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Abstract

Objectives: Dental pulp tissue contains stem cells
that can differentiate into multiple lineages under
specific culture conditions; the origin of these den-
tal pulp stem cells, however, is still unknown.
Materials and methods: Here we have utilized an
od-SMA-GFP transgenic mouse model to character-
ize expression of a-smooth muscle actin (SMA)-
GFP in subpassages of pulp-tissue-derived dental
pulp cells, as perivascular cells express a-SMA.
Results: During subculturing, percentages of cells
expressing a-SMA increased significantly from pas-
sage 1 to 3. a-SMA-GFP-positive cells expanded
faster than o-SMA-GFP-negative cells. The dental
pulp cells at passage 3 were induced towards osteo-
genic, adipogenic or chondrogenic differentiation.
All three differentiated cell lines expressed high
levels of o-SMA (mineralized nodules, lipid dro-
plets and chondrocyte pellets). GFP expression
colocalized with differentiated osteoblasts, adipo-
cytes and chondrocytes. Co-culturing the o-SMA-
GFP-positive cells with human endothelial cells
promoted formation of tube-like structures and
robust vascular networks, in 3-D culture.
Conclusions: Taken together, the a-SMA-GFP-
positive cells were shown to have multilieange
differentiation ability and to promote vasculariza-
tion in a co-culture system with endothelial cells.

Introduction

Dental pulp is a highly vascularized tissue that contains
dental pulp stem cells (DPSCs) (1). Since they were
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first described in the literature (2), DPSCs have been
shown to have gene expression patterns that are similar
to bone marrow stromal stem cells; these patterns
involve expression of CD44, CD106, CD146, 3G5 and
Stro-1 (3,4). These cells also exhibit multipotentiality
and can differentiate into odontoblasts, osteoblasts,
adipocytes, chondrocytes and neural cells (5,6). Previ-
ous research has attempted to isolate and characterize
dental pulp progenitor/stem-cell populations (7) and
early studies suggested that they were derived from
fibroblast-like cells (8). Recent work on DPSCs has
shown high expression of STRO-1, a putative stem cell
marker (9) and a mesenchymal stem cell progenitor
population, based on STRO-1, has been isolated from
adult dental pulp and has shown multilineage potential
(7,10). The exact origin and location of the STRO-1-
positive population remains unknown, although Shi
et al. have suggested that DPSCs might reside in peri-
vascular regions of dental pulp (9). Interestingly, Crisan
et al. have reported that a subpopulation of human
perivascular cells expressed both pericyte and mesen-
chymal stem-cell (MSC) markers and that this isolated
perivascular population was clonally multipotent in cul-
ture and was capable of expansion (11,12). Taken
together, these studies suggest that mesenchymal stem
cells might be members of the pericyte family. How-
ever, no direct proof that confirms that dental pulp stem
cells originate from dental perivascular cells/pericytes
has been provided.

Alpha-smooth muscle actin («-SMA) is expressed by
perivascular cells/pericytes that reside around small
blood vessels (13,14). In developing teeth, this protein
is expressed in the dental follicular area and outer dental
epithelium; however, in developed teeth, it is found in
the dental pulp and apical perivascular areas (15). In our
study described here, we utilized an o-SMA transgenic
mouse model to study differentiation of dental pulp stem
cells. This mouse model contains a green fluorescent
protein (GFP) gene under the control of an a-SMA pro-
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moter (14). Thus, a-SMA expression can be detected by
tracking GFP expression during cell proliferation and
differentiation. Our research has found that a population
of o-SMA-expressing cells acted as progenitors or
DPSCs. We showed that a-SMA-positive cells cycled
faster than a-SMA-negative cells and expression of o-
SMA was intense in all of the differentiated DPSC cul-
tures (osteogenic, chondrogenic and adipogenic). These
results provide evidence that perivascular cells and other
cells may differentiate into DPSCs.

Materials and methods

Experimental mouse model

Dental pulp cultures from an o-SMA-GFP transgenic
mouse model were used as the source of o-SMA-GFP-
positive cells. This mouse model has an a-SMA pro-
moter that drives expression of GFP; the model was
developed by Dr Jen-Yue Tsai et al. (16).

