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1. INTRODUCTION
With the development of immunosuppressive drugs, the prognoses for allogeneic
tissue transplants have become more acceptable. However, patients are still facing a
long waiting list, because of the lack of donor organs. Even when the transplantation
of compatible tissues or organs is successful; the possibility of immunologic rejection
still cannot be eliminated. With the increasing knowledge of immunology, embryology,
and molecular biology, the answer to the quest for transplantable tissues and organs
might rely on generating biological tissue substitutes from autologous human tissues.
For such procedures, selecting the appropriate cells is the one of the essential
aspects, and stem cells seem potentially the best candidate.
2. STEM CELLS
Stem cells are defined as the relatively undifferentiated cells, which have the
potential to proliferate and provide progenitor cells that can differentiate into
specialized cells throughout postnatal life. Research on stem cells is one of the most
attentive academic fields nowadays, and undoubtedly will retain attention for the
coming decades. Two things intensify the research on stem cells; first the
enormously promising clinical utilization, and second the ethical debate which stem
cells arouse in the scientific as well as the public domain.
Generally, stem cells are divided into two main types according to their origin,
embryonic stem cells (ES cells) and adult stem cells (AS cells).
2.1 Embryonic stem cells
ES cells are derived from the inner cell mass of the blastocyst before the implantation
stage into the uterine wall. In the human being they are derived from embryos of fouror-five day old blastocysts.
The research on ES cells has a very long history, starting 100 years ago with the first
attempts to fertilize mammalian eggs in vitro. In 1981, two independent groups
isolated the ES cells from mice, and established proper culture conditions. They also
proved that re-injection of such ES cells into mice induced the formation of
teratomas1, 2.
Further research indicated that mouse ES cells had the ability to differentiate into
different cell types, including adipocytes3, dendritic cells4, neurons5, muscle cells6 etc.
14
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Later experiments confirmed that ES cells show pluripotency7, 8, which means they
can give rise to almost any differentiated cell type derived from each of the three
embryonic germ layers—endoderm, mesoderm and ectoderm9. However, until now
there is no clear evidence showing that the human counterparts share a similar
potential.
Even though the research on human ES cells can offer enormous clinical benefits;
several legal and ethical controversies still exist10~12. Most of the debate focuses on
the main source of ES cells, the human embryo. To obtain human ES cells an
embryo must be destroyed and opponents argue that the human embryo has the
moral status as a person.
Therefore, legislation related to human ES cells is diverse around the globe. Most
countries incline to fully abandon or at least partly restrict the research on ES cells11.
In order to bypass such limitations, several alternatives have been considered. One
of the alterative methods is somatic cell nuclear transfer (SCNT), the technique used
to create “Dolly the sheep”12,

13

. Only therapeutic cloning instead of reproductive

cloning was explored. However, this technique is still immature; the success rate is
relatively low. Political, social and legislation issues have accounted for a shift in
attention from ES cells towards the use of AS cells.
2.2 Adult stem cells
The idea of AS cells comes from the self-repair ability of the living tissues after
damage, which suggested the existence of undifferentiated cells within the tissues.
AS cells are residing within the differentiated tissues, and are also called postnatal
stem cells. Their existence has been first identified in adult tissues which exhibit rapid
proliferation, such as bone marrow14, 15, pancreas16, liver17, 18, skin19, etc. Later AS
cells have even been isolated from other adult tissues that were thought to have only
a restricted repair capability, such as the brain20. Since AS cells can be harvested
from an individual and used for autologous tissue repair, the regenerated tissue will
not induce immunological rejection.
ES and AS cells share two main properties: long-term self-renewal capability and
differentiation ability. At first, scientists generally assumed that the differentitative and
regenerative potential of AS cells was restricted to the tissues in which they resided.
Currently this idea is challenged, since more and more evidence supports that AS
15
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cells can differentiate into specific cell types of non-related tissues. This property is
called “plasticity21”, “transdifferentiation22” or “unorthodox differentiation23”. However,
current results still support that the differentiation capacity of AS cells is not as strong
as that of ES cells.
The clinical application of AS cells has been pursued for a long time. Unknowingly,
scientists had ever tried to transplant stem and progenitor cells to civilian populations
who had been exposed to lethal doses of radiation in Hiroshima and Nagasaki in
194524.
Currently, cells from the bone marrow are the most commonly used adult stem cell
population. Bone marrow contains two main types, i.e. the hematopoeietic stem cell
which can differentiate into blood and immune cells, and the bone marrow stromal
cell (BMSC) or mesenchymal stem cells. The research on BMSC initially focused on
the ability of the cells to differentiate into bone-related cells, to strengthen weakened
bones25,

26

. Nowadays, it has been proven that BMSC can also differentiate into

neurons27, 28, myoblasts29, 30, and even hepatocytes31, 32. The adipose-derived stem
cell is another widely used type of AS cell, capable of differentiation into multiple type
of cells33,

34

. This comparatively larger source of AS cells offers added value for

potential clinical application.
3. REGENERATION OF DENTAL TISSUE BY DENTAL TISSUE
With the progress in dental treatment, and the increased attention to community
dental care, the preservation of teeth has greatly improved. Still, many factors can
cause tooth damage and loss, such as caries, trauma, and periodontal disease. Thus,
literally hundreds of restoration materials have been developed.

Such materials

require full biocompatibility, as well as the ability to replace the lost structure and
function. Unfortunately, none of materials currently used meets with both of these
criteria. Researchers have investigated many methods to replace destroyed tissues.
It seems that only generating biological tooth substitutes from autologous tissue is
eventually an appropriate solution.
3.1 Tooth development
The natural development of a tooth is a complex process, and involves the
interaction of the oral epithelium with the neural crest-derived mesenchyme
16
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(ectomesenchyme). During this process, the epithelium produces the ameloblasts,
which in term form the enamel and the enamel matrix. At the same time, the
ectomesenchyme develops the dentin-pulp complex, cementum, periodontal
ligament (PDL), dental sac (follicle), and alveolar bone35~37. Numerous bioactive
molecules are involved in this process. Even though there are many reports on
epithelial-mesenchymal interaction; none of those studies is fully able to explain all
involved mechanisms clearly.
3.2 Regeneration of dentin-pulp complex
Both dentin and pulp originate from the ectomesenchyme. The dental pulp is
composed of pulp cells, neural and vascular supplies, and ground substance. Dental
pulp cells are diverse, including odontoblasts, fibroblast, cells implicated in immune
reactions

(lymphocytes,

macrophages,

and

dendritic

cells),

mesenchymal cells, pericytes, nerve cells and vascular cells

undifferentiated
38, 39

. The most

significant cell type in the dental pulp is the odontoblast. Odontoblasts synthesize the
primary dentin during tooth formation and eruption. Thereafter, the odontoblasts
continue to produce dentin though their whole life span under normal situations. For
these reasons, the dentin and pulp are usually regarded integrated, and thus also are
named pulp-dentin complex or pulpo-dentinal complex40,

41

. However, this concept

also often is considered an oversimplification. Not only the physical structure and
chemical compositions but also the reactions to the environment differ completely for
dentin and pulp42, 43.
The first attempt to generate a dentinal matrix, or odontoblast-like cells, involved
transplanting an intact human dental pulp from premolar tooth of a 13-year-old male
beneath the kidney capsule of athymic mice. However, this approach was
unsuccessful44. In a subsequent study, papilla cells without odontoblasts were
dissociated from first molar tooth germs of the neonatal mouse, and isografted into
the spleen. Papilla cells transformed into odontoblast-like cells successfully this time.
A structure similar to osteodentin, with irregular calcified tissues surrounding the
extracellular collagenous matrix, was observed45. In 1995, Donath and co-workers
implanted dental papilla cells of tooth germs intramuscularly, and found that toothroot-like bodies with pulp-like cavities could be produced, either with or without
hydroxyapatite ceramic granules46.
17
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3.3 Regeneration of periodontal tissue
The periodontal tissues include the periodontal ligament (PDL), cementoblasts, and
bone. The PDL is a fibrous cellular connective tissue that mediates tooth attachment
to bone and supports the tooth in the socket. Parts of the PDL are embedded into the
cementum. Both tissues originate from the dental follicle-derived tissue.
Periodontal tissue can partially recover after injury through trauma or periodontitis,
which suggests that the PDL contains certain fibroblastic and mineralized tissueforming progenitors. Guided tissue regeneration (GTR) has been used for a long time
to repair periodontal defects47, 48.
Auto-transplanted bone marrow mesenchymal stem cells, together with atelocollagen,
have also been used for periodontal tissue regeneration. In this study, regeneration
of cementum, periodontal ligament, and alveolar bone in the defects area was
observed49.
The formation of periodontal tissue around an implant has also been investigated.
However, mostly osseointegration occurs at the tooth-implant interface, which means
the contact between implant and tooth is bone-like tissue50, 51. No matter what kind of
material the implant is made of, the formation of a PDL-like fibrous integration is very
rare. Periodontal ligament surrounding an implant only was observed when the
implant is in contact with retained roots52, 53.
Bone marrow stem cells have been utilized either in periodontal osseous defects54 or
on dental implants55. The results indicated that BMSCs could enhance the bone
formation in both situations.
4. ADULT DENTAL STEM CELLS
4.1 Stem cells from enamel
The highly mineralized enamel is the hardest substance in the body. Generally, for
most species including human, matured enamel contains no cells and does not show
self-repair. However, the incisors of rodents can grow continuously throughout life.
The molars of certain types of rodents, and also of the rabbits share this special
feature. Analyzing the apical end of the rodent incisor indicated that the continuous
growth of the tooth arises from the epithelium stem cells, which reside in the cervical
loop, and have the ability to differentiate into enamel-forming ameloblasts56,
18
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dental epithelial cell line (HAT-7) established from the cervical loop epithelium of a rat
incisor could produce cells expressing amelogenin and ameloblastin, which are the
specific markers of ameloblasts58.
For other species, the enamel-related stem cells can only be isolated from the tooth
bud59, which is not a practical approach for human enamel regeneration.
4.2 Stem cells derived from dental pulp (DPSCs)
4.2.1 Properties of DPSCs
Odontoblasts, the cells that synthesize dentin, unfortunately are terminally
differentiated. They are very sensitive and easily destroyed. When an external
stimulus is mild, odontoblasts can survive and form new dentin to protect the pulp.
However, when the stimulus is too strong, odontoblasts will deteriorate and lose their
function. Researchers have noticed that under certain stimuli, dental pulps maintain
the function of dentin regeneration; and therefore it was hypothesized that some cells
in the pulp were able to differentiate into odontoblasts, and were able to replace the
function

60, 61

. The origin of such cells at that time was still unknown. It was observed

that the mitotic cells first appeared in the central part of the pulp when the pulp tissue
was damaged, and subsequently migrated to the peripheral region62. This finding
suggested that the cells concerned with tissue repair originated from the inner part of
the pulp. On base of these findings, Gronthos’s group isolated stem cells from
postnatal human dental pulp. After transplantation into immuno-compromised mice
with a HA/TCP carrier, such cells generated a dentin/pulp-like complex63. Stem cells
with similar properties have been isolated from human deciduous tooth, and were
termed stem cells from human exfoliated deciduous teeth (SHED)64. Since then, the
existence of dental pulp stem cells has been proven in other species like mice65,
rats66, and dogs67. All those cells were able to be maintained in culture for long
periods of time, with high proliferation rates and stable population-doubling times.
One of the basic properties of stem cells derived from dental pulp (DPSCs) is that
they can differentiate into odontoblast-like cells, and synthesize a calcified
extracellular matrix (ECM). It has been proven that DPSCs had this ability under both
in vitro and in vivo situations. When cultured in osteogenic medium, DPSCs were
able

to

differentiate

into

odontoblast-like

cells

and

expressed

dentin

sialophosphoprotein (DSPP), the specific marker for odontoblasts65, 66, 67. However, in
19
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vivo behavior was very diverse. In some reports, a primary culture of human DPSCs
was pelleted with calcium hydroxyapatite/tricalcium phosphate (HA/TCP) powder and
transplanted subcutaneously. The result showed that a well-defined layer of aligned
odontoblast-like cells had formed with processes extending into tubular structures
within newly generated dentin-like structures, after 6 weeks. The interstitial cellular
components of the DPSCs transplants were reminiscent of a pulp-like fibrous tissue,
infiltrated with blood vessels63. When DPSCs were re-isolated from three-month-old
primary DPSCs transplants, and then were re-implanted into immunocompromised
mice, the DPSCs were able to produce a dentin-pulp-like complex structure, and the
regenerated dentin was immunoreactive for the human DSP antibody68. Other
researchers indicated that a c-kit+/CD34+/CD45- cell population sorted from human
dental pulp produced three-dimensional (3-D) woven bone structures in vitro. After
transplantation into immunosuppressed rats, such bone samples were remodeled to
a lamellar bone-like structure, with entrapped osteocytes69, 70. It was also reported
that human DPSCs when transplanted together with 3-D HA/TCP scaffolds could
only produce limited amounts of hard tissue, which was more resembling bone71. In
another study, a three-dimensional pellet formed by autogenous pulp cells were
treated with bone morphogenetic protein 2 (BMP2) and transplanted onto amputated
dog pulps. Tubular dentin with odontoblast-like cells was observed afterwards67. The
formation of hard tissue was also found in implants seeded with SHED, but no
dentin-like structures were observed64.
As other adult stem cells, it has been confirmed that DPSCs also show “plasticity”, i.e.
the cells can differentiate into specific cell types other than odontoblasts. Still, various
results were found. Pierdomenico et al indicated that human DPSCs derived from
dental pulp fragments without further enzyme digestion, could differentiate towards
osteogenic and adipocytic phenotypes, but not to the chondrocytic direction in vitro72.
Another investigation proved that c-kit+/CD34+/STRO-1+ sorted cells from a primary
culture of human dental pulp could differentiate into osteoblast-like or adipocyte-like
cells. Furthermore, myotube fusion was observed when the sorted cells were cocultured in ATCC medium with mouse myogenic C2C12 cells69,

70

.

After being

injected into the dentate gyrus of the hippocampus of immunocompromised mice,
SHED differentiated into neuroblast-like cells64.

20
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All of these results support the idea that DPSCs possess stem-cell-like qualities,
including self-renewal capability and multi-lineage differentiation ability. Therefore
DPSCs might be a resource for reproduction of tooth-related structures, and even for
the reproduction of tissues other than dental tissues.
4.2.2 Unsolved problems in the use of DPSCs
Like for cell types of other adult stem cells, the clinical use of DPSCs is still under
debate. There are several reasons for this.
First, adult stem cells in the living body are rare and difficult to pinpoint. In most
cases, the isolated adult stem cells are heterogeneous populations. It is difficult to
distinguish adult stem cells from the partly differentiated progenitors, the cells that
can only give rise to certain types of differentiated cells. Continuous passages or
serial dilution culture methods can only increase the purity of the population, but can
hardly achieve a complete homogenous culture. One study showed that only onethird out of 12 single-colony-derived DPSCs strains could generate small amounts of
ectopic dentin after transplanting into immunocompromised mice68. Similarly,
regeneration of ectopic dentin-like tissues was observed in only 3 of 12-singlecolony-derived SHED clones64.
Second, the origin and location of DPSCs are still a mystery, because there is no
appropriate marker to identify the stem cells. One theory is that stem cells reside in
so-called “niches”, which offer particular microenvironments to maintain and control
the stem cells73, 74. Such niches are closely approximating blood vessels75. Similar
structures were also found in the dental pulp76. Immuno-analysis showed that the
niches are “restricted to blood vessel walls and perineurium surrounding the nerve
bundles but are not present in the mature odontoblast layer or fibrous tissue”77. Other
researchers advocated that the DPSCs were actually the pericytes78, 79. Pericytes are
relatively undifferentiated mesenchymal-like cells that may become fibroblasts,
macrophages, or smooth muscle cells. Pericytes are located in close association with
capillary walls. Generally, pericytes could not only form calcify nodules in vitro80 but
also migrate and differentiate into osteoblasts in vivo81. An autoradiographic study
has shown that pericytes could migrate and differentiate into odontoblast-like cells in
vivo82.

21
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Moreover, the mechanism of the multilineage differentiation potential of adult stem
cells is unclear. How to manipulate them to differentiate toward the designed
direction is ambiguous. Those unsolved questions hamper over the practical
utilization of adult stem cells, including DPSCs.
4.2.3 Comparison of dental pulp stem cells and bone marrow stem cells
As has been mentioned above, the dental pulp is derived from mesenchyme. Thus,
DPSCs share a lot of similar properties with other mesenchymal stem cells, like the
bone marrow stromal cells (BMSC). Bone and dentin are both calcified tissues. Their
morphologies are distinctly different, but they still share a lot of similarities83, 84. In
bone and dentin, the organic matrix is comprised principally of two components,
collagen fibers and noncollagenous proteins. The noncollagenous proteins (NCPs) of
bone and dentin play an extremely important role in the mineralization process by
controling initiation and growth of the crystals.
In dentin, DSPP has been regarded as a unique marker, for the differentiation into
odontoblast85, 86. However, trace expression of DSPP was also found in bone87.
Human DPSCs and BMSSCs, both have the protential to differentiate into calcifieddeposit-forming cells, and show a similar level of gene expression for more than
4000 known human genes88, 89. Still, they also have their own qualities (see Table 1).
Table 1: Comparison of DPSCs vs BMSCs
Transforming growth factor-β, bone morphogenic protein (BMP)-2,
BMP-4: [Regulators of bone formation and promoters of odontoblast
development]90, 91
S
I
M
I
L
A
R
I
T
Y

Basic fibroblast growth factor, platelet-derived growth factor, epidermal
growth factor, insulin-like growth factor I, tumor necrosis factor-α, IL-β1
[Regulate the proliferation and differentiation of odontoblast precursors
and influence osteoblastic cells] 92-94
Dentin matrix protein 1, fibronectin, collagen type I, alkaline
phosphatase, osteonectin, osteopontin, bone sialoprotein, osteocalcin
[Express similar mineralized matrix proteins] 90, 91, 95, 96
Biochemical pathways involved in the differentiation of DPSCs into
functional odontoblasts are similar to differentiation pathways of BMSCs
into osteoblasts. (in vivo and in vitro)97

22
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BMSCs
D Higly expressed84:
I Collagen type I, α-2 (COLL 1 α2);
F Insulin-like growth factor binding
F protein-7 (IGFBP-7)
E
R
E
N
C
E

DPSCs
Higly expressed84:
Collagen type SVIII, α-1 (COLL 18
α2);
Insulin-like growth factor-2 (IGF-2);
DSPP;
Discoidin domain tyrosine kinase 2;
NAD(P)H: menadione oxidoreductase
(NMOR1)
Homolog 2 of Drosophila large disk;
Cyclin-dependent kinase 6.

Stem-cell-mediated osteogenesis and dentinogenesis were also compared. Two
isolated cell populations were seeded in HA/TCP ceramic, pelleted, and transplanted
in vivo separately. BMSCs formed a hematopoietic marrow-like structure, and
elevated expression of basic fibroblast growth factor (bFGF) and matrix
metalloproteinase 9 (MMP-9) was observed. In contrast, DPSCs produced dentin-like
tissue with the expression of DSPP. These results suggested that the formation of
hard tissue by BMSCs and DPSCs was regulated by distinct mechanisms97.
4.3 Stem cells from human periodontal ligament
The reproduction of PDL supports the idea that stem cells or progenitors may also
exist in the periodontal ligament. This suggestion has been verified recently98, when
clonogenic, highly proliferative cells were isolated from PDL. Subsequently, it was
shown that these cells could produce cementum/PDL-like structures in vivo. Further
research confirmed that cells isolated from periodontal ligament were self-renewing
and had the potential to differentiate into adipocytes and osteoblasts99. Moreover, in
vivo observations indicated that such cells were located in the paravascular area, as
well as in the extravacular areas and regions near the cementum100.
5. REGENERATION OF TOOTH
Although research on DPSCs so far has focused on the production of dental tissue,
the fabrication of a correctly morphology is also essential for tooth regeneration. Until
now, the mechanism of tooth morphological formation is not clearly revealed. We
only know that numerous signal molecules are involved in tooth formation. The
potential to induce tooth formation is located within the dental epithelium. Later
formation is shifting to the dental mesenchyme101, 102. The morphology of the tooth is
controlled by mesenchyme-originated tissue103,

104

.

Nevertheless, the detailed
23
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mechanisms of inter-reaction between the mesenchyme and the epithelium is still
unclear, and thus the regeneration of a tooth with proper morphology is still intricate.
Porcine third molar tooth buds have been dissociated into single-cell suspensions
and

seeded

onto

two

biodegradable

polymers—Polyglycolate/poly-L-lactate

(PGA/PLLA) and poly-l-lactate-co-glycolate (PLGA). Recognizable tiny tooth-like
structures were formed in rat hosts after 20 to 30 weeks. Dentin, odontoblasts, a
well-defined pulp chamber, putative Hertwig's root sheath epithelia, putative
cementoblasts, and a morphologically correct enamel organ containing fully formed
enamel could all be observed. This was the first report showing that tooth crowns
contain both dentin and enamel, when generated from dissociated tooth tissues.
Such results suggest the presence of epithelial and mesenchymal dental stem cells
in porcine third molar tissues105. Similar research by the same group, compared and
selected 4-day-post-natal rat tooth buds as the source for cells. These cells were
seeded into PGA and PLGA scaffolds and implanted in rats. After 12 weeks,
bioengineered tooth crowns, which were highly similar to the natural structure, could
be observed106. Similar results were found when the cells were seeded in collagen
sponge, but with an even higher success rate107.
Several other attempts focused on regeneration of single teeth, with a correct
morphology. Tooth buds gathered from mice embryos were separated into the
epithelium and mesenchymal layers. Then, the mesenchymal parts were triturated
into single cells and recombined with the epithelium. Subsequently, a new tooth was
engineered from this re-aggregated system, after transplantation into a mice kidney
capsule108, 109. In another study an even more complex recombination technique was
used. Here, a mixture of embryonic stem cells, together with neural stem cells from
embryo spinal cords and bone marrow cells were used to substitute the
mesenchymal layer. Tooth and associated bone structures were observed after
transfer of the construct into adult renal capsules110. These results suggest that it is
indeed possible to regenerate dental tissue by using non-dental cell-derived
mesenchymal cells. A more recent study indicated correct cusp number and crown
shapes only occurred when the dental mesenchyme is intact111.
Besides tissue engineering, also other novel approaches are currently under
development. For instance, recently a new treatment was used for immature
permanent teeth with apical periodontitis. Here, a blood clot was created after the
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root canal was cleaned. The continuous development of the root wall suggested the
formation of dentin-pulp complex112.
6. PROSPECTS
In general, the human being has two dentitions during his/her entire life, i.e.
deciduous and permanent dentition. Deciduous dentition, also called primary teeth,
begins to appear at about six months after birth and is gradually replaced by
permanent teeth until ages 12~13. With the improvement of dental care, permanent
teeth (secondary dentition) can be preserved much longer than before. However,
trauma and old age still can cause tooth loss. The incidence of dental agenesis
including primary and /or secondary teeth is high113. Stem cell-based tissue
engineering may be the answer to “tertiary dentition”.
Obviously, the progressing research on stem cells, especially the research of adult
stem cell offers scientists with a promising future for tissue regeneration. The lost
structures and functions of the tissue can be fully replaced, by using based strategies
of stem cells. And if the stem cells originate from the same individual, they will be
highly immunocompatible. However, there are still some obstacles, mainly because
adult stem cells are hard to isolate and control. The mechanisms of what controls
them to differentiate are still unknown.
7. OBJECTIVES OF THIS THESIS
In this thesis, we will address to the following research questions:
1. What are the biological features of dentin-pulp complex?
2. What is differentiation ability towards the odontogenic lineage of stem cells
derived from rat dental pulp cells in vitro?
3. What is the influence of different three-dimensional scaffold materials on stem
cells derived from human dental pulp?
4. What is the multilineage differentiation potential of stem cells derived from human
dental pulp after cryopreservation in vitro?
5. What is the multilineage potential of stem cells derived from dental pulp in vivo?
6. How does the hard tissue formation ability of stromal cells derived from dental
pulp and bone marrow compare, when seeded in porous HA/TCP ceramic
scaffolds?
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7. What is the reaction of a natural dentin-pulp complex when resident dental pulp
cells are stimulated by adding an external growth factor?
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Chapter 2

Dentin-pulp complex

Science and regeneration of dentin-pulp complex. Translated from
chapter in Chinese textbook “Modern Endodontics”. W. Zhang, X.F.
Walboomers, J.A. Jansen. Ed-in-Chief: Fan Mingwen, Bian Zhuan,
in print.
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1. THE SCIENCE OF THE DENTIN-PULP COMPLEX
Dental pulp and dentin, the two main components of the tooth, are usually
considered as a single unit. Generally, this combination is referred to as the dentinpulp complex, the pulp-dentinal complex1, the pulp-dentin complex (or organ)2, or
pulpo-dentinal complex. Still, there is debate about this concept. The adversaries
suppose that the close relationship between dentin and pulp only exists during the
early developmental stages of the teeth. Thereafter, the pulp and dentin can behave
quite differently, especially during inflammatory and repair processes3. However,
most opinions support the concept that from an embryological, histological, and
functional point of view, dentin and pulp can be considered as similar types of tissue4.
1.1 Embryonic development
It is well known that during tooth development an interaction occurs between
mesenchymal cells originating from the neural crests and epithelial cells originating
from the ectoderm. The dentin and the pulp are both derived from dental papilla,
which develop from neural crest cells. First, epithelial cells within the dental lamina
proliferate and grow into the mesenchyme, at positions of the future deciduous teeth.
At the same time, the mesenchymal cells at the corresponding places aggregate, and
condense around the dental epithelium. Then, the adjacent mesenchymal cells
beneath the dental epithelium begin to differentiate into odontoblasts underneath the
stimulated epithelium. In general, the enamel organ from the epithelium cells will form
the future enamel and the condensed mesenchymal cells will form the dentin and
pulp. The differentiated odontoblasts become polarized, and secrete collagens and
non-collagenous proteins, as an extracellular matrix for the future dentin. The same
cells also secrete matrix vesicles, which contain single crystals of hydroxyapatite.
Those crystals then grow and fuse together, to form mineralizations in the
proteinaceous matrix. During that process, the odontoblasts move to a more central
position and leave only stubby processes behind. The growth in thickness of the
dentin results in a reduced volume of the entrapped soft tissue. At the same time, the
cell number of the soft tissue decreases and the amount of collage fibers increases.
Finally, the calcified matrix forms dentin, the soft tissue enwrapped within the dentin
becomes pulp, and the mineralized matrix surrounding the remained cytoplasmic
extensions of the odontoblasts forms dentinal tubules.
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1.2 Anatomy of dentin-pulp complex
Dentin is the main component of teeth. Dentin is protected by enamel in the crown
area, and is covered by cementum in the root area. Mature dentin is a hard tissue
containing 70% inorganic material, 20% organic material, and 10% water (chemically
by weight); or 45%, 33% and 22% respectively (when regarded by volume)4. Dentin
is harder than bone, but softer than enamel. The dental pulp is the soft tissue, which
is almost fully encapsulated by the dentin. Its main connection with the environment
is through a narrow apical foramen, where the major nerves and vessels of the pulp
enter and leave the tooth. Sometimes, also lateral canals are present, along the
lateral surface of the root. However, the incidence of lateral canals is quite variable
between different teeth and among individuals5, 6. The intimate interaction between
the pulp and its environment limits the transgression of pathogens, but also hampers
the elimination of waste products.

When infection occurs in the pulp, the

inflammation will normally influence the whole pulp.
1.3 Histology of dentin-pulp complex
1.3.1 Histology of dentin
According to the phase of formation, dentin can be categorized into three types, i.e.
primary, secondary, and tertiary dentin (Figure 1).
Impairment
First dentin

Tertiary dentin

Secondary dentin
Figure 1: Dentin

Primary dentin is the dentin, which is produced before root formation. Secondary
dentin is developed after completion of root end formation. It is deposited around the
periphery of the primary dentin. Tertiary dentin is the type of dentin, which is
synthesised to protect the pulp against pathological stimuli. It is deposited as a lining
along the pulpal surface and inside the affected dentin. Between the mineralized
dentin and odontoblast layer, there is an unmineralized zone approximately 30 μm
39

Stem cells derived from dental pulp and their application potential on tissue regeneration

wide, which is called predentin. The border of dentin-predentin is the mineralized
front of dentin.
The major part of a tooth is composed of primary dentin. Histological analysis of
mature primary dentin shows the presence of a mineralized matrix and hollow
dentinal tubules (Figure 2). The mineralization of dentin is not uniform. Different
structures of the matrix, with different degrees of mineralization can be discerned,
such as intratubular and intertubular dentin, incremental growth lines, granular layer
of Tomes, etc (Figure 3).

