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Abstract

Mesenchymal stem cells (MSCs) are one of the most promis-
ing stem cell types due to their availability and relatively sim-
ple requirements for in vitro expansion and genetic manip-
ulation. Besides the well-characterized MSCs derived from
bone marrow, there is growing evidence suggesting that
dental pulp and the umbilical cord matrix both contain a
substantial amount of cells having properties similar to those
of MSCs. In order to assess the potential of dental pulp-de-
rived MSCs (DPSC) and umbilical cord-derived MSCs (UCSC)
in future clinical applications, it is essential to gain more in-
sight into their differentiation capacity and to evaluate the
tissues formed by these cells. In the present study, the mor-
phological and ultrastructural characteristics of DPSC and
UCSC induced towards osteogenic, adipogenic, and chon-
drogenic lineages were investigated. Cultured DPSC and
UCSC showed a similar expression pattern of antigens char-
acteristic of MSCs including CD105, CD29, CD44, CD146, and
STRO-1. Under appropriate culture conditions, both DPSC
and UCSC showed chondrogenic and osteogenic potential.

T. Struys and M. Moreels contributed equally to this work.

Adipogenesis could be only partially induced in DPSC result-
ing in the de novo expression of fatty acid binding protein
(FABP), whereas UCSC expressed FABP combined with a very
high accumulation of lipid droplets in the cytoplasm. Our
results demonstrate, at the biochemical and ultrastructural
level, that DPSC display at least bilineage potential, whereas
UCSC, which are developmentally more primitive cells, show
trilineage potential. We emphasize that transmission elec-
tron microscopical analysis is useful to elucidate detailed
structural information and provides indisputable evidence
of differentiation. These findings highlight their potential
therapeutic value for cell-based tissue engineering.
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Abbreviations used in this paper

DMEM-LG Dulbecco’s modified Eagle’s medium with
GlutaMAX-I and low glucose

DPSC dental pulp stem cell

F fungizone

FABP fatty acid binding protein

FBS fetal bovine serum

MSC mesenchymal stem cell

ORO Oil red O staining

P penicillin

PBS phosphate-buffered saline

RER rough endoplasmatic reticulum

N streptomycin
UCSC umbilical cord stem cell
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Introduction

Mesenchymal stem cells (MSCs) are self-renewing and
multipotent cells which were first isolated from bone
marrow [Friedenstein et al., 1976]. MSCs represent a het-
erogeneous and typical fibroblast-like cell population
[Prockop, 1997] which has been described to have the
ability to differentiate into multiple mesenchymal cell
types such as adipocytes, osteoblasts, and chondroblasts
[Pittenger et al., 1999; Jiang et al., 2002]. MSCs have gen-
erated a great deal of interest for their potential appli-
cation in regenerative medicine and tissue engineering
[Caplan, 2007]. Due to their extensive expansion rate and
differentiation potential, MSCs are among the first stem
cell types that possess the features necessary to be intro-
duced into the clinical environment. In addition, their
hypoimmunogenic and even immunosuppressive char-
acteristics [Uccelli et al., 2007] show that they may be ex-
tremely suitable for allogeneic cell transplantation. Cur-
rently, bone marrow represents the main source of MSCs
for both experimental and clinical studies [Giordano et
al., 2007; Lee et al., 2008]. However, harvesting bone mar-
row is a highly invasive procedure with a considerable
risk of donor site morbidity. Moreover, only a limited
number of MSCs can be isolated from the collected tissue
and the number and differentiation potential of human
bone marrow-derived MSCs significantly decreases with
age [Mueller and Glowacki, 2001; Stenderup et al., 2003].
Therefore, the search for alternative MSC sources is of
significant value. Surgical and biological waste material
might provide ideal donor tissue for isolating stem cells.
Dental pulp isolated from third-molar and umbilical
cord samples which are readily available following surgi-
cal interventions or delivery, respectively, might be new
promising sources.

