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Abstract

Dental pulp stem cells (DPSC) have been characterized as a
multipotent stem cell population, with the ability to differ-
entiate into mesodermal and neural cell lineages. Although
‘de novo’ expression of neural markers after differentiation
is mostly considered as proof of differentiation, expression
of these markers in undifferentiated DPSC is not well de-
scribed. Therefore, an immunocytochemical analysis was
performed to evaluate the neural marker expression of un-
differentiated human DPSC (hDPSC) in in vitro cultures. Un-
differentiated hDPSC uniformly expressed neural markers
B-1l-tubulin, S100 protein and synaptophysin. A subset of
the population showed a positive immune-reactivity for ga-
lactocerebroside, neurofilament and nerve growth factor re-
ceptor p75. Furthermore, the location of possible stem cell
niches, present in young dental pulp tissue, was determined
by means ofimmunohistochemistry based on mesenchymal
and neural marker expression. The results demonstrated the
presence of a perivascular niche and a second stem cell niche
at the cervical area. In adult dental pulp, only a perivascular
niche could be observed. Based on the expression of neural

markers in naive DPSC, it has to be taken into account that
not only the marker expression upon neural differentiation
must be analyzed, but an ultrastructural analysis of the mor-
phological changes and functional studies must also be per-
formed to confirm a successful differentiation.

Copyright © 2012 S. Karger AG, Basel

Introduction

In the adult organism, most tissues and organs contain
a small population of cells, adult (mesenchymal) stem
cells, which maintain the stem cell characteristics of self-
renewal and differentiation potential. By means of differ-

Abbreviations used in this paper

FCS fetal calf serum

GalC galactocerebroside

GFAP glial fibrillary acidic protein
(h)DPSC (human) dental pulp stem cells
MBP myelin basic protein

MSC mesenchymal stem cells

NEF-H neurofilament heavy chain
NGFR nerve growth factor receptor
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entiation, more committed progenitor cells can be gener-
ated along multiple lineages [Weissman, 2000]. Overall,
adult stem cells remain quiescent within the adult tissue,
but they are able to respond to injury and play an essential
role in tissue repair processes. The maintenance and reg-
ulation of a quiescent stem cell population is tightly con-
trolled by the local microenvironment of the host tissue.

Recently, it has been confirmed that a stem cell popu-
lation is present inside the dental pulp. Evidence can be
found in a study from Tecles et al. [2005] in which a mi-
gration of cells from perivascular regions was observed
after pulp-capping procedures. These migrating cells
played a role in reparative dentinogenesis and dentin
bridge formation. Migration of stem cells to the site of
injury for differentiation into odontoblast-like cells is an
important event for cell recruitment during regeneration
[Tecles et al., 2005; Sloan and Smith, 2007]. Another at-
tempt to identify a stem cell niche inside dental pulp tis-
sue was performed via immunohistochemical analysis in
situ. By using a combination of markers (stem cell mark-
er Stro-1, the perivascular cell marker CDI146, alpha
smooth-muscle actin and the pericyte-associated antigen
3G5) it was suggested that a population of dental pulp
stem cells (DPSC) may reside in the perivascular niche
within the adult pulp [Shi and Gronthos, 2003; Shi et al.,
2005; Sloan and Smith, 2007]. However, further research
is necessary to determine if other stem cell niches could
be present within dental pulp tissue.

Several stem cell populations residing in dental tis-
sues have been identified during the last 10 years. Gron-
thos et al. [2000] were the first to isolate and characterize
the DPSC from human dental pulp tissue. Other stem
cell populations in the tooth and surrounding tissues
have been characterized since: periodontal ligament
stem cells, stem cells from human exfoliated deciduous
teeth, stem cells from apical papilla and dental follicle
precursor cells [Miura etal.,2003; Seo et al., 2004; Morsc-
zeck et al., 2005; Sonoyama et al., 2006]. DPSC are de-
scribed as being a highly clonogenic and proliferative
adult stem cell type with the capability of forming a den-
tin-pulp-like complex in vitro and in vivo [Gronthos et
al., 2000; 2002]. They are an adherent fibroblast-like cell
type, expressing commonly used mesenchymal stem cell
markers such as CD29, CD44, CD105, CD146 and Stro-1.
After induction with the appropriate media, DPSC pos-
sess a multilineage differentiation potential towards ad-
ipogenic, chondrogenic and osteogenic lineages [Struys
et al., 2010]. Furthermore, differentiation into odonto-
genic, myogenic, angiogenic and neurogenic lineages in
vitro and in vivo have been described [Gronthos et al.,,