A
B

Figure 2: Scanning electron micrographs

Figure 3: HE staining of dentin (cross-

of primary dentin (Magnification: 1000x).

section). D=Dentin; P=Pulp. (bar

A: Dentinal tubules; B: Calcified matrix.

size=400 μm)

The dentinal tubules penetrate through the entire thickness of the dentin. In the
vertical plane, dentinal tubules are S-shaped (Figure 3). This S-shaped curvature is
caused by the crowding of odontoblasts when they move centripetally. Complicated
inter-connections occur among dentinal tubules. These interconnective branches are
sub-divided in major (500 to 1000 μm in diameter), fine (300 to 700 μm), and micro
(less than 300 μm)4 branches. It is widely accepted that all the dentinal tubules and
branches are filled with fluid. The composition of this dental fluid is very similar to the
composition of the cytoplasm of the odontoblastic cells that occupy the dentinal
tubules7. The fluid is also referred to as dental lymph.
The tubular construction of the dentin is closely related with one of the main
characteristics of the dentin-dentine permeability. Substances from the environment
can reach the pulp, through the dentinal tubules by capillarity forces when the
dentinal tubules are open. Alternatively, such substances can also diffuse through
the dentin matrix.
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Like other mineralized tissues, the organic matrix of dentin is comprised of collagens
and non-collagenous proteins (NCPs). The majority of collagen in dentin is collagen
type I. The presence of collagens is supposed to be required for the initiation of
calcification8, 9.
Additionally to type I, collagen type V has been observed in the predentin of mature
human teeth, but not in the dentin itself11. Also, Collagen type VI has been detected
in predentin and dentin of intact teeth12, and it has been found in the teeth of
dentinogenesis imperfecta patients13, 14.
Dentin and bone share most NCP components.

However, dentin also contains

several specific NCPs, such as dentin sialoprotein (DSP), dentin phosphoprotein
(DPP; phosphophoryn), and dentin matrix protein 1 (Dmp1), which all are rarely
found in bone15. DSP and DPP, which are encoded by a single gene and cleave from
dentin sialoprosphoprotein (DSPP), may play a critical role in the dentin
mineralization process16, 17.
During the development of dentin, the odontoblasts secrete multiple growth factors
that belong mainly to the transforming growth factor-beta (TGF-β) family. Those
growth factors, together with other polypeptides and signaling molecules, are
deposited within the dentin matrix. When dentin is demineralised, for instance during
caries, the embedded growth factors are released and can stimulate repair of the
dentin-pulp complex18, 19.
Finally, the dentin matrix is also full of proteoglycans, which contain carbohydrate
side chains glycosaminoglycans (GAGs). The GAGs may act as nucleation point for
calcium ions during mineralization20, 21.
1.3.2 Histology of pulp
Similar to other soft tissues, the two main components of pulp tissue are cells and
extracellular matrix. According to the cell types and -numbers, four distinct zones can
be distinguished within the dental pulp. From the outside to the inside of the dental
pulp these are: the odontoblastic zone, cell-free zone, cell-rich zone, and pulp core
(Figure 4).
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Figure 4: HE staining of dentinal pulp
(cross-section). D=Dentin;
OZ=Odontoblastic zone; CFZ= cellfree zone; CRZ= cell-rich zone. (Bar
size=25 μm)

The most characteristic cells within the dental pulp are the odontoblasts.
Odontoblasts are present only within the odontoblastic zone, and form a single layer
lining the periphery of the pulp. The main function of odontoblasts is to produce the
dentin. Histologically, these cells appear to have the typical morphology of secretory
cells, i.e. they are column shaped with a basally situated nucleus and an abundance
of cellular organelles involved in protein synthesis and secretion (rough endoplasmic
reticulum, Golgi complex).
During dentin formation, each odontoblast leaves a cytoplasmic extension within the
dentin. These extensions are called odontoblast processes. Each odontoblast
contains only one process, and similarly each dentin tubule contains one of the
processes. Most studies support the theory that odontoblast processes only extend
to about a third of the length of the dentin tubule22, 23, 24. Odontoblasts can synthesize
dentin during their entire lifespan. Odontoblasts are post-mitotic cells, and cannot
enter the cell division circle again. Once they are destroyed, for example by
pathological agents, new odontoblasts must differentiate from precursors to
compensate the lost functionality. Close interconnections are present between
odontoblasts. Different complex junctions, such as gap junctions, tight junctions, and
desmosomes, are observed between the adjacent lateral walls of odontoblasts25.
Those junctions offer a free pathway for ions and other small molecules26.
The majority of cells within the dental pulp are fibroblasts. They accumulate under
the odontoblast zone, and form the cell-rich zone. Pulp fibroblasts can produce
collagen and ground substance, which suggests that they participate in the
production and maintenance of dentin.
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Undifferentiated mesenchymal cells within the pulp have the potential to differentiate
into odontoblasts and fibroblasts, when receiving appropriate stimuli. The
undifferentiated cells are polyhedral cells, with abundant cytoplasm and a centrally
placed nucleus. They can be found throughout the cell-rich area, as well as within the
pulp core. For most tissues, stem cells are described to be resident in so-called
“niches”, which offer particular microenvironments to maintain and control the stem
cells27,

28

. Such niches are for example closely approximating blood vessels29. A

similar feature is also found for the dental pulp30, 31. Immuno-analysis showed that the
niches are “restricted to blood vessel walls and perineurium surrounding the nerve
bundles but are not present in the mature odontoblast layer or fibrous tissue.”

30

Three types of immuno-competent cells are resident in dental pulp, i.e. macrophages,
dendritic cells, and lymphocytes. This suggests that dental pulp contains all essential
cells to initiate immunological responses32.
Comparable to other loose connective tissues, the extracellular compartment of
dental pulp consists of collagen fibers, and ground substance. Collagens present
within the pulp are mainly type I and type III, at a ratio of about 55:4533. Small
amounts of collagen V can also be found in dental pulp34. The ground substance of
pulp is composed of glycosaminoglycans, glycoproteins and water35.
1.3.3 Blood supply of the pulp.
The blood supply of the pulp is abundant. Arterioles enter the pulp chamber through
the apical foramen, and then branch out to form a capillary network. Capillaries are
particularly rich in the area just underneath the odontoblast-layer. In general, the
endothelial wall of the blood vessels is continuous, like with the vessels of other
organs. However, also fenestrated capillaries are observed in the proximity of
odontoblasts, which may enhance a rapid transfer of nutrients for odontoblasts. This
structure also facilitates the evacuation of waste products to the blood plasma,
especially when the pulp tissue is injured36.
1.3.4 Lymphatic supply of dental pulp
Lymph drainage of dental pulp helps to maintain the fluid equilibrium of pulpal tissue.
A recent study on human dental pulp, pointed out that vascular structures were in
abundance present in the apical area. However not many vascular structures were
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seen in the coronal part of the pulp. This observation suggests that “the lymph in the
coronal region is collected in interstitial tissue clefts and drained towards the apex,
where it is further transported via lymph capillaries”37.
1.3.5 Innervation of dentin-pulp complex
Nerve fibers mainly follow the blood vessels to enter the pulp, thereafter they branch
out. The pulpal nerves have a close relationship with the odontoblast. They form a
dense network, particularly beneath the odontoblast layer. This network forms the
cell-free zone. Both myelinated and unmyelinated nerves can be found in the dental
pulp, though the majority (70-80%) of pulpal axons in human, monkey, dog, and cat
teeth are unmyelinated38. Myelinated fibers are so-called A fibers with a diameter in
the range of 1 to 12 μm. Non-myelinated fibres are so-called C fibers, which are
thinner than A fibers, with diameters between 0.4~1.2 μm. Besides a difference in
thickness, the function and response towards certain stimuli are also different for
both types of fibers. Generally, A fibers are associated with sharp, localized pain,
whereas C fibers are associated with a dull and diffuse pain. Also, the threshold of A
fibers is much lower than that of the C fibers, so some stimuli can only arise a
reaction of the A fibers, while they cannot activate the C fibers. Accordingly, A fibers
are responsible for the sensitivity of dentin, while C fibers are more related with pulp
inflammation39, 40. Nerve axons either terminate on an odontoblast cell body, or enter
into the dentinal tubule and terminate on an odontoblastic process.
The neurons also produce certain neuropeptides as intercellular messengers41.
Calcitonin gene-related peptide (CGRP) is a potent endogenous vasodilator. It has
been shown that GRP-immunoreactive nerves are frequently present in the vicinity of
blood vessels in the coronal pulp. This suggests that CGRP may be involved in the
regulation of pulpal blood flow42. CGRP-immunoreactive axon terminals also occur in
contact with the cell bodies of odontoblasts and their processes in the dentinal
tubules, which imply the sensory transductive function of CGRP42. Substance P (SP)
is another important neuropeptide within dental pulp, which always co-localizes with
CGRP. SP is involved in the regulation of pulpal blood flow, transmission of pain, and
modulation of inflammatory and immune responses43, 44. Multiple other neuropeptides
such as Neuropeptide Y (NPY)45, Vasoactive Intestinal Polypeptide (VIP)45, 46 , and
neurokinin A (NKA)47 have also been identified in dental pulp. Likewise, these factors
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may play important roles in pulpal blood flow47, 48. However, the precise function of
each neuropeptide by itself remains uncertain up to this moment.
1.4 Age changes of dentin-pulp complex
Changes to the structure of the teeth already start from about 10 weeks in the uterus,
these age-related changes occur over the whole lifespan. Tooth aging is influenced
by both biological and physiological factors; which means that not only the
chromosomes, but e.g. the eating habits will affect the aging process.
Continuous formation of secondary dentin by odontoblasts is the main reason for
changes of the dentin-pulp complex through ageing — as reflected by the decreasing
volume of the pulp chamber and root canal49, 50. This decreased volume enlarges the
difficulties of dental treatment, especially root canal treatment. The continuous
deposition of calcified material also takes place on intratubular dentin. Occasionally,
the reduction of dentin tubule diameter by formation of sclerotic dentin causes
complete closure of the tubule51. Calcifications, which occur within aged pulps, are
called false pulp stones.
During the ageing process, the cellularity of the pulp also diminishes. The total
number of pulp cells, including odontoblasts, fibroblasts, and undifferentiated
mesenchymal cells, declines with ageing52. This change compromises the reparative
capacity of the dentin-pulp complex. Death of odontoblasts (or at least the retraction
of the processes) may cause empty dentinal tubules. When examining sections of
teeth with transmitted light, air-filled tubules appear black and are called “dead tracts”.
Ultra-structural changes occurring in pulp cells include the decline of cytoskeletal
components53. Besides the decline ultracellular components, a reduction in the
numbers of immuno-competent cells occurs. Nevertheless, the densities of all
phenotypes of immunocompetent cells remain at a high enough level to ensure the
pulpal defense potential.
Another significant age-related change of the dentin pulp complex is associated with
vascular capillaries. With the advancement of age, the capillary endothelium
experiences morphological changes such as an increased transendothelial transport,
cytoskeletal changes, a hypertrophic Golgi complex and cytoplasmic deposits55. The
number of blood vessels within the pulp declines, and arteriosclerotic changes

45

Stem cells derived from dental pulp and their application potential on tissue regeneration

increase with age. As a result, the pulpal blood flow is reduced with aging56, as is the
lymphatic supply of dental pulp.
Nerve fibres, both unmyelinated and myelinated axon types, diminish in aged dental
pulps, together with nerve growth factor receptors and related neuropeptides.
Moreover, dystrophic mineralization of nerve fibers can be found in aged dental pulps.
All these changes contribute to the reduction in sensitivity to pulpal stimulation, but
may also contribute to the development of oral sensory phenomena such as
neuropathic pain57.
Several age-related changes also occur within the extracellular matrix, including an
increase in cross-links as well as in the number of mature collagen fibers, and loss of
water from the ground substance58.
The reduction of cell density, blood supply and nerve fibers decrease the reparative
capacity of pulp. Moreover, those changes increase the brittleness of dentin.
However, the increased thickness of dentin partially compensates for this
compromised effect.
1.5 Dentinal-pulp complex response
As described above, the dentin and pulp are closely related tissues. All stimuli
affecting the dentin will also influence the pulp, and vice versa.
1.5.1 Sensitivity, hypersensitivity, and tooth pain
Sensitivity is the specific discomfortable feeling of the dentin–pulp complex, when
receiving noxious stimuli. When the dentin-pulp complex is exposed after damage of
the enamel or cementum, pathological agents can penetrate through the exposed
dentinal tubules and evoke tooth sensitivity. Severe sensitivity is experienced as pain.
However, due to the complex anatomy of the facial nerve system, dentin sensitivity is
often difficult to localize.
Dentin hypersensitivity is a painful response of the teeth towards stimuli, which
generally do not evoke pain in normal teeth59. The reason behind dentin
hypersensitivity might be a lowered threshold of the affected axon, but the exact
reason remains obscure.
The mechanisms behind dentin sensitivity and hypersensitivity are still uncertain.
Currently, three hypotheses have been postulated (Figure 5).
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1) External stimuli directly irritate the nerve endings of the dentin-pulp complex.
This is the traditional explanation of dentin sensitivity. However, this interpretation is
also questioned, because it lacks anatomic evidence. Though there is a welldeveloped nerve system inside the dental pulp, no nerve endings are present at the
outer dentin. In addition, application of reagents which influence the activity of nerves,
are not capable of changing dentin sensitivity60.
2) The odontoblasts behave as receptor cells.
This second hypothesis is the most disputed suggestion. The idea is that
odontoblasts originate from the neural crest, so they might have preserved the ability
to transduce impulses. However, like with the first hypothesis, there is no evidence
proving that the odontoblast processes penetrate the whole length of dentin tubules61.
In other words, stimuli can never directly reach the odontoblast process, except when
the damage reaches a certain depth. However, supporters of this theory insist that
the abundant gap junctions between odontoblasts may serve as pathway for
neurotransmitters, which offer the odontoblasts similar potential as receptors.
3) The “hydrodynamic theory”62.
This last hypothesis is also the most accepted one. The tubular space of dentin
tubules is filled with fluid, and subsequent movement of this fluid by an external
stimulus will be sensed by the free nerve endings in the dentin tubules. This
explanation is in accordance with most observations until now.

Figure 5: Sketch of the hypotheses about dentin sensitivity and hypersensitivity.
A: Direct irritation of the nerve endings; B: Odontoblasts as receptor cells; C:
Hydrodynamic theory.
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1.5.2 Response of dentin-pulp complex under normal situations
The dentin-pulp complex can respond to various stimuli over time. Odontoblasts keep
producing dentin after root formation. The dentin that is produced after root formation
is called secondary dentin. Secondary dentin can be observed in erupted as well as
unerupted teeth, which means that functional stimuli such as mastication are
unnecessary for the formation of secondary dentin. The chemical composition of
secondary dentin is similar to that of primary dentin, although the speed of formation
is much slower63. Since secondary dentin is a continuation of primary dentin, most of
the dentinal tubules are continuous with the tubules in the primary dentin. However,
there are less dentinal tubules in secondary dentin, and also the formed dentinal
tubules are less regular in shape64.
1.5.3 Response of dentin-pulp complex under mild and slow progressing stimuli
The reactions of the dentin-pulp complex when receiving mild or slowly progressive
stimuli, such as mild caries, moderate attrition, erosion, or superficial fracture, include
both physical and biological aspects. Physical changes start within the enamel, when
stimuli

are

still

limited.

The

permeability

of

enamel

increases,

and

hypermineralization occurs in the affected dentin65. At the same time, peritubular
dentin is formed in the related dental tubules. When the impairment keeps
progressing and reaches the enamel-dentin junction, dissolved mineral salts will reprecipitate within the tubules, and form a hypermineralized zone beneath the
dematerialized dentin66. In histological sections, this hyperminerlized zone appears
transparent67. Such a defensive reaction will reduce the permeability of the dentin,
and thus decrease the penetration of ethiological agents into the pulp.
The main biological change under this situation is the formation of tertiary dentin.
While stimuli are mild and slowly progressing, most of the odontoblasts survive. They
will secrete tertiary dentin matrix, beneath the injury. This tertiary dentin produced by
the surviving odontoblasts is called reactionary dentin and is comparatively less
mineralized, softer, and it contains more organic material. Still, it helps to block
stimuli from the outside, and thus to protect the pulp vitality. Histological changes of
the odontoblast-predentin region are relatively small68,

69

. Mild stimuli only have a

limited influence on the pulp. However, small inflammations of the pulp always
account for hypersensitivity70.
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1.5.4 Response of dentin-pulp complex under strong and rapid stimuli
Compared to mild and slow stimuli, strong and rapid stimuli always result in less
dentin defensive reactions. Generally, no hypermineralization or transparent zone
can be observed under more severe circumstances. The lack of dentin defensive
reactions will result in a more severe pulpal response. When the stimuli are strong
and rapidly progressing, such as deep dentin caries, severe abrasion, and fracture,
the primary odontoblasts will be destroyed. An inflammation, which is the basic
protective biologic defense mechanism, will be triggered in the area of the
degenerating odontoblasts. Inflammatory factors will involve in the reactions of the
pulp cells. Degenerated odontoblasts contain a dilated, rough endoplasmic reticulum
as well as swollen mitochondria and deterioration in the sub-odontoblastic cells is
visible68, 69. The postmitotic odontoblasts lack the ability to proliferate, and repair the
damaged dentin-pulp complex71. Undifferentiated cells within the dental pulp can
differentiate into odontoblasts and produce dentin72. The tertiary dentin formed by the
newly generated odontoblasts is called reparative dentin. Reparative dentin shares
similar properties with reactive dentin, except that there is discontinuity of the dentin
tubuli. Non-connecting dentin tubules further reduce the permeability of dentin. The
origin of newly generated odontoblasts is uncertain. It has been observed that the
mitotic cells first appear in the central part when pulp tissue was damaged. Then, the
cells seem to migrate to the peripheral regions, where the pulp is exposed73. One of
the possible sources for these cells is the sub-odontoblast layer. Recent
investigations have shown the presence of pericyte and myofibroblast transitional
cells in pulp tissue, which also participate in the pulp healing process74. Pericytes
may migrate away from the vessel wall and undergo transition to a fibroblastic
phenotype75.
Pathological stimuli of the dentin-pulp complex include caries, trauma, erosion etc.
Caries can stimulate the defensive reaction of the dentin-pulp complex, so in most
cases the dentin actually is more vulnerable when dentin exposure is caused by
reasons beyond caries69.
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2. CLINICAL FINDINGS ON THE DENTIN-PULP COMPLEX IN RESTORATIVE
DENTISTRY (REGENERATION OF THE DENTIN-PULP COMPLEX)
When pathogenic stimuli infect the dentin-pulp complex, dentists at this moment can
choose between vital pulp therapy, and root canal treatment. Vital pulp therapy is the
strategy, which aims to maintain the vitality and function of the dentin-pulp complex.
Endodontic treatment is the method in which the whole pulp removed, and the pulp
cavity is filled with materials. If the root canal treatment is successful, teeth can keep
their function for a long time, without a living pulp. Nevertheless, efforts to maintain
the vitality of the dental pulp are still preferable76.
Besides the ability to produce dentin, the dental pulp is a source of nutrition and
moist to the dentin. The pulp also works as a biosensor, and offers the tooth the
ability to respond biologically to changes of the environment. Without a vital pulp,
teeth will gradually dry out, and become brittle.
Clinical treatment of dental disease includes two main aspects; (1) removing disease
and infected dental tissue; and (2) repairing the defect with restorative materials to
recreate the functional and esthetical structure.
2.1 General reaction of the dentin-pulp complex in restorative dentistry
Two separate responses are involved in the reaction of the dentin pulp complex to
restorative dentistry. First, the response to operative procedure, and second the
reaction to the restorative modalities. Many questions concerning the repair of the
dentin-pulp complex are still pending. For instance, the origin of odontoblast-like cells
is still unclear and the associated signalling mechanism remains to be identified.
However, the reactions of dentin-pulp complex are comparable with their reaction
towards pathogenic factors. When the stimulus from the restoration is mild, most
odontoblasts will survive and keep their function. When the stimulus is strong, most
of the odontoblasts will die, and replaced by the new odontoblast-like cells.
2.1.1 Reaction of the dentin-pulp complex to the operative procedure
Since a preparation will open the dental tubules, the initial reaction of the dentin-pulp
complex to restoration is the leakage of dentinal fluid. Occasionally, the contents of
the dentinal tubules can protrude out of the openings77.
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During the preparation, the main effect onto dentin is the formation of a smear layer,
which tightly attaches to the prepared surface. This smear layer arises from the highspeed cutting, and is composed of ground enamel combined with dentin debris,
water, and dentinal fluid78. The formation of the smear layer has two side effects.
First, the smear layer can block the openings of the dentinal tubules, so that it
decreases the dentin permeability, which prevents bacterial penetration. Second,
because the smear layer is not stable, it interferes with the formation of a tight bond
at the tooth-material interface79.
The high temperatures caused by the high-speed handpiece during cavity
preparation can severely damage the pulp. Even though it is impossible to fully avoid
injuring of the dental pulp, water-cooling is sufficient to avoid destructive
temperatures80.
Typical histological changes of the dental pulp cells during preparation are the
displacement of odontoblastic nuclei into the dentinal tubules, and the protrusion of
the cytoplasmatic components. Such changes will result in the deterioration of the
odontoblastic processes, or even of entire odontoblasts81. High-speed cutting,
overheating, and excessively dried-out manipulated dentin, can cause similar injuries.
2.1.2 Dentin-pulp complex reaction to restorative modalities
The dentin-pulp complex will react to different restorative modalities in various ways.
Basically, reactions are concerned with the infective reaction and with the production
of tertiary dentin. The ideal prognosis is reconstruction of the dentin-pulp complex, i.e.
the formation of a continuous dentin bridge at the pulp-dentin border, without an
inflammation in the remaining pulp. A successful treatment requires a good sealant
against bacteria, no severe inflammatory reaction, and no haemodynamic changes
within the pulp82. The formation of fibro-dentin, with an osteotypic appearance, and
scar-like soft tissue is also regarded as successful healing83. However, osteotypic
hard tissue cannot provide the necessary barrier effect to protect the pulp from
exogenous destructive stimuli.84
2.2 Regeneration of dentin-pulp complex on vital pulp
2.2.1 Vital pulp therapy
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Injured dental pulp has the potential to recover. After removing contaminated dental
tissue, a protective dressing can be applied to the wound, to protect the pulp from
additional injury. On one hand, this therapy will offer the dentin-pulp complex a
relatively stable environment. On the other hand, the use of filling materials,
containing all kinds of special components, can stimulate biological processes within
the dentin-pulp complex, so that the dentin-pulp complex can recover underneath.
Dentinal bridges that cover the entire pulpal wound uniformly are rare. In this regard,
treatment modalities should be able to induce the differentiation of odontoblasts.
Until now, the results of such techniques are quite variable amongst individuals.
Many factors can influence the outcome. One aspect is correlated with the patient,
including the type and location of injury, the age and health situation of the patient,
etc. The other aspect is deal with the restorative procedure, which includes the
selected technique, the materials used for capping, and the integrity of the restoration.
Among these latter, the operative procedure and the cavity restoration are essential
factors. As a basic requisite for successful healing, sterile principles should be
applied during all restoration procedures. It is necessary to relieve the inflammatory
reaction of the irritated pulp and to control the bleeding before restoring a tooth with a
permanent material. Moreover, the restoration must fully block the dentinal tubules in
order to prevent bacterial micro-infiltration into the pulp85. Still, vital pulp therapy is
only recommended for teeth which are asymptomatic or only show minimal
symptoms.
Clinically, vital pulp therapy mainly can be divided into two groups: indirect pulp
capping and direct pulp capping/ pulpotomy (Figure 6).