Dental pulp is the mucoid connective tissue that oc-
cupies the central space in the tooth. This tissue is com-
pletely encased within the mineralized dentin, which is
produced by the odontoblasts, a postmitotic cell type lo-
cated on the periphery of the pulp tissue. The core of the
pulp tissue is composed of fibroblast-like cells producing
a meshed network of collagen and elastin fibers which is
embedded in an amorphous ground substance rich in
proteoglycans and glycosaminoglycans [Linde, 1985]. On
the other hand, the umbilical cord is composed of an em-
bryonic mucoid connective tissue matrix, called Whar-
ton’s jelly, located between the covering amniotic epi-
thelium and the umbilical vessels. The matrix consists
of myofibroblast-like stromal cells and collagen fibers
embedded in an amorphous ground substance rich in
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proteoglycans [Kobayashi et al., 1998; McElreavey et al.,
1991].

Recent studies have shown the MSC nature of cells
within both mucoid connective tissues [Gronthos et al.,
2000, 2002; Mitchell et al., 2003; Shi and Gronthos, 2003;
Weiss et al., 2003; Wang et al., 2004]. These cells share
similar characteristics with bone marrow-derived MSCs
including adherence to plastic substrates, surface marker
expression, and differentiation potential into lineages of
mesenchymal tissues such as bone, cartilage, and adipose
tissue [Gronthos et al., 2002; Mitchell et al., 2003; Shi and
Gronthos, 2003; Wang et al., 2004; Carlin et al., 2006;
Weiss et al., 2006; Takeda et al., 2008]. In order to assess
the potential of dental pulp stem cells (DPSC) and um-
bilical cord stem cells (UCSC) for future clinical applica-
tions, it is essential to further explore the lineage-specific
tissues formed by these stem cells. Although there are a
number of papers describing their characteristics, struc-
tural and ultrastructural descriptions of their phenotype
are still lacking. To fill this gap, the present study was
aimed at providing an in-depth morphological descrip-
tion of both DPSC and UCSC induced towards adipo-
genic, osteogenic, and chondrogenic lineages.

Materials and Methods

Cell Culture Media and Chemicals

Dulbecco’s modified Eagle’s medium with GlutaM AX™-Tand
low glucose (DMEM-LG), Basal Medium Eagle (BME), a-MEM,
DMEM-F12, penicillin (P), streptomycin (S), fungizone (F), and
L-glutamine were obtained from GIBCO Invitrogen Corp. (Pais-
ley, UK). Fetal Bovine Serum (FBS) was obtained from Biochrom
AG (Berlin, Germany). All other chemicals were purchased from
Sigma Chemical Co. (St. Louis, Mo., USA).

Isolation and Culture of DPSC

Human dental pulp tissue was isolated from third molars that
were extracted for therapeutic or orthodontic reasons with the pa-
tients’ informed consent (n = 10). Immediately after extraction,
from each patient, 4 teeth from each patient were fractured me-
chanically and the pulp tissue was removed by means of a forceps.
Tissue was collected in BME supplemented with heat-inactivated
10% FBS, 2 mM L-glutamine, 50 nG/ml ascorbic acid, 1% P, 1% S,
and 0.2% F, and then transferred to the laboratory for cell isolation.
After washing in the same medium to remove any contaminating
blood, the pulp tissue was minced into small fragments (1-2 mm?).
These explants were transferred to 6-well plates containing the
same medium as described above. The explants were left undis-
turbed for 14 days to allow the migration of cells from the explants.
Cells were cultured at 37°C in a humidified atmosphere contain-
ing 5% CO,, and the medium was changed every 2 days. After 2
weeks, the explants were discarded from the culture dish and the
resulting cell population was serially passaged and refed every 2
days. The cells used in the study were between P2 and P5.
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Isolation and Culture of UCSC

Human umbilical cords were obtained from full-term deliv-
eries, with the mothers’ informed consent, and processed within
24 h (n =10). The cords were immersed in a sterile vessel contain-
ing 0.01 M phosphate-buffered saline (PBS; pH 7.2) supplemented
with 1% P, 1% S, and 0.2% F and then transferred to the labora-
tory for further cell isolation. After washing in PBS to remove any
contaminating blood, the cord was cut into small pieces (1-2 cm
in length). Amniotic membrane, umbilical arteries, and veins
were removed, and the remaining tissue was minced into small
fragments (1-2 mm?>). The tissue pieces were transferred to 6-well
plates containing DMEM-LG supplemented with 10% FBS + 1%
P,1% S, and 0.2% F, and incubated at 37°C in a humidified atmo-
sphere containing 5% CO,. The explants were left undisturbed for
14 days to allow the migration of cells from the explants. They
were refed and passaged when necessary. The cells used in the
study were between P2 and P5.

