secondary antibodies for
15 min at room temperature. Incubations were followed by
streptavidin peroxidase treatment for 15 min. at room tem-
perature and signals were detected with the AEC kit
(Zymed Laboratories, UK). The cells were counter-stained
with haematoxylin (Santa Cruz Biotechnology) and were
examined under a light/Xuorescent microscope (Leica DMI
4000B, Wetzlar, Germany).

Cell proliferation and viability-MTT Test

The proliferation rate of hNDP-SCs and hBM-MSCs was
determined by MTT. MTT was analysed using the MTT Cell
Growth Kit (Chemicon) on passage three cultures of MSCs.
MSC suspensions were seeded at 12,500 cells/well in 6-well
plates (for 1, 4, 7, and 11 days) and T25 Xasks (for 14, 17,
and 21 days) and were incubated in 5% CO2 at 37°C for 1, 4,
7, 14, 17, and 21 days. Next, the culture medium was
replaced. Wells were washed twice with PBS. In the growth
curve experiment, 10 �l MTT (0.5 mg/ml) was added to the
culture for an incubation time of 4 h. Culture medium was
discarded and replaced with 100 �l isopropanol/HCl. Absor-
bance at 570 nm was measured by a UV-visible spectropho-
tometer microplate reader (VersaMax, Molecular Device,
USA). For each group, experiments were repeated three
times and measurements were completed in triplicate.

Reverse transcription-polymerase chain reaction 
(RT-PCR)

Total RNA was isolated from 3 £ 106 MSCs derived from
natal teeth and bone marrow at passage 4 by the High Pure
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RNA Isolation Kit (Roche, Mannheim, Germany). After the
isolation, the RNA concentrations were measured at
260 nm using a Nanodrop spectrophotometer (Thermo SCI-
ENTIFIC). One microgram of total RNA was reverse-tran-
scribed into cDNA using the Transcriptor High Fidelity
cDNA Synthesis Kit (Roche, Mannheim, Germany) with
both oligo (dT) and random hexamers. The cDNA synthesis
reaction was carried out immediately after RNA isolation
and the reaction mix consisted of 5 �g of RNA, 1 mM of
dNTPs, 0.2 �g of primers, 20 units of riboblock inhibitor
and 200 units of M-MuLV reverse transcriptase. The RNA,
primer, and dNTP mixture was denatured for 1 min at
90°C. The temperature was lowered to 42°C before the
addition of M-MuLV RT enzyme plus riboblock inhibitor.

The reaction ran for 1 h at 42°C. For the second strand syn-
thesis, PCR was performed with a PCR enzyme mix (Fer-
mentas, USA). The sense and antisense primers used are
listed in Table 2. The 25 �L PCR reaction mixture con-
sisted of 1£ PCR buVer, 0.2 mM of each dNTP, 0.5 �M of
each primer, 1.25 mM MgCl2, 1.5 units of Taq DNA poly-
merase, and 2 �L of the Wrst strand cDNA reaction. An ini-
tial 5 min denaturation step at 94°C was followed by cycles
including denaturation at 94°C, annealing at an appropriate
temperature and elongation at 72°C. PCR reactions ended
with a Wnal elongation step at 72°C. PCR products were
analysed by agarose gel electrophoresis. The name and
sequences of the primers, the sizes of PCR products, and
annealing temperature for each pair are listed in Table 2.

Table 1 Immunocytochemical 
properties of hNDP-SCs and 
hBM-MSCs

Antibody/marker Dilution Source Cell type

hNDP-SCs hBM-MSCs

Detection Detection

CD 31/ PECAM-1 (M-20) 1:100 Santa Cruz Biotechnology ; ;
CD 34 (C-18) 1:150 Santa Cruz Biotechnology ; ;
CD 44/HCAM (Ab-4) 1:150 Thermo ScientiWc + +

CD 45 (H-230) 1:150 Santa Cruz Biotechnology ; ;
CD 71 (K-20) 1:150 Santa Cruz Biotechnology ; ;
CD105/Endoglin (M-20) 1:100 Santa Cruz Biotechnology + +

c-Fos (4) 1:50 Santa Cruz Biotechnology + +

Collagen II Ab-2 (2B1.5) Prediluted Thermo ScientiWc + +

Collagen Ia1 (D-13) 1:50 Santa Cruz Biotechnology + +

�- Tubulin (KMX-1) 1:50 Chemicon International + +

� -Tubulin Prediluted Thermo ScientiWc + +

Nestin (Rat-401) 1:50 Santa Cruz Biotechnology + +

Vimentin (C-20) 1:100 Santa Cruz Biotechnology + +

Desmin Ab1 (D33) Prediluted Thermo ScientiWc +a +a

Fibronectin (EP5) 1:100 Santa Cruz Biotechnology + +

�-Smooth Muscle Actin Ab-1 1:800 Thermo ScientiWc + +

Actin (C-2) 1:50 Santa Cruz Biotechnology + +

MyoD (4H207) 1:50 Santa Cruz Biotechnology ; ;
Myosin IIa (A4.74) 1:50 Santa Cruz Biotechnology + +

Myogenin Ab-1 (F5D) Prediluted Thermo ScientiWc + +

MAP 2a,b Ab-2 (AP20) Prediluted Thermo ScientiWc + +

GFAP Ab1 Prediluted Thermo ScientiWc + +

�3Tubulin (2Q121) 1:50 Santa Cruz Biotechnology + +

NSE/� Enolase 1:500 Chemicon International + +

Osteocalcin (FL-100) 1:50 Santa Cruz Biotechnology + +

Osteonectin (SPARC) 1:50 Chemicon International + +

Osteopontin (AKm2A1) 1:50 Santa Cruz Biotechnology + +

BMP-2 (N-14) 1:50 Santa Cruz Biotechnology + +

BMP-4 (N-16) 1:50 Santa Cruz Biotechnology + +

MEPE (LFMb-33) 1:50 Santa Cruz Biotechnology ; ;

+ Positive marker expression; ; 
lack of marker expression; ¡/+ 
weak marker expression
a Immunoreactivity was posi-
tive in 10–20% of the cells
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Table 2 RT-PCR primers used in this study

Genes Forward primer (F)
Reverse primer (R)

GeneBank 
accession no.