Figure 6: Vital pulp therapy. A: Indirect pulp capping; B: Direct pulp capping;
C: Pulptomy. (D=Dentin; P=Pulp; CM=Capping material; F=Filling)
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2.2.2 Indirect pulp capping
Indirect pulp capping is the application of a protective agent on a remaining thin layer
of dentin over a nearly exposed pulp, in order to allow the pulp to recover and
maintain its normal vitality and function. One of the essential criteria for a successful
restoration is the cavity’s remaining dentin thickness (RDT), because the presence of
dentin restricts the diffusion of pathogenic factors86. A RDT of more than 2 mm is
regarded as adequate protection from pulpal reactions. In theory, a thicker RDT will
account for fewer stimuli and thus for a better environment to support recovery87.
However, only focusing on the RDT whilst failing to fully remove the infected tissue,
i.e. active caries will always lead to re-infection by the remaining bacteria. In other
words, a careful balance between keeping RDT and removing caries is required
during cavity restoration. Because dental pulp tissue is easily irritated, the application
of indirect pulp capping is quite limited. It is mainly recommended for use as indirect
capping for accidentally injured pulps.
2.2.3 Direct pulp capping
Direct pulp capping is the technique in which a dressing or cement is placed directly
on the exposed pulp in order to protect the underlying tissue for further injury and to
allow the dentin-pulp complex to regenerate. When dental pulp exposure is large, or
the pulp is infected, part of the pulp should be removed before restoration. Principally,
all the coronal pulp should be removed, no matter whether it is contaminated or not.
As a result, a relatively safe and small wound surface is created. This method is
called pulpotomy. After the treatment, the pulp within the root canal can be preserved
and will remain functional.
Since the pulp is exposed to a restoration procedure and to capping materials, direct
pulp capping requires more attention compared to indirect pulp capping. When
preparing the cavity of the exposed pulp, bleeding is unavoidable. If successful
control of hemorrhage fails, a blood clot will form. This blood clot may serve as a
potential substrate for bacterial growth88. Thus, no matter which kind of material will
be selected, bleeding control is essential during the capping procedure. Furthermore,
chronic inflammation may occur in the remaining pulp, resulting in internal resorption
or necrosis of the pulp. Particles of the capping material, together with operationdebris, may infiltrate into the pulp, and cause harmful pulp reactions.
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The purpose of direct pulp capping or pulpotomy, is to stimulate the biosynthetic
activity of the surrounding primary odontoblasts, and to induce differentiation of
odontoblast-like cells. Consequently, such a situation will stimulate the formation of
dentin at the pulp-capping material interface.
Compared to indirect pulp capping, the result of direct pulp capping is even more
uncertain, because the possibility of contamination is increased when the pulp is
exposed to the environment. Especially when the reason behind the restoration is
caries, the bacteria remaining in the tubules can easily enter the exposed pulp during
the restoration procedure. The application of direct pulp capping is not recommended
on a pulp, which is exposed through the action of caries, because the maintaining
bacterial influence will affect the reparative potential of the pulp89.
2.3 Materials for vital pulp therapy
The ideal restoration material should not only recreate the lost structure of the
missing tissue, but also should be able to retain the sensory functions. Unfortunately,
no currently available material can reach that target. It is generally accepted that
restorative materials must prevent, or at least minimize the micro-leakage from the
tooth-restoration interface90. The materials used for vital pulp therapy can be
classified into two groups; i.e. non-biologic and biologic.
2.3.1 Non-biologic materials
2.3.1.1 Alloys
As the classical restoration material, alloys, like amalgam, are still widely used.
However, amalgam is only used for indirect pulp capping and is never applied directly
on exposed pulp tissue. Other materials, such as calcium hydroxide, are always
applied underneath the amalgam restoration when the cavity is too deep. Thus, the
influence of amalgam to dental pulp is not a big issue in most cases. Still, leached
components from alloys may penetrate through the dentin tubules, and cause
biologic reactions. Amalgam contains mercury, which can discolor dentin and may
cause aversive pulp reactions91.
2.3.1.2 Calcium hydroxide (Ca(OH)2)
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The most traditional material for vital pulp therapy is calcium hydroxide. The choice
for this material is based on its antimicrobial effect, as well as its odontogenic
potential. Calcium hydroxide only causes low-grade irritation to the pulp and no
pulpal reactions have been observed when the material is used as liner.92 Calcium
hydroxide, and related materials are highly basic. Their pH-values in water can reach
up to 12.5. This caustic effect may reduce the number of micro-organisms in the
wound surface and the continuous release of hydroxyl ions by calcium hydroxide can
diminish late infection reactions. Furthermore, the highly basic calcium hydroxide
tends to cause necrosis of the superficial layer of adjacent dental pulp. Dental pulp
cells that are directly connected with this necrotic layer will migrate, proliferate,
differentiate into odontoblast-like cells, and secrete pre-dentin-like matrix. Mineral
salts will be deposited on the necrotic zone and the newly produced collagen matrix.
This supports the formation of tertiary dentin. Crystalline material precipitated in the
dental tubules can reduce the dentin permeability. Calcium hydroxide can also
dissolve the dentin. As a result, growth factors and other components deposited
within the dentin will be released93.
Calcium hydroxide has been widely used for over 60 years. The main disadvantages
of this material are that: (1) it cannot adhere to dentin, and (2) it dissolves within 1~2
years after application94.
2.3.1.3 Adhesive resin-based composites systems (ACSs):
The principal of ACSs is the use of tooth-colored resin-based materials for pulpal
coverage. The applied acid etching method demineralises the dentin and exposes
bonding sites. Etching also removes the smear layer and opens up the dental tubules.
In this way, the bonding material can penetrate into the dental tubules and strongly
adhere to the dentin95. The bond strength is so high that these materials intend to
become part of the dentin-pulp complex96. Compared with calcium hydroxide, the
long-lasting ACSs may provide a much longer protective effect94.
However, the acid used for etching may also have effect on the pulp. Certain
components of the resin are cytotoxic and can trigger the immune system97. Such
cytotoxic components are released, even after polymerization is complete98. Further,
the elevated temperature during photo-curing may cause thermal damage to the
dental pulp. Along the margin of the restoration, polymerisation shrinkage always will
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occur. Thus, here micro-leakage can offer a potential passage for bacteria and
toxins99. Except micro-leakage, the other effects of ACSs on pulp are transient and
probably will not cause irreversible damage.
In accordance with the specific advantages and disadvantages of calcium hydroxide
and resin-based materials, several new ACSs materials containing Ca(OH)2 are
currently developed.
2.3.1.4 Glass-ionomer materials
Glass-ionomer materials are water-based materials, which can chemically and
mechanically bond to mineralized tissue. These materials can also be used as
vehicle for fluorides. Literature information on the response of the dentin-pulp
complex to glass-ionomer materials is quite conflicting100. However, in general the
materials are regarded biocompatible.
2.3.1.5 Zinc oxide eugenol (ZOE)
ZOE is biocompatible, and only evokes minimal pulp reactions. The hardness of
dentin increases, when covered by ZOE. ZOE is not strong, but can provide
temporarily an effective bacterial seal. Because of its beneficial properties, ZOE is
the most commonly used material for temporary restorations101.
2.3.2 Biologic materials
2.3.2.1 Dentin
Tertiary dentin formation under demineralization situations, such as caries and
erosion, suggests that bioactive molecules can be released from dentin, and that
such molecules are involved in dentinogenesis. Several studies describe that
odontoblast-like cells and reparative dentin can be observed when EDTA-soluted
dentin components are used as capping material102, 103. It is also proven that native
dentin, demineralised dentin, and predentin have the potential to stimulate
dentinogenic responses104. Although non-collagenous proteins, such as DSPP, DMP1, and Bone sialoprotein (BSP) are known to be associated with dentinogenesis, the
precise functional components within the dentin are not identified105. Additionally, as
mentioned before, the dentin matrix may serve as a natural delivery system, because
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it contains bioactive molecules, which can be released during reparative processes of
the dentin-pulp complex.
2.3.2.2 Enamel matrix derivative (EMD)
Numerous reports support that EMD is capable of to induce dentin formation, when
this materials is applied on dentin-pulp complex106, 107. The mechanism behind the
effect of EMD on the function of the dentin-pulp complex has not been clarified yet.
One suggestion is, that EMD may function as a three-dimensional substratum108.
Probably, the amelogenins within the enamel extracellular matrix may take part in
dentinogenesis.
2.3.2.3 Collagen
Collagen has also been used as capping material, since it is known that collagen gels
can form a proper scaffold for tissue formation. However, several reports confirm that
no type of collagen can induce sufficient regeneration of dentin-pulp complex109, 110.
These reports suggest that collagen alone is not an efficacious material, but still
could provide a proper vehicle to deliver signalling molecules.
2.3.2.4 Growth factors
With the accumulating basic research on dentinogenesis, currently the emphasis
shifts to the molecular and cellular mechanisms, which regulate dentin-pulp
regeneration. A special focus is put on molecular signalling of growth factors, to
unravel their potential for clinical treatment.
Growth factors are proteins, which are involved in control of cell proliferation and/or
differentiation. It is quite clear that a large series of growth factors is participating in
the regeneration process of the dentin-pulp complex.
Transforming Growth Factors (TGF)
In human teeth, odontoblasts express all three isoforms of TGF-β (TGF- β 1, 2, and
3). However, only TGF- β 1 becomes sequestered within the matrix111. It has been
proven that TGF- β -1 regulates the expression of DSPP and DMP-1, two key dentin
proteins involved in matrix mineralization112. TGF- β1 can directly induce
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differentiation of odontoblast-like cells, and up-regulate the secretion of matrix
components in the dentin-pulp complex113.
TGF- β1 is also involved in the immune response of the dental pulp after tooth
injury114. The dentinogenic activity of EDTA-dissolved dentin is hampered when the
material is preincubated with an anti-TGF- β1 antibody115. Consequently, TGF- β 1
appears to be a good candidate to apply when regenerating the dentin-pulp complex.
Moreover, it has also been shown that TGF- β 2116 and TGF- β 3117 can stimulate the
synthesis of dental extracellular matrix.
Bone morphogenetic proteins (BMP)
Similar to TGF- β 1, 2, and 3, BMPs are members of the transforming growth factorbeta superfamily. BMPs are mainly known for their ability to regulate bone growth. So
far, several members of the BMP family have been identified. Among those, BMP-2
118, 119, 120

, and BMP-4120 can direct pulp progenitor/ stem cell differentiation into

odontoblasts. Stimulation with these factors can result in dentin formation. BMP-7 is
also known as Osteogenic protein-1 (OP-1) and is able to stimulate the regeneration
of the dentin-pulp complex121, 121.
Other growth factors
Other growth factors such as Platelet-derived growth factor (PDGF)123, Insulin-like
growth factor (IGF)124, and fibroblast growth factor (FGF)
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all have been described

to enhance dentinogenesis, when used as capping materials.
2.3.2.5 Additional issues
Growth factors and other signalling molecules for pulp therapy require the use of
specific vehicles, because otherwise they are too difficult to handle and maintain.
However, critical considerations should be made before introducing these factorvehicle complexes into clinical use. The nature of the delivery system, the half-life of
the molecules, and possible side effects all have to be regarded since they can have
a very serious impact on the final clinical result127.
3. TISSUE ENGINEERING OF DENTIN-PULP COMPLEX
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When it is impossible to preserve the dental pulp, endodontic treatment has to be
done. Endodontic treatment is also called root canal therapy. In this method, the pulp
tissue is removed, and the cleaned pulp chamber and root canal are sealed with
filling materials. In fact, the main principle of this approach is to tightly fill the
interspaces, thus preventing the bacteria from re-infiltration and causing re-infection.
However, the filling material is incapable of replacing the biological functions of the
pulp. Dentin cannot maintain its resilience without the presence of a pulp. Frequently,
the fragile tooth cannot resist the forces of mastication and faces the risk of fracture.
Therefore, research towards the engineering of dentin-pulp complexes as an
alternative for endodontic treatment seems an essential new development.
Cells, molecular signals, and scaffolds are the three main factors involved in tissue
engineering. Several attempts on tissue engineering of dental pulp tissue are already
ongoing. For example, dissociated cells from porcine third molar tooth buds seeded
onto biodegradable polymers have been reported to form recognizable tooth
structures, containing dentin, odontoblasts, and a well-defined pulp after 20 to 30
weeks of culturing128. This result suggests the existence of epithelial and
mesenchymal dental stem cells in porcine tooth buds. This suggestion is supported
by similar research with dental pulp cells from the teeth buds of three- to seven-day
postnatal rats129.
The potential of the dentin-pulp complex to recover, suggests that stem cells or at
least progenitor cells are also present within adult dental pulp. This hypothesis has
already been confirmed by the research of Gronthos et al., who isolated a clonogenic,
rapidly proliferative population of cells from adult human dental pulp. After being
transplanted into immuno-compromised mice, these cells were able to generate a
dentin/pulp-like complex130, 131. Cells with similar properties were also isolated from
human exfoliated deciduous teeth132. Subsequent research on Col1a1-GFP (green
fluorescent protein) transgenic mice also offered direct evidence that dental pulp
contained progenitor/ stem cells, capable of giving rise to a new generation of
odontoblast-like cells133.
In other studies it has been attempted to reproduce complete teeth. Therefore, tooth
buds gathered from mouse embryo were separated in between the epithelium and
mesenchymal layer. Then, the mesenchymal part was triturated into single cells and
recombined with the epithelium. Subsequently, a new tooth was reengineered from
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this reaggregated system after transplantation into a mice kidney capsule134. In
another study an even more complex recombination technique was used. Here, a
mixture of embryonic stem cells, together with neural stem cells from embryo spinal
cords and bone marrow cells were used to substitute the mesenchymal layer. Tooth
and associated bone structures were observed after transfer of the construct into
adult renal capsules135. These results suggest that it is indeed possible to regenerate
dental tissue by using non-dental cell-derived mesenchyme cells.
Supported by the currently ongoing research, the regeneration of a dentin-pulp
complex on basis of tissue engineering principles seems a feasible prospect.
Nevertheless, besides the promising perspective of tissue engineering, also other
approaches are worthwhile to be pursued. For instance, recently a new treatment
was introduced for immature permanent teeth with apical periodontitis. In this
approach, a blood clot is created in the root canal. After 2 years, X-ray observation
showed an increase in the thickness of the dental wall and closure of the apex. The
subsequent continuous development of dentin suggests the existence of odontoblastlike cells within the regenerated pulp-like tissue136.
4. CONCLUSION
In conclusion, the progressing research on adult stem cells offers scientists a bright
future for pulpal tissue regeneration. Yet, the research within the dental field is still
very limited, and many problems need to be overcome before clinical application is
feasible.
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1. INTRODUCTION
Dental pulp cells are a diverse population, including odontoblasts, fibroblast, cells
implicated in immune reactions (lymphocytes, macrophages, dendritic cells),
pericytes, nerve cells and vascular cells etc1,2. Within this cell population, the
odontoblasts are the specific cells that produce dentin during tooth formation and
eruption, and they continue with this function after tooth eruption under normal
situations. Unfortunately, odontoblasts are sensitive, and are easily destroyed after
strong stimuli, such as deep caries or trauma. Odontoblasts, as highly differentiated
cells, have lost the ability for mitosis and self-reproduction. However, the formation of
reparative dentin under pathogenic conditions suggests that there are specific cells
within the dental pulp tissue that can differentiate into odontoblast-like cells and
replace their function3,4. Human pulp cells without odontoblasts have been reported
to deposit calcium-containing nodules when cultured in vitro5. Other studies showed
that new native pulp-dentin like tissue could be formed by pulp-derived fibroblasts6-9.
Those studies confirm the existence of progenitor cells, and suggested that it might
be possible to develop healing strategies based on the regenerative capacity of
dental pulp tissue, instead of the irreversible endodontic treatments used now after
severe damage to the dental pulp.
Some researchers already have isolated odontogenic progenitor populations from
adult human dental pulp, and found that these populations shared the two basic
properties of stem cells, i.e. (1) self-renewal and (2) multilineage differentiation.
Transplantation of human dental pulp stem cells (DPSCs) in immunocompromised
mice resulted in the formation of a dentin-pulp-like complex structure10,11. DPSCs
appeared also to be able to differentiate into adipocytes and neural-like cells when
suitable inductions were used12.
In view of this, the isolation of DPSCs provides a possibility to repair damaged teeth
with the patients’ own tissue. However, the growth and differentiation properties of
dental pulp stem cells are not fully understood. For instance, for tissue-engineering
purposes, cells must be seeded on a carrier (or scaffold) material. However, it has
not yet been described, whether the scaffold material will influence the behavior of
the dental pulp stem cells.
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In the current study, we hypothesize that rat dental pulp cells are similar in
differentiative capacity to human culture, and that these cells can be used on various
3-D tissue-engineering scaffolds.
2. MATERIALS AND METHODS
2.1 Cell culture
Male Wistar rats of 40 day old were used in this experiment. The study was approved
by the animal care ethics committee of the university Medical Center Nijmegen
(Nijmegen, The Netherlands) and all national guidelines were taken into
consideration. The rats were killed by cervical dislocation. Both maxillary incisors
were dissected, and the surfaces of the teeth were cleaned with 70% alcohol. Apical
areas were then removed to decrease the influence from periodontal and periapical
tissue, and dental pulps were removed with a barbed broach. Dissected tissue was
minced and incubated in 0.25% Trypsin/EDTA (GIBCO-BRL, Life Technologies,
Breda, The Netherlands) at 37°C for 30 minutes on a rotator set at 8 RPM. The
released cells were collected into a centrifuge tube and pelleted. The pellet was
resuspended with minimal essential medium-α medium (MEM-α medium; GIBCOBRL) supplemented with 10% fetal calf serum (FCS; Gibco BRL) and gentamycin (50
μg/ml, GIBCO-BRL). Thereafter, the resuspended cells were seeded in 50-mL flasks,
and incubated at 37°C in 5% CO2. Culture medium was changed at 2- to 3- day
intervals. After trypsinization, the third generation of the isolated cells was suspended
in culture medium containing 10% (v/v) dimethylsulfoxide (DMSO) and stored in
liquid nitrogen. For the experiment, the cryopreserved rat dental pulp cells were
thawed and expanded in the medium as describe above. After reaching the
subconfluent stage, the cells were removed by 0.25% Trypsin/EDTA and cultured on
different smooth or three-dimensional (3-D) substrates (Table 1).
Table 1: Summary of cell experiments and scaffolds used.
Experiments
General
Cells on smooth
surfaces

Parameters
Immunohistochemistry for STRO-1
Proliferation rate
ALP activity
Calcium content
Scanning
Electron
Microscopy
(SEM)
Energy Dispersive Spectroscopy
(EDS)

Substrates
Chamber slides
24-well plates
24-well plates
24-well plates
Thermanox
Thermanox (day 28)
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Cells on 3-D scaffolds

RT-PCR
Proliferation rate
ALP activity
Calcium content
SEM
EDS
RT-PCR

24-well plates
HA-TCP; titanium mesh
HA-TCP; titanium mesh
Titanium mesh
HA-TCP; titanium mesh
Titanium mesh (week 8)
HA-TCP; titanium mesh

2.2 Immunohistochemistry
The fourth generation of the isolated rat dental pulp cells as seeded on
chamberslides (Nalge Nunc International, Naperville, IL) at a density of 2×104
cells/cm2 and cultured overnight. After being washed in phosphate-buffered saline
(PBS, pH 7.4) and fixed in 2% formalin for 15 min, cells were preincubated in 10%
goat serum for 15 min, and incubated with STRO-1 antibody (MAB1038; R&D
systems, Minneapolis, MN) for 1 h. Cells were then incubated with biotinylated goat
anti-mouse IgM antibody (BA-2020, Vector laboratories, Burlingame, CA) for 45 min,
washed, and stained with a horseradish peroxidase-conjugated avidin–biotin
complex (Vectastain ABC staining kit; Vector Laboratories). Subsequently, the cells
were incubated in DAB solution and intensified with 0.5% CuSO4. Heamatoxilin was
used to counterstain the nuclei for 10 sec. Slides were sealed and observed by light
microscopy.
2.3 Dental pulp cells on tissue culture plastic
After thawing and culturing, the rat dental pulp cells were seeded onto a smooth
surface (Table 1) at a density of 2×104 cells/cm2 in MEM-α medium supplemented
with 10% FCS (GIBCO-BRL), 10 mM Na-β-glycerophosphate (β-GP), 10-8 M
dexamethasone, L-ascorbic acid (50 µg/ml) and Gentamycin (50 µg/ml). On days 1, 3,
5, 10, 14, 21, and 28, samples were removed and analyzed (See Table 1). Six
samples were taken for each measurement at each incubation time. To verify data,
two separate runs of the experiment were performed.
2.4 Dental pulp cells on 3-D scaffolds
Two different 3-D materials were used:
(1) Hydroxyapatite-tricalcium phosphate (HA-TCP) ceramic scaffolds (Camceram,
CAM Implants, Leiden, The Netherlands) with a volumetric porosity of 75% and
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HA:TCP ratio of 60:40. These were circular in shape with a diameter of 6 mm
and a thickness of 3 mm (Figure 1A).
(2) Composite titanium fiber mesh (Bekenit, SaitamaKen, Japan) which consisting
of two layers sintered together. The fiber diameter of the upper layer was 45 µm
(Figure 1 B, panel 1) and 20 µm of the lower layer (Figure 1 B, panel 2).
Meshes were circular shaped with a diameter of 6 mm and a thickness of 1mm.
In total, they had a volumetric porosity of 86% and a weight of 400 g/m2.

Figure 1: The scaffold materials as used in this study. A: Hydroxyapatite tricalcium
phosphate (HA/TCP) ceramic scaffolds with a porosity of 75% and HA/TCP ratio of
60/40; B: Composite-titanium fiber mesh consisting of two layers; fiber diameter of
upper layer (B-1) was 45 μm and lower layer (B-2) was 20 μm.

The rationale for the use of a two-layer composite is that the larger fibers and pores
in the upper layer allow for easy penetration of the cells to the inner parts of the
scaffold during loading. The lower layer has similar porosity, but the smaller fibers
are closer together. This should retain the cells within the scaffold during culture.
A suspension loading method was used to seed the cells into the scaffold materials
as described previously13. Briefly, the meshes were incubated in a cell suspension of
1.0×106 cell/ml (10 meshes per tube with 1.5 mL cells suspension) for 2 h, and the
tubes were manually shaken at 15-min intervals. After loading, the seeded scaffolds
were put into 24-well plates. For titanium fiber meshes, the layer with thicker fiber
diameter was always facing up. One milliliter culture medium supplemented with 10
mM β-GP, 10-8 M dexamethasone, and L-ascorbic acid (50 μg/mL) was added to
each well. Samples were taken after 0, 1, 2, 4, 6, and 8 weeks for analysis (See
Table 1). Three samples at each material were removed at each time point, and
again all experiments were replicated in a second run.

77

Stem cells derived from dental pulp and their application potential on tissue regeneration

2.5 Light Microscopy
Cells were routinely checked by phase-contrast microscopy. To identify the formation
of mineralizations, cells cultured on smooth surface were stained with the Von Kossa
staining technique as follows: cells were fixed with 10% formalin, stained with fresh
5% silver nitrate (AgNO3), washed with distilled water, developed with 5% sodium
carbonate (Na2CO3) in 25% formalin, and fixed with 5% sodium thiosulphate
(Na2S2O3). Mineralized nodules were then observed by the light microscope.
2.6 Cell proliferation
The proliferation rates of the cells, as measured by total DNA content, were
assessed by PicoGreen dsDNA Quantitation kit (Molecular Probes, Eugene, OR).
Briefly, 1 mL MilliQ water was added to each sample to lyse the cells. The samples
were then frozen in –80ºC overnight, defrosted, and sonificated for 10 minutes. After
brief centrifugation, 100 μL PicoGreen working solution was added to 100 μL
supernatants samples. After incubation, the fluorescence of each sample was
measured in duplicate at 520 nm with a spectofluorometer, and DNA amounts were
calculated from a standard curve.
2.7 Alkaline phosphatase activity
The same supernatants used to measure the proliferation rate were also used to
measure alkaline phosphatase (ALP) activity. To 80 μL of the samples or standards,
20 μL of 0.5 M 2-amino-2-methyl-1-propanol (AMP; Sigma, St.Louis, MO) buffer was
added. Next, 100 μL substrate solution (ρ-nitrophenyl phosphate; Sigma) was added
and the mixtures were incubated at 37ºC for 1 h. ALP activity was measured at 405
nm, using a microplate reader. Serial dilutions of 4-nitrophenol were used to make
standard curve. ALP activity was always expressed relative to the amount of DNA in
the sample.
2.8 Calcium content
The calcium contents in the samples were measured by the ο-cresolphthalein
complexone (OCPC) method. OCPC (80mg; Sigma) was added in 75 mL of H2O with
0.5 mL of 1 N KOH and 0.5 mL of 0.5 M Acetic acid to prepare the OCPC solution.
Working solution was then prepared according to the following formula: 5 mL of
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OCPC solution was added to 5 mL of 14.8 M ethanolamine-boric acid buffer (pH=11),
2 mL of 8-hydroxyquinoline and 88 mL of MilliQ water. After the medium was
removed and samples were washed twice by PBS, 1 mL of 0.5 M acetic acid was
added to each sample, and samples were shaken overnight. Working solution (300
μL) were added to 10 μL sample or standard and measured at 570 nm with a
spectofluorometer. The same smooth surfaces (24-well plates), treated the same
way but without cells, were used as controls. For 3-D scaffolds, this measurement
could be performed only on titanium fiber mesh. Titanium fiber meshes without
loaded cells and incubated in medium under the same conditions, serve as controls
for spontaneous calcification.
2.9 Scanning Electron Microscopy and Energy Dispersive Spectroscopy
Samples were rinsed with PBS and fixed in 2% glutaraldehyde for 5 minutes. They
were dehydrated in a graded series of ethanol and dried in tetramethylsilane (TMS;
Merck, Darmstadt, Germany). For scanning electron microscopy (SEM), gold was
sputtered on the specimens just before analysis. The specimens were examined with
a JEOL 6310 SEM at an accelerating voltage of 10kV.
For energy-dispersive spectroscopy (EDS) measurement, similar samples as used
for SEM, samples like those for SEM (but without sputtering gold) were analyzed.
Only samples of 28-day smooth surfaces, and 8-week titanium fiber meshes, were
evaluated.
2.10 Reverse transcription-PCR (RT-PCR)
Total RNA was prepared by using TRIzol reagent (GIBCO-BRL). First-strand cDNA
was synthesed with a first-strand cDNA synthesis kit (GIBCO-BRL). The
differentiation of dental pulp cells was monitored for three differentiation markers, that
is, dentin sialophosphoprotein (DSPP), osteocalcin (OC) and the α2 chains of
collagen I (Col I). The rat-specific sense and antisense primers were designed
according to published cDNA sequences of Genbank, and β-actin was used as
housekeeping gene to normalize RNA expression (Table 2). First strand (1.6 μL)
cDNA was diluted in a 50 μL PCR consisting of 5 μL 10× PCR Buffer, 1 mM MgCl2,
200 μM dNTP Mix, 0.2 units Taq DNA polymerase (GIBCO-BRL), and 10 pmol of
each primer set. The reactions were amplified for 40 cycles, with cycles of
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denaturation at 94°C for 30 seconds, annealing at 56°C for 30 seconds, and
extension at 72°C for 60 seconds. PCR products were separated by electrophoresis
on a 1.5% agarose gel, and were visualized by ultraviolet-induced fluorescence.
Cells from week 0 (before cell seeding) were used as controls.
Table 2: PCR primers as used in these studies.
Marker
DPSS
OC
Col I
β-actin

Sense primer

Antisense primer

5’-CGGTCCCTCAGTTAGTC-3’
5’-ATGAGGACCCTCTCTCTGCTC-3’
5’-TGTTCGTGGTTCTCAGGGTAG-3’
5’-GCTACGAGCTGCCTGACGG-3’

5’-TACGTCCTCGCGTTCT-3’
5’-GTGGTGCCATAGATGCGCCTTG-3’
5’-TTGTCGTAGCAGGGTTCTTTC-3’
5’-GAGGCCAGGATGGAGCC-3’

Length
286 bp
293 bp
254 bp
328 bp

3. RESULTS
3.1 Third generation cells
3.1.1 Immunohistochemistry
The isolated cells had typical fibroblastic morphology, spindle-shaped with extending
cytoplasmic processes. STRO-1 positive cells could be found in the isolated cells
population by immunochemistry (Figure 2). Approximately 5% of cells showed
positive staining, which corroborates previous data on human dental pulp cells.14
Figure 2: Light micrograph of dental
pulp cells, after immunochemical
staining. Arrows indicate STRO-1
positive cells. (Bar=0.5 mm)

3.2 Dental pulp cells on tissue culture plastic
3.2.1 Light microscopy
Rat dental pulp cells reached confluency after 5 days in culture. Postconfluency, cells
continued growing and forming multilayers in tissue cultures. Sporadic noduleshaped structures were observed after 14 days in culture and were found positive for
Von Kossa staining (Figure 3). Using this stain, nodules containing calcium mineral
stain black. Control cells, cultured in medium without β-GP, dexamethasone and
ascorbic acid, also formed multilayers, but mineralized nodules were not detected
under these experimental conditions (Data not shown).
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Figure 3: Light micrograph of dental pulp cells,
cultured for 14 days on smooth surface and
supplemented with β-GP, dexamethasone, and Lascorbic acid. The nodules after Von Kossa
staining

were

stained

black,

indicating

the

presence of calcium phosphate.

3.2.2 Cell proliferation, ALP activity, and calcium content measurements
The proliferation rates showed that cells grew in a logarithmic fashion until day 10,
but DNA values dropped quickly thereafter (Figure 4A). The ALP activity rose rapidly
after confluence, reached a peak-value on day 14 and then decreased (Figure 4B).
The calcium content increased dramatically between days 7 and 21 and remained
stable thereafter (Figure 4C).

Figure 4: Growth characteristics of rat dental
pulp cells on smooth. Cells were cultured in
medium

supplemented

with

serum,

β-

glycerophosphate, and dexamethasone. A:
Proliferation rate; B: ALP activity; C: Calcium
content, a: sample group; b: control group
cultured in medium without supplements.

3.2.3 SEM and EDS analysis
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SEM observation showed that cells attached to the Thermanox cover slips after 1 day
of culture (Figure 5A). Most of the cells were spindle-shaped with small extensions,
but some had stretched out on the surface and looked more flattened. The cells
became confluent, and formed a distinct multilayer after culturing for 5 days (Figure
5B). Small nodules could be seen on the samples of day 10 (Figure 5C). More
numerous and larger nodules were discovered on samples which had been cultured
for 14 days. Network-like structures, formed by cell-secreted collagen, were also
found (Figure 5D). More nodules were observed on the 28-day samples. Some cells
became round, and were fully covered with deposits (Figure 5E). In the control group,
cells formed multilayers, but no nodules or obvious collagen fibers could be observed.
(Figure 5F).
Figure

5:

Scanning

electron micrographs
of dental pulp cells. A:
day 1; B: day 5; C:
day 10; D: day 14; E:
day 28; F: control,
cells

at

cultured

day
in

28

medium

without supplements.

EDS analysis was performed on different areas, and on the formed nodules. Distinct
peaks only for calcium and phosphorous were detected, and the Ca:P ratio of the
nodules was 1.4.
3.2.4 RT-PCR
RT-PCR demonstrated that the dental pulp cells altered their genetic expression
during the culture periods (Figure 6). DSPP mRNA started to be expressed after the
cells being cultured for 5 days and maintained expression thereafter. OC was first
detected on the samples of 3 days. Collagen I could be observed in all the samples.
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Figure

6:

Scanning

electron

micrographs of dental pulp cells.
A: day 1; B: day 5; C: day 10; D:
day 14; E: day 28; F: control,
cells

at

day

28

cultured

in

medium without supplements.