Differentiation Procedures

The adipogenic, osteogenic, and chondrogenic differentiation
capabilities of both DPSC and UCSC were tested by incubating
them in differentiation media from the hMSC Functional Identi-
fication Kit (SC006; R&D Systems, UK).

Adipogenic Differentiation Protocol

Following trypsinization, DPSC and UCSC were seeded onto
12-mm ¥ glass coverslips for light microscopy or onto plastic
coverslips (Thermanox®; Electron Microscopy Sciences) for elec-
tron microscopy at a density of 3.7 X 10 cells per well in «-MEM
basal medium supplemented with 10% FBS + 1% P, 1% S, 0.2% F,
and 2 mM L-glutamine. Cells were cultured at 37°C in a humidi-
fied atmosphere containing 5% CO,. When confluence was
reached, the medium was changed to the adipogenic differentia-
tion medium (R&D Systems). The medium was changed every 3
days. After 3 weeks, cells seeded on glass coverslips were washed
with PBS and fixed with 4% formaldehyde (Unifix, Duiven, The
Netherlands) for 20 min at room temperature. Cells seeded on
plastic coverslips were fixed with 2% glutaraldehyde in 0.05 M
cacodylate buffer (pH 7.3) overnight at 4°C.

Osteogenic Differentiation Protocol

Following trypsinization, DPSC and UCSC were seeded onto
12-mmo glass coverslips for light microscopy or onto plastic cov-
erslips (Thermanox; Electron Microscopy Sciences) for electron
microscopy coated with fibronectin (R&D Systems) with a den-
sity of 7.4 X 10° cells per well in a-MEM basal medium supple-
mented with 10% FBS + 1% P, 1% S, 0.2% F, and 2 mM L-glutamine.
Cells were cultured at 37°C in a humidified atmosphere contain-
ing 5% CO,. When 50-70% confluence was reached, the medium
was changed to the osteogenic differentiation medium (R&D Sys-
tems). The medium was changed every 3 days. After 3 weeks, cells
seeded on glass coverslips were washed with PBS and fixed with
4% formaldehyde (Unifix) for 20 min at room temperature. Cells
seeded on plastic coverslips were fixed with 2% glutaraldehyde in
0.05 M cacodylate buffer (pH 7.3) overnight at 4°C.

Chondrogenic Differentiation Protocol

Following trypsinization, DPSC and UCSC were seeded in 15-
ml conical tubes with a density of 25 X 10% cells per tube in
DMEM-F12 basal medium, 1% insulin, transferrin and selenium
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supplement (R&D Systems) + 1% P, 1% S, 0,2% F, and 2 mM L-
glutamine. Cells were centrifuged for 5 min at 1,200 rpm and sub-
sequently resuspended in chondrogenic differentiation medium
(R&D Systems). Afterwards, cells were centrifuged again for
5 min at 1,200 rpm and subsequently cultured as pellets at 37°C
inahumidified atmosphere containing 5% CO,. The medium was
changed every 3 days. After 3 weeks, cell spheres were washed
with PBS and fixed with either 4% formaldehyde (Unifix) for 20
min at room temperature for light microscopical analysis or with
2% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.3) overnight
at 4°C for electron microscopy.

Histochemical Stainings

Differentiation of cells into the adipogenic, osteogenic, and
chondrogenic lineages was determined using different histologi-
cal staining techniques. Adipogenic differentiation was evaluated
using Oil red O (ORO) to reveal lipid droplet accumulation in the
cell cytoplasm. Osteogenic differentiation was demonstrated us-
ing Alizarin red S staining to detect calcified deposits in the cell
cultures. Finally, Alcian blue staining was used to reveal chondro-
genic differentiation showing the production of a ground sub-
stance matrix. In all stainings, nuclei were counterstained using
Mayer’s hematoxylin. After mounting in an aqueous mounting
medium (Aquatex; Merck, Darmstadt, Germany) stained cells
were examined using a photomicroscope equipped with an auto-
mated digital camera (Nikon Eclipse 80i; Nikon Co., Japan).