Size of PCR 
product (bp)

Annealing 
temperature (ºC)

Rex-1 (RNA exonuclease 1) F: GGATCTCCCACCTTTCCAAG NM_020695 104 54

R: GCAGGTAGCACACCTCCTG

Oct-4 (Pou5f1; POU class 
5 homeobox 1)

F: TGCCGTGAAACTGAAGAAG NM_203289 72 53

R: TTTCTGCAGAGCTTTGATGTTC

NANOG F: CCTCTTAAATTTTTTCCTCCTCTTC NM_24864 271 52

R: AAGTGGGTTGTTTGCCTTTG

ACTA2 (smooth muscle actin, alpha 2) F: ATGAGGGCTATGCCTTGCCC NM_001613 307 57

R: CCCGATGAAGGATGGCTGGA

ACTB (actin, beta) F: TGGCACCACACCTTCTACAATGAGC NM_001101 395 59

R: GCACAGCTTCTCCTTAATGTCACGC

Desmin F: CAGGTGGAGATGGACATGTCTAAGC NM_001927 186 55

R: TCATCTCCTGCTTGGCCTGG

MYOD1 (Myogenic diVerentiation 1) F: GCCGCCTGAGCAAAGTAAATGAGG NM_002478 280 53

R: TAGTCCATCATGCCGTCGGAGC

NEFH (NeuroWlament, heavy 
polypeptide 200 kDa)

F: GAACACAGACGCTATGCGCTCAG NM_021076 396 54

R: CACCTTTATGTGAGTGGACACAGAG

NEFL (NeuroWlament, light 
polypeptide 68 kDa)

F: TCCTACTACACCAGCCATGT NM_006158 283 54

R: TCCCCAGCACCTTCAACTTT

TUBB3 (tubulin, beta 3) F: CATGGACAGTGTCCGCTCAG NM_006086 175 58

R: CAGGCAGTCGCAGTTTTCAC

Enolase 2 (gamma, neuronal; ENO2) F: TTATTGGCATGGATGTTGCTGC NM_001975 269 55

R: CCCGCTCAATACGTTTTGGG

Nestin F: CTCTGACCTGTCAGAAGAAT NM_006617 302 54

R: GACGCTGACACTTACAGAAT

COMP (Cartilage oligomeric 
matrix protein)

F: CCGACAGCAACGTGGTCTT NM_000095 91 53

R: CAGGTTGGCCCAGATGATG

SOX9 SRY (sex determining 
region Y)-box 9

F: TGAAGAAGGAGAGCGAGGAA NM_000346 348 53

R: GGGGCTGGTACTTGTAATCG

c-fos F: AGAATCCGAAGGGAAAGGAA NM_005252 149 55

R: CTTCTCCTTCAGCAGGTTGG

OPN (osteopontin) 
(secreted phosphoprotein 1;SPP1)

F: CAGTGACCAGTTCATCAGATTCATC NM_001040058 374 55

R: CTAGGCATCACCTGTGCCATACC

OCN (osteocalcin)
(bone gamma-carboxyglutamate protein)

F: ATGAGAGCCCTCACACTCCT NM_199173 377 54

R: CAAGGGGAAGAGGAAAGAAG

Runx2 (runt-related 
transcription factor 2)

F: CAGACCAGCAGCACTCCATA NM_004348 177 57

R: CAGCGTCAACACCATCATTC

MEPE (matrix extracellular 
phosphoglycoprotein)

F: GCTGTGTGGAAGAGCAGAGG NM_020203 303 53

R: TCATCTCCATCCTCAAACCC

Osteonectin F: TCTTCCCTGTACACTGGCAGTTC NM_003118 73 55

R: AGCTCGGTGTGGGAGAGGTA

Vimentin F: AAGCAGGAGTCCACTGAGTACC NM_003380 205 55

R: GAAGGTGACGAGCCATTTCC

ADFP (Adipophilin) F: CGCTGTCACTGGGGCAAAAGA NM_001122 173 59

R: ATCCGACTCCCCAAGACTGTGTTA

Leptin F: GTAGAGTTTGAAGGAGGTGA NM_000230 348 54

R: CTGGGAATTAGCCATTGTG

Adiponectin F: ATGGTCCTGTGATGCTTTGA NM_004797 229 54

R: GTTGAGTGCGTATGTTATTTTT
PPAR� (peroxisome 
proliferator-activated receptor gamma)

F: CAGTGGGGATGCTCATAA NM_138711 422 54

R: CTTTTGGCATACTCTGTGAT
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Real-time polymerase chain reaction

RNA isolation and cDNA synthesis was performed as
described above. Equal amounts of cDNA were used for the
real-time ampliWcation of the target genes using UPL Prob
(Universal Prob Library) according to the manufacturer’s
recommendations on the LightCycler 480-II (Roche Diag-
nostic) real-time quantitative PCR instrument.