3.3 Dental pulp cells on 3-D scaffolds
3.3.1 Cell proliferation, ALP activity, and Calcium content measurement
Just after loading cells, DNA values of the HA-TCP meshes were higher than for the
titanium meshes, which suggests that more cells had attached to HA-TCP than to
titanium. In contrast, after 1 week of culture, DNA values of titanium meshes were
higher than those on HA-TCP meshes. Cells grew rapidly during the first week on
both scaffolds and reached peak values on day 7. Their DNA values then decreased
quickly and almost no DNA could be detected after 8 weeks. Statistical analysis,
using analysis of variance (ANOVA) with post hoc Tukey testing, showed that there
were no significant differences in DNA amounts between both scaffold types, except
for week 6 (Figure 7A).
The ALP activity kept increasing until 6 weeks and declined slowly afterward (Figure
7B). Statistical analysis showed that there were no significant differences in ALP
activity between both scaffolds. We should remark that ALP activity showed large
deviations at the intermediate time points (2 and 4 weeks). This is probably because
that cells did not differentiate evenly in the 3-D scaffolds. Still, generally speaking,
proliferation rates as well as ALP activity patterns were similar for the two materials.
Calcium content did not change much during the first week, but rose dramatically
from week 2 until week 6, and remained stable after that. Statistical analysis showed
that the difference between the sample and control groups was significant for weeks
4, 6, and 8. (Figure 7C). Surprisingly, the calcium content of the samples incubated in
medium with all supplements, but without the addition of cells, also started to
increase after 6 weeks.
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Figure 7: Growth characteristics of rat dental pulp cells on 3-D scaffolds. Cells were
cultured

in

medium

supplemented

with

serum,

β-glycerophosphate,

and

dexamethasone. A: Proliferation rate; Ti= titanium scaffold, HA/TCP= ceramic scaffold.
B: ALP activity; C: Calcium content could only be determined on Titanium substrates.
Ti-sam= sample group; Ti-con= control group, incubated in similar medium but without
cells.

3.2.2 SEM and EDS analysis
SEM observation showed that cells connected with each other, and produced
collagen on both materials after 1 week of culture. Mineralized nodules could be seen
on the calcium ceramic scaffolds by week 2, but could not be found on the titanium
meshes until 4 weeks. Some cells fully covered by calcified deposits were observed
on both materials after 4 weeks of culture. There were no significant differences
between the two materials (Figure 8). Moreover, there were no differences between
the morphology of cells and extracellular matrix (ECM) when comparing the two
sides of the composite titanium mesh with larger or smaller fiber diameters.
Sparse and tiny mineralized deposits were found on the 8-week control group of
titanium fiber meshes; such deposits were not found on the 6-week control group
(Figure 9). EDS analysis revealed the presence of calcium and phosphorus at a Ca:P
ratio of 1.6~1.8.
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Figure 8: Scanning electron micrographs of dental pulp cells on 3-D scaffolds.
A: week 1 on HA/TCP meshes; B: week 2 on HA/TCP meshes; C: week 8 on
HA/TCP meshes; D: week 1 on Titanium meshes; E: week 2 on Titanium
meshes; F: week 8 on Titanium meshes.
Figure 9: Titanium
control

group.

A:

cultured for 6 weeks;
B:

cultured

for

8

weeks.

3.2.3 RT-PCR
The results for RT-PCR on both materials confirmed the findings on the smooth
tissue culture substrates (Figure 10). DSPP mRNA expression, which was not
detected in the cells before seeding, was found on the samples of both materials
after 2 weeks, and expression remained until 8 weeks. OC mRNA expression was
detected on all the samples except the control. Collagen I mRNA expression was
detected in all the samples.

Figure 10: RT-PCR products for dental pulp cells on 3-D scaffolds.
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4. DISCUSSION
Dental tissue can be damaged under numerous pathological conditions such as
caries, trauma, and periodontal disease. Many materials are used to repair lost tooth
structures. Unfortunately, most materials can only replace the lost structures and
none can fully substitute the lost functions. Therefore, in comparison with endodontic
treatment, tooth transplantation, and dental implants, the de novo regeneration of
dental tissues might be a better approach in restorative dentistry.
Cells, scaffolds, and growth factors are the three main factors for creating a tissueengineered construct. In our study, we focused on cells, as well as scaffold materials.
First, we isolated highly proliferative cells from enzymatically disaggregated postnatal
rat dental pulp, seeded them on smooth tissue culture plastic surfaces, and analyzed
their differentiation characteristics. STRO-1 is a cell surface marker for stromal
(mesenchymal) progenitors. Previously, it was used to isolate bone marrow stem
cells, which are multipotent cells that give rise to adipocytes, osteocytes, myocytes,
fibroblasts, and chondrocytes15,16. STRO-1 antigen was also found in isolated
postnatal human dental pulp stem cells (DPSCs) and stem cells of human exfoliated
deciduous teeth17,12. Therefore, STRO-1 positive cells clearly suggest the existence
of progenitors or stem cells in the rat dental pulp.
Even on the smooth surfaces, the ability of cells to form multilayers seems to be the
basis of mineralization, because single-cell layers are incapable of producing a
mineralized matrix18. Our isolated rat dental pulp cells showed their ability to form
multilayers and mineralized nodules when cultured on a smooth surface in medium
supplemented with β-GP, dexamethasone, and ascorbic acid.
Väkevä et al. showed that ALP is a prerequisite for the differentiation and possible
specialization of pulp cells in vivo19. In our study, the rat dental pulp cells showed
proliferation and ALP activity rates analogous to those of rat bone marrow cells under
the same conditions20. These findings suggest that both cells have the ability to
differentiate into osteogenic/ odontogenic cells, which can form mineralized nodules
in vitro. However, unlike bone marrow cells, the dental pulp cells kept the ability to
differentiate even after cryopreservation.
Dentin, produced by odontoblasts, consists of 70% inorganic component, 20%
organic components, and 10% water. The predominant collagen in dentin is type I,
and collagen type I is also regarded to be the basis of reparative dentin. Some
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noncollagenous proteins in dentin include proteins osteonectin, osteocalcin, and
bone sialoprotein (which are also expressed in bone). Beside these, dentin
sialoprotein (DSP) and dentin phosphoprotein (DPP), the cleavage productions of
DSPP, form the major part of dentin noncollagenous proteins. DSPP, a highly
phosphorylated protein secreted by odontoblasts, is regarded as the specific marker
for odontoblasts21. The dentin of DSPP knockout mouse shows irregular
mineralization, clearly identifying the crucial role for DSPP during dentin
mineralization22. In our research, we chose DSPP, OC, and collagen type I as
markers for differentiation. Expression of these mRNAs, especially of DSPP, proved
our rat dental pulp cells had the ability to differentiate into odontoblasts. These
outcomes also confirmed a previous study showing that dental pulp cells possessed
some properties similar to those of osteogenic cells, such as mineralized nodule
formation, alkaline phosphatase activity, and production of type I collagen and
osteocalcin23.
Another major parameter in tissue regeneration is the choice of a suitable carrier.
Thus, for our research we chose two 3-D carrier materials, a calcium phosphate
ceramic, and a titanium fiber mesh. Ceramics, polymers, and collagen matrices have
all been used as substrates to culture dental pulp cells in vitro, and to treat dental
pulp-related problems in vivo. Among these, calcium phosphate materials have been
widely used because of their highly biocompatible nature and their ability to support
the formation of hard tissue. Hydroxyapatite24,25, calcium-beta glycerophosphate26, α
or β-tricalcium phosphate27,28 were proven able to induce hard tissue formation when
used as pulp-capping agents. Titanium fiber mesh is a highly biocompatible material,
and its the non-degradable nature is not necessarily disadvantageous for hard tissue
applications. The results of our current study demonstrated that the titanium fiber
mesh, which has been used for bone regeneration29, also supported the attachment,
growth and differentiation of dental pulp cells.
It was remarkable, that nearly all parameters measured on the 3-D materials showed
great similarity to the data obtained on smooth tissue culture plastic. Of course,
because of the larger surface area, the cells were maintained longer on the 3-D
materials than on the smooth tissue culture plastic. This might account for the two
main differences between smooth and 3-D materials: namely, on the 3-D materials
ALP activity was delayed, and the Ca:P ratio was higher, compared to smooth
87

Stem cells derived from dental pulp and their application potential on tissue regeneration

material. On the other hand, the performance of dental pulp cells was not significantly
different between the two 3-D materials used, in other words the “odontogenic”
properties were supported by HA-TCP and titanium scaffolds equally.

It is

noteworthy that the difference in fiber diameter between the two layers of the
composite titanium scaffold did not have an obvious effect on the morphology of the
cells or the produced ECM, as seen by SEM microscopy. Still, in our DNA, ALP, Ca2+,
and PCR measurements, we were not able to discern between the two layers in the
material. Therefore we cannot totally exclude that dissimilar fiber diameter might
have influenced the cells differently within the titanium fiber mesh scaffold.
The rat dental pulp cells, cultured on titanium fiber meshes for 8 weeks, produced
nodules with a Ca:P ratio of 1.6-1.8. This is similar to values known for dentin and
hydroxyapatite30. Normally, 10 mM β-GP is used in cell-mediated mineralization in
vitro. Remarkably, the calcium content measurement, and the SEM observation of
titanium at week 8, showed that deposition had also occurred on the control group.
This confirmed previous studies in which 10 mM β-GP, together with the calcium
from the medium, could cause the formation of mineralizations after prolonged
exposure, even without the presence of cells31,32.
The progressing research on stem cells, especially adult stem cells, offers scientists
a promising future for tissue regeneration. Adult stem cells are stem cells within the
differentiated tissues, and have been identified in many adult tissues such as bone
marrow33, liver34, skin35, and so on. Unlike embryonic stem cells, the use of adult
stem cells does not cause debate of ethics. Even though the differentiation ability of
adult stem cells may not be as strong as that of embryonic stem cells; it is still quite
valuable for many medical applications.
In conclusion, we can maintain our hypothesis. Our study indicated that progenitors
or stem cells existed in adult rat dental pulps, which are similar to the human
postnatal dental pulp stem cells. This was not proven previously. Also, we have
shown that various scaffold materials can be used to culture these cells. Using
titanium or calcium phosphate ceramic exerted little influence on the differentiation
pattern of the cells toward an odontoblastic phenotype, as induced by
dexamethansone. Rat dental pulp stem cells offer a valid model for studying the
regeneration of dental tissues.
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1. INTRODUCTION
Tooth loss, caused by trauma, periodontal disease, and hypoplasia, is considered a
major health problem. Grafting procedures have been attempted1, 2, but are of limited
use because of inadequate sources and unstable prognoses. Damaged teeth are
now commonly restored or replaced by synthetic materials. Still, the development of
natural tooth substitutes may be a prospect with the emergence of tissue engineering
techniques, especially the recent isolation of postnatal dental pulp stem cells (DPSC)
in humans3~6.
Initial analyses have already demonstrated that DPSC, like all adult stem cells, can
differentiate into specialized cell types under both in vitro and in vivo situations. For
instance when single-cell suspensions from third molar tooth buds were seeded on
polymer scaffolds and implanted into rats, after 20 to 30 weeks recognizable dentin,
odontoblasts, cementoblasts, and an enamel organ were observed7. It has also been
shown that human DPSC could give rise to dentin-pulp complex-like structures or a
woven bone like structure in vivo8, 9. Further analyses demonstrated that DPSC were
able to differentiate into specialized cell types other than odontoblasts8, 10. All these
studies confirm the feasibility of dental tissue repair or replacement by regenerating
dental substitutes.
Besides cells, the selection of a suitable scaffold material is fundamental for dental
tissue regeneration. Until now in vivo experiments were performed using a granular
ceramic powder8, and the in vivo behavior of DPSC on three-dimensional materials
has not been studied yet. Therefore, the purpose of the current study was to analyze
the performance of human DPSC on three commonly used scaffold materials, in
order to select the most appropriate supporting scaffold for tooth regeneration.
2. MATERIALS AND METHODS
2.1 Cells
Human dental pulp stem cells (DPSC) were kindly provided by Dr. Songtao Shi from
the Dental Biology Unit, Craniofacial and Skeletal Diseases Branch, NIH Bethesda,
MD, and cultured in alpha Minimal Essential Medium (α-MEM; Gibco BRL, Life
Technologies B.V. Breda, The Netherlands) with 10% fetal calf serum (FCS; Gibco
BRL) and 50 µg/ml Gentamycin.

94

4. The performance of human dental pulp stem cells on different three-dimensional scaffold materials

In order to determine the differentiation ability of the DPSC, cells were cultured until
the 26th passage. Thereafter, they were transferred to osteogenic medium,
composed of α-MEM, 10% FCS, 5 mmol/L KH2PO4, 50 μg/ml L-ascorbic acid and 50
µg/ml Gentamycin, for 3 weeks. Cells were analyzed by a Von Kossa staining [4] and
reverse transcription- polymerase chain reaction (RT-PCR) for the expression of
DSPP.
2.1.1 RT-PCR
Total RNA was obtained using Trizol® reagent (Gibco BRL). The DSPP primer was
designed according to the published sequence (NCBI Accession NM_014208.1). The
housekeeping gene Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as reference. The primers set of human DSPP is 5’-AATGGGACTAAGGAA
GCTG-3’ (sense primer) and 5’-AAGAAGCATCTCCTCGGC-3’ (antisense primer).
The primers set of human GAPDH is 5’-ACCACAGTCCATGCCATCAC-3’ (sense
primer) and 5’-TCCACCACCCTGTTG CTGTA-3’ (antisense primer). PCR products
were separated by electrophoresis on a 1.5% agarose gel and analyzed.
2.2 Materials
Three different three-dimensional scaffold materials were used in this study; i.e. a
spongeous collagen matrix, a porous sintered hydroxyapatite/ tricalcium phosphate
(HA/TCP) ceramic, and a fibrous titanium mesh:
•

Collagen matrices were prepared from purified bovine type I collagen as
described11. Briefly, collagen was swollen in diluted acetic acid, homogenized,
poured into a case, frozen at -80°C and lyophilised. Matrices were subsequently
crosslinked using 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC) and Nhydroxysuccinimide (NHS) in 2-morpholinoethane sulfonic acid (MES) buffer
containing 40% ethanol12. Scaffolds dimensions were Ø 6 mm and 4 mm high.
The collagen matrices were disinfected with 70% ethanol and washed in sterilized
Phosphate Buffered Saline (PBS).

•

Sintered HA/TCP Camceram® ceramic discs with a HA/TCP ratio of 60/40 were
kindly provided by CAM Implants (Leiden, the Netherlands). The volumetric
porosity of the discs was 90% and they had a 6mm diameter and a 3 mm
thickness. The discs were sterilized by autoclaving.
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•

Titanium fibre mesh (Bekenit, SaitamaKen, Japan) used in this study consisted of
two layers with a different fiber diameter. One layer had a fiber diameter of 45 µm
and the other layer of 20 µm. The volumetric porosity of the total mesh was 86%
and the weight was 400 g/m2. A sheet of such composite-titanium fiber mesh was
cut into discs, with a 6mm diameter and a 1mm thickness, and then sterilized by
autoclaving.

2.3 Cell seeding
All scaffolds were placed into α-MEM medium with 10% FCS and 50 µg/ml
Gentamycin for 2 hours, and then seeded with DPSC of the 4th passage by
incubating in a suspension of 1.0x106 cells/ml (for in vitro and in vivo analysis) or
5.0x106 cells/ml (in vivo analysis only) while gently rotating at 8 rpm for 2 hours
(Stuart® SB3, Jencons Scientific Ltd., UK). For every 6 scaffolds 1 ml cell suspension
was added, and the different materials were incubated separately. Subsequently,
scaffolds were put in 24-well plates with 1 ml α-MEM supplemented with 10% FCS, 5
mmol/L KH2PO4, 50 μg/ml L-ascorbic acid and 50 µg/ml gentamycin. The result of the
cell seeding procedure, was checked with scanning electron microscopy (SEM) and
a measurement of total DNA in the various scaffold types. Subsequently, samples
were divided into two separate groups for the in vitro analysis, and the implantation
study.
2.3.1 Scanning electron microscopy (SEM)
After one-day incubation, one sample of each material was fixed in 2%
glutaraldehyde, dehydrated in a series of ethanol, dried in tetramethylsilane (Merck,
Darmstadt, Germany), cut into half, sputtered with gold and examined using a Jeol
6310 SEM microscope. Matrices without cells were used as controls.
2.3.2 Cell loading efficiency
Cell loading efficiency was analyzed by measuring total DNA in the cell-loaded
samples. In brief, one day samples (n=3 for each material and each cell-loading
density) were washed to remove the non-adherent cells. One ml MilliQ water was
added to each sample, and lysates were frozen at –80ºC, defrosted, and sonificated
for 10 minutes. After centrifugation, 100 μl PicoGreen working solution (Molecular
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Probes, Eugene, OR, USA) was added to 100 μl of lysate. The DNA amount was
measured at 520 nm, and calculated from a standard curve. Statistical analysis was
performed by ANOVA testing and post-hoc Tukey testing.
2.4 In vitro analysis of scaffolds
For in vitro analysis, the scaffolds loaded in 1.0x106 cells/ml suspension were
incubated in α-MEM culture medium supplemented with 10% FCS, 5 mmol/L KH2PO4,
50 μg/ml L-ascorbic acid and 50 µg/ml gentamycin for 4 weeks. Medium was
changed every 2~3 days. The results were analyzed by SEM and RT-PCR as
described above.
2.5 In vivo analysis
In total, 30 pieces of each material were used for in vivo analysis (Table 1). Tenweek-old immunocompromised mice (NIH-bg-nu-xid, Harlan-Sprague-Dawley) were
used after approval from the Radboud University Nijmegen Animal Ethics Committee
(KUNDEC 2003-72). National guidelines for the care and use of laboratory animals
were obeyed. Surgery was performed under general anaesthesia (isoflurane 1.5-3%).
The backs of the mice were washed and disinfected with povidone-iodine. On each
flank, parallel to the spinal column, two small incisions of about 5 mm were made
through the skin. Using blunt dissection, subcutaneous pockets were created.
Implants were placed and wounds were closed using staples. After sample retrieval
at week 6 and 12, collagen samples were embedded in paraffin. For ceramic and
titanium scaffolds, specimens were embedded in methylmethacrylate (MMA).
Table 1: Sample numbers for in vivo experiment.

High cell density
Low cell density
Control

6 weeks
Histology
PCR
4
2
4
2
2
1

12 weeks
Histology
PCR
4
2
4
2
2
1

2.5.1 Light microscopy for collagen scaffolds
After sample preparation, 5 µm sections were cut for routine H&E staining. Further,
the expression of DSPP was checked in order to identify the differentiation potential
of human DPSC towards odontoblasts, by immunohistochemistry. Additional 5 μm
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sections were treated with Formalin, and antigens were retrieved by microwave
heating and subsequent trypsin treatment. Endogeneous peroxidase was quenched
by H2O2 for 20 min, and sections were preincubated with 10% goat serum for 60 min.
Sections were incubated with the rabbit anti-human DSPP antibody (kindly presented
by Dr. Larry Fisher from the Dental Biology Unit, Craniofacial and Skeletal Diseases
Branch, NIH Bethesda, MD) in 2% goat serum overnight, with a second antibody
(Goat-anti-rabbit, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for
1 hour, and with Vectastain ABC-Elite kit (Vector Laboratories, Burlingame, CA,
USA). Finally, sections were counterstained with haematoxylin solution for 10
seconds, dehydrated through graded ethanol, sealed, and analysed using light
microscopy.
2.5.2 Light microscopy for ceramic and titanium scaffolds
After polymerization of the MMA, thin sections were made using a modified sawing
microtome technique [13]. The sections were stained with methylene blue/basic
fuchsin and analyzed using light microscopy.
2.5.3 RT-PCR
For RT-PCR analysis, fibrous tissue capsules and other surrounding tissues were
removed immediately after the retrieval of the samples. The samples were cut into
small pieces and transferred to liquid nitrogen. Before use samples were defrosted
and treated with Trizol® reagent. Isolated RNA from the duplicate samples was
pooled. All following procedures were performed as described above.
3. RESULTS
3.1 General observations in cell culture
In cell culture, most of the DPSC exhibited a spindle-like shape. The rate of cell
division and cell morphology remained stable for 25 passages. When DPSC of the
26th passage were cultured in osteogenic medium for 3 weeks, cells were able to
form a calcified extracellular matrix (ECM). This was indicated by the formation of
nodules, which stained black after Von Kossa staining. RT-PCR confirmed the
expression of DSPP.
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3.2 Analysis of materials, and cell seeding
SEM observation of the surface of the collagen matrices showed the combination of
porous and lamellar structures (Figure 1A). Cross-sections showed an internal
structure with lamellae mainly oriented parallel to the surface (Figure 1B). The
ceramic material was observed to contain a highly inter-connective porosity, in which
the macro-pores were circular shaped (Figure 1C, D). The titanium mesh consisted
of two distinct layers with different fibre diameters (Figure 1E, F).

Figure 1 : Scanning electron
micrographs
25x).

A:

(magnification

collagen

scaffold

surface structure; B: collagen
scaffold
HA/TCP

cross-section;
ceramic

C:

surface

structure; D: HA/TCP ceramic
cross-section;
scaffold

E:

Titanium

surface

structure

(Left: bottom; Right: top); F:
Titanium

scaffold

cross

section.

After cell seeding, SEM observation showed cells even in the central regions of each
different material. The DNA measurement indicated significantly more cells in the
scaffolds loaded with higher density. No differences were found among different
materials (Figure 2).

Figure 2 : Cell seeding efficiency. Co:
collagen; HA: HA/TCP ceramic; Ti:
titanium; I: low cell loading density; H:
high cell loading density.

99

Stem cells derived from dental pulp and their application potential on tissue regeneration

3.3 In vitro analysis of the scaffolds
SEM showed abundant formation of collagen-like structures in all scaffolds loaded
with DPSC, after 4 weeks of culture. The extracellular matrix was filled with
mineralized nodules (Figure 3). No gross differences were observed among different
materials, but control scaffolds without cells were always devoid of mineralization.
The expression of DSPP was identified by RT-PCR on all three materials.

Figure 3: SEM observation of 3-D materials loaded with DPSC cultured in vitro for 4
weeks (magnification 1000x). A: Collagen scaffold; B:HA/TCP scaffold; C: Ti scaffolds.
Arrows indicate mineralization of the extracellular matrix.

3.4 In vivo analysis
All mice appeared to be in good health throughout the test period. There were no
symptoms of severe inflammation at the implantation sites except for one of the
HA/TCP implants, which was excluded from further evaluation. After sacrifice, all
implants were retrieved with the surrounding soft tissues intact. By visual inspect, all
samples showed a similar ration DSPP vs. GAPDH.
3.4.1 Collagen scaffolds
Histological observation indicated that all experimental and control collagen implants
of 6 weeks were surrounded by a thin fibrous capsule, of 7~9 layers of fibroblast in
thickness (Figure 4A). Only sporadically contained inflammatory cells. One sample of
the low cell concentration group had a thicker capsule and showed more infiltration of
inflammation cells. Evident newly-formed ECM was observed in all collagen scaffolds
loaded with the larger cell amount. The new ECM showed an amorphous
collagenous appearance and filled the space between the lamellae of the scaffold.
Small amounts of inflammatory cells were seen within the implants (Figure 5A).
Occasionally, blood vessels were observed at the circumference of the collagen
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implants, but not in the central regions. Comparatively, less cells, newly formed ECM,
and blood vessels were present in the samples of the low cell concentration (Figure
5B). Only very limited amounts of cells could be seen in the control collagen scaffolds
without DPSC (Figure 5C). In accordance, hardly any ECM or blood vessels were
found in such controls.
Figure

4:

General

overview

of

the

implants, note the formation of a fibrous
tissue capsule around the specimens
with

high

Collagen

cell

seeding

scaffold

of

6

density.
weeks

A:
(HE

staining); B: Collagen scaffold of 12
weeks (HE staining); C: HA/TCP scaffold
of 6 weeks (methylene blue basic/fuchsin
staining); D: HA/TCP scaffold of 12
weeks

(methylene

blue

basic/fuchsin

staining); E: Ti scaffold of 6 weeks
(methylene blue basic/fuchsin staining);
F:Ti scaffold of 12 weeks (methylene blue
basic/fuchsin staining). Bar size is 400
μm.

At 12 weeks, all collagen implants were surrounded by a 4~5 layers fibroblasts
capsule (Figure 4B). For samples loaded with the high cell concentration, the entire
porosity was filled with ECM produced by the implanted cells. The ECM looked more
compacted and better organized compared to six weeks. Inflammatory cells were
seldomly seen. Capillaries had penetrated into the central part of the collagen
implants (Figure 5D). There was less ECM in the low cell concentration groups and
vessels were mainly seen in the peripheral region (Figure 5E). Again, few cells and
limited blood vessels were observed in the controls (Figure 5F).
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Bar size is 50 μm.

Although no hard tissue formation was observed, immunohistochemical analysis
showed positive staining for the DSPP epitope in the cells and the surrounding ECM
for all cell-loaded samples (Figure 6A). No positive staining was found in the control
implants without DPSC (Figure 6B). This was confirmed by RT-PCR, which indicated
the expression of DSPP only in the four implants loaded with DPSC, but not in the
two control implants without cells.

Figure 6: Immunohistological staining against DSPP (magnification 400x). A:
Sample with high cell seeding density at 12 weeks. Note that cells and ECM
showed positive staining; B: Control at 12 weeks. Bar size is 25 μm.

3.4.2 HA/TCP ceramic scaffolds
All 6-week ceramic implants were encapsulated with a fibrous capsule of
approximately 10 layers of cells, closely following the outer surface of the sample. On
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protruding edges of ceramic, the capsule in general was thinner, about 6 cell layers
(Figure 4C). Limited infiltration with inflammatory cells was regularly observed. All the
macro-pores of HA/TCP scaffolds were filled with soft tissue. Cells and blood vessels
were observed in the most inner part of the samples. In the central region of the
pores, cells were distributed unevenly and had formed a poorly organised ECM.
Adjacent to the material, cells were aligned along the surface of the pores and had
produced a more ordered fibril-like ECM, which was also aligned parallel to the
surface. More aligned cells and collagen-like matrix along the pore surface were
observed in the implants loaded with cells compared to the implants without cells.
However, there was no difference among the samples loaded with the high and low
cell concentration (Figure 7A, B,C). No obvious hard tissue formation was detected in
any of the 6-week implants.
All the capsules of 12-week ceramic implants were composed of 4~6 layers of
fibroblasts with flat cell nuclei. Inflammatory cells were only sporadically present.
Unlike the capsules of 6-week implants, the capsule of 12-week implants seemed
directed from one protruding edge to the next, in stead of being adjacent to the
surface (Figure 4D).
For the 12-week samples, the tissues within the porosities showed a loosely
organised connective tissue-like structure. Penetration of blood vessels to the centre
of the implants was observed in all implants loaded with cells, but not in the controls.
Inflammatory cells were seldomly found. Compared to 6 weeks, the structure of the
ECM was denser along the pore surface. Sporadically mineral deposits, which
stained red by basic fuchsin, were observed. Most of such deposits were seen in the
collagen-like tissues along the material surface (Figure 7D, E). However, the amount
of mineralized deposits was very variable between the different samples of the same
group, and such initial hard tissue formation was only distinctly seen in 2 of 4
samples of the high cell concentration. Higher magnification showed that a few layers
of cells were entrapped in the mineralization (Figure 8; combine with Figure 7). Cells
either exhibited large nuclei with clearly visible nucleoli, or were flattened with a flat
nucleus parallel to the surface. No evidence of calcification was detected in any of
the non-loaded samples (Figure 7F). No obvious degradation of the ceramic
scaffolds was detected in any of the implants. As for the collagen scaffolds, RT-PCR
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indicated the expression of DSPP in all implants loaded with DPSC, but not in the
control implants without cells.
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3.4.3 Titanium scaffolds
The capsules of 6-week titanium implants were thinner than those around collagen
and ceramic implants, and in general composed of 5~6 layers of fibroblasts, in a
highly organized collagenous matrix (Figure 4C). Connective tissue, composed of
amorphous ECM and cells with big nuclei, filled the interstitial space between the
fibres. No detectable formation of hard tissue was discovered in any of the implants.
Ingrowth of capillary vessels was found in all the implants loaded with cells, but not in
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the implants without cells. Inflammatory cells were sparsely detected within the
implants. Fat tissue was only observed in the layer with the larger porosity. The
aspect of the tissue was similar in all Ti mesh implants, regardless of loading density.
Even thinner capsules were seen around the implants of 12 weeks, approximately
3~5 layer of cells (Figure 4F). In between the titanium fibres, soft tissue with
abundant blood vessel ingrowth was seen (Figure 9). None of the titanium implants
showed evidence of hard tissue formation. Furthermore, there was no difference
between the two layers with different titanium fibre diameter, or between the samples
loaded with high or low DPSC concentration. Blood vessels were seldomly observed
in the implants not loaded with cells. Like in the other two materials, the expression of
DSPP was confirmed by RT-PCR in cell-loaded samples only.