Primary pulp tissue culture and dental pulp cell culture

Maxillary and mandibular molars from 6- to 8-week-old
transgenic mice were dissected. Pulp tissue was isolated,
minced and transferred to 100-mm tissue culture dishes
for 5 min, to allow cell attachment before addition of
growth medium (ouMEM containing 10% heat-inacti-
vated foetal calf serum) and the pulp tissue was cultured
at 37 °C and 5% CO,. Cells emerging from the pulp
were termed passage O cells (PO). When cultures reached
80% confluence, they were passaged using 0.25% tryp-
sin-EDTA, then subcultured (P1). These studies used
cells up to passage 3 (P3).

FACS sorting of dental pulp-derived o-SMA-GFP
positive cells

The o-SMA-GFP-positive population of dental pulp
cells (P1-P3) was selectively purified based on intensity
of GFP fluorescence, using a FACS Vantage Sorter.
Sorted o-SMA-GFP-positive cells were seen to be
mainly perivascular cells, consisting of pericytes and
smooth muscle cells.

Multilineage differentiation of o-SMA-GFP-positive cells

Dental pulp cells at P3 were seeded in 24-well culture
plates at 1.0 x 10° density cells/well and were cultured
in growth medium for 3 days. Culture medium was then
exchanged for lineage-specific induction medium to
induce multilineage differentiation (osteogenesis: 50 um
ascorbate-2-phosphate, 10 mm  B-glycerophosphate,
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0.01 um  1,25-dihydroxyvitamin D3; chondrogenesis:
10 ng/ml TGF-B1, 100 nm dexamethasone, 6.25 pg/ml
insulin, 50 nm ascorbate-2-phosphate, 110 mg/l sodium
pyruvate; adipogenesis: 1 pm dexamethasone, 10 um
insulin, 200 pm indomethacin, 0.5 mm isobutyl-methyl-
xanthine). Osteogenic, chondrogenic and adipogenic dif-
ferentiation cultures were stained with alizarin red,
toluidine blue and oil red O, respectively, and then eval-
uated using fluorescence microscopy, as previously
described (17).

RNA extraction and reverse transcription-polymerase
chain reaction

Total RNA was extracted from the specimens using the
Qiagen RNeasy Mini Kit. Reverse transcription was car-
ried out on 1 ng total RNA, using a murine leukaemia
virus reverse transcriptase, according to the manufac-
turer’s protocol. The resulting cDNA templates were
used for RT-PCR. PCR oligonucleotide primers were as
follows:

OSX (F: 5'-CACTCACACCCGGGAGAAGA-3"; R:
5'-GGTGGTCGCTTCGGGTAAA-3"), ON (F: 5-AACG
TCCTGGTCACCCTGTATG-3"; R: 5'-GATCTTCTTCA
CCCGCAGCTT-3"), PPAR-y (F: 5'-GACCACTCGCAT
TCCTTT-3"; R: 5-CCACAGACTCGGCACTCA-3"), LPL
(F: 5-"AGGGTGAGGAATCTAATG-3"; R: 5-CAGGTGT
TTCAACCGCTA-3"), SOX9 (F: 5-GTTGATCTGAAG
CGAGAGGG-3; R: 5-CATTGACGTCGAAGGTCTC
A-3'), Col-1al (F: 5"AAGACCCAGACTGCCTCAAC-3';
R: 5-TTGGCCCTAATTTTCCACTG-3") and GAPDH (F:
5-CTCACTGGCATGGCCTTCCG-3"; R: 5'-ACCACCCT
GTTGCTGTAGCC-3).

Products were evaluated by electrophoresis on 2%
agarose gels, stained with ethidium bromide and visual-
ized with Quantity One software (18)

Human umbilical vein endothelial cell preparation
and labelling

Human umbilical vein endothelial cells (HUVECs) were
labelled with DsRed, by transfection with a lentiviral
vector as previously described (17). HUVECs were
maintained on 0.1% gelatin-coated plates using endothe-
lial cell growth medium (EGM-2).

Preparation of 3-D collagen/fibronectin gels,
and vascular network formation in vitro

Collagen/fibronectin gels were prepared as previously
described, with minor modifications (19). Briefly, gel
formulation consisted of 1.5 mg/ml collagen gel
(PureCol, Fremont, CA,USA), 90 pg/ml human plasma
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fibronectin (Gibco/BRL, Gaithersburg, MD), 25 mm HE-
PES (Gibco) and 38.5% Complete EGM-2 (Lonza,
EGM-2, Lonza, Walkersville, ML). HUVECs and o-
SMA-GFP-positive cells were mixed at a ratio of 4:1
and were suspended in gel matrix mixture at final cell
concentration of 2 x 10° cells/ml. Cell suspensions
were polymerized in a 48-well plate (100 pl/well) for
30 min at 37 °C. Gels were then cultured in 250 pl
EGM-2 medium.