The relative gene expression of the housekeeping gene,
HPRT (Hypoxanthine-guanine phosphoribosyl transferase),
and relative target gene expression of Nanog, Oct4, Sox2,
FoxD3 and Rex-1 were determined. Primers used for real-
time PCR were as follows: Nanog (Nanog homeobox) for-
ward 5�-ATG CCT CAC ACG GAG ACT GT-3� and
reverse 5�-AGG GCT GTC CTG AAT AAG CA-3�; Rex1
(RNA exonuclease 1) forward 5�-GGA TCT CCC ACC
TTT CCA AG-3� and reverse 5�-GCA GGT AGC ACA
CCT CCT G-3�; Oct4 forward 5�-TGC CGT GAA ACT
GGA GGA G-3� and reverse 5�-TTT CTG CAG AGC TTT
GAT GTT C-3�; Sox2 (HGNC transcription factor) forward
5�-ATG GGT TCG GTG GTC AAG T-3� and reverse 5�-
GGA GGA AGA GGT AAC CAC AGG-3�; and FoxD3
(fork-head box D3) forward 5�-CCA ATT TCC TTT CCC
CTG AG-3� and reverse 5�-TCG ACC AGC TTA GGT
GTG C-3�. Primers and probes from the pre-developed kits
were added according to manufacturer’s instructions (0.4 �l
reference probe, 0.4 �l target probe, 0.4 �l reference primer
mix, 0.4 �l target forward primer mix (L), 0.4 �l target
reverse primer mix (R), 10 �l master mix and 3 �l water).
PCR conditions were as follows: incubation for 10 min at
95°C, followed by 45 cycles of 10 s denaturation at 95°C,
annealing for 30 s at 60°C and 1 s extension at 72°C. The
target and reference genes were ampliWed in the same
wells. The reaction mixture, lacking cDNA, was used as a
negative control in each run. In addition, cDNA reaction
mix without template was used as a negative control.
Expression of HPRT was used as reference.

Real-time PCR data analysis

Results were analysed with Light Cycler software (version
4). The crossing points were assessed and were plotted ver-
sus the serial dilution of known concentrations of standards
derived from each gene by the Fit Points method. PCR
eYciency was calculated by the Light Cycler Software, and
the data were only used if the calculated PCR eYciency
ranged from 1.85–2.0.

Telomerase activity

Telomerase activity was determined with the conventional
telomeric repeat ampliWcation protocol (TRAP) using the
TRAP TeloTAGGG PCR enzyme-linked immunosorbent

assay (ELISA) kit (Roche, Mannheim, Germany) according
to the manufacturer’s protocol. BrieXy, 2 £ 105 cells were
washed with phosphate-buVered saline (PBS) and homoge-
nised in 200 �l of ice-cold lysis buVer. The homogenate
was incubated on ice for 30 min and centrifuged at
16,000£g for 20 min at 4°C. The supernatant was collected
and cell extracts were incubated with mixed buVer contain-
ing a biotin-labelled primer, one unlabelled primer, dNTPs
and Taq DNA polymerase. This reaction ran for 20 min at
25°C and allowed telomerase to add the telomeric repeats
to the end of the biotin-labelled synthetic primer. The
products were extended by incubation at 94°C for 5 min,
followed by 30 cycles of 94°C, 30 s; 50°C, 30 s; 72°C,
90 s; and a Wnal extension at 72°C for 10 min. To detect the
telomeric repeat-speciWc sequence, the products were dena-
tured and mixed with a digoxigenin (DIG)-labelled probe.
The mixture was incubated in the streptavidin-coated wells
of the microplate. Finally, the DIG-labelled hybrids were
visualised with a peroxidase conjugated anti-DIG antibody
and a substrate (TMB) and quantiWed photometrically at
450 nm with a reference wavelength of 690 nm. Relative
telomerase activity is calculated as the ratio of the absor-
bance value of the sample to that of the control.

In vitro diVerentiation

In vitro adipogenic diVerentiation

Cells from passage three (3,000 cells/cm2) were seeded
onto coated type I collagen coverslips (BD Biosciences) in
6-well plates to induce adipogenic diVerentiation. The adi-
pogenic medium, MEM (Invitrogen/GIBCO), was supple-
mented with 10% FBS (Invitrogen/GIBCO), 0.5 mM
isobutyl-methylxanthine (IBMX-Sigma-Aldrich), 10¡6 M
dexamethasone (Sigma-Aldrich, Fluka Chemie AG, Buchs,
Switzerland), 10 �g/ml insulin (Invitrogen/GIBCO),
200 �M indomethacin (Sigma-Aldrich), and 1% antibiotic/
antimycotic (Invitrogen/GIBCO) for 4 weeks. The medium
was replaced twice a week. The presence of intracellular
lipid droplets, which indicates adipogenic diVerentiation
occurred was conWrmed by Oil Red O (Sigma-Aldrich)
staining with 0.5 % oil red O in methanol.

In vitro osteogenic diVerentiation

Cells from passage three (3,000 cells/cm2) were seeded
onto 6-well plates with type I collagen coated coverslips.
For osteogenic diVerentiation, MEM (Invitrogen/GIBCO)
was supplemented with 100 nM dexamethasone (Sigma-
Aldrich), 0.05 �M ascorbate-2-phosphate (Wako Chemi-
cals, Richmond, VA, USA), 10 mM �-glycerophosphate
(Sigma-Aldrich), 1% antibiotic/antimycotic and 10% FBS
(Invitrogen/GIBCO) and the cells were incubated in this
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medium for four weeks. The medium was replaced twice a
week. At the end of the fourth week, osteogenic diVerentiation
was assessed via staining with Alizarin Red (Sigma-Aldich,
Fluka Chemie AG, Buchs, Switzerland) and immunocyto-
chemical staining of osteocalcin, osteopontin, osteonectin,
BMP-2 and BMP-4.

Alizarin red staining

Cells were plated and induced for osteogenic diVerentia-
tion as described. BrieXy, excess medium was decanted
and cells were Wxed for 5 min at room temperature in
ice-cold 70% ethanol and were then allowed to dry
completely. Cells were stained with alizarin red solution
composed of 2% alizarin red S (pH value of the alizarin
red S solution was adjusted to 4.1–4.3 with ammonium
hydroxide) for 30 s to 1 min., then washed with distilled
water (20 dips). Excess dye was poured out and stained
cells were dehydrated in acetone (20 dips), Wxed in ace-
tone-xylene (1:1) solution (20 dips), cleared with xylene
(20 dips), dried completely, and mounted in mounting
medium.