Figure 9 : Histology of titanium scaffolds (methylene blue/basic fuchsin, magnification
20x). A: Sample with high cell seeding density at 12 weeks; B: Control at 12 weeks.
Arrows indicate newly formed blood vessels. Bar size is 50 μm.

4. DISCUSSION
An essential component in the regeneration of tissue is the use of a proper scaffold
material. The function of the scaffold is to provide sites for cell adhesion, to support
cell proliferation and differentiation, and thus to promote tissue regeneration.
Scaffolds for tissue engineering are usually three-dimensional, and often are
designed to mimic the structural appearance of natural ECM. The aim of the current
study was to compare the efficacy of three materials for the regeneration of (dentinlike) hard tissue. Dental pulp stem cells were seeded in spongeous collagen, porous
ceramic and fibrous titanium mesh scaffolds. Although in vitro usage showed an
equal cyto-compatibility and in vivo testing showed the formation of a DSPP-positive
tissue, overall hard tissue formation was very limited.
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The first type of scaffold chosen was cross-linked type I collagen. Naturally derived
collagen shares similar chemical and biological characteristics compared with natural
tissues, and has a low antigenicity. Type I collagen is the predominant component of
the dentin matrix as well as the dental pulp. The presence of type I collagen in dentin
is considered to offer initiation sites for calcification, although collagen does not
induce mineralization by itself14. Therefore, many previous researchers concentrated
on this type of scaffold material. For instance, collagen has been used as a capping
material to achieve the regeneration of the dentin-pulp complex15. Nevertheless,
other studies demonstrated that the healing effect of collagen was unstable and
insufficient regeneration of dentin-like tissue was induced16,

17

. It has been proven

that the EDS/NHS cross-linked collagen matrices used in the current study were
stable and cytocompatible on basis of morphology, viability, and proliferation11.
In the in vitro experiment of this study, the collagen scaffold supported cellular
differentiation and abundant calcification of the formed ECM. The in vivo
observations indicated that only a thin layer of capsule was formed around the
collagen scaffolds. Furthermore, all the pores of collagen implants were filled with
loose connective-like tissue with vascular ingrowth. In most scaffolds, only limited
infiltration of inflammation cells were detected. These results confirmed that the
cross-linked collagen scaffold was highly biocompatible. Also the histological aspect
of the DPSC-loaded matrices, especially the samples loaded with initial high density
of cells, suggested that collagen supported the proliferation of the DPSC in vivo.
Immunohistochemical analysis illustrated that the newly-formed ECM was DSPPpositive, which supported that the DPSC in the collagen scaffolds were capable of
differentiation into odontoblast-like cells. This meant that the tissue had most likely
arisen from the loaded cells and was not merely caused by the ingrowth of
surrounding tissues. RT-PCR confirmed this observation. However, we were not able
to detect distinct hard tissue synthesis in the collagen matrices.
Calcium phosphate ceramic is a generally used material for hard tissue regeneration
because of the highly biocompatible nature and the ability to support the
differentiation of osteogenic cells. In dentistry, calcium phosphate-related materials
are widely applied as pulp-capping agents for dentin-pulp complex regeneration,
too18,

19

. Moreover, calcium phosphate ceramics have been used to manufacture

dental implants20, 21. The porous ceramic used in this study consist of HA and TCP
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with a 60/40 ratio. Similar scaffolds seeded with fresh rat bone marrow cells have
been utilized to investigate ectopic bone formation22. In that study, clear bone
formation was found in all ceramic implants after 3 weeks implantation, and bone
formation could reach 23% in the 6-week samples. The observations indicated that
this type of HA/TCP ceramic in principle is suitable for hard tissue regeneration.
In our study, the ceramic scaffolds exhibited abundant ingrowth of tissue and
vasculature. Methylene blue/basic fuchsin staining was performed for histological
analysis, in order to specifically study hard tissue formation. Directly adjacent to the
scaffold pores, red stained foci containing collagen fibrils and several layers of cells
were found. Most cells had big nuclei with a clear nucleolus inside; flat nuclei were
also found. These observations suggest the initial stages of hard tissue formation.
However, the collagen fibrils of the formed hard tissue were parallel to the forming
surface, whereas cells with flat nuclei were trapped inside. Such structures are
somewhat different from the dentin-pulp complex; as the collagen fibrils in dentin are
lying perpendicular to the odontoblasts layer. Moreover, it has been verified that
similar calcification also can happen in degraded or necrotic tissues a process, which
is named dystrophic calcification23,

24

. According to such findings, the calcification

occurred in this study might partially have been caused by precipitation of calcium
salts in the tissues.
In previous research on DPSC, a HA/TCP ceramic powder was used for the
regeneration of dentin-pulp complex

3, 8

. After several weeks, implanted human

DPSC produced a structure quite similar to a dentin-pulp complex. A fundamental
difference with the current set up is that the cell/powder material was pelleted before
implantation. In such a case, no open porosity is present. In our case, the presence
of an open porosity might have induced a proliferative response resulting in a DSPP
positive yet connective tissue-like structure. A major problem of ceramic powders lies
in the mechanical properties, restricting their use for hard tissue regeneration. For
this reason, we selected a porous sintered HA/TCP ceramic as scaffold in our
research. The limited hard tissue formed in our study was more reminiscent of bone
with cells entrapped inside calcified matrix, than the dentin-pulp complex structure
described before. Other possibilities for the divergent results can lie in the micromorphology and/or chemical characteristics of the HA/TCP ceramic.
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Finally, titanium is a highly biocompatible and mechanically strong material. These
properties make titanium one of the most popular materials for bone regeneration25
and dental implantation26, 27. Although non-degradable, porous and fibrous titanium
scaffold designs harbor great potential for hard tissue engineering purposes. Our
previous study demonstrated that the titanium supported the differentiation of rat
dental pulp stem cells, and induced the formation of calcified nodules in vitro4, which
was confirmed by other researchers28. Furthermore, the beneficial in vivo behavior of
similar titanium fibre mesh is previously confirmed29, 30. In that investigation, distinct
bone formation was observed in titanium scaffolds loaded with osteogenic cells from
rat bone marrow. In the current study using pulp cells, calcification of extracellular
matrix was observed in the in vitro analysis. However, no obvious hard tissue
formation was detected. Still, the expression of DSPP in the mesh indicated that the
loaded DPSC were able to grow and differentiate into an odontoblast-like tissue.
5. CONCLUSION
In this study, the reaction of DPSC on three kinds of scaffolds materials, i.e. a
spongeous collagen, a porous sintered HA/TCP, and a fibrous titanium mesh, were
explored. We found that all three types of materials supported the attachment, growth
and differentiation of human DPSC equally well in vitro. The in vivo analysis
illustrated cell loading benefited the development of a DSPP-expressing and wellvascularized tissue. However, compared to the research using similar materials but
bone marrow cells, only little amounts of hard tissue were formed in this study. This
finding questions the practical utilization of dental pulp stem cells. In conclusion, the
in vivo behaviour of DPSC on different scaffold materials should be further studied
before dental tissue regeneration can be considered.
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1. INTRODUCTION
Adult stem cells (ASC) situated in differentiated tissues have the potential to produce
the specialized cell types to maintain and repair the tissue they reside in. ASC have
been isolated from many tissues1 such as bone marrow2, 3, brain4, skin5, muscle6,
and fat tissue7. Previously, it was generally accepted that the differentiation potential
of ASC was lineage-restricted. This hypothesis currently faces challenge since more
and more evidence demonstrates that ASC have the potential to cross lineage
boundaries, and also are able to differentiate into specific cells of tissues beyond
their origin. For instance, it has been confirmed that bone marrow stem cells have the
ability to differentiate into neurons8, osteoblasts9, adipocytes9, and myoblasts10. Stem
cells which have been isolated from other differentiated tissues such as brain11,
muscle12, and fat tissue13, also show similar multilineage potential. Currently, there is
no well-accepted definition of this property of ASC; and it has been termed plasticity14,
trans-differentiation15, or unorthodox differentiation16. This finding increases the
potential use of organ- or tissue-specific stem cells, because it suggests that stem
cells can regenerate multiple tissues in different locations.
Recently, adult stem cells also have been isolated from the human dental pulp17, 18.
In these studies, isolated cell populations from impacted wisdom teeth were proven
to contain stem cells. Subsequent transplantation of human dental pulp stem cells
(hDPSC) in immunocompromised mice resulted in the formation of a dentin-pulp
complex-like structure.
In order to evaluate the differentiation potential of hDPSC in other directions than
strictly the odontogenic pathway, some analyses have been performed. Adipogenic
and neurogenic directions were explored17. It was shown that hDPSC could express
the adipocyte-specific markers Peroxisome-proliferating activated receptor γ
(PPARγ2) and lipoprotein lipase after being cultured in adipogenic medium.
Furthermore, the expression of nestin and glial fibrillary acid protein (GFAP) was
found, as markers of neural precursors and glial cells18. Such findings suggest that
human dental pulp derived stem cells may also have the potential to cross the
lineage boundaries and produce cell-types other than odontoblast. However,
currently no systematic research has been done, in which multilineage potential for
neurogenic, odontogenic, adipogenic, myogenic, and chondrogenic differentiation
have all been compared within one cell population. Also, many previous studies did
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not include a cryopreservation step in the cell culturing process. We hypothesize that
all such differentiation pathways can be obtained from a single biopsy even after
prolonged storage in liquid nitrogen. Therefore the specific aims of the current study
were to retrieve primary hDPSC, and systematically evaluate the multilineage
differentiation ability, after cryopreservation.
2. MATERIALS AND METHODS
2.1 Cell Isolation and basic analysis
All experiments were done observing national guidelines for working with human
materials. Impacted third molars without caries or other dental problems were
obtained from young adult patients (18~24 years of age). Each molar was always
handled separately, and immediately after extraction placed in alpha Minimal
Essential Medium (α-MEM; Gibco BRL, Life Technologies B.V. Breda, the
Netherlands) with 0.5 mg/ml Gentamycin (Gibco BRL) and 3μg/ml Amphotericine B
(Gibco BRL). The tooth surface was cleaned, and a cut was made around the
cementum-enamel junction using a high-speed dental drill. The pulp chamber was
revealed and the pulp was taken out. Thereafter, the coronary part of the pulp was
minced and digested by 3 mg/ml collagnase type-I for 1 hr at 37ºC with gentle
shaking. A single-cell suspension was obtained by passing the complete digested
solution through 100-μm strainer. The released cells were pelleted, seeded in culture
flasks, and incubated at 37°C in 5% CO2, in α-MEM culture medium with 20% fetal
calf serum (FCS; Gibco BRL). The cells were then collected and stored in liquid
nitrogen for at least one month before further analysis. After cryopreservation, all
obtained dental pulp cell cultures were recovered and cultured in 80 cm2 culture
flasks (Nalge Nunc International, Naperville, IL, USA) in α-MEM/ 10% FCS.
For future tissue engineering purposes, it was essential to select a strain of cells with
excellent proliferative and differentiation potential. Therefore, all obtained cell
cultures were trypsinized after confluency and passaged repeatedly. Only cultures
that could be maintained for 25 passages were selected. Of these cultures, passage
26 was subsequently grown in α-MEM culture medium with 10% FCS, 5 mmol/L
KH2PO4, 50 μg/ml L-ascorbic acid, and 50 µg/ml Gentamycin. After 3 weeks, a Von
Kossa staining was performed as a final selection of the cells for further
experimentation. In this way, only one cell strain that could proliferate stably for a
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long time whilst maintaining the ability of differentiation was selected for the further
analyses. These primary cells were termed hDPSC-NB.
Besides the hDPSC-NB, also a selected strain of primary dental pulp cells from the
National Institute of Health (NIH) was used. These cells have been described
before17, and are called hDPSC-NIH in this study.
2.2 Immunofluoresence for STRO-1
hDPSC-NB and hDPSC-NIH were thawed, seeded on chamberslides (Nunc) at
4×104 cells/cm2, and cultured overnight. After washing in phosphate-buffered saline
(PBS; pH 7.4) and fixation in 4% paraformaldehyde, cells were preincubated in 10%
goat serum for 15 minutes, and incubated with mouse anti-human STRO-1 antibody
(MAB1038, R&D systems Inc. Minneapolis, MN, USA) for 1 hour. Then, cells were
incubated with Tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat antimouse IgM (Ca# 115-026-020, Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) for 45 minutes. Slides were observed using fluorescence microscopy
(Leica®).
2.3 Induction of differentiation lineages
Cell were thawed and expanded. For all experiments, both cell strains were used of
equal 4th passage. Five differentiation pathways were induced, by providing specific
additives to the cell culture medium. Cells cultured in standard α-MEM culture
medium/ 10% FCS/ 50 µg/ml Gentamycin were used as control group for all analyses.
All samples for each parameter were presented in three-fold except chondrogenic
pathway. In order to obtain enough RNA for RT-PCR, three wells were used, which
were later pooled together. All analyses were duplicated, in a separate second run of
the entire experiment.
o Neurogenic differentiation: Cells were seeded on 24-well plates at 20,000
cells/cm2. Subconfluent cultures were maintained in α-MEM/10% FCS. After
confluency, media were replaced with pre-induction media (Table 1). After 24
hours, the cells were washed and neuronal induction medium (Table 1) was
added. Samples were checked regularly with a light microscope. When the
majority of cell bodies had become spherical and refractile, the neurogenic
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medium was removed and samples were collected. Cells were fixed with 4%
paraformaldehyde and analyzed by immunohistochemistry, for the expression
of Neuronal-specific nuclei protein (NeuN; MAB377; Chemicon, Temecula, CA,
USA, CAT) and Neural-specific enolase (NSE; sc-21738; Santa Cruz
Biotechnology, Inc. California, USA). RNA from the samples was collected by
Trizol® reagent, and the expression of NSE was assessed by RT-PCR.
o Osteogenic/odontogenic differentiation: Cells were seeded on 24-well plates at
20,000 cells/cm2. Subconfluent cultures were incubated in osteogenic medium
(Table 1) for 3 weeks. Medium was changed every 2~3 days. Calcification of
the extracellular matrix was checked by Von Kossa staining. Differentiation
was analyzed by immunohistochemistry and by RT-PCR for the expression of
Dentin Sialophosphoprotein (DSPP).
o Adipogeneic differentiation: Cells were seeded on 24-well plates at 20,000
cells/cm2. Subconfluent cultures were incubated in the adipogenic medium
(Table 1) for 3 or 6 weeks. Medium was changed every 2~3 days. Afterwards,
cells were stained with Oil Red O stain. Furthermore, adipogenic
differentiation was analyzed by immunohistochemistry for the expression of
Glucose Transporter-4 (GLUT4; E-20; Santa Cruz Biotechnology) and by RTPCR for the expression of Peroxisome-proliferating activated receptor γ
(PPARγ2) and GLUT4.
o Myogenetic differentiation: Cells were seeded on 24-well plates at 20,000
cells/cm2. The cells were cultured in myogenic medium (Table 1) for 3 or 6
weeks. Morphological changes were viewed by light microscopy after
Haematoxylin & Eosin (HE) staining. Differentiation was confirmed by
immunohistochemistry for the expression of Myogenic differentiation protein
(MyoD1; Catalog 554130; PharMingen, San Diego, CA, USA) and Myosin
heavy chain (MHC; ALD-58; Developmental Studies Hybridoma Bank, Iowa
City, IA, USA), and by RT-PCR for the expression of MyoD1.
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o Chondrogenic differentiation: Chondrogenic differentiation was induced by
using the “pellet culture” technique19. Briefly, approximately 250,000 cells were
placed in a 15-ml polypropylene tube (Falcon), and centrifuged to pellet. Then,
0.5 ml of chondrogenic medium (PT-3003; Cambrex Bio Science, Verviers,
Belgium) was added, freshly supplemented with 10 ng/ml TGF-β3. Medium
was changed every 3~4 days for 4 weeks. Pellets cultured in medium without
TGF-β3 were used as controls. All samples and controls were present in fourfold. After four weeks, the pellets were fixed in 10% neutral buffered formalin,
dehydrated in a series of ethanol, embedded in paraffin, and cut into 5 µm
sections. After deparaffinization, the sections were evaluated by alcian blue
staining, and immunohistochemistry for the expression of collagen type II (Col
II; CIIC1; Developmental Studies Hybridoma Bank).
Table 1: Lineage-specific differentiation inducing media
Medium
Neurogenic (NM)

Media
α-MEM

Serum
None

Preinduction NM
Osteogenic (OM)

α-MEM
α-MEM

10% FCS
10% FCS

Adipogenic (AM)

α-MEM

10% FCS

Myogenic (MM)

α-MEM

10% FCS,
5%HS

Chondrogenic
(CM)
Control

α-MEM

10% FCS

Supplementation
10mM BME, 2% dimethylsulfoxide (DMSO),
200 μM butylated hydroxyanisole (BHA)
1mM β-mercaptoethanol (BME)
5 mmol/L KH2PO4, 50 μg/ml L-ascorbic acid,
50 µg/ml Gentamycin
0.5 mM isobutyl-methylxanthine (IBMX), 1 μM
dexamethasone, 10 μM insulin, 200 μM
indomethacin, 50 µg/ml Gentamycin
0.1 μM dexamethasone, 50 μM
hydrocortisone, 50 µg/ml Gentamycin
Cambrex Bio Science Verviers S.P.R.L.,
Verviers, BELGIUM PT-3003
50 µg/ml Gentamycin

2.4 Von Kossa staining
To assess the formation of a calcified extracellular matrix, cells were fixed with 10%
formalin, stained with fresh 5% silver nitrate (AgNO3), washed with distilled water,
developed with 5% sodium carbonate (Na2CO3) in 25% formalin, fixed with 5%
sodium thiosulphate (Na2S2O3).
2.5 Oil Red O staining
Cells were fixed in 10% formalin for 60 minutes at room temperature. After washing
with 70% ethanol, the cells were incubated in 2% (w/v) Oil Red O reagent for 5
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minutes at room temperature, washed in 70% ethanol and MilliQ water to remove the
excess stain. Then, the cells were counterstained with hematoxylin for 2 minutes.
2.6 Alcian Blue staining
The slides obtained after chondrogenic differentiation were rehydrated in Milli-Q
water. Then, the slides were pre-treated with 3% acetic acid for 3 minutes and
incubated for 30 minutes with 1% (w/v) Alcian Blue (pH 1.0). Subsequently, the slides
were counterstained by nuclear-fast red for 5 minutes and washed in running tap
water.
2.7 Immunohistochemistry
The cells cultured for the neurogenic, osteogenic/odontogenic, adipogenic, and
myogenic differentiation were fixed for 15 minutes in 4% paraformaldehyde. The
slides collected after chondrogenic differentiation were rehydrated and antigens were
retrieved by heating to 70 ºC in a microwave for 10 minutes, and incubating in
0.075% trypsin for 5 minutes. Then, samples were washed twice in PBS and blocked
with 5% bovine serum albumin (BSA), incubated for 1 hour in 1% BSA containing the
specific antibodies mentioned above, incubated with biotinylated secondary antibody
for 45 minutes, and stained by horseradish peroxidase conjugated Vectastain ABC
staining kit (Vector Laboratories). Subsequently, the cells were incubated in DAB
solution and intensified using 0.5% CuSO4. Samples were counterstained with
haematoxylin solution for 10 sec and dehydrated through a graded series of ethanol.
2.8 Reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated using Trizol® reagent (Gibco BRL). The extracted
RNA was reverse transcribed by following conventional protocols. The produced
cDNA was used as a template for RT-PCR. PCR reactions were performed using the
human-specific sense and antisense primers which were designed according to
published cDNA sequences of Genbank (Table 2). Parallel amplifications of
Glyseraldehyde-3-phosphate dehydrogenase (GAPDH) were performed to serve as
positive reference. PCR products were separated by electrophoresis on a 1.5%
agarose gel and were visualized by ultraviolet-induced fluorescence.
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Table 2: Specific markers for RT-PCR (human)
Situation

Marker

Primer

Neurogenic differentiation

NSE

Osteogenic differentiation

DSPP

Adipogenic differentiation

PPARγ2

5'-AAGGACAAATACGGCAAGGA-3'
5'-TGGACCAGGCAGCCCAATC-3'
5'-GGCAGTGACTCAAAAGGAGC-3'
5'-TGCTGTCACTGTCACTGCTG-3'
5'-CCAGAGCATGGTGCCTTCGCT-3'
3'-CAGCAACCATTGGGTCAGCTC-3'
5'-GGCATGTGTGGCTGTGCCATC-3'
5'-GGGTTTCACCTCCTGCTCTAA-3'

GLUT4
Myogenic differentiation

MyoD1

Positive control

GAPDH

5'-AAGCGCCATCTCTTGAGGTA-3'
5'-GCGCCTTTATTTTGATCACC-3'
5'-ACCACAGTCCATGCCATCAC-3'
5'-TCCACCACCCTGTTG CTGTA-3'

3. RESULTS
3.1 Cell isolation and basic analysis
After cryopreservation, only 2 cell cultures could be maintained for 25 passages.
After incubation in osteogenic medium and Von Kossa staining, only the most
positively stained cell strain was selected for further experimentation. Both hDPSCNB as well as hDPSC-NIH were showed 5~10% positive staining for STRO-1 (Figure
1).

Figure 1: Fluorescence micrograph of dental pulp cells, after immunoflurorescence
staining for the stem cell marker STRO-1. Positive cells were stained red. a: hDPSC-NB
cells; b: hDPSC-NIH cells.

3.2 Neurogenic differentiation
Light microscopy showed that the cytoplasm of both hDPSC-NB and hDPSC-NIH
retracted towards the nuclei 1 hour after adding the neurogenic medium. After 5
hours, most of the cells showed a typical neuronal perikaryal appearance, i.e. cell
bodies had become increasingly spherical and refractile. The cell bodies had long
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cytoplasmic extensions, with secondary branches (Figure 2 a,b). Morphology of the
control group remained unchanged (Figure 2 c,d).

Figure 2: Morphological changes
of

hDPSC

differentiation.

after

neurogenic

a:

hDPSC-NB

sample; b: hDPSC-NIH sample; c:
hDPSC-NB control; d: hDPSCNIH control.

Many cells with nerve cell-like morphology showed positive staining against NeuN
(Figure 3 a,b) and NSE (Figure 3 e,f). No positive staining of NeuN was observed in
the control group (Figure 3 c,d), while only very limited numbers of cells of the control
group showed positive staining against NSE (Figure 3 g,h). RT-PCR corroborated the
staining, i.e. abundant NSE expression was found in the sample group, whereas
control groups showed weak expression only.

Figure 3: Immunohistochemical staining for specific neurogenic markers after
neurogenic differentiation (Arrows indicate the positive cells). a: hDPSC-NB
sample (NeuN); b: hDPSC-NIH sample (NeuN); c: hDPSC-NB control (NeuN); d:
hDPSC-NIH control (NeuN); e: hDPSC-NB sample (NSE); f: hDPSC-NIH sample
(NSE); g: hDPSC-NB control (NSE); h: hDPSC-NIH control (NSE).

3.3 Odontogenic/ Osteogenic differentiation
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After three weeks in culture with osteogenic medium, visual inspection showed that
cells had proliferated and produced a dense extracellular matrix (ECM). Nodular
structures were found, which were stained black by von Kossa staining (Figure 4).
There were more distinct nodules in hDPSC-NIH samples than in the hDPSC-NB
samples. No effects were observed in the control group. Cells did not show the
typical column shape of odontoblasts. The expression of DSPP in both sample
groups was ascertained by immunohistochemistry (Figure 4), and also RT-PCR
showed DSPP expression in the experimental, but not in the control groups.

Figure 4: Results after osteogenic differentiation. a: hDPSC-NB sample (Von
Kossa staining); b: hDPSC-NIH sample (Von Kossa staining); c: hDPSC-NB
control (Von Kossa staining); d: hDPSC-NIH control (Von Kossa staining); e:
hDPSC-NB sample (Immunohistochemical staining for DSPP); f: hDPSC-NIH
sample (Immunohistochemical staining for DSPP); g: hDPSC-NB control
(Immunohistochemical

staining

for

DSPP);

h:

hDPSC-NIH

control

(Immunohistochemical staining for DSPP).

3.4 Adipogenic differentiation
No obvious morphological changes were found after three weeks induction, however
some cells in both experimental groups showed an enlarged cell body when they
were cultured in adipogenic medium for six weeks. Oil-red O positive lipid droplets
were not found in any of the samples. In contrast, the expression of GLUT-4 was
detected in hDPSC-NB and hDPSC-NIH (Figure 5). The adipogenic phenotype was
further confirmed by PT-PCR, where it was shown that PPARγ2 and GLUT-4 were
expressed in both experimental groups, but not in the control groups.
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Figure

5:

Immunohistochemical

staining for GLUT4 after adipogenic
differentiation (Arrows indicate the
positive

cells).

a:

hDPSC-NB

sample; b: hDPSC-NIH sample; c:
hDPSC-NB control; d: hDPSC-NIH
control.

3.5 Myogenic differentiation
Light microscopy did not show differences after culture in myogenic medium for three
weeks. However, at 6 weeks some of the cells had become elongated and showed a
myoblast-like phenotype. This was most evident in the hDPSC-NB samples (Figure
6).
Figure 6 HE staining of hDPSC after
myogenic differentiation. a: hDPSCNB sample; b: hDPSC-NIH sample; c:
hDPSC-NB control; d: hDPSC-NIH
control.

Still, no multi-nucleated cells could be observed. Immunohistochemistry showed
positive staining for MyoD1, and MHC in both strains of hDPSC (Figure 7). The
expression of MyoD1, and of MHC, was confirmed by RT-PCR. No expression was
seen in the control groups.

Figure 7 Immunohistochemical staining after myogenic differentiation (Arrows
indicate the positive cells). a: hDPSC-NB sample (MyoD1); b: hDPSC-NIH
sample (MyoD1); c: hDPSC-NB control (MyoD1); d: hDPSC-NIH control
(MyoD1); e: hDPSC-NB sample (MHC); f: hDPSC-NIH sample (MHC); g:
hDPSC-NB control (MHC); h: hDPSC-NIH control (MHC).
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3.6 Chondrogenic differentiation
All four pellets of both types of hDPSC showed a similar phenotype, and increased in
size during the culture. The pellets formed by hDPSC-NIH were bigger than the
pellets formed by hDPSC-NB. Pellets of the non-stimulated control groups were
smaller and felt weaker when handling.
Histological examination of the cells pellets (Figure 8) indicated that the pellets
formed by hDPSC-NIH contained more cells than those of the hDPSC-NB. Most of
the cells in the central region were rounded and separated by abundant extracellular
cell matrix, while the periphery was built up by several layers of spindle-shaped cells.
The bright blue staining of the ECM in the center of the pellets indicated the presence
of highly sulfated glycosaminoglycans (GAGs). When looking in closer detail, there
was a distinct phenotypical difference between the two types of hDPSC, as the
hDPSC-NIH samples showed a more homogeneously distributed alcian blue-positive
ECM around the cells (Figure 8). This structure more closely resembled the structure
of cartilage, and constructs formed by bone marrow stem cells after chondrogenic
induction19. Alcian blue staining was not detected in the controls.
Expression of Collagen type II in the experimental groups only was confirmed by
immunohistochemical staining (Figure 8).