Statistics

Data points for each experimental group were expressed
as mean (SEM).

Results

a-SMA-GFP-positive cells in dental pulp cell cultures

Cells emerging from the dental pulp had fibroblast-like
morphology (Fig. 1A). At passage 1, only a small fraction
of total cells were GFP positive (Fig. 1A,a—c), but by the
third passage (P3), GFP-positive cells dominated the cul-
tures (Fig. 1A,d—f). Different passages of dental pulp cells
were analysed by FACS to determine percentages of GFP-
positive cells in the cultures. GFP-positive cells accounted
for 19 + 4.32% (P0O), 43 £ 5.45% (P1), 65 + 6.37% (P2)
and 88 + 6.53% (P3) cells respectively (Fig. 1B).

To compare expansion of a-SMA-GFP-positive cells
with o-SMA-GFP-negative cells, FACS-sorted GFP-
positive and GFP-negative cells were plated at identical
densities on day 0, and total cell numbers were counted
on days 3, 6, 9 and 12. At each time point, numbers of
a-SMA-GFP positive cells were significantly higher than
those of negative cells (Fig. 1C).

«-SMA-GFP expression in multilineage differentiation of
dental pulp cells

Osteogenesis. DPSCs at P3 were cultured in osteogenic
medium for up to 3 weeks (Fig. 2a). Mineralized nod-
ules formed in the culture (Fig. 2b), as revealed by posi-
tive alizarin red-S staining (Fig. 2d). Fluorescence
microscopy indicated that all differentiated cells
expressed GFP, and mineralized nodules exhibited
intense GFP localization (Fig. 2b,c). Expression of oste-
ogenic marker genes, osterix (OSX) and osteonectin
(ON), was higher in cultures at days 7 and 14, as con-
firmed by osteogenic differentiation (Fig. 3). These
results demonstrate that o-SMA-GFP-positive cells
retained their ability to express o-SMA during osteo-
genic differentiation and that these a-SMA cells then
dominated the osteogenic cultures.
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Chondrogenesis. DPSCs at P3 were cultured in chon-
drogenic medium for 7 days. Morphology of the cells in
these cultures changed from fibroblast-like in shape to
flat, multi-angled morphology (Fig. 2e), with intense
GFP expression (Fig. 2f). The merged image confirms
that all of chondrogenically differentiated cells expressed
a-SMA-GFP (Fig. 2g). Cells were then pelleted and cul-
tured as small masses for a further 3 weeks. Toluidine
blue staining showed that cells had large nuclei with
multiple nucleoli, similar to chondrocytes, and that most
of the cells produced proteoglycans in their extracellular
matrix (Fig. 2h). Expression of chondrogenic marker
genes SOX9 and Col-II also significantly increased dur-
ing this differentiation period (Fig. 3). These results
indicate that o-SMA-GFP-positive cells expressed
o-SMA during chondrogenic differentiation.

Adipogenesis. DPSCs at P3 were cultured in adipogenic
medium for 14 days, during which time, morphology of
the cells transformed into a rounder shape with lipid-
filled vesicles (Fig. 2i). The lipids appeared as black
areas under fluorescence microscopy, although GFP
staining remained dominant in these cultures (Fig. 2j).
Positive oil red O staining of lipid droplets (red under
fluorescence microscopy) confirmed that the DPSCs had
differentiated into adipocytes (Fig. 2k). Merged images
show co-localization of GFP expression and adipocyte
staining (Fig. 21). Expression of adipogenesis-specific
genes, PPAR-y and LPL, was significantly higher in
these cultures on days 7 and 14 (Fig. 3). These results
show that a-SMA-GFP-positive cells expressed a-SMA
during adipogenesis.