Immunocytochemistry

Immunocytochemical stainings were performed using the
peroxidase-based EnVision System® (DakoCytomation, Glos-
trup, Denmark). After fixation and washing in 0.01 M PBS (pH
7.2), cells were permeabilized when needed with 0.05% Triton
X-100 (Boehringer, Mannheim, Germany) in PBS for 30 min at
4°C prior to labeling and then washed again with PBS. Nonspe-
cific binding sites were subsequently blocked with 3% normal goat
or donkey serum (depending on the secondary antibody that was
used) (DakoCytomation) in PBS for 20 min. After washing, cells
were incubated with mouse monoclonal antibodies against CD29
(1:35; Abcam, Cambridge, UK), CD44 (1:200; Abcam), CD105
(1:1,000; Abcam), STRO-1 (1:50, R&D Systems), vimentin (1:500;
DakoCytomation), and nestin (1:500, Chemicon, USA), or osteo-
calcin (1:100, R&D Systems) rabbit polyclonal antibody against
CD146 (ready to use; Abcam), or goat polyclonal antibodies
against fatty acid binding protein (FABP)-4 (1:100, R&D Systems),
and aggrecan (1:100, R&D Systems) for 1 h. The cells were then
washed again and incubated for 30 min with goat anti-mouse,
goat anti-rabbit, or donkey anti-goat horseradish peroxidase-con-
jugated secondary antibodies. A high-sensitivity diaminobenzi-
dine chromogenic substrate system and Mayer’s hematoxylin
were respectively used to visualize the peroxidase and for counter
staining. After mounting in an aqueous mounting medium
(Aquatex; Merck, Darmstadt, Germany), cell-seeded coverslips
were examined using a photomicroscope equipped with an auto-
mated camera (Nikon Eclipse 80i, Nikon). Control cells were sub-
jected to the same immunoperoxidase staining, with omission of
the primary antibody.

Ultrastructural Analysis
Following fixation, the fixative was gently aspirated with a
glass pipette, and the cells were postfixed in 2% osmium tetroxide
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for 1 h and stained with 2% uranyl acetate in 10% acetone for 20
min. Subsequently, the cell-seeded coverslips were put through a
dehydrating series of graded concentrations of acetone and em-
bedded in araldite according to the pop-off method [Bretschnei-
der et al., 1981]. Ultra-thin sections (0.06 p.m) were mounted on
0.7% formvar-coated grids, contrasted with uranyl acetate and
lead citrate, and examined in a Philips EM 208 transmission elec-
tron microscope operated at 80 kV. Digital images were captured
using a Morada camera system and analyzed using SIS analysis
software (Germany).

Image Analysis

Images were acquired by 3 independent investigators that were
blind for cell type and experimental conditions. For each of the
experimental conditions, 50 microscopic fields were analyzed
with 40X and 5,000 magnifications for light and electron mi-
croscopy, respectively. The images shown in this article were se-
lected as being representative of the indicated condition.

Results

Morphology and Immunophenotype

After 2 weeks, cells isolated from umbilical cord and
dental pulp explants grew out of the explant and adhered
to a plastic surface. The morphology of cultured DPSC
and UCSC included mesenchymal-like cells with a po-
lygonal or spindle-shaped appearance (fig. la, b). The
morphology of the cells changed with a higher level of
confluence; the cytoplasm became narrower, and the
cells appeared mostly spindle shaped.

The characterization of markers expressed by the cells
was performed by immunocytochemical analysis. Sur-
face phenotyping revealed a similar expression pattern
of antigens characteristic of MSCs including CD105+,
CD29+, CD44+, CD146+, and STRO-1 (fig. 1c-1). Further
evaluation of cytoskeletal elements showed that both
HDPC and UCSC expressed vimentin (fig. 1m, n). Nestin
expression could only be detected in DPSC (fig. 1o, p).