Figure 8 Results after chondrogenic differentiation. a: hDPSC-NB sample (Alcian blue
staining); b: hDPSC-NIH sample (Alcian blue staining); c: hDPSC-NB control (Alcian blue
staining); d: hDPSC-NIH control (Alcian blue staining); e: hDPSC-NB sample (Alcian blue
staining, higher magnification); f: hDPSC-NIH sample (Alcian blue staining, higher
magnification). g: hDPSC-NB sample (Immunohistochemical staining for Collagen II); h:
hDPSC-NIH sample (Immunohistochemical staining for Collagen II); i: hDPSC-NB control
(Immunohistochemical

staining

for

Collagen

(Immunohistochemical staining for Collagen II).
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4. DISCUSSION
In this study, we analyzed the differentiation potential of human postnatal dental pulp
stem cells towards the neurogenic, odontogenic/ osteogenic, adipogenic, myogenic,
and chondrogenic pathways after cryopreservation. Two cell strains were used;
hDPSC-NB selected directly derived from the pulp tissue of a wisdom tooth, and
hDPSC-NIH obtained from NIH. The latter were described previously to be able to
differentiate to odontoblast-like and adipocyte-like cells18; and thus were regarded as
positive controls for our study. We investigated phenotypes according to morphology,
and the expression of specific markers by immunohistochemistry and RT-PCR. It was
shown in a systematic way (within one study) that five different pathways could be
obtained from one primary culture of dental pulp stem cells, including chondrogenic
and myogenic differentiation, even after cryopreservation.
The selection of dental pulp stem cells from the third molar can be an easy
accessible choice for tissue engineering. Many wisdom teeth are not able to erupt at
the appropriate position and stay impacted because of inadequate jawbone space.
Many factors, such as gender, race, and habitation are related with the incidence of
impacted wisdom teeth20, 21, but about 70% of people have at least one impacted
wisdom tooth22,

23

, potentially damaging to surrounding soft tissues as well as to

neighbouring teeth. Although some controversy exists, preventive extraction is
considered to be an acceptable solution24. In theory, as the last erupted teeth,
wisdom teeth have the youngest pulp and thus contain most unspecialized cells.
Furthermore, their autologous nature will not elicit an undesirable immunological
response, when these cells are used in tissue engineering strategies. Recently, it
was shown that also the periodontal ligament, which is commonly present around a
tooth after extraction, could also serve as a similar source for the retrieval of adult
stem cells25.
Considering neurogenic differentiation, a striking morphological difference was found
in the treatred samples vs. the controls. Cells formed long extensions with secondary
branches typical for neurons. In conjunction to morphological changes, we examined
the expression of NeuN and NSE. The expression of NeuN is known in most
neuronal cell types throughout the nervous system, including cerebral cortex, spinal
cord, and peripheral nervous system26. NSE is firstly localized in the neuronal
cytoplasm and is supposed to serve as a growth factor in neurons27. In our case, the
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expression of both NeuN and NSE as markers for neuronal phenotype together with
the

observed

morphological

changes

undoubtedly

confirmed

neurogenic

differentiation. Still, this does not mean the cells can also function as neuron. Further
experimentation in this field would be required in animal models aiming at repairing
neuronal defects or combating for instance Parkinson’s disease28.
When regarding the differentiation to hard tissue, we used the terms odontogenic/
osteogenic because the inductive medium applied for odontogenic differentiation is
normally used for osteogenic purposes. Although the physical properties are different,
dentin and bone are very similar tissues with numerous mutual components. Also,
the reactions to molecular signals are often analogous29. To ensure that the cells
differentiated towards an odontogenic phenotype, DSPP was chosen as a marker
protein. Other markers, like Dentin Matrix Protein-1 (DMP-1)30 could also have been
used, but have the disadvantage that these are also expressed in bone. Though no
marker currently available is 100% specific for dentin, DSPP plays an important role
in dentinogenesis and is abundantly expressed in dentin, and only trace expression
was detected in bone31. Although all our cell cultures were DSPP positive, it was not
possible to observe the typical column-shaped morphology of an odontoblast. To
obtain a specific odontoblast-like appearance, the cells would require the guidance of
a surrounding tissue or biomimetically designed scaffold material.
For studying adipogenic differentiation, the widely known adipogenic-specific markers
PPARγ2 and GLUT-4 were chosen, and cultures proved positive for both. PPARγ2 is
a marker for adipogenic differentiation because it mainly is expressed in fat tissue
and can activate adipocyte differentiation32. GLUT-4 is also regarded as an
adipogenic marker33. However the oil O red staining, which is an indicator for lipid
accumulation, failed to reveal intra-cellular lipid droplets. This was in contrast with
previous

studies18.

The

different

formulations

of

their

inductive

medium

(supplemented with 0.5 mM isobutylmethylxanthine, 0.5 μM hydrocortisone, and 60
μM indomethancin) may be the reason of this discrepancy, although the formula
utilized in our lab is also commonly used for adipogenic induction.
MyoD1 is active early in the myogenic lineage in orders to establish myoblast
identity34, whereas MHC is regarded as a late differentiation marker35. In this
research, both MyoD1 and MHC markers proved positive. Still, no multinucleated cell
was observed in our cell cultures. The presence of multiple nuclei is a specific
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characteristic for terminal differentiation, after myoblast fusion. The reason that we do
not observe this in our study may be due to the limited culture time.
Finally, the chondrogenic lineage was evaluated. Alcian blue staining showed that
both types of human dental pulp cells were able to form a structure with a wellorganized extracellular cell matrix (ECM) rich in sulfated progeoglycans and type-II
collagens. However, big differences were seen between the hDPSC-NB and hDPSCNIH cells. The tissue formed by hDPSC-NIH showed more resemblance to the
appearance of natural cartilage, and to previous reports on bone marrow stem cells
after chondrogenic differentiation19. Probably, this difference in behaviour is due to
the fact that various cell types are present within the dental pulp36. The hDPSC-NIH
consist of a highly selected cell population, whereas hDPSC-NB even after prolonged
culturing most likely still form a more diverse group of cells.
Nowadays, adult stem cells have been identified in many tissues, including bone
marrow, brain, skin, muscle, adipose tissue, etc. These cells all share the two basic
stem cell characteristics of long-term self-renewal, and ability to differentiate into
matured cell types with characteristic morphologies and specialized functionality.
When comparing our study to recent literature, the multipotent ability of dental pulp
cells was also evaluated in recent studies. One investigation describes Ckit+/CD34+/STRO-1+ cells sorted from deciduous dental pulp cells, could be
differentiated into osteoblast-like or adipocyte-like cells. In the same population,
myotube fusion was observed when the sorted cells were co-cultured in ATCC
medium with mouse myogenic C2C12 cells

37

. Another study proved that the third

passage of human dental pulp cells could differentiate towards the adipogenic and
osteogenic38. Such results corroborate our study, although no crytopreservation was
used. Cryopreservation is the most commonly used method for cell storage. Cells
can still maintain their basic properties for more than 10 years in liquid nitrogen39. In
order to achieve long-term usage of cells for tissue regeneration, it is essential to
prove the stem cells can keep their differentiation potential after such a procedure.
With regard to the content of a pulp, it is obvious that odontoblasts and nerve cells
are the most commonly differentiated cell types. Only occasionally adipocytes, and
no myoblasts or cartilage cells are found36. Adult dental pulp stem cells appear
capable to differentiate into more pathways than their origin, like the neuron-,
odontoblast-, adipocyte-, myoblast-, and chondrocyte-like phenotypes. However,
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there is still debate regarding this property. Some studies postulate that ASC
plasticity may be due to fusion with pre-existing differentiated cells during in vivo
analysis. Others suggested that the multilineage potential of ASCs in muscle and fat
tissue actually is the consequence of the presence of blood vessels. Bone marrow
stem cells might reach peripheral tissue via the vascular system. On the other hand,
the occurrence of bone marrow stem cells in peripheral blood is still questionable40.
Although a dental pulp is small and bone marrow stem cells are rare41 (1 in 10,000 to
15,000 cells in the bone marrow), their influence still needs to be considered.
In conclusion, our results demonstrated that dental pulp cells from third molars could
serve as a source of multipotential stem cells, applicable for autologous tissue
regeneration and cell-based therapies, even after cryopreservation. Both types of
dental pulp cells studied here resulted in analogous multi-lineage differentiation.
However, as the molecular basis of plasticity is still not clearly demonstrated, further
analyses are necessary before clinical application should commence.
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1. INTRODUCTION
The occurrence of adult stem cells in dental pulp has been confirmed in different
species, including humans1, dogs2, rats3, and mice4. Such stem cells derived from
dental pulps (DPSC) have the ability to differentiate into odontoblast-like cells, and
produce hard tissue under both in vitro and in vivo conditions. Furthermore, the cells
show plasticity, i.e. the cells can differentiate into specialized lineages which are
distinct from their original tissue5. Gronthos and co-workers reported that human
DPSC could differentiate into adipocyte-like cells, which produced lipid clusters and
expressed adipocyte-specific transcripts. Also the neurogenic potential of DPSC was
proven6. Pierdomenico et al found that human DPSC derived from the dental pulp
fragments without further enzyme digestion, showed in vitro osteogenic and
adipocytic, but no chondrocytic differentiation7. Another study proved that ckit+/CD34+/STRO-1+ sorted cells from a primary culture of human dental pulp were
able to undergo osteogenic, adipogenic, and myogenic differentiation8, 9.
In our own previous in vitro research, the multilineage differentiation ability of two
types of DPSC was analyzed10. It was proven that even after prolonged
cryopreservation both human DPSCs were capable of differentiation along five
directions under the stimulation of appropriate inductive media, i.e. neurogenic,
osteogenic/odontogenic,

adipogenic,

myogenic,

and

chondrogenic

pathways.

Although phenotypical changes were confirmed by immunofluorescent staining and
PCR, typical morphological changes were not always detectable. At that time, we
hypothesised that the in vitro environment was insufficient as appropriate
surrounding. Moreover, limited in vivo data are available. Therefore, the current study
was performed in order to evaluate the differentiation or maturation potential of
human DPSC towards multiple lineages in an animal model. Differentiation in our
study set up is initiated in an in vitro culturing phase. After implantation in vivo, the
cells have the opportunity to differentiate or mature further. We specifically aim to
implant in the ‘ectopical’ environment of the subcutaneous tissue, which is not
externally giving signals to induce differentiation of the cells. Only implantation of a
construct into such an a-typical environment is adequate to prove that the obtained
differentiation is actually the resultant of the implanted cells themselves, and not from
tissue ingrowth from the environment.
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2. MATERIALS AND METHODS
2.1 Cells
In this study the same human DPSC-NB were used as in our previous in vitro study10.
All procedures were performed obeying national guidelines for working with human
materials. Briefly, the coronary pulp of an impacted third molar from a young adult
patient was dissected, digested by 3 mg/ml collagenase type I, and cultured in alpha
Minimal Essential Medium (α-MEM; Gibco BRL, Life Technologies B.V. Breda, the
Netherlands) with 20% fetal calf serum (FCS; Gibco BRL) and 50 μg/ml gentamycin
(Gibco BRL). Cells of passage 2 were collected and stored in liquid N2.
2.2 Materials
As scaffold material, circular-shaped crosslinked collagen type-1 matrices with a
diameter of 6 mm and a height of 4 mm were used11. In brief, insoluble type I
collagen was purified from bovine achilles tendons, swelled in acetic acid, and
homogenized. Porous collagen matrices were made by freezing and subsequent
lyophilization. Then, the matrices were crosslinked using 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Scaffolds were
punched out of the required shape. For initial analysis, one sample was fixed,
dehydrated, dried in a critical point drier, and examined using a Jeol 6310 SEM
microscope. The rest of the matrices were disinfected in 70% ethanol, washed in
sterilized Phosphate Buffered Saline (PBS) buffer, and then incubated in αMEM/10% FCS/ 50 μg/ml Gentamycin for 2 hours.
2.3 Pre-induction and PCR analysis
DPSC-NB cells were thawed, expanded in α-MEM/10% FCS/ 50 μg/ml Gentamycin.
Upon confluency, the cells were incubated in different inductive media (Table 1) for 3
weeks. As controls, the same cells were cultured in medium without extra additives.
For each differentiation pathway, cells were collected for RT-PCR analysis. The total
RNA of the cells were isolated by a RNeasy Mini Kit (NO: 74106; Qiagen, Inc., Hilden,
Germany). PCR reactions were performed using the human-specific primers for
Dentin Sialophosphoprotein (DSPP; sense, 5'-GGCAGTGACTCAAAAGGAGC-3';
antisense, 5'-TGCTGTCACTGTCACTGCTG-3'), Peroxisome-proliferating activated
receptor γ 2 (PPARγ2; sense, 5'-CCAGAGCATGGTGCCTTCGCT-3'; antisense, 5'135
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CAGCAACCATTGGGTCAGCTC-3'), and Muscle-specific transcription factor (MyoD1;
sense, 5'-AAGCGACCTCTCTTGAGGTA-3'; antisense, 5'-GCGCCTTTATTTTGAT
CACC-3').
Table 1: Culture media
Medium

Media

Serum

Odontogenic

α-MEM

10% FCS

Adipogenic

α-MEM

10% FCS

Myogenic

α-MEM

10% FCS, 5%
HS*

Supplements
10 mM Na-β-glycerophosphate (β-GP), 10-8 M
dexamethasone, 50 µg/ml L-ascorbic acid and
50 µg/ml gentamycin.
0.5 mM isobutyl-methylxanthine (IBMX), 0.5 μM
hydrocortisone, 60 μM indomethacin.
0.1 μM dexamethasone, 50 μM hydrocortisone,
50 µg/ml gentamycin.

Noninductive

α-MEM

10% FCS

50 µg/ml gentamycin.

*FCS: Foetal calf serum; HS: Horse serum.

2.4 Cell labeling, and seeding onto the scaffold
The pre-treated cells were then labeled by the Vybrant™ carboxyfluorescein
diacetate, succinimidyl ester (CFDA SE) fluorescent cell tracer kit (V-12883,
Molecular Probes Invitrogen, Breda, the Netherlands). Briefly, the cells were
incubated in a CFDA SE working solution (1:300) at 37°C for 30 minutes. The labeled
cells were then pelleted and resuspended at a cell-density of 5x106 cells/ml. The
collagen matrices were seeded with cells at 6 scaffolds/ml of suspension for 2 hours,
as described before12. Samples were checked by immunofluorescent microscopy
immediately afterward. The cell-loaded scaffolds were kept in the respective media
overnight, washed 3 times with PBS buffer, and used for implantation the following
day.
2.5 Implantation procedure
The cell/collagen constructs were implanted in male 10-week-old BALB/C nude mice,
after approval from the Radboud University Nijmegen Animal Ethics Committee
(KUNDEC 2003-72). National guidelines for the care and use of laboratory animals
were always obeyed. The mice were anaesthetized by 1.5-3% isoflurane, and their
backs were disinfected with povidone-iodine. Four subcutaneous pockets were
prepared on the dorsal side of each mouse, two at each flank. In each pocket, one
implant was inserted. Samples were assessed in 3-fold for each induced pathway, as
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well as for the non-stimulated controls. Also, collagen materials without pre-loaded
cells were used as blank controls.
2.6 Histological processing
All samples were retrieved after 3 weeks of in vivo implantation. Two preparation
methods were followed for histology. Samples for routine histology, immuno-staining,
and fluorescence microscopy were fixed in 4% paraformaldhyde, dehydrated in a
series of ethanol, embedded in paraffin, serially sectioned, and mounted on
Superfrost plusTM glasses. A separate group of specimens for lipid-staining and
immuno-staining was transported in liquid N2 and embedded in OCT. Frozen sections
were cut on a cryostat (HM 560, Microm GmbH, Germany), mounted on Superfrost
plusTM glasses, and stored at -80°C until use. The following analyses were performed:
1) Vybrant™ labeling. Non-stained paraffin sections were deparaffinized in xylol,
rehydrated to water, and observed by fluorescent microscopy.
2) Haematoxylin & Eosin (HE) staining. For this, paraffin sections were
deparaffinized in xylol, rehydrated to water, and stained with a routine H&E
staining. Besides routine histology, the number of blood vessels on the samples
with different pre-treatment was counted. At a magnification of 10x, a total of 6
fields was scored for each group, and data were compared by statistical analysis
of variance (ANOVA) with post-hoc Tukey testing.
3) Von Kossa staining. Paraffin slides were deparaffinized, rehydrated, and
subsequently incubated with fresh 5% silver nitrate (AgNO3), exposed to
ultraviolet

light,

incubated

in

2%

Sodium

thiosulfate

(Na2S2O3),

and

counterstained with nuclear fast red. Sections were evaluated for calcified
deposits, which stained black.
4) Oil Red O staining. Frozen sections were fixed with 36% formaldehyde for 15
minutes in 50°C water bath, washed with MilliQ water, stained in Hematoxylin,
and washed again. Then, slides were incubated in 2% (w/v) Oil Red O reagent,
washed, mounted in glycerin jelly. Sections were evaluated by light microscopy
for checking the lipid accumulation. For quantification, sections were only stained
by Oil Red O and then destained in 50 μl 100% isopropanol. The optical density
of the destained solution was then measured at 500 nm with a spectrometer.
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5) Immunofluorescence. Paraffin sections were deparaffinized, rehydrated, and
treated with 3% H2O2 to quench endogeneous peroxidase. Then, antigens were
retrieved using a microwave. Frozen section were warmed to room temperature
and fixed in ice-cold acetone for 5 minutes. All slides were preincubated with 5%
bovine serum albumin (BSA) and incubated in 1% BSA containing the lineage
specific antibodies. For odontogenic differentiation, DSPP (LF-148) and Dentin
Matrix Protein-1 (DMP-1, LF-151) were selected. PPARγ2 (P0744; Sigma) and
Glucose Transporter-4 (GLUT4, E-20; Santa Cruz Biotechnology) were used to
check adipogenic differentiation. MyoD1 (554130; PharMingen, San Diego, CA,
USA) and Myosin heavy chain (MHC, ALD-58; Developmental Studies Hybridoma
Bank) were chosen to analyze the myogenic differentiation. Finally, the slides
were incubated with tetramethyl rhodamine isothiocyanate (TRITC)- conjugated
secondary antibody, and mounted with a solution containing DAPI to detect nuclei.
For mouse-derived 1st antibodies, MOM blocking reagent (MKB-2213, Vector
laboratories, Inc.) was used. All samples were analyzed by fluorescence
microscopy.
3. RESULTS
3.1 General observations
Visually, the collagen scaffold showed a sponge-like appearance. SEM observation
indicated a combination of porous and lamellar structures on the surface of the
collagen scaffold, and parallel lamellar structures inside.
3.2 In vitro assays before implantation
Most of the cells retained spindle-like phenotype during the 3-week culture in the
different inductive media. Sporadically, small nodular-like structures were seen in the
odontogenic culture. After adipogenic induction, the overall cell density seemed
reduced compared to all other cultures. Also, a small number of cells showed a more
amorphous morphology with an abundant cytoplasm and a centrally placed nucleus.
Microscopically, no specific differences were found in the cultures in myogenic or
non-inductive media (data not shown).
The RT-PCR showed GAPDH expression in all groups, DSPP expression in the
odontogenic medium, PPARγ2 was found in both adipogenic and odontogenic
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cultures, and MyoD1 was only expressed in the culture of the myogenic pathway.
Expression of any of the specific markers was always absent in the non-induced
cultures (data not shown).
After staining with the VybrantTM tracer and loading onto the scaffolds, cells were
visible in fluorescence microscopy by a bright green color. A homogenous cell
distribution was found on the surface of the scaffolds. Cross sections showed an
evident reduction of the cell number from the surface towards the centre of the
collagen material; still cells always had penetrated to the core of the scaffold.
3.3 Animal experiment and histological observations
None of the mice showed abnormalities or symptoms of inflammation at the
implantation sites throughout the whole test period. After sacrifice, all implants were
retrieved with the surrounding soft tissues intact.
In general, microscopy showed that all implants were uniformly encapsulated with
3~6 layers of cells. The pores of all collagen scaffolds were completely filled with
cells and extracellular matrix, which showed a morphology similar to loose
connective tissue. Limited infiltration of plasma cells, with a basophilic cytoplasm and
a large nucleus, was seen in all implants. Visual inspection showed more cells and
extracellular matrix in implants loaded with DPSC, compared to the blank controls.
No observable differences in density existed among the samples loaded with DPSC
with different pre-treatments. Distinct blood vessels were observed in both peripheral
and central regions of all samples loaded with DPSC. In contrast, non-loaded blanks
showed only limited angiogenesis in the marginal regions (Figure 1). Although it was
not possible to measure the relation between labelled cells and position of the
observed vessels, in general no labelling was found in or directly adjacent to the
vessels. Statistical analysis indicated that the number of blood vessels was on
average 1~2 per field in the non-loaded samples, whereas it ranged from 8~15 per
field in the loaded samples. Statistical analysis showed this difference was significant
(p<0.001). However, no differences existed among the samples with differently pretreated DPSC.
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Figure 1: HE staining of
implants after implantation
in nude mice for 3 weeks;
Arrows

indicate

blood

vessels. A: Implant cells
were

treated

with

odontogenic medium before
implantation; B: Pre-treated
with adipogenic medium; C:
Pre- treated with myogenic
medium; D: Non pre-treated;
E: Blank scaffold without
DPSC;

F:

higher

magnification of sample pretreated

with

myogenic

medium,

evidencing

new

formed blood vessels. (A-E
bar: 100 μm; F bar: 50 μm)

In total, approximately 5% of cells showed the cell-tracer in fluorescence microscopy.
Such labelled cells were always found grouped together. These groups of cells were
dispersed within the porosity of the collagen scaffold, as well as on the margin of the
fibrous tissue capsules parallel to the scaffold surface (Figure 2 A, B).

Figure 2: Cell distribution in implants after 3 weeks of implantation. Each figure was
made by merging a fluorescent micrograph with an optical micrograph. Implanted cells
were green. A: Cell distribution in porosity; B: Cell distribution in the fibrous tissue
capsules (bar: 25 μm).

The Von Kossa staining showed no indication of a calcified extracellular matrix in any
of the implants, even in the samples with odontogenic pre-treatment DPSC.
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Oil Red O staining showed abundant red stained lipid droplets formed in the implants
loaded with adipogenic pre-treated DPSC. Large amounts of Lipid droplets were also
found when the loaded cells received odontogenic pre-treatment, and even without
pre-induction. The formation of lipid droplets was mostly occurring together with the
cell-tracers positive cells (Figure 3). Still, limited amounts of lipid droplets were found
around the implants with myogenic cells or without DPSC. Such observations were
confirmed by the quantitative destaining measurement of Oil O red staining. In such
measurement, the adipogenic group showed significantly higher values than all the
other groups. Odontogenic, and non pre-treated groups were similar, and
significantly higher compared to both the myogenic and non-cell loaded blanks
(Figure 3).

Figure 3: Adipogenic differentiation A: Oil red O staining of implant with adipogenic
pre-treatment (bar: 25 μm). B: Quantitative assessment of Oil Red O staining. C1:
Immunofluorescent staining of PPARγ2 (positive cells red); C2: Cell-tracer (positive
cells green); C3: Routine DAPI-staining (cell nuclei blue); C4: Merged image of C1-3.
(bar: 25 μm)

For the myogenic pre-treatment, myofibre-like structures were occasionally found
within the scaffolds. In one out of three implants, distinct muscle fibres were found,
which were located both at the dorsal and ventral sides of the implant (Figure 4).
Cross-sections indicated that these myofibres had various diameters ranging from
3~30 μm. Some of the myofibres were striated with subsarcolemmal nuclei, although
the majority exhibited a central nucleus.
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Figure 4: HE staining showing the
formation

of

muscle

fibres.

A:

Overview (bar: 625 μm); B: Higher
magnification of dorsal side (bar: 25
μm);

C:

Higher

magnification

of

ventral side (bar: 25 μm)

3.4 Immunofluorescent staining
In general, the expression of the specific immunologic markers coincided frequently,
but not always with the Vybrant™ labeling.
After odontogenic induction, the expression of DSPP (Figure 5) and DMP-1 (data not
shown) was identified. Limited staining was also found in samples without preinduction. However, none of the positive cells showed the typical columnar shape of
naturally occurring odontoblasts.
In the implants with DPSC, which received adipogenic pre-treatment, PPARγ2
(Figure 3) and GLUT4 (data not shown) were found. Still, corroborating the in vitro
RT-PCR results described above, positive staining of both adipogenic markers were
also found to lesser extent in the odontogenic pre-treatment group, as well as in the
DPSC without pretreatment.

Figure 5: Osteogenic differentiation.
A: Immunofluorescent staining of
DSPP (positive cells red); B: Celltracer (positive cells green); C:
Routine DAPI-staining (cell nuclei
blue); D: Merged image of A~C.
(bar: 25 μm)

142

6. In vivo evaluation of human dental pulp stem cells differentiated towards multiple lineages

Finally, in the DPSC with myogenic pre-induction MyoD1 and MHC were detected.
The positive cells had formed myotube-like structures with multinucleated cells
(Figure 6).
Figure 6: Myogenic differentiation.
A: Immunofluorescent staining of
MHC (positive cells red); B: Celltracer (positive cells green); C:
Routine Dapi-staining (cell nuclei
blue); D: Merged image of A~C.
(bar: 25 μm) Arrow indicates a
myotube-like structure.