Neural and MSC Markers in Dental Pulp
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2000; Nosrat et al., 2004; Laino et al., 2005; d’Aquino et
al., 2007; Arthur et al., 2008; Huang et al., 2008; Stevens
etal.,2008; Karaoz et al., 2010]. A recent study shows that
human DPSC (hDPSC) are able to differentiate in vitro
into odontoblast-like cells producing a mineralized ex-
tracellular matrix possessing the molecular and mineral
characteristics of dentin in vivo [About et al., 2000].
Since DPSC can be easily isolated and expanded in vitro
and they are able to undergo differentiation into several
lineages, they are a very promising stem cell population
for future regeneration studies. Furthermore, human
third molars are frequently removed for orthodontic or
therapeutic reasons, being an easily accessible source of
adult stem cells.

Before investigating the multilineage differentiation
potential of DPSC, an overview of marker expression in
undifferentiated DPSC is indispensable. Most studies an-
alyze the expression of specific markers to assess the suc-
cess of differentiation. During the last several years, the
neural differentiation potential of mesenchymal stem
cells has been widely investigated in order to find new
stem-cell-based therapies in central and/or peripheral
nervous disorders. DPSC are much like mesenchymal
stem cells (MSC) and their multilineage differentiation
potential and easy accessibility make them good candi-
dates for cellular-based therapies. However, little is
known about the basal expression levels of mesenchymal
and neural marker in undifferentiated DPSC. Therefore,
this study will focus on the expression of mesenchymal
and neural markers in undifferentiated/naive hDPSC
both in vitro and in situ.

Materials and Methods

Isolation and Cell Culture of Stem Cells from Dental Pulp

Tissue

Normal human third molars were collected from patients
(18-24 years old) at the Ziekenhuis Oost Limburg, Genk, Bel-
gium with the patients’ informed consent. Teeth were fractured
mechanically and pulp tissue was isolated and collected in cul-
ture medium consisting of alpha Minimal Essential Medium
(GIBCO Invitrogen Corp., Paisley, Scotland, UK) supplemented
with 10% heat-inactivated fetal calf serum (FCS) (Biochrom AG,
Berlin, Germany), 2 mM L-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin (GIBCO Invitrogen Corp.). Dental pulp
was cutinto pieces of 1 mm?, transferred to a 6-well plate contain-
ing culture medium and cultured via the explant method. The
explants were kept in culture for 14 days to allow cells to grow out
of the explants. Cells were cultured at 37°C in a humidified at-
mosphere containing 5% CO, with a change of medium twice a
week. After 14-21 days, confluency was reached and cells were
subcultured.
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Immunocytochemistry

To determine the expression profile of mesenchymal and neu-
ral markers in DPSC cultures, cells of passage 2-3 were seeded
onto glass coverslips (5,000 cells/cm?) and stained with the per-
oxidase-based EnVision System® (DakoCytomation, Glostrup,
Denmark). The expression of commonly used mesenchymal
markers (CD29, CD44, CD105, CD117, CD146 and Stro-1), early
neural markers (nestin and vimentin), neuronal markers [B-III-
tubulin, nerve growth factor receptor p75 (NGFRp75), neurofila-
ment heavy chain (NF-H) and synaptophysin], oligodendroglial
markers [galactocerebroside (GalC) and myelin basic protein
(MBP)] and astroglial markers [S100 protein and glial fibrillary
acidic protein (GFAP)] was evaluated. When confluent, cells were
fixed with paraformaldehyde 4% for 20 min and washed with
PBS. When necessary, cells were permeabilized with Triton-X
0.05% for 30 min at 4°C and washed with PBS. To block nonspe-
cific binding sites, cells were incubated with 10% normal goat se-
rum or normal donkey serum at room temperature for 20 min.
After washing with PBS, cells were incubated with primary anti-
body (table 1) for 1 h, followed by incubation with goat anti-
mouse, goat anti-rabbit, or donkey anti-goat horseradish peroxi-
dase-conjugated secondary antibodies for 30 min. To visualize
the peroxidase, diaminobenzidine chromogenic substrate was
used. Cells were counterstained with Mayer’s hematoxylin and
mounted using an aqueous mounting medium (Aquatex; Merck,
Darmstadt, Germany). The immune-reactivity of the cells was
observed using a photomicroscope equipped with an automated
camera (Nikon Eclipse 80i; Nikon Co., Japan).