Ultrastructural Analysis

At the ultrastructural level, both DPSC and UCSC
showed large euchromatic nuclei with prominent nucle-
oli. The cell surface often showed filopodia. The cell cy-
toplasm was characterized by distinct subcellular com-
partments including an organelle-rich perinuclear zone
and a rather electron-lucent peripheral region (fig. 1q, t).
The perinuclear region mainly contained numerous mi-
tochondria, prominent rough endoplasmatic reticulum
(RER) cisternae and some Golgi apparatus. Interestingly,
the RER cisternae were distended and contained moder-
ately electron-dense secretory material. In addition, the
cytoplasm was rich in intermediate filaments. The pe-
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riphery of the cytoplasm exhibited a rather electron-lu-
cent appearance due to the absence of organelles. How-
ever, this region contained some vacuoles, vesicles, and
bundles of intermediate filaments. Thick arrays of thin
filaments were commonly observed in close proximity to
the cell edges. No extracellular matrix deposition or spe-
cialized cell junctions were observed (fig. 1q-v).

Differentiation of Cells into Mesenchymal Lineages

The differentiation potential of DPSC and UCSC was
tested by performing a multilineage differentiation assay
following the manufacturer’s instructions.

ORO staining did not reveal any intracellular lipid
droplets following the adipogenic differentiation of DPSC
ORO, with the exception of 30% of the tests, in which a
few ORO-positive cells were observed (fig. 2a, b). Never-
theless, immunocytochemical analysis revealed the ex-
pression of FABP, an adipocyte-specific gene, in the cells
after adipogenic induction (fig. 2¢, d). These findings
were confirmed at the ultrastructural level. However,
adipogenic-induced DPSC showed many elongated and
branched mitochondria, extremely dilated RER, and nu-
merous multilamellar vesicles (fig. 3a, b).

In contrast, UCSC grown in adipogenic medium
formed intracellular lipid droplets (indicated by ORO
staining) within 1 week; these enlarged over time during
treatment (fig. 2e, f). Adipocytic phenotypes in induced
cells were first signaled by the appearance of multisized,

Fig. 1. Morphology and immunophenotypic profile of human
DPSC and UCSC. Human DPSC (a) and UCSC (b) both exhibited
a typical fibroblast-like morphology. Cells showed adherence to
glass and plastic substrates and were capable of forming colonies
in vitro. The presence of several common MSC markers was test-
ed to determine the immunophenotypic profile of both cell types.
Human DPSC (c, e, g, i, k, m) and UCSC (d, f, h, j, I, n) showed
protein expression of CD29, CD44, CD105, CD146, STRO-1, and
vimentin, respectively. Human DPSC (o) also expressed nestin in
contrast to UCSC (p). q-v Ultrastructural analysis of human
DPSC (q-s) and UCSC (t-v). Both cell types are characterized by
large oval nuclei, predominantly euchromatic, with 1 or more
prominent nucleoli. The cell cytoplasm is characterized by dis-
tinct subcellular compartments (q, t). The perinuclear organelle-
rich zone contains mainly RER cisternae, elongated mitochon-
dria, and some Golgi apparatus (r, u). The peripheral part of the
cytoplasm exhibited a rather electron-lucent appearance due to
the absence of organelles. Nevertheless, multiple small vacuoles
and the expression of some intermediate filaments could be de-
tected in this region (s, v). Neither specialized cell junctions nor
the production of any kind of extracellular material could be ob-
served.
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Fig. 2. Adipogenic differentiation of human DPSC (a-d) and
UCSC (e-h) resulted in the accumulation of lipid droplets in the
cell cytoplasm and the de novo expression of FABP. In contrast to
UCSC (e, f), ORO staining did not always showed the presence of
lipid droplets in human DPSC (a). Lipid droplet accumulation in
the cytoplasm of human DPSC (b) could only be generated with

tiny intracytoplasmic lipid droplets in fusiform-shaped
cells. Shortly thereafter, most cells transformed into a
round or more cuboidal shape and retracted their cellular
extensions. Lipid granules tended to fuse, forming larger
ones in the following weeks. The adipogenic differentia-
tion of UCSC was highly efficient as ORO staining could
be found in nearly 80-90% of the cells. However, the
UCSC response to adipogenic induction was heteroge-
neous as there were differences in the number and size of
the lipid droplets. The differentiation was confirmed de
novo by the expression of FABP (fig. 2g, h). To evaluate
the morphological features of the newly formed adipo-
cytes, cells were examined by electron microscopy. Ul-
trastructural examination revealed a high accumulation
of lipid droplets in the cytoplasm of differentiated cells
(fig. 3¢, d).