Alkaline phosphatase activity

Cell alkaline phosphatase (ALP) activity was determined at
days 3, 7, 11, 14, 21, and 28 as a method to assess osteo-
genic diVerentiation. Cell layers were washed three times
with PBS and total protein was extracted by Mammalian
Protein Extract Reagent (M-PER) (Thermo ScientiWc). The
p-Nitrophenyl Phosphate Liquid Substrate (Sigma Aldrich,
N7653) was used to detect ALP activity. The cells were
incubated at room temperature with p-Nitrophenyl Phos-
phate for 30 min. The optical density of the yellow product,
para-nitrophenol, was determined by a VersaMax Micro-
plate Reader (Molecular Devices) at 405 nm. Protein con-
centration of the cell lysate was measured via the
Bicinchoninic Acid Protein Determination method (Sigma-
Aldrich) (Wu et al. 2007) and ALP activity was expressed
as OD 405 nm/mg of protein (Wu et al. 2007). Three tech-
nical replicates of each sample were analysed.

In vitro chondrogenic diVerentiation

To induce chondrogenic diVerentiation, 2.5 £ 105 cells
were transferred into a 15-mL polypropylene tube and were
centrifuged at 1300£g for 5 min to form a pelleted
micromass. The micromass was cultured with chondro-
genic medium for 2 weeks. The medium was changed
twice a week. Chondrogenic medium consists of high-
glucose DMEM (Gibco-BRL, Grand Island, NY, USA)
supplemented with 10 ng/ml transforming growth
factor-�1 (TGF-�1; Biosource PHG0021), 50 �g/ml

ascorbate-2-phosphate (Wako Chemicals, Richmond,
VA, USA), 0.1 �M dexamethasone (Sigma-Aldich, Fluka
Chemie AG, Buchs, Switzerland), 100 �g/ml sodium
pyruvate (Sigma-Aldich, St. Louis, MO, USA), 40 �g/ml
proline (Merck, Darmstadt, Germany), 50 mg/ml ITS
premix (BD Biosciences, Bedford, MA), and 1% anti-
biotic/antimycotic (Gibco-BRL, Grand Island, NY, USA).
The pellets, Wxed with 4% paraformaldehyde and embedded
in paraYn, were stained with Haematoxylin–Eosin,
Alcian blue and Safranin O to assess chondrogenic
diVerentiation.

In vitro myogenic diVerentiation

To induce myogenic diVerentiation, MSCs from passage
three were seeded on collagen-coated coverslips. After 24 h
of incubation, the medium was replaced with high glucose
Dulbecco’s modiWed Eagle’s medium (H-DMEM) supple-
mented with 5% horse serum and 10 mM 5-azacytidine.
The cells were allowed to grow in this medium for 24 h and
were washed twice with PBS. To allow further growth, the
cells were cultured in H-DMEM containing 5% horse
serum, 50 mM hydrocortisone and 4 ng/ml basic Wbroblast
growth factor. In order to assess myogenic diVerentiation,
cells were stained with antibodies against MyoD, Myosin
IIa, desmin, myogenin and �-SMA.

In vitro neurogenic diVerentiation

MSCs from passage three were seeded on collagen-
coated coverslips to induce neurogenic diVerentiation.
After the cells were 70% conXuent, they were cultured
for 3–5 days with low glucose Dulbecco’s modiWed
Eagle’s medium (L-DMEM) containing 0.5 mM iso-
butylmethylxanthine (IBMX), 10 ng/ml brain-derived neu-
rotrophic factor (BDNF), epidermal growth factor (EGF),
basic Wbroblast growth factor (�-FGF), neural stem cell
proliferation supplements (Stem Cell Technologies Inc.)
and 1% penicillin–streptomycin (Gibco-BRL). DiVeren-
tiation was assessed by immunohistochemical staining
of GFAP, HNK-1ST, neuroWlament (Thermo ScientiWc),
tubulin-�, tubulin �-III, c-Fos, nestin, and �-enolase
(Santa Cruz Biotechnology).

Statistical analysis

All experiments were repeated a minimum of three
times. Data are reported as mean § SD and all statistical
analyses were performed using SPSS 10.0. In addition,
data were analysed using one-way ANOVA and the
paired t test. DiVerences between the experimental and
control groups were regarded as statistically signiWcant
when p < 0.05.
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Results

Cultures of hNDP-SCs and hBM-MSCs

A sparse number of hNDP-SCs attached to culture Xasks
and the majority of cells displayed a Wbroblast-like, spin-
dle-shaped morphology during the early days of incubation.
These cells began to proliferate after 3–4 days of incubation
and gradually grew to form small colonies, named colony
forming units (Fig. 1a). After plating for 12–15 days, these
primary cells reached 80% conXuence during their Wrst pas-
sage. During their later passages, the majority of these SCs
exhibited large, Xattened or Wbroblast-like morphology
(Fig. 1b, c). No changes in morphology and growth were
observed throughout the 25 passages. Moreover, cells that
were stored long-term at ¡80°C demonstrated high vitality
and capability to quickly restart proliferation and tissue
production and were capable of retaining their diVerentiation
potential after long-term storage. Similarly, hBM-MSCs
displayed a Wbroblast-like, spindle-shaped morphology
during their early days of incubation (Fig. 1d). These
primary cells reached 70–80 % conXuency after 12–15 days
of incubation during their early passages. During later
passages, the cell morphology changed and the majority of
cells exhibited large, Xattened or Wbroblast-like morphology
(Fig. 1e, f).

Ultrastructural characteristics

Electron microscopy showed pale, eccentric, irregularly
shaped and large euchromatic nuclei with one or more

nucleoli located near the perinuclear cisternae (Fig. 2a, b).
Two distinct areas were clearly observed in the cytoplasm:
(a) an intensely stained inner zone that was rich with mito-
chondria and rough endoplasmic reticulum (rER) cisternae
and (b) a thin to thick changeable relatively peripheral zone
which was poor for organelles (Fig. 2a–d). Interestingly,
the rER cisternae were distended and contained moderately
electron-dense material (Fig. 2c). Aggregates containing
lipid droplets, granules and glycogen were also observed.
Numerous thin pseudopodia were observed on the cell sur-
face (Fig. 2a–d).