Fluorescent-Activated Cell Sorting Analysis

Cells at passage 2-3 were seeded in 25-cm? culture flasks and
were harvested when 70-80% confluency was reached. Cells were
first fixed and then permeabilized with the cytofix/cytoperm kit
(Becton-Dickinson, San Jose, Calif., USA) according to the proto-
col provided by the manufacturer; 50,000 cells were then washed
once with PBS containing 2% FCS and were incubated with pri-
mary antibody (table 1) for 60 min at room temperature. As a neg-
ative control for nonspecific background staining, appropriate
isotype controls were also included in the study. Thereafter, the
cells were washed 3 times with PBS and incubated with secondary
antibody PE-labeled anti-mouse IgG (Invitrogen) for 30 min at
room temperature. Samples were analyzed on a FACScalibur flow
cytometer equipped with CellQuest software (Becton-Dickin-
son). Ten thousand cells were included in the study.

Immunohistochemistry

Immunohistochemical analysis was performed on young den-
tal pulp tissue using an indirect visualization system, based on a
peroxidase-labeled polymer (Dako EnVision System). Young den-
tal pulp tissue was isolated from teeth showing less than 50% root
formation. After fixation, paraffin-embedded sections (7 pm)
were deparaffinized and then microwaved in 10 mM citrate buffer
pH 6.0 and endogenous peroxidase activity was quenched with
0.5% H,0,. Nonspecific binding sites were blocked with 10% nor-
mal goat serum. Sections were then stained with mouse or rabbit
primary antibodies for 1 h (table 1) followed by incubation with a
peroxidase-labelled polymer conjugated to a goat anti-mouse or
goat anti-rabbit secondary antibody for 30 min and subsequently
visualized using diaminobenzidine chromogenic substrate. Sec-
tions were counterstained with Mayer’s hematoxylin, cover-
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Table 1. Primary antibodies for immunocytochemistry and im-
munohistochemistry

Species  Dilution Company
MSC markers
CD29 mouse  1:35 Abcam
CD44 mouse  1:200 Abcam
CD105 mouse  1:100 Abcam
CD117 rabbit 1:100 Santa Cruz
CD146 rabbit  r.tu Abcam
Stro-1 mouse  1:50 R&D systems
Neural markers
B-III-tubulin mouse  1:2000  Sigma Aldrich
GalC mouse  1:20 Dr. V.W. Yong Cal-
gary
GFAP mouse  1:200 NovoCastra
NGFRp75 mouse  1:50 Dakocytomation
MBP mouse  1:200 Serotec
NF-H mouse  1:100 Dakocytomation
S100 rabbit 1:400 Dakocytomation
Synaptophysin mouse  1:20 Dakocytomation
Other markers
Cytokeratin mouse  r.tu Dakocytomation
Nestin mouse  1:500 Chemicon
Vimentin mouse  1:500 Dakocytomation

r.t.u. = Ready to use.

Table 2. Composition of PCR reaction mix

PCR mix per sample, .l

10X PCR buffer 2.5
Forward primer, 25 uM 1
Reverse primer, 25 pM 1
dNTPs, 2 mM 0.25
Taq polymerase, 1 U/pl 0.75
MilliQ 19.1
cDNA 1

slipped with an aqueous mounting medium and examined using
a photomicroscope equipped with an automated camera (Nikon
Eclipse 80i; Nikon Co.).