Osteogenic induction of DPSC and UCSC resulted in
the occurrence of a calcified matrix which could be visu-
alized using Alizarin red S staining. Nevertheless, the
staining pattern within both cell type cultures was differ-
ent. In the differentiated DPSC culture small, round, and
dark, stained mineralized structures were present at dif-
ferent locations in the monolayer (fig. 4a). In contrast, the
staining pattern in the differentiated UCSC culture
seemed more diffuse and widespread (fig. 4c). In both cas-
es, osteogenic differentiation resulted in the de novo ex-

6 Cells Tissues Organs

a 30% success rate. However, in both human DPSC (c) and UCSC
(@), the de novo expression of FABP suggests differentiation into
the adipogenic lineage. At a higher magnification, human DPSC
(d) and UCSC (h) lipid droplet accumulation could be visualized
in the cell cytoplasm. Note the difference in cell size between both
differentiated cell types.

pression of osteocalcin (fig. 4b, d). Despite the difference
at the light microscopical level, ultrastructural analysis of
both differentiated cell types confirmed the acquisition of
an osteoblastic phenotype. The cytoplasm of both cell
types was characterized by the accumulation of multiple
matrix vesicles (fig. 5a, b). Furthermore, both DPSC and
UCSC secreted an extracellular matrix which mainly
contained typically cross-banded collagen microfibrils
(fig. 5¢, d). However, only in the differentiated DPSC
could multiple mineralization nuclei be visualized (fig. 5¢).
At a higher magnification, a globular secretion pattern
and individual hydroxyapatite needles could be detected
(tig. 5e). These mineralization nuclei tended to fuse with
one another resulting in the presence of larger bone-like
fragments which strongly interacted with the surround-
ing collagen (fig. 5f). These fragments also contained
some open spaces resembling the lacunae of bone tissue.
Chondrogenic induction was investigated using high-
density cell pellet cultures in conditioned media to form
3D cell spheres. After 3 weeks, cell spheres consisted of a
cell population residing in a heterogeneous extracellular
matrix. Alcian blue staining of the cryosections of dif-
ferentiated 3D cell pellets confirmed the production of
glycosaminoglycans and glycoproteins (fig. 6a, b). In gen-
eral, 3D cell spheres originating from differentiated
DPSC were more densely organized compared to those
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Fig. 3. Ultrastructural analysis of adipogenic-induced human DPSC (a, b) and UCSC (c, d). Ultrastructural ex-
amination by TEM demonstrated a high accumulation of lipid droplets in the cytoplasm of differentiated UCSC
(¢, d). In contrast, adipogenically-induced human DPSC (a, b) only showed an accumulation of multilamellar
vesicles in the cytoplasm. Dilated RER and elongated and branched mitochondria were shared characteristics
of the cytoplasmatic content of differentiated UCSC and human DPSC.

originating from differentiated UCSC. In both cases the
3D cell spheres were surrounded by a thin capsule con-
sisting of long, elongated, fibroblast-like cells. Further-
more, differentiated human DPSCs and UCSC expressed
aggrecan, a major structural protein of cartilage (fig. 6c,
d). At a higher magnification, cartilage-like fragments
could be detected in both cell types (fig. 6e, f). After 3
weeks, DPSC tended to produce more mature fragments
in which a clear distinction between the territorial and
interterritorial matrix was visible. Differentiation was
confirmed at the ultrastructural level where prominent
morphological changes could be described. Typically,
cells acquired a chondrogenic phenotype which was
mainly characterized by an accumulation of matrix ves-
icles in the cytoplasm and a massive production of col-
lagen fibers (fig. 7a, d). Some vesicles were present in the
extracellular space, strongly interacting with the sur-
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rounding collagen fibers. In addition, multiple cartilage-
like fragments were present in the extracellular space
which showed a close interaction with the surrounding
chondroblasts (fig. 7e, h).