Flow cytometry-identiWcation of hNDP-SCs 
and hBM-MSCs

DeWned markers exist that speciWcally and uniquely iden-
tify MSCs. We utilised some markers to deWne our cultured
cells. Our data indicated that hNDP-SCs and hBM-MSCs
expressed CD13, CD44, CD73, CD90, CD146, and CD166,
but not CD3, CD8, CD10, CD11b, CD14, CD15, CD19,
CD33, CD34, CD45, CD71, CD117, and HLA-DR. These
Wndings are consistent with their undiVerentiated state, and
as similar to hBM-MSCs, they possessed immunophenoti-
pic MSC characteristics (Fig. 3a, b).

Growth characteristics of hNDP-SCs

Under the culture conditions used in this study, hNDP-SCs
were consistently grown for more than 25 passages without
losing their proliferative ability. The data from the MTT
assay showed that the mean percentage of formazan

Fig. 1 Morphology of hNDP-SCs and hBM-MSCs. During the onset
of culture (P0—2nd day, a), the isolated cells from natal teeth dental
pulp formed single-cell-derived colonies (arrows). After the next pas-
sages, most of these SCs exhibited large, Xattened or Wbroblast-like

morphology (c P1—5th day; d P22—4th day) similar to hBM-MSCs
(d P0—2nd day; e P1—12th day, f P22—2nd day) (Orginal magniW-
cation: a X48; b–f £100)
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absorbance values (OD values) increased as demonstrated
in Fig. 4. In addition, hNDP-SCs had a better proliferation
capacity than hBM-MSCs (Fig. 4).

Immunocytochemistry-identiWcation of hNDP-SCs

Figures 5 and 6 depict immunocytochemical staining of
hNDP-SCs. Typical immunoreactivity proWles of hNDP-
SCs and hBM-MSCs are speciWed in Table 1. Vimentin is a
popular cytoplasmic marker used to denote MSCs and it
was expressed throughout the cell passages in this study
(Fig. 6a). Under the standard culture conditions, these cells
expressed other MSC markers such as CD44 (Fig. 5f),
CD105/endoglin (Fig. 5h) and Wbronectin (Fig. 6c) and
their morphological characteristics remained unchanged.
As summarised in Table 1, hNDP-SCs and hBM-MSCs did
not express other surface markers such as CD31 (endothe-

lial), CD34 (Fig. 5e), CD45 (Fig. 5g) (hematopoietic mark-
ers) and CD71 (transferrin receptor).

Osteoblastic cells can be characterised both in vitro
and in vivo by the speciWc expression of osteocalcin and
osteonectin and by the strong secretion of type I colla-
gen and osteopontin. However, we surprisingly
observed strong expression of type I (Fig. 5j) and II col-
lagen (Fig. 5i), osteocalcin (Fig. 5k), osteonectin
(Fig. 5l), BMP-2 and BMP-4 (data not shown) in the
hNDP-SCs and hBM-MSCs cultured in regular growth
medium. To our knowledge, this study is the Wrst report
demonstrating a positive immune reaction with osteocal-
cin, osteonectin osteopontin, BMP-2 and BMP-4 in
hNDP-SCs and hBM-MSCs. In addition, hNDP-SCs that
were not stimulated towards diVerentiation, expressed
some myogenic markers such as desmin (Fig. 5c), myo-
genin (Fig. 5d), �-SMA (5A) and myosin IIa (data not

Fig. 2 Electron microscopic analysis of hNDP-SCs. The cells show
pale, eccentric, irregularly shaped large nuclei, usually with multiple
nucleoli (a, b). Plasma membrane has many thin pseudopodia (a, b, d).
The cytoplasm has many rough endoplasmic reticulum (rER) cisternae

with dilated and contained electron-dense material, mitochondria
(Mit), Golgi apparatus (Golgi) (b, c, d). We can see well-developed
glycogen aggregates were also observed in cytoplasm (b)
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shown), and chondrogenic markers including type II col-
lagen (Fig. 5i).

The hNDP-SCs and hBM-MSCs used in this study were
positive for GFAP (Fig. 6e), an intermediate Wlament pro-
tein speciWc for astroglial cells. In addition, they expressed
neural progenitor markers such as nestin (Fig. 6d), vimentin
(Fig. 6a) and neuronal markers such as c-fos (Fig. 6f), beta
III tubulin (Fig. 5f) and �-enolase, MAP2a,b (data not
shown).

Gene expression proWles of hND-SCs and hBM-MSCs

Reverse transcriptase polymerase chain reaction (RT-PCR)

To determine the self-renewal capacity of hNDP-SCs and
hBM-MSCs, the transcript levels of embryonic stem cell
genes (Rex-1, Oct4, and Nanog) were determined. In addi-
tion to stem cell markers, the expression of diVerentiation
markers, such as osteonectin, osteocalcin, osteopontin and
Runx2, which are expressed in precursor osteoblasts, was
determined. In addition, adipophilin, leptin, and PPAR�
transcript levels, which are expressed in adipoblasts, were
determined. Furthermore, the expression of �-smooth mus-
cle actin (�-SMA) and desmin, which are expressed in pre-
cursor myoblasts, was determined. The expression levels of
neuroWlament-H and L (NF-H and -L), �-enolase, nestin and
�3-tubulin, which are expressed in precursor neuroprogenitor

cells, were also determined. The expression of the stem cell
and diVerentiation markers was conWrmed in both hNDP-
SCs and hBM-MSCs by RT-PCR analysis using speciWc
primer sets (Fig. 7). Our results suggest that hNDP-SCs
have stem cell properties.

The presence of cartilage oligomeric matrix protein
(COMP) and SOX9, which are expressed in precursor
chondroblasts, was also investigated in both cell lines.
COMP was slightly expressed in hNDP-SCs but no expres-
sion was observed in hBM-MSCs. SOX9 expression was
not observed in both cell lines.

Real-time PCR

Real-time PCR is a very sensitive detection method; there-
fore, we utilised it to conWrm the RT-PCR results and to
demonstrate that the weak bands observed in the RT-PCR
were real and present in a quantitative amount. In addition
to the transcripts examined by RT-PCR (Rex-1, Oct4, and
Nanog), Sox2 and FoxD3 transcripts were also analysed
with real-time PCR.