4. DISCUSSION
Previously, the multilineage differentiation potential of adult stem cells derived from
human dental pulp was proven by incubating such cells in culture media with specific
additives and subsequently identifying lineage-specific changes according to
morphological and phenotypical criteria10. However, the in vitro and in vivo situations
are unquestionably different environments. In addition, the RT-PCR or immunomethods as used in these studies to monitor the changes of cell phenotype can only
distinguish the expression of specific markers but are unable to prove functional
changes. For these reasons, the current study analyzed the in vivo differentiation
potential of human dental pulp stem cells stimulated towards odontogenesis,
adipogenesis, or myogenesis.
In the in vitro part of our study, cells were cultured in inductive media for 3 weeks. As
seen before, specific markers were detectable by RT-PCR suggesting differentiation
of the cells towards particular lineages. Moreover, the expression of PPARγ2 in the
odontogenic culture even suggested that the DPSC could differentiate into adipocytelike cells under the influence of an odontogenic medium. Still, no typical
morphological changes towards typical odontoblast, adipocyte, or myoblast
phenotypes were observed, which was in accordance with previous experiments.
In further in vivo experimentation, these pre-treated cells were transplanted into a
nude mouse model. For this, first a suitable scaffold had to be chosen. Collagen type
I is widely used for repair and regeneration of different tissues, such as bone13,
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muscle14, cartilage15, and liver16. Furthermore, earlier results indicated that using a
cross-linked collagen type-I scaffold not only supported the growth and differentiation
of DPSC17, but also allowed the ingrowth of blood vessels in vivo18. Therefore, in the
current experiment again a cross-linked collagen type I scaffold was used.
Another issue of technical nature was the selection of the implantation site. Some
studies reported that stem cells derived from bone marrow were able to differentiate
into and function like hepatocytes19 or kidney cells20 after transplantation into the
respective target organs. However, those observations are controversial, since other
investigations suggested that such newly formed functional cells might have arisen
from cell fusion between the transplanted stem cells, and available progenitors within
the host tissue21. In order to avoid any influence from host cells, the subcutaneous
area is regarded as an appropriate recipient site for ectopic tissue regeneration. It
has been proven previously that subcutaneous implantation is a suitable model
environment for testing hard tissue regeneration by stem cells22. Furthermore,
satellite cells isolated from muscles could form skeletal muscles when they were
placed in subcutaneous tissue23, which suggested that the subcutaneous location is
also an appropriate site for myogenesis.
A final technical decision was the selection of the differentiation pathways that were
to be included in this study. In our previous in vitro studies, osteogenic/odontogenic,
adipogenic, myogenic, neurogenic, and chondrogenic pathways were examined. It
was evident that neurogenic differentiation occurred in an essentially different time
path than the other types of differentiations (hours vs. weeks). Furthermore, it is
already known that DPSC showed differentiation towards the neurogenic pathway
when injected into the dentate gyrus of the hippocampus of immunocompromised
mice24. For these reasons, we excluded the investigation towards the neurogenic
pathway in this study.
The chondrogenic pathway initially was also part of the current study. First, an in vitro
pellet culture method was used as described before25. In order to be able to retrieve
the pellets, they were inserted in a porous collagen disk and then implanted.
However, upon retrieval no remaining pellets could be found. Since it was not clear
whether the pellets had degraded or we were unable to locate their exact position,
we chose not to present these efforts in our study description.
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In our study, we labeled cells with the VybrantTM CFDA SE Cell Tracer. This cell
tracer is suitable for both in vitro and in vivo studies; since the label can be inherited
by daughter cells after cell division and cell fusion. However, it cannot be transferred
to adjacent cells26. Those properties made it a useful tool to follow specific cells over
time. In many cases we see co-localisation of the cell tracer ‘s green fluorescence
together with the specific labels, thus leading us to the general conclusion that the
DPSC are capable of differentiation to the pathways described. However, this is the
only conclusion that can be made, and whether a contribution of host cell
differentiation exists cannot be documented for practical reasons with the applied
technique. The intensity of the fluorescence will decrease over time (due to
regression of the label, or to cell division), thus making it impossible to prove that a
non-fluorescent cell is actually a host cell, and thus to quantify host vs. donor cells.
As mentioned though, the dye is retained by the cells throughout development, but is
not transferred to adjacent cells in a population. This means that, although we cannot
prove that non-labelled cells are from donor or host origin as mentioned above, we
can still be 100% certain that labelled cells are donor cells.
In general, immunofluorescent staining did not always correlate exactly with the
green color of the cell-tracer. Some cells only showed positivity for lineage specific
markers, but were negative for the cell-tracer; whilst not all the cell-tracer positive
cells showed the lineage specific differentiation markers. These results suggested
that some cells might have lost the cell-tracer after several cell division cycles; and of
course also that not all loaded cells will differentiate towards the indicated lineage.
When regarding the study outcomes on odontogenic induction, the expression of
DSPP and DMP-1 indicated that DPSC retained odontogenic differentiation in vivo.
Interestingly, DSPP and DMP-1 were also found to lesser extent in the implants
loaded with the non-induced cells, which demonstrated that DPSC exhibited the
potential of spontaneous odontogenesis. Still, none of the cells which expressed the
markers showed the typical columnar morphology of an odontoblast. Furthermore, no
obvious mineralization of the extracellular matrix was observed in any of the implants.
These study results corroborate our earlier results17. Still, Gronthos and co-workers
showed that DPSC could produce a dentin-pulp complex-like tissue in vivo. The main
difference with that study set-up is they used a calcium phosphate particle/cell pellet
model6. In our study, the DPSC were seeded in porous materials. Proof of actual
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mineralization of new-formed tissue by DPSC still has to be established, conceivably
using direct pulp-capping experiments27, or through the external addition of growth
factors like BMP2 in the in vitro culture phase28.
When regarding the results for the adipogenic differentiation, again it was evident
that the PPARγ2 and GLUT4 adipoblast markers were also detectable in implants of
the odontogenic, and not pre-induced cultures. This suggests that DPSC intends to
differentiate towards adipogenic direction in vivo. Expression of the markers in these
cases usually coincided with evident morphological changes. Comparatively, more
Oil Red O-positive lipid droplets were found in the implants with adipogenic preinduction. All the other experiments confirmed that DPSC could differentiate into
adipocyte-like cells. The presence of Oil Red O staining in adipogenic pre-induced
and non-pre-induced cells is likely to be indicative of the subcutaneous environment
inducing and maintaining differentiation of the DPSC. The presence of Oil Red O
staining in the odontogenic pre-induced cells again likely highlights the subcutaneous
environment causing re-differentiation of the cells.
For the myogenic differentiation pathway, premature as well as matured myofibres
were found in one of the samples directly adjacent to the collagen scaffold. It might
be argued that such fibers arose from the musculature adjacent to the implant site,
and that they were inadvertently retrieved during the explantation procedure. On the
other hand, such myofibers were only observed in the samples with myogenic
medium pre-treated DPSC and none of the explants in the four other groups.
Secondly, most of the myofibers contained central nuclei, which indicated that they
are newly developing structures29. Also, fibers were found inside the more central
regions of the scaffold, albeit in limited quantity. The immunofluorescent staining
verified the presence of DPSC inside the multinuclear myotube-like structures.
Moreover, expression of myogenic markers for muscle formation was identified
exclusively in the cultures with myogenic pre-treatment.
Finally, the implanted DPSC enhanced angiogenesis, as statistically more blood
vessels were found in all the samples loaded with DPSC. Still, it is not clear whether
this enhanced blood vessel ingrowth or formation is a specific property of the DPSC,
or could be induced also when other types of cells would have been loaded onto the
scaffold. Further investigation should be performed to clarify this.
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5. CONCLUSIONS
In conclusion, it can be stated that the dental pulp contains a population of cells,
which have multilineage differentiation potential, even without cell selection and after
cryopreservation. After culture in inductive media, and transplantation into immunocompromised mice, stem cells derived from human dental pulp tissue in some
measure were able to further differentiate or maturate towards odontogenic,
adipogenic, and myogenic specific lineages. Without pre-induction cells also
exhibited a (limited) potential to differentiate toward odontogenic and adipogenic
pathways. Dental pulp seems a suitable source of multipotent stem cells, applicable
for autologous tissue regeneration and cell-based therapies. Still, additional analysis
should be performed since only limited amounts of typically matured morphological
changes were identified.
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1. INTRODUCTION
In the field of dentistry, biological tooth substitutes might provide a better solution
compared to irreversible repair methods like the use of dental restorations or oral
implants. It is generally assumed that dental pulp stem cells (DPSC’s), as have been
isolated from different species, might be a good candidate for dental tissue
regeneration1,2. Previous studies already indicated that DPSC’s can produce threedimensional woven bone-like structures in vitro, which in vivo could be remodelled to
lamellar bone containing entrapped osteocytes3,4. However, tissue engineering
techniques for dental application are still under investigation. For instance, in a
previous study by our research group, it was shown that mineralization in
subcutaneous implants loaded with human dental pulp stem cells did not occur5. This
observation questions the potential of dental pulp stem cells for clinical applications,
and might imply the use of other types of cells for dentinal regeneration, like stem
cells derived from bone marrow (BMSC’s).
Literature describes many analogies between DPSC’s and BMSC’s. They are both
from a common origin, i.e. the neural crest6. Furthermore, cDNA Microarray analysis
indicated that gene expression profiles of DPSC’s and BMSC’s showed a great
resemblance7,8. Both cell types have been shown to be able to form hard tissues in
vivo9. Therefore we hypothesize, that for future applications in tooth regeneration
both DPSC’s and BMSC’s can be used. As a consequence the aim of the current
study is to compare qualitatively and quantitatively the hard tissue formation by
DPSC’s and BMSC’s from rat as well as human origin under in vivo and in vitro
conditions.
2. MATERIALS AND METHODS
2.1 Cell isolation and culture
Four primary cultures were analyzed in this study; i.e. mesenchymal stromal cells
derived from rat bone marrow (rat BMSC’s), stromal cells derived from rat dental pulp
(rat DPSC’s), stromal cells derived from human bone marrow (human BMSC’s), and
stromal cells derived from human dental pulp (human DPSC’s).
Rat BMSC’s were obtained from three male Wistar rats of 40 days on basis of the
method described by Maniatopoulos10. Briefly, the femora were retrieved, the
epiphyses of the femora were cut off, and the bone marrow was flushed out with
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osteogenic medium, composed of α-Minimal Essential Medium (α-MEM; Gibco BRL,
Life Technologies B.V. Breda, The Netherlands), 10% foetal calf serum (FCS; Gibco
BRL), 10 mM Na β-glycerophosphate, 10-8 M dexamethasone, 50 μg/ml ascorbic acid,
and 50 μg/ml Gentamycin (Gibco BRL). The washout was then cultured in osteogenic
medium for 7 days before use.
Rat DPSC’s were isolated from the dental pulp of a 40-day-old Wistar rat as
described before11. In brief, the pulp from maxillary incisors of the rat were minced
and digested by collagenase type-I (3 mg/ml). The released cells were pelleted and
cultured in α-MEM supplemented with 20% FCS and 50μg/ml gentamycin. In order to
get sufficient numbers of cells, the cells of passage two to four were used for further
study. The culture medium was changed to osteogenic medium seven days before
further experimentation.
Human BMSC’s were isolated from a femoral shaft biopsy during removal of a hip
angle plate, after written consent (MEC-2004-142) from a young (37 y) female patient
not suffering from arthrosis. BMSC’s were obtained from the aspirated marrow from
the trochanter major according to procedures described earlier12. In short,
heparinized femoral-shaft marrow aspirate was plated out and after 24 hours, nonadherent cells were carefully washed out with 2% FCS in phosphate-buffered saline
solution. Adherent cells were subcultured in α-MEM medium with 10% FCS and
trypsinized at subconfluency. In order to achieve sufficient cells, cells were passaged
and the second to the fourth passage of cells were used for the experiments. The
culture medium was replaced by osteogenic medium seven days before further
experimentation.
Human DPSC’s were isolated from the dental pulp of impacted wisdom tooth of a 22
year old male patient as described for the rat cells. After cleaning, the tooth was split
and the dental pulp was taken out. The coronary part of the pulp was minced and
digested by 3 mg/ml collagenase type-I. The released cells were then pelleted by
centrifugation and incubated in α-MEM/ 20% FCS/ 50 μg/ml gentamycin. Again, cells
from the second to the fourth passage were used for the experiments and the culture
medium was changed to osteogenic medium seven days before further
experimentation.
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2.2 Materials
Porous biphasic hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic scaffolds
(Camceram®, CAM Implants, Leiden, the Netherlands) were used in this study with a
volumetric porosity of 75% and HA/TCP ratio of 60/40. The scaffolds were circular
shaped, with a diameter of 6 mm and a thickness of 3 mm.
2.3 Cell loading
After confluence, the cells were trypsinized and concentrated to 5.0× 106 cells/ml in
osteogenic medium. A suspension method was used to load the cells13. Briefly,
HA/TCP scaffolds were incubated in cell suspensions on a rotator with a speed of 8
rpm for 2 hours (6 scaffolds / 1 ml cell suspension). Then, the scaffolds were placed
overnight in 24-well plates with 1 ml cultured osteogenic medium. Half of the total
number of samples was used for in vitro culture; the other half was implanted
subcutaneously in the dorsal backs of nude mice. Scaffolds without cells were used
as control.
2.4 In vitro analysis
After culturing for 0, 1, 3, and 5 weeks, the samples were collected. Proliferation
rates (n=4, each time phase) were measured by a PicoGreen dsDNA Quantitation kit
(Molecular Probes, Eugene, OR, USA), and the initial loaded cell numbers were
calculated. The activity of alkaline phosphatase was determined in the same sample
by measuring the released paranitrophenylphosphate (PNP). Cell morphology was
analyzed by scanning electron microscopy (SEM) (n=1, each time phase) and
phenotype was assessed by real-time PCR (n=1, each time phase).

Statistical

analysis was performed by using analysis of variance (ANOVA) with post hoc Tukey
testing in GraphPad® Instat 3.05 software (GraphPad Software Inc, San Diego, CA,
USA).
2.5 In vivo analysis
Ten 10-week-old immunocompromised mice (NIH-bg-nu-xid, Harlan-Sprague-Dawley)
were used after the approval from the Radboud University Nijmegen Animal Ethics
Committee (RU-DEC-2005-118). National guidelines for the care and use of
laboratory animals were obeyed. Surgery was performed under general anaesthesia
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(isoflurane 1.5-3%). The backs of the mice were disinfected with povidone-iodine. On
each flank, two small incisions through the skin were made parallel to the spinal
column. Subcutaneous pockets were created by blunt dissection. Cell-loaded and
control implants were placed subcutaneously and wounds were closed using staples.
Four implants were placed in each mouse. Samples were distributed totally at
random over the mice as well as over the four different implant positions. After 5 or
10 weeks, the specimens were retrieved. For each type of cells at each time phase,
three samples were used for the histological analysis, and one for real-time PCR.
For histological analysis, samples were fixed in 10% formaldehyde, embedded in
methylmethacrylate (MMA), sectioned using a modified sawing microtome technique,
and stained with methylene blue/basic fuchsin14. Three sections of each sample were
evaluated by light microscopy on a Leica® Qwin Pro image analysis system (Leitz
DMRD, Leica, Rijswijk, The Netherlands). For real-time PCR analysis, the samples
were transferred immediately to liquid nitrogen. Phenotypes were then analyzed by
real-time PCR.
2.6 Real time PCR
One sample was used for phenotype analysis. RNA was isolated by Trizol® reagent
(Gibco BRL). First-strand cDNA was synthesed by using a first-strand cDNA
synthesis kit (Gibco BRL). The expression levels of Osteocalcin (OC), Runx2 (runtrelated transcription factor 2), and dentin sialophosphoprotein (DSPP) were analyzed
vs. housekeeping gene GAPDH. Specific sense and antisense primers for the genes
related to the bone or dentin formation were designed according to published cDNA
sequences of Genbank (Rat DPSS: Forward: 5’-AAGGCGATGGTACCCAAACA-3’;
Reverse: 5’-CATGCTTCTGCCTGGCTGAT-3’; Rat Runx2: Forward: 5’-GGCTTCCA
GGACGCCTACA-3’; Reverse: 5’-CATGCCCTAAACGGTGGTG-3’; rat osteocalcin:
Forward:

5’-GGCTTCCAGGACGCCTACA-3’; Reverse: 5’-CATGCCCTAAACGG

TGGTG-3’; rat GAPDH: Forward: 5’-GCCTAAATGATACCCCACCGT-3’; Reverse:
5’-GCTGGCACTGCACAAGAAGA-3’ or purchased from Supperarray Bioscience
Corporation (human-specific DSPP, Runx2, OC, and GAPDH). IQ SYBR Green
Supermix PCR kit (BioRad, Hemel Hempstead, UK) was used for real time
measurement. Relative mRNA expression was quantified using the comparative Ct
(ΔCt) method and expressed as 2-ΔΔCt. Each assay was done in duplicate and
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expressed as mean ± standard deviation. RNA-negative control consisted of omitting
RNA that is reverse transcribed and amplified in parallel with the cell samples. The
expression at day 0 was set as “100”.
3. RESULTS
3.1 Cell isolation and culture
In the culture of rat BMSC’s, cell colonies were found after one day of culture. After
incubation in osteogenic medium for 1 week, small nodules of calcified extracellular
matrix were observed. Human BMSC’s and both types of DPSC’s were first
expanded in normal medium only supplemented with serum. In this phase, the
human BMSC’s formed small cell colonies after one day. For the two types of
DPSC’s, such small cell colonies were observed within 1-week of primary culture.
When the culture medium of these three cell types was changed to osteogenic
medium, no obvious calcified extracellular matrix was found. Before cell loading, all 4
cell types showed a stable proliferation rate.
3.2 In vitro analyses
For cell loading, 6 scaffolds were immersed in a cell suspension with 5.0× 106 cells;
i.e. on average, 8.3× 105 cells were available for each scaffold. Measurement of the
total DNA content and subsequent conversion to cell numbers showed that
42%±8.4% of the rat BMSC’s had attached onto the ceramic scaffolds, while only
about 9%±2.5% of the rat DPSC’s was loaded. This was a statistically significant
difference (p<0.01). The cell seeding efficiency for human BMSC’s was about
26%±2.1%, and for human DPSC’s 46%±11.4%. However, no statistical difference
between the cell seeding efficiencies of two human cells was found (Figure 1).

Figure 1: Loaded cell numbers.
=P<0.01.
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All the samples were then cultured in osteogenic medium. DNA measurement
confirmed proliferation of the rat BMSC’s as cell numbers increased during the first
week of incubation and a decrease after that. Rat DPSC’s during the 5 weeks in vitro
culture period showed mixed behaviour, as values measured after cell seeding
increased, subsequently decreased, and then increased again. Cell numbers of both
human BMSC’s and DPSC’s showed a similar increase-decrease-increase pattern.
However, the values of human BMSC’s were always significantly higher than those of
human DPSC’s. ALP activity of rat BMSC’s increased until week 5 of incubation,
while ALP activity of rat DPSC’s peaked at week 3 and decreased afterwards.
Significant differences in both proliferation rate and ALP activity were found between
the samples of week 0, 1, and 3, but not at week 5. ALP activity of human BMSC’s
reached the highest value at week 3, and then dropped slightly. The highest ALP
activity value of human DPSC’s was found at week 1, and reduced slowly afterwards.
Significant differences were only found for the samples of week 0 and week 5 (Figure
2).

Figure 2: Growth
characteristics of in
vitro cultured cells.
A:

Total

DNA

measurement

for

rat cells; B: ALP
activity of rat cells;
C: Total DNA of
human
ALP

cells;

D:

activity

of

human

cells.

=P<0.05.

SEM observation showed dispersedly distributed cells on the samples loaded with rat
BMSC’s. Collagen-like structures and sporadic mineralized nodules started to appear
under the influence of the osteogenic medium at one week. At 3 weeks, collagen was
more abundant and had formed network structures; also, an increased number of
mineralized nodules was found. Some big nodules of mineralized material appeared
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around the cell bodies, while smaller nodules were deposited on the collagen-like
structures. Besides fine collagen fibres, large amounts of thicker collagen bundles
were observed on the samples cultured in the osteogenic medium for 5 weeks. Rat
DPSC’s showed a similar performance in SEM observation compared to rat BMSC’s,
except mineralized nodules were not seen until 3 weeks of incubation. Directly after
cell loading, human BMSC’s showed an uneven distribution and the attached cells
were grouped together in some regions. After 3 weeks, the cells had fully covered the
surface of the material and formed a sheet-like structure. Small nodules were
observed at the 3-week samples and bigger nodules were found at the 5-week
samples. The samples were completely covered by fine collagen fibres.
Comparatively, a smaller amount of cells was detected on the scaffolds loaded with
human DPSC’s. Mineralized nodules were first seen after 1 week of culture and then
the nodules increased in numbers and sizes. Some cells became round and were
fully covered with mineralized nodules in the samples of week 5. Less collagen-like
structures were observed. No changes were seen in any of the non loaded control
samples (Figure 3).

Figure 3: Scanning electron micrographs of in vitro samples.
(Magnification: 1000x)

158

7. Hard tissue formation in a porous HA/TCP ceramic scaffold loaded with stromal cells

Real time PCR indicated that the expression levels for OC of BMSC’s were
comparatively higher than those of DPSC’s. For rat BMSC’s, the highest value was at
week 1. OC expression of rat DPSC’s reduced at week 1 and slightly increased until
week 5. Human BMSC’s showed a peak value at week 3; while human DPSC’s
illustrated a continuously increasing value until week 5 (Figure 4A). The expression
of Runx2 in both types of BMSC’s showed a similar increasing pattern until week 3
and decreased afterwards. For rat DPSC’s, the value only showed a slight increase
after one week. Runx2 expression of human DPSC’s increased and remained stable
during culture (Figure 4B). DSPP was not detected in the cultures of BMSC’s. For
both types of DPSC’s, the DSPP peak value was found at week 3 (Figure 4C).

Figure 4: In vitro RNA expression measured
by real-time PCR. A: the expression of OC;
B:

the

expression

of

Runx2;

C:

the

expression of DSPP. Gene expression was
depicted relative to housekeeping gene
GAPDH; the expression at day 0 was set as
“100”.

3.3 In vivo analysis
All mice appeared to be in good health throughout the test period. There were no
symptoms of severe inflammation at the implantation sites and all implants were
retrieved with intact surrounding soft tissues.
Light microscopy showed that all the implants with or without loaded cells were
surrounded by a thin fibrous capsule of 5~10 cell layers. Inflammatory cells were only
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occasionally observed in the implants. Tissue ingrowth was found in all the implants
and all the pores were filled with fibrous tissue. Penetration of blood vessels up to the
central regions of the implants was detected in the implants loaded with each type of
cells. In contrast, blood vessels were only seen at the periphery of control samples
without pre-loaded cells. None of the ceramic implants showed visual signs of
degradation.
For all the implants seeded with rat BMSC’s, obvious bone-like tissue formation had
occurred. The newly formed bone-like tissue had stained deep red by the basic
fuchsin. The majority of the new bone-like tissue was resident at the periphery of the
scaffolds. Still, bone-like structures were also found in the centre of the scaffolds,
mainly along the surface of the porous ceramic material. Furthermore, bone-marrowlike hematopoietic tissue was seen together with the newly formed bone. After five
weeks, the cells had synthesized mature bone with osteocyte-like cells trapped inside
(Figure 5A). Distinct concentric lamellae were observed arranged around osteocytes
with very long processes (Figure 5B). On average, image analysis indicated 10%
(±1.2%) of the open porosity within the implants had filled with bone-like tissue. At
week 10, the bone formation had increased significantly to 22% (±3.6%).
For the samples loaded with rat DPSC’s, comparatively fewer cells and a lesser
organised extracellular matrix (ECM) were observed. No specific new bone-like
tissue formation was found in the samples of week 5 (Figure 5C) or week 10. Still, in
the samples of week 10 cells had formed a more ordered fibril-like ECM. Such fibrillike ECM contained 5~7 layers of cells and aligned parallel to the surface of material
(Figure 5D).
For the samples loaded with human BMSC’s, no bone formation, but similar fibril-like
ECM was observed. Such structures normally were composed of 7~10 layers of cells
in the sections of week 5 (Figure 5E); whilst along the pore surface a thicker
collagen-like matrix was found in the samples of week 10, with 25~20 layers of cells
(Figure 5F).
The samples loaded with human DPSC’s, resembled the rat DPSC’s and no evident
bone formation was detected at 5 weeks (Figure 5G). Fibril-like ECM was found in
the samples of week 10, but organization was not as distinct as seen for the rat cells
(Figure 5H). Often, cells had a large nucleus with 1~2 nucleoli. Very sporadically
mineral deposits within the collagen-like tissues were observed. Finally, no
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mineralization or accumulated cell ECM layers were found in the controls without preloaded cells (Figure 5I, J).

Figure 5: Histology of HA/TCP
ceramic scaffolds (methylene
blue/basic

fuchsin).

A:

rat

BMSC’s at week 5; B: rat
BMSC’s at week 10; C: rat
DPSC’s at week 5; D: rat
DPSC’s at week 10; E: human
BMSC’s at week 5; F: human
BMSC’s at week 10; G: human
DPSC’s at week 5; H: human
DPSC’s at week 10; I: Control
of week 5. J: Control of week
10. (Bar size is 50 μm.)

According to real-time PCR analysis, the OC and Runx2 expression of BMSC’s was
higher than that of DPSC’s (Figure 6A, B). No expression of DSPP was found in the
implants with BMSC’s (Figure 6C).
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Figure 6: In vivo RNA expression
measured by real-time PCR. A:
the expression of OC; B: the
expression

of

Runx2;

C:

the

expression of DSPP.

4. DISCUSSION
In order to analyze osteogenesis and odontogenesis, we compared the performance
of DPSC’s and BMSC’s under both in vitro and in vivo situations. For both the in vitro
and in vivo experiments, primary cultured cell populations and a porous HA/TCP
ceramic scaffold were used.
For primary culture, each type of cells was treated according to previously described
methods to obtain and culture the required cells. For bone marrow cells, a plastic
adherent selection method was used. According to previous experience, rat BMSC’s
obtained in this way are capable of producing bone, under in vivo conditions15.
Plastic adherent selection has also commonly been used for the selection of human
bone marrow stem cells16. In our study the human and rat bone marrow cultures
differed, since the rat BMSC’s were used directly from the primary culture by pooling
cells from several rats together. In contrast, the human BMSC’s were obtained from a
single individual and had to be passaged several times to multiply the cell numbers.
For DPSC’s, pulp tissues were digested enzymatically, and the isolated cells were
cultured stationary until cell colonies were observed. Also these cells had to be
passaged at least twice to obtain enough cells for the subsequent assays. Besides
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this difference in passaging, we treated all four types of cells according to the same
culture conditions for optimal comparison.
Considering the study results, our in vitro study indicated that all four types of cells,
rat BMSC’s, rat DPSC’s, human BMSC’s, and human DPSC’s, were capable of
proliferating and producing calcified extracellular matrix when cultured in the
standard osteogenic medium. Compared with other cell types, the rat DPSC’s
showed a surprisingly low attachment efficiency. This remarkable feature might well
explain the different results found in the in vitro and later in vivo steps of our research.
Moreover, both rat and human pulp cells showed comparatively higher ALP activity
than BMSC’s, but lower proliferation rates. The results of the proliferation rate
measurements were confirmed by SEM observations.
Among the analyzed phenotype markers, alkaline phosphatase is regarded as an
early marker of osteogenic differentiation, which indicates the ability of hard tissue
formation17. Runx2, a transcription factor also known as Cbfa1, Osf2, AML-3,
Pebp2aA, and til-1, is essential for osteoblast differentiation and also involved in
regulation of many bone- and tooth-related genes18. Osteocalcin, a later marker for
osteoblast differentiation, plays an important role in osteoblast differentiation and
hard tissue regeneration19. Real-time PCR indicated a much higher expression of
Runx2 and OC in the cultures of both types of BMSC’s compared to the DPSC’s.
DPSC’s showed the expression of DSPP, which was not detected in BMSC’s. DSPP,
the main non-collagenous proteins in dentin, supports the regulation of mineralization.
The gene expression pattern of DSPP suggested distinct developmental functions in
vivo20. Our results support that Runx2 and OC are important for in vitro mineralization
of BMSC’s, while DSPP is essential for DPSC’s. Although it has been reported that
Runx2 can up-regulate DSPP gene expression in mouse preodontoblasts21, no
evidence supports such a relationship in our study.
In addition to cells, the selection of a proper scaffold material is another essential
component for tissue engineering. It was proven that a porous ceramic consisting of
HA and TCP with a 60/40 ratio, when seeded with rat bone marrow cells, exhibited
significant ectopic bone formation after subcutaneous transplantation22. Our previous
experiment demonstrated that this scaffold material not only supported abundant
ingrowth of tissue and vasculature, but also induced more calcification compared to
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collagen and titanium, two other commonly used materials5. For these reasons, we
selected the HA/TCP ceramic material again for this study.
Considering the in vivo part of our study, the implants showed abundant ingrowth of
soft tissue without evoking a significant inflammatory response, which evidenced the
biocompatibility of the ceramic material. In order to specifically study hard tissue
formation, methylene blue/basic fuchsin staining was performed for in vivo
histological analysis. Mature bone formation was only found in the implants loaded
with rat BMSC’s. For the implants with other types of cells, red stained foci containing
collagen fibrils and several layers of cells were found directly adjacent to the scaffold
pores, which suggested the initial stages of hard tissue formation. Such structures for
the human BMSC’s were thicker and better organized, in comparison to both types of
DPSC’s. No dentin-pulp complex-like structure was found in any of the implants
loaded with DPSC’s. This result corroborates our previous observation5. Still, rat
DPSC’s and human BMSC’s in histology exhibited flat nuclei, while human DPSC’s
contained a big nucleus with 1~2 nucleoli, which implied a more active stage of
transcription. Real-time PCR of the in vivo samples confirmed the in vitro data;
Runx2 and OC were more related to osteogenesis. DSPP was expressed in the
DPSC’s although no actual hard tissue formation or odontogenesis occurred. We
should remark that for the in vivo PCR we used primers which by the manufacturer
are claimed to be specific for human. Still, a possible cross-reaction effect with
mouse cells cannot be excluded fully. Thus, to investigate the contribution of
ingrowth from the host (mouse) tissue in our results additional investigation could be
done. For instance, in situ hybridization is a suitable technique in this respect, which
however was not achievable in the current study as our histology on non-decalcified
samples required a plastic-embedding step for sectioning.
Overall, in this study all four types of cells showed similar mineralization in vitro but a
completely different ability of hard tissue regeneration in vivo. This observation is
consistent with other studies, which pointed out that the ability of producing calcified
nodules in vitro is not indicative for the in vivo situation23. For the human cells this
might be partially explained by the diversity amongst individuals. The ability for
osteogenesis is known to be highly depending on the donor. This may explain why
no distinct hard tissue formation was observed in the implants loaded with human
BMSC’s, which agrees with other studies that also indicate that amongst human
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BMSC’s of different donors not all strains were able to induce bone formation after
subcutaneous implantation24. For DPSC’s limited hard tissue formation may be due
to the low attachment or proliferation rate, resulting in a low percentage of cells that
possessed the ability to synthesize bone/dentin tissue.
The number of cell-divisions may be another possible factor expaining the limited
hard tissue formation of rat DPSC’s, human BMSC’s and human DPSC’s. Large
amounts of cells can be easily achieved from rat bone marrow, as we harvested 36x106 cells per rat. Furthermore, cells from different rats can be pooled together
when larger cell numbers are required. In contrast, for the other three cell types
repeated passaging is necessary before large cell numbers can be reached, since
only 10~20 cell colonies can be formed from each pulp. We previously demonstrated
that the osteogenic ability of bone marrow cells was decreased after cell passage25-27
and assume passaging might have the same influence on DPSC’s. This observation
correlates with other studies1-4; in which only limited amounts of hard tissue were
detected. Thus for future studies more precise cell selection and expansion methods
should be considered.
5. CONCLUSION
In this study, the in vitro and in vivo reactions of BMSC’s and DPSC’s from both rat
and human sources were explored, when loaded onto a porous sintered HA/TCP
scaffold. Sintered HA/TCP was found to support the attachment, growth and
differentiation of all four types of cells in vitro and in vivo. All types of cells showed
similar growth and differentiation characteristics in vitro. However, in vivo distinct
bone formation was only observed in the implants loaded with rat BMSC’s. Cell
passage does not significant influence the in vitro osteogenic ability of BMSC’s and
DPSC’s, but may be the explanation of the decrease of the osteogenic ability in vivo.
These observations question the clinical potential of using human BMSC’s and
DPSC’s, until more suitable cell culture and expansion methods are developed.
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1. INTRODUCTION