RNA Extraction - cDNA Synthesis - RT- PCR

Total RNA of hDPSC from passage 2 was isolated using the
RNeasy Plus Mini kit (Qiagen, Venlo, The Netherlands) following
the manufacturer’s protocol. This kit ensures additional elimina-
tion of genomic DNA. The concentration and purity of total RNA
was determined by measuring the optical density at 260 nm and
the 260 nm/280 nm ratio using the NanoDrop ND-1000 spectro-
photometer (Thermo Fisher Scientific, Waltham, Mass., USA).

Martens/Wolfs/Struys/Politis/
Bronckaers/Lambrichts

Downloaded by
193.190.2.253

- 9/25/2013 11:46:01 AM



Table 3. Primer sequences for RT-PCR

Gene Forward primer (5’-3") Reverse primer (5'-3") Tm  Product
°C  length, bp
Neural markers
B-III-tubulin CAT-CCA-GAG-CAA-GAA-CAG-CA GCC-TGG-AGC-TGC-AAT-AAG-AC 56 566
GalC GCC-AAG-CGT-TAC-CAT-GAT-TT GCA-GAG-ATG-GAC-TCC-CAG-AG 58 161
GFAP GCC-AAG-CCA-GAC-CTC-ACC-GC  GTG-TCC-AGG-CTG-GTT-TCT-CGA-ATC 60 509
MBP CCC-CGT-AGT-CCA-CTT-CTT-CA TCC-CTT-GAA-TCC-CTT-GTG-AG 56 178
NF-H AGG-AAC-CAG-ATG-ATG-CCA-AG TGG-AGG-CTT-GCT-GTC-TTT-TT 58 233
S100 TGA-TCC-AGA-AGG-AGC-TCA-CC CCC-TTG-AGG-GCT-TCA-TTG-TA 56 160
Other markers
Nestin AAC-AGC-GAC-GGA-GGT-CTC-TA TTC-TCT-TGT-CCC-GCA-GAC-TT 56 220
Vimentin GAG-AAC-TTT-GCC-GTT-GAA-GC  TCC-AGC-AGC-TTC-CTG-TAG-GT 56 170
Housekeeping genes
B-Actin AAA-TCT-GGC-ACC-ACA-CCT-TC  AGA-GGC-GTA-CAG-GGA-TAG-CA 56 185
B2 microglobulin CTC-ACG-TCA-TCC-AGC-AGA-GA  CGG-CAG-GCA-TAC-TCA-TCT-TT 56 213
GUS B AGC-CAG-TTC-CTC-ATC-AAT-GG  GGT-AGT-GGC-TGG-TAC-GGA-AA 56 160

700 ng of total RNA was reverse transcribed into cDNA according
to the manufacturer’s instructions for the Reverse Transcription
System (Promega, Leiden, The Netherlands). Samples were stored
at -80°C for further analysis. RT-PCR was performed by means
of Taq DNA polymerase (1 U/ul; Roche Diagnostics, Vilvoorde,
Belgium) (table 2). PCR reactions were performed by a BioRad
Thermal cycler (Biorad, Hercules, Calif., USA) under the follow-
ing conditions: a denaturation step at 94°C for 5 min was followed
by amplification over 35 cycles of denaturation (94°C for 1 min),
annealing (temperature dependent on the primers for 60 s) and
elongation (72°C for 2 min). Sequences of the primers (Eurogen-
tec S.A. Seraing, Belgium) can be found in table 3. The house-
keeping genes b-actin, GusB and b2-microglobulin were used as
a control for the PCR reaction. PCR products were separated on a
1.5% agarose gel (Invitrogen, Merelbeke, Belgium) and visualized
with gel red.

Results

Characterization of Human Dental Pulp Stem Cells

Cultures of hDPSC were isolated via the explant cul-
ture methods, in which cells were allowed to grow out of
the explants (fig. 1a). When confluency was reached,
hDPSC were subcultured. In vitro, hDPSC comprised a
heterogeneous cell population containing cells with a po-
lygonal or spindle-shaped (fibroblast-like) morphology.
Cells were adherent to a plastic surface and formed colo-
nies in vitro (fig. 1b-d). Furthermore, hDPSC were ca-
pable of differentiating into adipocytes, chondrocytes
and osteoblasts when grown under the appropriate cul-
ture conditions (data not shown).