Our real-time PCR data conWrmed the reverse transcrip-
tase PCR results and quantiWed the Oct4, Nanog, Rex-1,
FoxD3 and Sox2 transcripts relative to the HRPT house-
keeping gene in hNDP-SCs and hBM-MSCs (Fig. 8).
Nanog, Oct4, Sox2 and FoxD3 were more highly expressed
in hBM-MSCs than in hNDP-SCs while Rex-1 expression
was much higher in hNDP-SCs.

Telomerase activity of hND-SCs and hBM-MSCs

The telomerase activity of hNDP-SCs was measured at pas-
sages 2 (P2) and 15 (P15) and at P3 for the human BM-
MSCs. The activities were calculated and normalised with
respect to 1 �g of total protein. The telomerase activity of
hNDP-SCs was 2.49 § 0.13 amol/�g total protein (P2)
(n = 3) and 0.57 § 0.12 amol/�g total protein (P15) (n = 4)
(Fig. 9) with respect to P2 and P15. The telomerase activity
of hBM-MSCs (n = 6) could not be detected.

DiVerentiation potential of hNDP-SCs and hBM-MSCs

Histochemical and IHC methods were used to determine
the potential of hNDP-SCs to diVerentiate to adipogenic,
osteogenic, chondrogenic, myogenic and neurogenic states.

Adipogenic diVerentiation hNDP-SCs at passages 3–5
were used in the adipogenic diVerentiation experiments, in
which 80–90% sub-conXuence was found to be optimal for
cell diVerentiation which lasted for 4–6 weeks. At the start
of the Wfth week, the lipid droplets enlarged and invaded
the entire cytoplasm like adipocyte-diVerentiated hNDP-
SCs (Fig. 10A-a,b,c).

Fig. 3 Representative Xow cytometry analysis of cell-surface markers
in hNDP-SCs (a) and hBM-MSCs (b) at the passage 3. Cells were la-
belled with antibodies against hematopoietic antigens (CD3, CD8,
CD10, CD14, CD15, CD33, CD34, CD45, CD71, CD117 and HLA-
DR) and MSC markers (CD13, CD44, CD73, CD90, CD146 and
CD166) or immunoglobulin isotype antibodies and analysed by Xow
cytometry as above. Green line, control immunoglobulin

Fig. 4 Viability/proliferation of hNDP-SCs and hBM-MSCs cultured
in MEM medium determined by MTT test. There was 700% increase
in live cell number of hNDP-SCs when the data from day 21 was com-
pared with the data from day 1 (n = 3, mean § SE, p < 0.05). There
was signiWcantly diVerent at the level of proliferation between hNDP-
SCs, and hBM-MSCs during culture (n = 3, mean § SE, p < 0.05)
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Fig. 5 Immunophenotype of cultured hNDP-SCs. Studies based on
immunoperoxidase reactivity were performed on third passage cul-
tures of hNDP-SCs. Representative staining patterns are shown for: �-
SMA (a), actin (b), desmin (c), myogenin (d), CD 44 (f), CD105 (h),
type II collagen (i), type I collagen (j), osteocalcin (k), osteonectin (l),
�3-tubulin (n) and MAP 2a.b (o). hNDP-SCs did not stain with anti-
body against CD34 (e), CD45 (g), and MEPE (m). Staining patterns

were as follow: �-SMA, actin, desmin, type II collagen, osteocalcin,
and �3-tubulin cytoplasmic, CD44, CD105, type I collagen and
MAP2a,b cytoplasmic and membranous, myogenin nuclear, osteonec-
tin cytoplasmic and nuclear. A few number of cells (less than 20 %)
stained positive for desmin (c). Nuclei were counterstained with hae-
matoxylin. Control stains negative for each protein were not shown.
Scale bars 50 �m
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Osteogenic diVerentiation Histo- and/or immunohisto-
chemical techniques that detected bone-speciWc markers
were applied to cells grown in osteogenic diVerentiation
medium and in control medium to assess the osteogenic
diVerentiation of hNDP-SCs. Proliferation and diVerentia-
tion of both cultures were compared using phase contrast
microscopy. In both control and osteogenic cultures, cells
proliferated and reached almost complete conXuency after
8–10 days of incubation. Later, the cellular aggregates were
observed in osteogenic diVerentiation culture plates and
were gradually increased until the completion of the experi-

ment. These aggregates were characterised by the presence
of amorphous material deposits (Fig. 10B-a). Alizarin red S
stained these nodular aggregates in osteogenic cultures,
demonstrating that the amorphous deposits observed at the
microscope were actually calcium deposits. Alizarin red
positive nodular aggregates were already present at day 28
(Fig. 10B-b, c). At day 38, positive alizarin red aggregates
were larger and stained intensively, indicating that a more
extensive calcium deposition had occurred. Control cul-
tures showed only minimal background staining (data not
shown). Cells that were incubated for 38 days also strongly

Fig. 6 ImmunoXuorescent staining for vimentin (a), �-tubulin (b), Wbronectin (c), nestin (d), and GFAP (e) showing exclusive cytoplasmic stain-
ing in the hNDP-SCs. c-Fos (f) expression was in cytoplasm and nucleus. Nuclei were labelled with DAPI (blue). Scale bars 30 �m

Fig. 7 Expression of transcripts for embryonic stem cell genes and
diVerentiation markers. mRNA isolated from hNDP-SCs and hBM-
MSCs was used for RT-PCR analysis. The expression of stem cell
(Rex-1, OCT4, Nanog) and diVerentiation (alpha-SMA, desmin, NF-H,
NF-L, tubulin beta III, enolase, nestin, OPN, OCN, Runx-2, osteonectin,

adipophilin, leptin and PPAR�) markers were detected. MyoD1,
COMP, MEPE and adiponectin were not detected in both cell lines.
SOX9 was slightly positive in hNDP-SCs. Internal control: �-actin.
Negative control: water
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stained positive for osteonectin (Fig. 10B-d), osteopontin
(data not shown), osteocalcin (Fig. 10B-d), extracellular
located matrix proteins BMP2 (data not shown) and BMP4
(Fig. 10B-f).