Formation of vascular network within 3D collagen/
fibronectin gels

Human umbilical vein endothelial cells were labelled
with DsRed by transfection with a lentiviral vector
(transfection efficiency ~90%) (Fig. 4A). To test the
effect of a-SMA-GFP-positive cells on formation of a
vascular network by HUVECs, a co-culture of a-SMA-
GFP-positive cells and DsRed- HUVECs was loaded
into a 3-D collagen-fibronectin gel. In the presence of a-
SMA-GFP-positive cells, HUVECs began to elongate
and interconnect by the day after plating (D1) (Fig. 4B,
a—<). On day 7, o-SMA-GFP-positive cells were
condensed, and the emerging vascular networks were
seen to primarily consist of HUVECs (Fig. 4B,e—g). On
day 14, the a-SMA-GFP-positive cells had proliferated
significantly, and there was a robust, branched network
of HUVECs visible within the gels (Fig. 4B,i—j). In con-
trol gels containing HUVECs only, HUVECs formed
much shorter and smaller multi-cellular cords which
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Figure 1. GFP expression during in vitro subculturing of cells derived from primary pulp tissue. (A) The percentage of a-SMA-GFP-positive
cells increased from passage 1 to passage 3. a, d: phase-contrast images; b, e: fluorescence microscopy images; ¢, f: merged images (200x). (B)
Quantification of GFP+ cells in the total cell population, in each passage. (C) Comparison of cell population growth between SMA+ and SMA—

cells over 12 days.

regressed and fell apart by day 7; no vascular network
was found on either day 7 or day 14 (Fig. 4B,d,h,]).

Discussion

Dental pulp stem cells have been shown to exhibit mul-
tipotency and can differentiate into several cell types,
including odontoblasts, osteoblasts, chondrocytes, adipo-
cytes and neural-like cells. They have high proliferation
rates in monolayer culture conditions in vitro. Based on
this, dental pulp tissue may represent a promising reser-
voir of stem cells for tooth tissue engineering and clini-
cal applications (2,3,18). However, the exact origin and
precise anatomical location of these dental pulp stem
cells are still not clear (7). Previous studies have found
that STRO-1-positive DPSCs express the vascular anti-
gen CDI146 and the pericyte marker 3GS5, suggesting
that these cells may reside in perivascular niches (9).
Crisan et al. have reported that blood vessel walls con-
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tain a reserve of progenitor cells that may originate as
mesenchymal stem cells and other related adult stem cell
types. Although that study did not include dental pulp
in its tissue samples, their results suggested that both
foetal and adult mesenchymal stem cells are derived
from the pericyte lineage (12). Our recent study demon-
strates that mechanical stress can significantly regulate
osteogenic and odontogenic differentiation of dental
pulp stem cells and additionally, dental pulp stem cells
express typical pericyte characteristics, such as o-SMA
and PDGF-Rp, suggesting that dental pulp stem cells
may derive from perivascular cells (20). During normal
physical metabolism or tissue repair, these progenitor
cells could differentiate into dental pulp stem cells, then
further differentiate into odontoblasts or other cell types
(21). In this work, we have shown that dental pulp mul-
tilineage cells originate from perivascular cells. As peri-
vascular cells express the cytoskeletal protein o-smooth
muscle actin, we used an o-SMA-GFP transgenic mouse
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Figure 2. a-SMA-GFP expression in multilineage differentiation of dental pulp stem cells (DPSCs). Osteogenic differentiation of DPSCs. (a)
morphology of DPSCs after culturing in osteogenic medium for 3 weeks. (b) Differentiated DPSCs expressed GFP after osteogenic induction. (c)
Merged image shows that all osteogenically differentiated DPSCs expressed GFP. (d) Positive alizarin red-S staining of mineralized nodules
(100x). Chondrogenic differentiation of DPSCs. (e) After chondrogenic induction, cells changed morphology from fibroblast-like to flat, multian-
gled shapes. (f) Chondrogenically differentiated cells expressed GFP. (g) Merged image shows that all chondrogenically differentiated DPSCs
expressed GFP (200x). (h) Toluidine blue staining of proteoglycans in DPSC pellet, proving that cells differentiated into chondrocytes after
3 weeks (40x). Adipogenic differentiation of DPSCs. (i) DPSCs cultured in adipogenic induction medium for 2 weeks accumulated lipid droplets.
(j) Lipid droplets are shown as black on green in fluorescence microscopic images; GFP-positive staining remained during adipogenesis. (k) Positive
oil red O staining for lipid droplets (in red on fluorescence microscope images). (I) Merged images show that differentiated DPSCs expressed GFP
during adipogenesis (200x).

0d  7d  14d model to define a perivascular-derived progenitor popu-
lation derived from dental pulp (22). We showed that
these cells actively differentiate into multiple lineages
and persist during differentiation.