Discussion

The possibility of transplanting adult stem cells into
damaged organs has opened new prospects for treating
several human pathologies. Among the various possible
sources of stem cells, MSCs have been studied extensive-
ly because of their ability to self-renew and to differenti-
ate into cell types of mesodermal origin such as osteo-
blasts, chondrocytes, and adipocytes [Castro-Malaspina
et al.,, 1980; Prockop, 1997; Pittenger et al., 1999; Barry
and Murphy, 2004]. Recent studies have already shown
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Fig. 4. Osteogenic differentiation of human DPSC (a, b) and UCSC (¢, d) resulted in the presence of multiple
mineralization nuclei in vitro which were visualized by Alizarin red S staining (a, c). Furthermore, the de novo
expression of osteocalcin could be detected following immunocytochemistry (b, d).

the MSC nature of cells within dental pulp and umbilical
cord tissue, both classified as mucoid connective tissues
[Gronthos et al., 2002; Mitchell et al., 2003; Weiss et al.,
2006]. However, in-depth knowledge of their differen-
tiation potential is essential in order to explore their use-
fulness for cell-based therapies. Although numerous re-
searchers have performed genetic analyses of the cells,
only a few manuscripts have been published concerning
the morphological changes seen following MSC differ-
entiation [Raimondo et al., 2006; Arminan et al., 2009;
Karaoz et al., 2009]. This study was the first to examine
the detailed process of the mesenchymal differentiation
of stem cells using an electron microscope. We attempted
to gain a better insight into the structural changes that 2
types of human MSCs undergo upon differentiation into
mesenchymal lineages including adipogenic, chondro-
genic, and osteogenic cell types. We believe this to be im-
portant in the field of stem cell biology because, although
much is known concerning the biochemical changes
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a stem cell experiences during differentiation, little is
known about the direct physical changes a cell goes
through upon differentiation. This may have wide impli-
cations, especially in the field of tissue engineering where
structural changes are as important as biochemical ones.
Therefore, the present study provides a comprehensive
morphological analysis of the differentiation capacities of
DPSC and UCSC.

Both cell types were isolated according to the explant
methodology that has been previously described for the
isolation of UCSC [Mitchell et al., 2003; Conconi et al.,
2006]. Isolated DPSC and UCSC were found to display
a characteristic set of MSC markers including CD29,
CD44, CD105, CDI146, and STRO-1 [Gronthos et al.,
2000; Mitchell et al., 2003; Weiss et al., 2006]. Further-
more, both cell types expressed vimentin, an intermedi-
ate filament found in cells of mesenchymal origin [Herr-
mann and Aebi, 2000]. In addition, DPSC were found to
express neuroectodermal marker nestin, which consti-
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Fig. 5. Ultrastructural analysis of osteogenic-induced human
DPSC (a, ¢, e, f) and UCSC (b, d). Characteristic for both cell types
was the accumulation of matrix vesicles in the cytoplasm (a, b).
Extracellular production of typically striated collagen fibers was
present in both cell cultures (c, d). Only differentiated human

tutes direct evidence of the neural crest origin of dental
pulp [Terling et al., 1995]. In contrast, UCSC showed no
expression of nestin. Currently, there is some controversy
about the presence of nestin in UCSC [Mitchell et al.,
2003; Fu et al., 2004; Ma et al., 2005; Weiss et al., 2006].

Mucoid Connective Tissues: A Promising
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s

DPSC showed the presence of multiple mineralization nuclei (c)
in which, at a higher magnification, the individual hydroxyapatite
needles were visible (e). This process resulted in the presence of
large bone-like fragments which strongly interacted with the sur-
rounding collagen (f).

However, Wislet-Gendebien et al. [2005] demonstrated
that nestin is only expressed in the absence of serum and
at a minimum of 10 passages.

The pop-off technique was used to study both undif-
ferentiated and differentiated cells. This technique allows
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Fig. 6. Chondrogenic differentiation of human DPSC (a-c) and
UCSC (d-f) was analyzed using Alcian blue staining (a, d). Dif-
ferentiated human DPSC (a) seemed to produce more ground sub-
stance in comparison to differentiated UCSC (d). Nevertheless,
differentiation resulted, in both cell types, in the de novo expres-
sion of aggrecan, a major structural protein of cartilage (b, e). At

the analysis of the ultrastructural characteristics of ad-
herent cells. Our data showed that both cell types are rel-
atively uniform, especially in terms of ultrastructure. In
an undifferentiated state both cell types exhibited 2 dis-
tinct subcellular compartments comprising a perinuclear
organelle-rich zone and a peripheral zone lacking organ-
elles but characterized by the presence of intermediate
tilament bundles. Previous studies in which the ultra-
structural characteristics of bone marrow MSCs were
studied describe similar results [Raimondo et al., 2006;
Karaoz et al., 2009]. However, these studies describe the
ultrastructural characteristics of MSCs in suspension. To
our knowledge, the present study describes for the first
time the ultrastructural characteristics of adherent DPSC
and UCSC.