Alkaline phosphatase activity As a marker for osteoblast
diVerentiation, ALP levels were measured. ALP activity
increased in both cell lines following a 7-day incubation in
osteogenic diVerentiation medium when compared with
cells exposed to regular growth medium (Fig. 11). ALP
activity increased until day 14 and then decreased. The
ALP levels of hBM-MSCs were higher than hNDP-SCs. A
fourfold increase was observed in ALP activity of undiVer-
entiated hNDP cells during the Wrst 14 days of culturing.

Chondrogenic diVerentiation After 3 weeks, the cell pel-
lets that were induced to diVerentiate into chondrocytes
stained positively with alcian blue (Fig. 10C-c). Histologi-
cally, cells observed in the pellets showed several features
characteristic of chondrogenic diVerentiation. Hypertrophic
cells were readily identiWable. Furthermore, cells were

round and resembled hyalin chondrocytes, forming carti-
laginous lacunae and were separated by regions of diVuse
extracellular matrix (ECM) (Fig. 10C-a–c). Glycosamino-
glycans (GAGs) were present and stained red as by Safra-
nin O (Fig. 10C-b). This characteristic histology was not
observed in the control cells that were not induced to
become chondrocytes (data not shown).

Myogenic diVerentiation hNDP-SCs and hBM-MSCs
were treated with 5-azacytidine to acquire a myocyte phe-
notype in culture. Within 8 days following seeding, the Wrst
myoblasts fused to form small myotubes. These immature
myotubes were thin and short with centrally located, clus-
tered nuclei that diVerentiated during the next 2–3 days into
large multinucleate syncytia (Fig. 10D-a–c). The myogenic
cells were strongly positive for all myogenic lineage mark-
ers (Fig. 9D-b-c). Data for hBM-MSCs are not shown.

Neurogenic diVerentiation

Neuron-like cells derived from hNDP-SCs displayed dis-
tinct morphologies, ranging from extensively simply bipo-
lar to large, branched multipolar cells (Fig. 10E-a–c).
Within 24 h of exposure to neurogenic diVerentiation
induction medium, changes in the morphology of some of
the SCs were apparent (Fig. 10E-a). To characterise neuro-
nal identity further, diVerentiated SCs were stained for

Fig. 8 Relative expression proWles of Nanog, Oct4, Sox2, FoxD3 and
Rex-1 in hNDP-SCs and hBM-MSCs in relation to the expression of a
housekeeping gene, HPRT. The data were from triplicate experiments.
Asterisk represents p < 0.05

Fig. 9 Telomerase activities of hNDP-SCs and hBM-MSCs. The tel-
omerase activities of human natal dental pulp SCs passage 2 (P2), pas-
sage 15 (P15) and human bone marrow MSCs, passage 3, were
estimated by “TRAP TeloTAGGG PCR ELISA” kit (Roche, Mann-
heim, Germany)

Fig. 10 Ability of hNDP-SCs to diVerentiate to multiple lineages. (A)
Adipogenic diVerentiation is visually marked by accumulation of neu-
tral lipid vacuoles in cultures (arrows) (a–c) (red oil staining). �-SMA
expression were shown in green and nuclei in blue with DAPI (b, c)
(Scale bars 30 �m). (B) Phase-contrast microscopic appearance of the
hNDP-SCs diVerentiated into osteogenic lineage (arrows) at day
38 day (a) (original magniWcation: £100). Osteogenic diVerentiation
was indicated by the formation of calciWed nodule with alizarin red S
staining (arrows) (b, c) (original magniWcation: b £40; c £400). In-
creased osteonectin (d) and osteocalcin (e) expression were identiWed
in both osteoblast-like cells, which is derived hNDP-SCs and sur-
rounding matrix in osteogenic tissue (Scale bars 50 �m). BMP4 is pos-
itive in ECM (green) and mineralised bone matrix (arrows) (orange)
(f) (Scale bar 50 �m). (C) After chondrogenic diVerentiation, the ana-
lysed sections were positive for H–E (a), safranin O (b) and alcian blue
(c) staining. Histologically, cells observed in the pellets were round
and resembled hyaline chondrocytes, forming cartilaginous lacunae.
The presence of GAG is shown by red stain (safranin O) (b). Exposure
of hNDP-SCs to TGF�1 during 3 weeks increased in alcian blue stain-
ing of ECM (c) (Scale bars 50 �m). (D) Myogenic diVerentiation in
vitro: fused hNDP-SCs forming myotubes (arrows) (a) (original mag-
niWcation: £100). Positive immunostaining with myoD (nuclear,
green) (b), myosinIIa (cytoplasmic, green) (c) and desmin (cytoplas-
mic, red) (b, c) (Scale bars 50 �m). (E) DiVerentiation of hNDP-SCs
to neuro-glial-like cells: phase-contrast microscopic appearance of the
hNDP-SCs diVerentiated into neurogenic lineage at day 2 day (a)
(original magniWcation: £100). In vitro diVerentiation of hNDP-SCs
into astrocytes (arrows) was shown by GFAP (b) and into neuron-like
cells �-tubulin and �-tubulin III (c). c-Fos was normally detected in
undiVerentiated cells, but its expression was much stronger in diVeren-
tiated cells (red staining for nuclei) (b) (Scale bars 50 �m)

�
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neuron or glial cell speciWc markers including GFAP
(Fig. 10E-b), c-fos (Fig. 10E-b), beta-III tubulin (Fig. 10E-c),
beta-tubulin (Fig. 10E-c), �-enolase, neuroWlament,
MAP2a,b and nestin (data not shown). During diVerentia-
tion, it was realised that in addition to the morphological
changes, which causes the cells to appear neuron-glial-like,
the immunohistochemical staining intensities for all neuro-
nal markers increased. This Wnding may be due to cyto-
plasm shrinkage, which causes an intense staining pattern.
Alternatively, an increase in nuclear staining plus the cyto-
plasmic staining suggests otherwise. Therefore, we think
that the apparent increase, especially in c-fos expression,
was indicative of high cellular activity towards diVerentia-
tion (Fig. 10E-b).