Using the same mouse model, Kalajzic ef al. have
reported that a-SMA-GFP-positive cells were associated
with the microvasculature within dental pulp, alveolar
crest and the rich vascular area of periodontal ligaments,
in adult mice (15). They found that a-SMA-GFP-positive
cells from periodontal ligaments and dental follicles pro-
liferate faster than a-SMA-GFP-negative cells (15). Con-
sistent with their results, we found that o-SMA-GFP-
positive cells from dental pulp expanded faster than their
o-SMA-GFP-negative counterparts. This explains the
significant increase in GFP-positive cells between PO and
P3 [from 19% (PO) to 88% (P3)]. Thus, after subculturing
cells derived from pulp explants, DPSCs used in the pres-
ent study contained a higher number of GFP positive cells

GAPDH

Figure 3. RT-PCR analysis of gene expression during multilineage . . .
differentiation. Differentiated DPSC cultures at 7 and 14 days reveal compared to those of other studies, that used primary tis

upregulated expression of markers for osteogenic, chondrogenic and sue .dlgestlon. OC—SMA is not only specific to pericytes,
adipogenic lineages. but is also present in vascular smooth muscle cells of lar-
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Figure 4. Formation of 3-D vascular networks in vitro. (A) Human umbilical vein endothelial cells (HUVECs) labelled with DsRed with effi-
ciency of over 90% (a—) (200x). (B) Co-culture of HUVECs with a-SMA-GFP-positive cells. (a) HUVECs grew and interconnected with other
cells by day 1; (b, ¢) a-SMA-GFP-positive cells distributed themselves around the HUVECsS; (e) vascular networks primarily consisted of HUVECs
at day 7; (f, g) a-SMA-GFP-positive cells become denser around HUVEC vascular networks; (i) By day 14, HUVECs formed a robust network; (j,
k) a-SMA-GFP-positive cells distributed themselves around the HUVEC network; (d, h, 1) In the control group, HUVEC cultures without a-SMA-
GFP-positive cells proliferated slowly and were unable to form vascular networks by days 1, 7 and 14 (100x).

ger blood vessels. Therefore, the o-SMA-GFP-positive
cells in our study may represent both pericytes and
smooth muscle cells. Based on previous work linking
mesenchymal cells and pericytes (11), it is likely that
most of the subcultured GFP-positive cells had originated
from pericytes. It will be interesting in future studies to
assess this hypothesis by staining for pericyte surface
marker, 3GS5.

Vascularization of tissue constructs remains a major
challenge for stem cell-based tissue regeneration, as
established blood vessel networks are essential for provid-
ing nutrients and oxygen for tissue regeneration. Vascu-
larization occurs by differentiation, migration and
connection of endothelial progenitor cells in response to
stimuli, such as cell—cell contacts and growth factor pres-
ence (23). Perivascular cells, especially pericytes, play an
important role in vascularization. During vascularization,
these cells are first recruited to the relevant site; they pro-
liferate and then contact and communicate with endothe-
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lial cells (12,24). The following mechanisms are essential
for successful vascularization: endothelial cells contact
one another and interact to form networks (12,25,26),
growth factors are synthesized (27,28) and a mural wall
of new blood vessels is formed (12,26). 3-D collagen gel
models have previously been created to study vasculariza-
tion in vitro (29). Our previous work successfully showed
that bone-marrow-derived pericytes can stimulate endo-
thelial cells to form tube-like structures and to subse-
quently create robust vascular networks in a 3-D collagen
—fibronectin scaffold (17). In the present study, we have
demonstrated that o-SMA-GFP-expressing cells from
dental pulp also promote vascularization. The next chal-
lenges are to use the same model to complete vasculariza-
tion in vivo and to implant a pre-vascularized structure to
determine stability of vascularized structures, and their
integration with the host vascular network.

In summary, this study has proven that dental pulp
stem cells may be located in perivascular regions, as
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pericytes. a-SMA-GFP-positive cells proliferated rapidly
and dominated DPSC cultures by passage 3 and these
cells were able to differentiate into multiple lineages;
they maintained their expression of a-SMA-GFP during
differentiation and co-localized with mineralized nod-
ules, chondrocytes and lipid droplets. o-SMA-GFP-
positive cells also promoted vascularization in a co-culture
system with endothelial cells.
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