Adipogenic differentiation of DPSC and UCSC with
the same conditioned medium resulted in a different out-
come. Although both cell types did express FABP follow-
ing differentiation, ORO staining demonstrated some
cells with lipid droplet accumulation only in 30% of the
DPSC cultures. In contrast, all treated UCSC acquired an
adipogenic morphology including positive ORO-stained

10 Cells Tissues Organs

ahigher magnification, a hyaline cartilage-like fragment could be
detected (c, f) in which a clear distinction between the territorial
and interterritorial matrix could be made. The cultured cell
spheres were surrounded by a thin capsule consisting of long,
elongated, fibroblast-like cells which was very similar to the peri-
chondrium in vivo.

lipid droplets. Moreover, in UCSC, lipid droplets were
clearly visible at the ultrastructural level. Despite the ab-
sence of lipid droplet accumulation in treated DPSC, cells
did seem to respond by the formation cytoplasmic mul-
tilamellar vesicles. Concerning DPSC, the described cul-
ture conditions seem to be inappropriate for complete ad-
ipogenic differentiation.

Both cell types produce an osteoid-like extracellular
matrix containing cross-banded collagen microfibrils. At
the ultrastructural level, DPSC show all stages of osteo-
genesis, starting with MSCs which develop into mature
osteocytes. In addition, the secretory activity of differen-

Fig. 7. Ultrastructural analysis of chondrogenic-induced human
DPSC (a, ¢, e, g) and UCSC (b, d, f, h). Ultrastructural analysis
resulted in the accumulation of matrix vesicles in both cell types
(a, b). Then, these vesicles tended to be secreted into the extracel-
lular space where they started to fuse and interact with the sur-
rounding collagen fibers (c—f). This resulted in the presence of
hyaline cartilage-like fragments which seemed to grow by appo-
sitional secretion of the new chondrogenic matrix (g, h).
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tiated DPSC very closely resembles the globular secretion
pattern which is seen during in vivo osteogenesis [Yama-
moto etal., 2005]. The presence of hydroxyapatite needles
confirms the occurrence of real mineralization in the cul-
ture. In contrast, UCSC represent a more immature type
of in vitro osteogenesis. This difference can be related to
the environmental predisposition of the stem cells in
both tissues of origin. DPSC have resided many years in
a hard tissue environment which is likely to favor the
cells’ capacity to be induced into the osteogenic lineages.
In contrast, UCSC have not been exposed to hard tissue
development, which in turn could explain their better ad-
ipogenic induction. Nevertheless, our data confirm the
osteoblastic potential of both cell types.

In vitro cartilage formation by MSCs is observed when
cells are cultured as a micromass in a defined medium for
chondrogenesis [Sekiya et al., 2001]. Cells located in the
center of the 3D spheres showed many characteristics of
metabolically active cells. Their cytoplasm contained nu-
merous matrix vesicles. In addition, large amounts of pro-
teoglycans and collagens filled the intercellular space be-
tween the cells. The homogeneous mass constituting the
cartilage fragments suggests that chondrogenic cells pro-
duce typical hyaline cartilage as presents in joints and oth-
er tissues. In the cartilage fragments produced by differen-
tiated DPSC, a clear distinction between the territorial and
interterritorial matrix can be made. The close interaction
of chondroblasts and cartilage fragments suggests that the
latter expand by means of appositional growth.

In vitro mesenchymal tissue formation (bone, carti-
lage, and fat) by MSCs makes it possible to clarify the de-
tailed morphological events that occur during osteogen-
esis, chondrogenesis, and adipogenesis, respectively. We
emphasize that electron microscopical analysis is useful
to elucidate detailed structural information. Moreover,
ultrastructural changes provide indisputable evidence of
differentiation.
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