Neural and MSC Markers in Dental Pulp
Stem Cells and Tissue

To evaluate the expression pattern of classical mesen-
chymal surface markers in vitro, an immunocytochem-
ical staining for CD29, CD44, CD105, CD117, CD146
and Stro-1 was performed. hDPSC uniformly showed a
positive immune-reactivity for these mesenchymal
markers. However, Stro-1 expression was only found in
a subset of the cell population. After manual counting,
5.8% of the cell population was Stro-1-positive (fig. 2f,
arrows).

Neural Marker Expression of Undifferentiated hDPSC

RT-PCR was performed to determine the transcript
levels of neural markers in undifferentiated hDPSC.
hDPSC were shown to possess neural genes 3-III-tubu-
lin, GalC, S100 and NF-H at the mRNA level. No tran-
scripts of GFAP and MBP were detected in undifferenti-
ated hDPSC (data not shown). Furthermore, levels of nes-
tin and vimentin, which are early neural markers, were
found (fig. 3B).

At the protein level, similar results were observed. Im-
munocytochemical analysis revealed that hDPSC stained
uniformly for the neural markers 3-III-tubulin, S100 and
synaptophysin and for the early markers nestin and vi-
mentin (fig. 3A: g, h). After manual counting, 4.07% of
the cell population was NGFRp75-positive (fig. 3A: f, ar-
rows). No GFAP and MBP expression was found (data not
shown). Flow cytometric analysis of hDPSC confirmed
that almost all hDPSC expressed B-III-tubulin, GalC,
nestin and vimentin, while only 42.27% cells were posi-
tive for NF-H (fig. 3C).
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Fig. 1. Phase-contrast images of in vitro
cultures of hDPSC. a hDPSC were cul-
tured via the explant method. Cells grew
out of pulp tissue explants on plastic
substrates. b-d Isolated cells displayed
a flattened polygonal morphology and
were capable of forming colonies in vitro.
a, b, d Scale bar = 200 pm. ¢ Scale bar =
50 pm.

Fig. 2. Analysis of mesenchymal marker expression in undifferentiated hDPSC. a-e hDPSC stained uniformly
for CD29, CD44, CD105, CD146 and CD117. f Stro-1 expression was only found in part of the population (5.8%;
SD 2.2%). Scale bar = 50 pm.

Expression of Mesenchymal and Neural Markers in dental pulp tissue. Young dental pulp tissue was isolated
Dental Pulp Tissue - Immunohistochemical Analysis ~ from teeth showing less than 50% root formation. The
Immunohistochemical stainings on human dental mesenchymal markers CD29, CD44, CD117, CD146 and
pulp tissue were performed to evaluate the expression Stro-1 were expressed throughout the whole tissue with a
pattern of mesenchymal and neural markers in young more pronounced expression of CD29, CD44 and CD146
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Fig. 3. Expression profile of neural markers. A Immunohisto-
chemical staining of hDPSC. hDPSC stained uniformly for B-III-
tubulin (a), S100 (b) and synaptophysin (c). Only a fraction of the
cells expressed GalC (92.3%) (d), neurofilament (42.27%) (e) and
NGFRp75 (4.07%) (). Nestin (g) and vimentin (h) expression was
observed in all hDPSC. Scale bar = 50 wm. B Expression of neural