Discussion

Gronthos et al. (2000) identiWed a population of human
dental pulp stem cells (DP-SCs) that can develop into
odontoblasts, the cells that form the mineralised matrix of
dentin. DP-SCs display similar features to bone marrow-
derived MSCs. For example, both cell types adhere to plastic
and form colonies. In later studies, researchers obtained
two diVerent cell types similar to stem cells or stem cell-
like cells. The Wrst group of cells do not exhibit expression
of hematopoietic markers (CD34, CD45 and CD14) but
express MSC speciWc markers (STRO-1, CD29, CD44 and
CD13) (Gronthos et al. 2000, 2002; Miura et al. 2003;
Kerkis et al. 2006; Jo et al. 2007). The other group of cells are
composed of c-kit+/CD34+/CD45¡ cells and undergo osteo-
genic diVerentiation both in vivo and in vitro (Laino et al.
2005; d’Aquino et al. 2007). Our data indicated that hNDP-
SCs expressed CD13, CD44, CD73, CD90, CD146 and
CD166, but not CD3, CD8, CD10, CD11b, CD14, CD15,
CD19, CD33, CD34, CD45, CD71, CD117, and HLA-DR
and could be classiWed within the Wrst group of cells men-
tioned above. The hNDP-SCs studied here exhibited a

higher proliferation rate compared to hBM-MSCs in vitro.
This Wnding may be attributed to the source of the hNDP-
SCs: cells from NDP may have embryonic/foetal cell char-
acteristics and are, therefore, prone to proliferation.

Cellular characteristics of hNDP-SCs, as determined by
transmission electron microscopy, depicted more developed
and metabolically active cells. The presence of rER stacks,
closely packed cristae containing mitochondria and large
peripheral collections of unbound glycogen are major
features of hNDP-SCs.

In this study, hNDP-SCs and hBM-MSCs not induced to
diVerentiate expressed antigens that are indicators of glial
and neuronal (�-enolase, MAP2a,b, �III tubulin, and
GFAP), myogenic (myogenin, myosinIIa, desmin, actin
and �-SMA), osteogenic (osteonectin, osteocalcin, osteo-
pontin, type I collagen, BMP-2 and BMP-4) and chondro-
genic (type II collagen) diVerentiation as demonstrated by
immunohistochemical staining. To our knowledge, these
data are the Wrst that report expression of these markers in
hNDP-SCs and hBM-MSCs.

In addition, we have demonstrated that hNDP-SCs and
hBM-MSCs expressed osteogenic, chondrogenic, adipo-
genic, myogenic and neurogenic markers under basal con-
ditions via reverse transcriptase-PCR and have the capacity
to diVerentiate into mature adipocytes, myoblasts, neuro-
glial cells, chondroblasts and osteoblasts in vitro under per-
missive diVerentiation conditions. Therefore, it may be
stated that MSCs have diverse immunophenotypic charac-
teristics. This Wnding may explain why they easily diVeren-
tiate into adipose, bone, cartilage, muscle and neural cells.
In addition, the expression of oct-4, Rex-1, Nanog, FoxD3
and Sox2 may reXect a propensity for pluripotency. There-
fore, it was not surprising to observe that the cells
expressed mesoderm and ectoderm precursor markers.

Telomerase activity of hNDP-SCs at diVerent passages
was reduced at higher population doublings. This result
was in accordance with the results in the literature that
showed telomerase activity among MSCs was highest at the

Fig. 11 The alkaline phosphatase activity was expressed in terms of
the mol p-nitrophenol/min/mg protein. The protein content was deter-
mined using a protein assay kit (Bio-Rad, Hercules, CA, USA) with

bovine serum albumin as the standard. Data are represented as mean
values § standard deviation
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early passages and varies between cell types (Izadpanah
et al. 2006). Telomerase activity was not detected the hBM-
MSCs, which supports previous Wndings in the literature
that stated no telomerase activity could be detected even
using sensitive assays (Sonoyama et al. 2006; Serakinci
et al. 2008). This Wnding suggests that to some extent,
hBM-MSCs may use other mechanisms for telomere main-
tenance, such as alternative lengthening (ALT pathway). In
this study, it was found that hNDP-MSCs showed a greater
proliferation capacity than hBM-MSCs, which may be
explained by the moderate telomerase activity of hBM-
MSCs.

We studied the potential of hNDP-SCs to diVerentiate
into adipocytes, osteoblasts, chondroblasts, myoblasts and
neuro-glial cells of at least two germ layers in comparison
to hBM-MSCs. ALP serves as a useful marker for the tran-
sition from the proliferative period to matrix maturation in
osteogenesis. In our study, a time-dependent eVect of osteo-
genic medium on ALP activity was observed in both cell
lines. ALP activity increased in the control cells and in the
cells induced for osteogenic diVerentiation after 3 days of
culturing. ALP activity increased approximately Wvefold
after 1 week of culturing and continued to increase. After
14 days of culturing, the activity stopped rising and started
to decrease. These results are supported by the Wndings of
previous studies (Myginda et al. 2007; Bjerre et al. 2008).
The ALP levels of hBM-MSCs were higher than the levels
in hNDP-SCs. Cells from hNDP exhibited a low but
increasing level of ALP activity; however, did not diVeren-
tiate. This result may indicate their intrinsic tendency of
diVerentiation towards odontoblasts. However, clonally
selected cells still need to be tested to conWrm this result.

In conclusion, this report described the Wrst successful
isolation and characterisation of hNDP-SCs. Although
small variations were observed in the cells that most likely
reXect a specialised gene program related to their anatomi-
cal localisation, there were no signiWcant diVerences in
comparison to other hBM-MSCs.
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