Neural and MSC Markers in Dental Pulp
Stem Cells and Tissue

genes at the mRNA levels in hDPSC. C Flow cytometric analysis
of neurobasal marker expression in hDPSC. Red: isotype control.
Purple: expression of the specific protein. Flow cytometric analy-
sis confirmed that almost all hDPSC expressed B-III-tubulin,
GalC, nestin and vimentin, while only 42.27% cells were positive
for NF-H.
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at the cementum-enamel border and CD29+ cells at the
apical region of the pulp tissue as shown in figure 4a-i.
Furthermore, an increase of cells positively stained for
CD29,CD44 and CD146 was observed at the cervical area
towards the center of the tissue and towards the apical
region of the dental pulp tissue. The pattern was most
obvious after staining with anti-CD44 (fig. 4d). Upon
staining with anti-CD105, a weak immune-reactivity was
observed throughout the tissue (fig. 4l-m). In addition,
dental pulp tissue was homogenously stained with anti-
nestin, anti-vimentin and anti-S100 (fig. 5a—c). Cells pos-
itive for 3-III-tubulin and NGFRp75 were mainly found
at the subodontoblast zone. In the central part of the tis-
sue, the expression of both markers was related to neural
structures. Nerve fibers were also positively stained with
anti-neurofilament, anti-MBP and anti-synaptophysin
which was comparable with NGFRp75 staining (fig. 5d-
h). In contrast to the in vitro cultures of hDPSC, no GalC+
cells were observed in the dental pulp tissue. Further-
more, no GFAP+ cells could be observed in the tissue,
which is consistent with no GFAP+ cells present in in vi-
tro cultures. At the apical region of dental pulp tissue,
fragments of epithelial cells were seen which stained pos-
itive for cytokeratin (data not shown).

Discussion

Based on their ease of isolation and expansion in vitro,
and multilineage differentiation potential both in vitro
and in vivo, hDPSC have become a very promising alter-
native source of MSC for future regeneration studies dur-
ing the last 10 years. The results of this study, concerning
the isolation method and morphological appearance of
hDPSC in vitro, are comparable with a previous study of
our group [Struys et al., 2010]. hDPSC cultured via the
explant method were described as being an adherent col-
ony-forming cell type with a fibroblast-like morphology.
The expression of the mesenchymal surface markers
CD29, CD44, CD105, CD146, CD117 and Stro-1 was
found in undifferentiated hDPSC. Furthermore, hDPSC
possessed the ability to differentiate into cells of adipo-
genic, chondrogenic and osteogenic lineages as previous-
ly described in our laboratory [Struys et al., 2010].

When investigating the neural differentiation poten-
tial of MSC, the success of differentiation is often based
on the expression of certain neural markers like nestin,
B-I1I-tubulin, neurofilament [Safford et al., 2002; Tropel
et al., 2006; Alexanian et al., 2008; Arthur et al., 2008;
Kiraly et al., 2009; Karaoz et al., 2010]. Although some
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neural markers (e.g. B-III-tubulin; fig. 5) are highly ex-
pressed in neural structures within the pulp tissue, ex-
pression of these markers was also observed in the in vi-
tro cultures. Nevertheless, the basal levels of neural
marker expression in undifferentiated cells must be taken
into account. Depending on the composition of the cul-
ture media, certain markers could already be expressed
by the naive stem cells. The study of Blondheim et al.
[2006] reported the expression of neural genes in undif-
ferentiated bone marrow MSC. In the culture media used,
ahigh percentage of FCS combined with horse serum and
epidermal growth factor supplement was present, possi-
bly leading to the expression of nestin and neurofilament
in naive bone marrow MSC [Blondheim et al., 2006]. In
the present study, undifferentiated hDPSC uniformly ex-
pressed 3-III-tubulin, S100, synaptophysin, nestin and
vimentin. Furthermore, a high percentage of the cell cul-
ture showed a positive immune-reactivity for GalC and
NE-H. Apart from the expression of neural markers by
hDPSC, several studies report the production and secre-
tion of neurotrophic factors brain-derived neurotrophic
factor, glial cell line-derived neurotrophic factor and
NGF [Nosrat et al., 2001; Nosrat et al., 2004; Arthur et al.,
2008; Apel et al., 2009]. It must be taken into account that
dental pulp is derived from neural crest tissue, giving a
predisposition of differentiation towards neural lineages.
Nevertheless, by using low-serum-containing media, the
expression of certain neural markers was lost in naive
DPSC [Karbanova et al., 2011]. Depending on the differ-
entiation potential investigated, a good consideration of
medium composition is obligatory. Using high serum
levels and/or growth factor supplements in basal culture
media could lead to an early expression of neural markers
in naive MSC. In this study, the dental pulp tissue stained
negative for GalC in contrast to hDPSC in vitro. During
cell culture, growth media containing high levels of se-
rum (10% FCS) were used which could lead to the expres-
sion of GalC in hDPSC in vitro. Most likely, growth fac-
tors present in the serum could induce the expression of
GalC in certain cells. This leads to the conclusion that
careful consideration of medium composition or cell cul-
ture conditions is indeed needed for differentiation stud-
ies as certain cell culture conditions may interfere with
the differentiation potential of hDPSC. As this study
clearly demonstrated that undifferentiated hDPSC ex-
pressed neural markers such as B-III-tubulin, nestin,
§100, synaptophysin, nestin and vimentin, when cultured
in 10% FCS, these markers can never be used to confirm
neural or glial differentiation of hDPSC. Therefore, be-
sides the evaluation of marker expression before and after
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9.

Fig. 4. Immunohistochemical staining of mesenchymal markers in human dental pulp tissue. Expression of the
mesenchymal markers CD29 (a-c), CD44 (d-f), CD146 (g, i), CD117 (j, k), CD105 (I, m) and Stro-1 (n, o) was
observed in dental pulp tissue. Arrows indicate a possible migration pattern (a, d, g). a, d, g, j, | Scale
bar = 1,000 pm. b, e, h, k, m-o0 Scale bar = 50 wm. ¢, f, i Scale bar = 200 pm.
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Fig. 5. Immunohistochemical staining
of neural markers in human dental pulp
tissue. A positive expression of the neu-
ral markers nestin (a), vimentin (b) and
S100 (c) is found throughout the whole tis-
sue. Expression of B-III-tubulin (d) and
NGFRp75 (e) was observed at the subodon-
toblast zone. In the center of the tissue, the
expression of both markers was related
to neural structures. Nerve fibers were
also immune-reactive for neurofilament
(f), MBP (g) and synaptophysin (h). a-c,
f-h Scale bar = 50 wm. d, e Scale bar =200

pm. - -

differentiation studies, an ultrastructural analysis of the
morphological changes and/or functional studies must
be included in the experiments to confirm a really suc-
cessful differentiation.

Several studies report the presence of a perivascular
niche of stem cells residing in the adult dental pulp [Shi
and Gronthos, 2003; Tecles et al., 2005; Sloan and Smith,

498 Cells Tissues Organs 2012;196:490-500

2007]. By means of immunohistochemical analysis, the
expression of various mesenchymal and neural markers
was evaluated in young dental pulp tissue. Young dental
pulp tissue was derived from teeth in a <50% root forma-
tion stage. As young dental pulp tissue, still being an im-
mature tissue, was used for the immunohistochemical
analysis, an overall expression of nestin and vimentin
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was found. The results further demonstrated the pres-
ence of a perivascular stem cell niche and a second niche
at the cementum-enamel border/cervical area. An in-
creased amount of CD29+, CD44+ and CD146+ stained
cells were observed from this cervical area towards the
center of the pulp tissue and towards the apex. Although
only a weak expression of CD105 was observed in our ex-
periments, the study of Alongi et al. [2010] confirms our
results in which a strong expression of CD105 was found
in dental pulp tissue. Neural marker expression was
mainly related to neural structures within the tissue.
However, some cells residing in the subodontoblast zone
stained positive for B-III-tubulin and NGFRp75. On the
other hand, in adult pulp tissue, only a perivascular niche
is present (data not shown). This leads to the conclusion
that the niche at the cervical area is lost during matura-
tion of the tissue. A possible explanation can be that this
niche contains cells from the dental papilla which will
migrate apically forming the apical papilla in a later stage.
It is generally known that during tooth development, the
dental papilla will contribute to tooth formation and con-
verts to the pulp tissue inside the pulp chamber. As the
root continues to develop, the location of the dental pa-
pilla becomes apical to the pulp tissue [Nanci, 2008]. A
second explanation could be that being immature tissue,
progenitor/stem cells are essential in the developmental
processes of the tooth resulting in the presence of multi-
ple niches including a stem cell niche at the cervical area.
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