Although, application of a calcium hydroxide is a treatment option to encourage hard
tissue bridging after dental pulp capping, the material is not able to really induce new
tissue formation1. It has been suggested that tissue engineering techniques can offer
a solution for this problem2. An approach is the development of a conductive scaffold
that releases morphogenetic signals as required to induce the resident stem cells as
present in the dental pulp to regenerate the new tooth tissue.
TGF- βs are a group of proteins, which play a role in embryonal development, cellular
differentiation, hormone secretion, and immune function. TGF-β has three hightly
similar isoforms, i.e. TGF-β1, 2, and 3. In human teeth, odontoblasts express all
three isoforms of TGF-β. However, only TGF-β1 becomes sequestered within the
matrix3.
During tooth formation, TGF-β1 is at first highly expressed in the epithelium.
Subsequently, this high expression shifts to the related mesenchyme4. This suggests
that TGF-β1 plays an important role during tooth formation. It has been proven that
TGF-β1 can directly induce the differentiation of odontoblast-like cells, and upregulate the secretion of matrix components in the dentin-pulp complex5. The
dentinogenic activity of EDTA-dissolved dentin is hampered when the material is
preincubated with an anti-TGF-β1 antibody6. When TGF-β1 is applied on tooth slices
which are cultured in vitro, increased cell proliferation was observed in the
subodontoblastic layer, and in the underlying pulp7. Consequently, it seems that
TGF-β1 might be a good candidate to apply when regenerating the dentin-pulp
complex, for instance after pulp capping.
An alternative for calcium hydroxide as pulp-capping material is self-setting calcium
phosphate cement. Self-setting calcium phosphate materials have been widely used
for orthopaedic treatment, because they are highly biocompatible, and have the
potential to stimulate osteogenesis. Their injectability and setting/cohesion properties
add more value to such materials. It has been proven that self-setting calcium
phosphate cements show similar biocompatibility to pure calcium hydroxide. Also the
effect in dentin bridging, when used as a direct pulp capping agent, is comparable
between both materials8.
On basis of the above mentioned, it can be hypothesized that the biological
properties of the cement can be further optimized by bringing hydrosoluble polymers
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(like Polylactic-glycoloc acid) into the calcium phosphate, which subsequently can act
as vehicles for the delivery of signal molecules that stimulate the differentiation of
naturally present stem cells into odontoblasts, and thus results in a biological means
of regeneration through enhanced tertiary dentin formation. The degradable
microparticles can offer a long-term release of the bioactive molecules, but the
particles will also account for porosities, after polymer degradation, which can
provide the necessary space for tissue ingrowth.
Therefore, the aim of the current study was to evaluate the effect of a calcium
phosphate/hydrosoluble polymer composite for pulp capping, and to measure the
dentin bridge formation, when using various concentrations of TGF- β1.
2. MATERIALS AND METHODS
2.1 Preparation of capping agents
Poly (lactic-co-glycolic acid) PLGA microspheres were prepared by a doubleemulsion-solvent-evaporation technique (w/o/w)9. In brief, 1.0 g of PLGA was
dissolved in 4 ml of dichloromethane (DCM). Then, 500 μl of MilliQ and 6 ml of a
0.3% poly (vinyl alcohol) (PVA) solution were added while vigorously vortexing.
Subsequently, 394 ml of 0.3% PVA and 400 ml of a 2% isopropylic alcohol (IPA)
solution were slowly added. The formed particles were allowed to settle and the
supernatant was discarded. Finally, the particles were lyophilized, and stored in
Argon at -20°C.
Shortly before use, PLGA microparticles were submerged in (0.1% Bovine serum
albumin/ phosphate-buffered saline solution; BSA/PBS) solutions with different
concentrations of TGF- β1, lyophilized overnight and stored at -20°C until the next
day. The density of TGF- β1 was calculated according to the amount of PLGA
particles, in order to reach final concentrations of 20 ng or 400 ng per capping
material. Also, CaP cement/ PLGA composite samples with no added growth factor
were made.
The CaP cement used was composed of 62.5% alpha-tricalcium phosphate (α-TCP),
26.8% dicalcium phosphate (DCPA), 3.9% CaCO3 and 1.8% hydroxyapatite (HAP),
and sterilized by γ-irradiation. A 80/20 (w/w) CaP cement/ PLGA composite was
prepared, i.e. 2 mg PLGA/ TGF- β1 microparticles was added to 8 mg of CaP cement.
The PLGA/CaP powder was mixed with 4 µl of 1% Na2HPO4 to create a paste. After
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vigorously stirring, the prepared mixture was injected into cylindrical moulds of 2 mm
in diameter and 2 mm in depth under aseptic conditions. All pre-set implants were
dried overnight and then stored at -20°C until use in the animal study. Finally, several
samples of each group were fixed and analyzed by scanning electron microscopy
(SEM).
2.2 Animal model and pulp capping procedure
Incisors of healthy mature female Saanen goats (age=3±1 years) were chosen as
experimental model. Approval for the study was obtained from the Radboud
University Nijmegen Animal Ethical Committee (RU-DEC-2005-030). Further, only
goats already involved in other experiments were used. The placement of the pulp
capping cement was performed under general anaesthesia, induced by an
intravenous injection of Pentobarbital and maintained by Isoflurane 2-4%. In order to
reduce the possibility of infection, antibiotics (Albipen®) were given during the
operation (3 ml/50 kg s.c), one day after the operation (7.5 ml/50 kg s.c), and three
days after the operation (7.5 ml/50 kg s.c). All goats received analgesic (Finadyne®)
for two days postoperatively.
Before pulp capping, the oral cavity, and especially the tooth surface, was cleaned
with povidone-iodine. Then, cavities of 2.1 mm in diameter and 2.5 mm in depth were
prepared through the lingual surface of the tooth with a sterile ball-shaped bur
mounted on a conventional dental hand-piece. During cavity preparation, sterile 0.9%
saline was used for cooling and removal of debris. After punctuation of the dental
pulp, haemostasis was controlled by a sterile cotton pellet. The incisors were divided
into four different groups, and samples were available in six-fold (n=6) according to
Table 1. After installation of the various composite materials, all cavities were closed
with glass-ionomer cement. Incisors capped with glass-ionomer cement only were
used as negative control.
Table 1: Study groups in the experiment.
Group
1
2
3
4
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Description
TGF- β1 (high dose)
TGF- β1 (low dose)
PLGA/CaP control
Negative control

Capping materials
PLGA/ CaP cement + TGF- β1 (400 ng/tooth)
PLGA/ CaP cement + TGF- β1 (20 ng/tooth)
PLGA/CaP cement +0.1% BSA
None

Number
6
6
6
6
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2.3 Histological analysis
Twelve weeks after pulp capping, the goats were sacrificed. The mandibles including
incisors were surgically dissected en bloc, divided through the mid-line, and fixed in
10% buffered formalin solution for 1 week. Subsequently, the biopsies were
demineralized in Formical-2000 (Decal Chemical; Congers, NY) for 3 weeks at 4°C
with continuous stirring. After dehydration, the demineralized samples were
embedded in paraffin. Buccal-labial serial sections of 7 µm were cut. The sections
through the exposure sites were selected, stained with hematoxylin-eosin, and
evaluated using a light microscope.
Five sections from the centre of each sample were assessed. Digitized
photomicrographs were made, and the samples were graded in a blinded manner by
three independent observers, according to the criteria described in Table 2. All data
were analyzed by an Analysis of Variance (ANOVA) and post-hoc Tukey testing.
Table 2: Histological grading scale.
Dentin bridge formation
Score
No visible hard tissue formation beneath or around the exposed area
0
Initial signs of hard tissue formation beneath or around the exposed area
1
Incomplete bridge-like hard tissue formation beneath or around the exposed area
2
Complete bridge formation beneath or around the exposed area
3

3. RESULTS
3.1 Cement preparation
After mixing with Na2HPO4, the PLGA/CaP cement was easy to inject into the molds.
After hardening, several samples from each group were inspected with

SEM

microscopy, which indicated that the PLGA microparticles were spherically shaped
with a diameter ranging from 20~50 μm. The surface of the microparticles appeared
smooth, while only occasionally small pores were found on the surface of particles.
The distribution of PLGA microparticles within cement was uniform. The addition of
growth factors had no obvious influence as the morphology or distribution of
microparticles, for all three PLGA/CaP cements showed a similar appearance upon
visual inspection (Figure 1).
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3.2 Animal study
All goats appeared to be in good health throughout the experimental period. No
weight loss was observed. No fracture or other damage was found in any of the
tested incisors. All incisors were retrieved complete with surrounding tissues.
Light microscopy showed no mass infiltration of inflammatory cells in any of the
samples. Only occasionally, inflammatory cells were detected in the pulp near the
treated sites. No distinct tissue degradation was observed in any of the samples.
Noticeably, in the sections of the negative control samples (receiving glass ionomer
cement only) the soft tissue of the pulp was no longer in contact with the surrounding
dentin, but had detached over the largest part. This detached area extended to more
than half of the length of the pulp. Furthermore, for the teeth provided with the
various CaP/PLGA cements it was observed that the PLGA microparticles had not
fully degraded after 12 weeks. Non-degraded polymer particles were found in most of
the remaining capping materials (Figure 2).
Figure

2:

Remnants

of

the

PLGA/CaP cement in a control
sample.

Arrow

indicates

non-

degraded polymer particles (bar:
10 μm).

174

8. The formation of tertiary dentin after pulp capping with a calcium phosphate cement

In all sections, it seemed that tissue had lost its original integrity during the
histological preparation. Although all tissues were present in the samples, often
between tissue layers empty voids were observed. Still, new dentin formation was
clearly present in the samples (Figure 3). Occasionally, a dentin-like tubular structure
was observed in the newly formed reparative dentin. Complete dentin-bridge was
found only in one of the samples capped by PLGA/CaP cement with the high amount
of TGF-β1. No hard tissue formation at all was found in any of the negative control
incisors capped directly with glass-ionomer cement. The histological grading scores
for all four groups are presented in Table 3.
Figure 3: The formation of tertiary dentin in a
sample with the high concentration TGF- β1.
P= Pulp tissue; D=Existing dentin; N= New
formed dentin; V=Void due to histological
preparation (bar: 25 μm).

Statistical analysis indicated significant differences between the samples loaded with
high amount of TGF-β1 vs. the three other groups (P<0.05). No difference (P>0.05)
existed between the samples loaded with low amount of TGF-β1 and the samples
loaded with PLGA/CaP cement without added growth factor. However, when the data
of the low concentration and non-loaded cement group were pooled, they showed a
significant difference (P<0.05) compared to the negative control group using glass
ionomer cement only.
Table 3: Average scores of the histological grading of six samples by the 3 observers.
Group
TGF- β1 (high dose)
TGF- β1 (low dose)
PLGA/CaP control
Negative control

Score (±SD)
1.72 (±0.85)
0.89 (±0.50)
0.78 (±0.50)
0.06 (±0.14)

4. DISCUSSION
The objective of this study was to evaluate the effect of a calcium phosphate/
hydrosoluble polymer composite for pulp capping, and to measure the dentin bridge
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formation, when using various concentrations of TGF- β1. Results showed two
evident effects; First the used PLGA/CaP composite enhanced tertiary dentin
formation, and second this process was enhanced considerably by the addition of
400ng of TGF-β1.
The importance of maintaining the vitality of the dental pulp is widely accepted. The
possibility of exposed pulps to heal and form reparative dentin has been confirmed
by numerous researchers10~11. However, vital pulp capping is known to have a very
variable prognosis12~13. Numerous factors may influence the healing process of the
dental pulp, including the condition of the pulp itself, the restorative manipulation, the
applied capping material, etc. Amongst these, the selection of an appropriate capping
material is one of the essential factors. The most commonly used materials for dental
pulp capping are various forms of calcium hydroxide, and the odontogenetic effect of
such materials has been confirmed in many studies. One previous study proved that
self-setting calcium phosphate cements show similar biocompatibility to pure calcium
hydroxide. Also the effects, when used as a direct pulp-capping agent, are
comparable between both materials8. This was the rationale for using CaP material in
the current study.
It should be noticed that the degradation ability of a solid calcium phosphate cement
is fairly low, especially when applied in tooth cavity, which is a comparatively
entrapped environment with limited blood supply. Low degradation rates thus could
have a hampering effect on new tissue ingrowth and replacement. In our study, we
therefore opted for a cement previously validated in bone regeneration studies, which
was equipped with degradable PLGA particles into the calcium phosphate matrix.
Noticably, the the non-loaded cement/ polymer composite was beneficial when
compared to using glass ionomer cement only. Further bioactive properties were
introduced in the cement by the addition of a growth factor. The odontogenic
properties of TGF-β1 have been proven in previous studies, which indicated that
TGF-β1 indeed is an appropriate candidate to apply when regenerating the dentinpulp complex, for instance after pulp capping. However, the appropriate
concentration for TGF-β1 (or any other growth factor) to support pulp stem cell
differentiation remains difficult to determine. There is no previous literature on the
application of TGF in this model. According to two previous reports14~15, two distinct
concentrations of 20 ng or 400 ng of TGF-β1 were chosen for the current study,
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although the Tziafas study used a different release system/ animal model, and the
Goldberg study used another growth factor. Still, the formation of tertiary dentin in our
study supported the possibility to use PLGA/CaP cement loaded with TGF-β1 for
dental capping in a dose-dependent way. The amount of new regenerated dentin in
the samples loaded with the higher dose of TGF-β1 was superior to the other study
groups. However, the samples capped with lower dose of TGF-β1 (20 ng/tooth) were
not effective and illustrated similar dentin formation as the samples capped with
PLGA/CaP cement without TGF-β1. In this, it could very well be that the degradation
of the polymer was insufficient to release the 20 ng dose of the growth factor.
An intriguing observation was the presence of microparticles at the end of the study.
Previous implantation experiments in bone and soft tissue showed that the polymer
microparticles degrade relatively fast, which allowed tissue ingrowth in the emptied
porosity16-17. In our study however, even after 12 weeks microparticles were often
seen to have remained undegraded. The small volume and limited blood supply of
the dental pulp might be the reason for this phenomenon. This would implicate that
the cement we used, with optimal properties for bone ingrowth, should be further
adapted to the specific application into the pulp.
A final noticeable histological observation was the existence of empty spaces in most
of the samples, where tissue layers were no longer connected. These might have
been caused by a (too) high demineralization speed of the Formical, which caused
artifacts disrupting the integrity of the specimens. Some open spaces in the tissue
might also have partially been caused by the use of our pre-fabricated material.
Since the drilling hole will always be slightly larger than the sample itself it is almost
impossible to avoid a gap between the capping material and the tooth. For clinical
application, an injectable cement would be optimal. However, with a size of only 2mm
in diameter and 2~3mm in height it is hard to maintain the stability of prepared
materials, and especially difficult to control the accurate concentration of growth
factor. Therefore, we chose the prefabricated method to prepare the capping
PLGA/CaP cement with same dose of TGF-β1 in the entire batch, in order to achieve
more reliable and comparable results. Future studies should elaborate on the
injectable concept to more extent.
In conclusion, our study demonstrated that the prefabricated PLGA/CaP cement
loaded with 400 ng of TGF-β1 was able to trigger resident stem cells in the pulp to
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differentiate into odontoblast-like cells and to induce the formation of tertiary dentin.
The material might be a good candidate for vital pulp therapy. Production and
manipulation methods could be improved for follow-up studies.
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1. SUMMARY AND ADDRESS TO THE AIMS
Real stem cells are self renewing, can differentiate into all tissue cells, do not divide
much in vivo, are scarce and do not show senescence due to telomerase activity.
Adult stem cells, are residing within the differentiated tissues or organs, can renew
themselves and differentiate into specialized cells. Undoubtedly, adult stem cells can
yield the specialized cell types of their original tissue. Furthermore, increasing
evidence supports that adult stem cells can also cross the lineage boundaries, and
differentiate into cell types far from their origin1, 2. Adult stem cells can be isolated
from an individual, and thereafter be used for autogenous tissue regeneration, which
will eliminate the possibility of immune rejection. Unlike embryonic stem cells, the use
of adult stem cells does not arouse so much ethic debate. Hence, adult stem cells
provide enormous promise for tissue engineering procedures and cell-based
therapies.
The formation of tertiary dentin suggests the existence of stem cells within the dental
pulp. Based on this observation, a highly clonogenic, rapidly proliferating population
has been isolated from human dental pulp. It has been confirmed this cell population
was able to not only maintain stable in culture for long periods of time, but also could
differentiate into odontoblast-like cells, and produce dentin-like structures3. Besides
odontogenic direction, it is also proven that stem cell derived from dental pulp (DPSC)
was also able to differentiate towards adipogenic and neurogenic directions4.
In view of these facts, DPSC may be a good candidate for dental tissue regeneration,
or even for regeneration of other non-dental-related tissues. The aim of this thesis
was to investigate the differentiation potential of DPSC under both in vitro and in vivo
environments. We addressed to the following questions:
1.1 What are the biological features of dentin-pulp complex?
In Chapter two, the biological features of dentin-pulp complex, including embryonic
development, anatomy, histology, aging, and the response to different stimuli, were
expatiated. The mechanism together with the materials concerned with regeneration
of dentin-pulp complex was also elucidated.
1.2 What is differentiation ability towards the odontogenic lineage of stem cells
derived from rat dental pulp cells in vitro?
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In chapter three, rat dental pulp cells were isolated and their differentiation ability was
evaluated. First, dental pulp cells were obtained from maxillary incisors of male
Wistar rats. Immunochemistry by stem cell marker STRO-1 proved the existence of
stem cells or progenitors in the isolated cell population. The dissociated cells were
then cultured both on smooth surfaces and on three-dimensional (3-D) scaffold
materials in medium supplemented with β-glycerophosphate, dexamethasone, and Lascorbic acid. Cultures were analyzed by light and scanning electron microscopy.
Proliferation, alkaline phosphatase activity and calcium content were determined, and
the polymerase chain reaction was performed for dentin sialophosphoprotein (DSPP),
osteocalcin, and collagen type I. The cells showed the ability to differentiate into
odontoblast-like cells and were able to produced calcified nodules, which had
components similar to dentin. In addition, we found that the“odontogenic” properties
of the isolated cells were supported by three-dimensional calcium phosphate and
titanium scaffolds equally well in vitro.
1.3 What is the influence of different three-dimensional scaffold materials on
stem cells derived from human dental pulp?
In chapter four, stem cells derived from human dental pulp of impacted third molars
were seeded onto different three-dimensional (3-D) scaffold materials: i.e. a
spongeous collagen, a porous ceramic, and a fibrous titanium mesh. Scaffolds
loaded with DPSC were divided into two groups, and their in vitro and in vivo
behavior was investigated. The first group was cultured in osteogenic differentiation
medium in vitro for 4 weeks. The second group of samples was implanted
subcutaneously in immunocompromised mice for 6 or 12 weeks. Samples cultured in
vitro were analyzed by scanning electron microscopy and RT-PCR for the expression
of

DSPP.

In

vivo

samples

were

evaluated

by

histology,

RT-PCR

and

immunohistochemistry. The results indicated that in vitro, cells developed abundant
deposition of mineralized extracellular matrix (ECM) with expression of DSPP in all 3D materials. The simultaneous implantation experiment showed the formation of
tissue that was DSPP positive in all three scaffolds materials. However, the aspect of
the formed tissues in all scaffolds resembled more connective tissue than a dentinlike tissue. Limited calcification of the extracellular matrix was only seen in the
ceramic scaffold. In both experiments, no other differences could be attributed to the
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different materials used. In conclusion, the in vivo behavior of DPSC and their
relations with 3-D scaffold materials should be further studied before clinical use can
be considered.
1.4 What is the multilineage differentiation potential of stem cells derived from
human dental pulp in vitro?
In chapter five, the in vitro multilineage differentiation potential of two types of human
dental pulp stem cells (hDPSC) was evaluated. Cells were isolated from the pulp of
third molars and used after cryopreservation. After thawing, cells were analyzed for
proliferative potential and the expression of the stem cell marker STRO-1.
Subsequently, cells were cultured in neurogenic, osteogenic/ odontogenic,
adipogenic, myogenic, and chondrogenic inductive media, and analyzed on basis of
morphology, immunohistochemistry, and RT-PCR for specific marker genes. All data
were replicated, and the results of the primary cells were compared to similar tests
with an additional primary dental pulp stem cell strain, obtained from the National
Institutes of Health (NIH). Results showed that our cell population could be
maintained for at least 25 passages after cryopreservation. The existence of stem/
progenitor cells in both cell strains was proven by the STRO-1 staining. Under the
influence of the five different media, both cell strains were capable to advance into all
five differentiation pathways. Still differences between both strains were found. In
general, our primary culture performed better in myogenic differentiation, whilst the
externally obtained cells were superior in the odontogenic/osteogenic and
chondrogenic differentiation pathways. In conclusion, the pulp tissue of the third
molar may serve as a suitable source of multipotent stem cells for future tissue
engineering strategies and cell-based therapies, even after cryopreservation.
1.5 What is the multilineage potential of stem cells derived from dental pulp in
vivo?
Previously, the plasticity of DPSC has been confirmed by culturing cells in lineagespecific media in vitro. In chapter 6, the in vivo differentiation or maturation potential
of DPSC was further analyzed, by transplanting human DPSC/ collagen scaffold
constructs into subcutaneous tissue of immunocompromised mice. Cells received
odontogenic, adipogenic, or myogenic pre-induction, whereas control samples
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received no stimulation. Also blank collagen scaffolds were implanted. The results
indicated that seeded cells produced tissue within the implanted constructs after 3
weeks of implantation. According to morphological and phenotypical changes, the
pre-induced DPSC showed the ability to further differentiate along odontogenic,
myogenic and adipogenic pathways in vivo. Moreover, DPSC without pre-treatment
were able to spontaneously differentiate along odontogenic and adipogenic directions
in vivo. However, only limited mature morphological changes were detected in
histology. In summary, stem cells derived from human dental pulp form a suitable
source for tissue engineering and cell-mediated therapy, although additional
analyses should be considered.
1.6 How does the hard tissue formation ability of stromal cells derived from
dental pulp and bone marrow compare, when seeded in porous HA/TCP
ceramic scaffolds?
In chapter seven, compare the ability of hard tissue regeneration of four types of
stem cells or precursors were compared under both in vitro and in vivo situations.
Primary cultures of rat bone marrow, rat dental pulp, human bone marrow, and
human dental pulp cells were seeded onto a porous ceramic scaffold material, and
then either cultured in osteogenic medium, or subcutaneously implanted into nude
mice. For cell culture, samples were collected at week 0, 1, 3, and 5. Results were
analyzed by measuring cell proliferation rate and alkaline phosphatase (ALP) activity,
scanning electron microscopy (SEM), and real-time PCR. Samples from the
implantation study were retrieved after 5 and 10 weeks and evaluated by histology
and real-time PCR. The results indicated that in vitro abundant cell growth and
mineralization of extracellular matrix was observed for all types of cells. However, in
vivo matured bone-formation was only found in the samples seeded with rat bone
marrow stromal cells. Real-time PCR suggested that the expression of Runx2 and
osteocalcin (OC) were important for the differentiation of bone marrow stromal cells,
while

dentin

sialophosphoprotein

(DSPP)

contributed

to

the

odontogenic

differentiation. In conclusion, the limited hard-tissue regeneration ability of dental pulp
stromal cells questions their practical application for complete tooth regeneration.
Repeated cell passaging may explain the reduction of osteogenic ability of both
bone- and dentinal- derived stem cells. Therefore, it is essential to develop new cell
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culture methods to harvest the desired cell numbers, while not obliterating the
osteogenic potential.
1.7 What is the reaction of a natural dentin-pulp complex when resident dental
pulp cells are stimulated by adding an external growth factor?
The purpose of chapter 8 is to evaluate the effect of a calcium phosphate material
equipped with Poly (lactic-co-glycolic acid) microspheres for pulp capping, and to
measure the dentin bridge formation, when using various concentrations of
transforming growth factor (TGF) β1. Pre-set samples were made (2mm diameter;
2mm height), containing 0 (controls), 20, or 400 ng TGF- β1. These were placed in
goat incisors. Incisors capped with glass-ionomer cement only were used as negative
controls. Twelve weeks after pulp capping, the incisors were retrieved, processed for
histology, and graded on basis of tertiary dentin formation. The results showed that
new dentin formation was seen in all samples, except the negative controls. The
histological grading indicated significant differences between the samples loaded
with high amount of TGF-β1 vs. the three other groups (P<0.05). In conclusion, our
study demonstrated that the composite with 400 ng TGF-β1 was able to trigger
resident stem cells in the pulp to differentiate into odontoblast-like cells and to induce
the formation of tertiary dentin. The material might be a good candidate for vital pulp
therapy. Production and manipulation methods could be improved for follow-up
studies.
2. CLOSING REMARKS AND FUTURE PERSPECTIVES
In this thesis, the in vitro and in vivo differentiation potential of stem cells derived
from dental pulp was evaluated. All studies were focused on two main directions; first
the ability for differentiation into odontoblast-like cells, and the practical potential for
hard tissue regeneration. Both rat and human DPSC were able to differentiate into
odontoblast-like cells. Furthermore, they could produce calcified nodules in vitro, with
results comparable to stem cells derived from bone marrow. However, hard tissue
regeneration in vivo remained unachieved. The second direction of investigation
addressed to the multilineage differentiation ability. Human DPSC were capable of
differentiation towards neurogenic, odontogenic, adipogenic,

myogenic, and

chondrogenic pathways under the influence of lineage-inductive media in vitro. When
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transplanted in immunocompromised mice, the lineage-directed DPSC further
differentiated and synthesized tissue with matured morphological changes. These
results suggested that the use of DPSC might not be restricted to dental applications
alone.
As mentioned in chapter 1, adult stem cells in the living body are rare and difficult to
locate. It was only possible to obtain a mixed cell population using common cell
isolation methods. One study showed that only one-third of single-colony-derived
DPSC

strains

can

generate

ectopic

dentin

after

transplantation

into

immunocompromised mice5. The cells used in this thesis also were heterogeneous
populations. The inadequate in vivo hard tissue formation implied the use of whole
cell population might not succeed. Additional cell sorting using specific markers to
purify the cells like CD34, CD44, CD73, CD166, Cd105, Sca+, Lin- could be helpful,
as well as application of appropriate growth factors. Moreover, the mechanisms
behind tooth development, towards specific morphology, are still ambiguous. Further
studies at embryonic level should be performed. Finally, although we did prove
DPSC have multilineage differentiation potential, also here further analyses are
required. The main question here is how to explain the multilineage differentiation
ability of adult stem cells. Plasticity of adult stem cells was questioned by researchers
who showed that differentiated cells might have arisen from cell fusion between the
transplanted stem cells and available progenitors within the host tissue6. In contrast,
hepatic stem cells become liver cells when co-cultured with injured liver separated by
a barrier. Further chromosomal analyses indicated cell fusion did not happen in this
case7.
The outcomes of these studies are promising, but still far from applicable. Several
problems need to be considered before clinical feasibility can be achieved.
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Chapter 9 Samenvatting in het Nederlands

Summary in Dutch
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1. SAMENVATTING EN EVALUATIE VAN DE DOELSTELLINGEN
Echte stamcellen kunnen zichzelf vernieuwen, kunnen differentiëren tot elk type cel,
delen zeer weinig in vivo, zijn zeldzaam, en vertonen geen ‘senescence’ dankzij
telomerase activiteit. Adulte stamcellen, zijn aanwezig in volledig gedifferentieerde
weefsels

en

organen,

kunnen

zichzelf

vernieuwen,

en

differentiëren

tot

gespecialiseerde cellen. Zonder twijfel kunnen adulte stamcellen aanleiding geven tot
de gespecialiseerde celtypen van het weefsel waarin zij voorkomen. Daarnaast is er
toenemend bewijs om aan te nemen dat adulte stamcellen ook de grenzen van lijnen
kunnen overschrijden, d.w.z. kunnen differentiëren tot celtypen anders dan de eigen
afkomst. Verder kunnen adulte stamcellen worden geïsoleerd uit een individu, om
vervolgens gebruikt te worden voor autologe weefsel regeneratie, waardoor geen
risico op immunologische afstoting ontstaat. In tegenstelling tot embryonale
stamcellen, roept het gebruik van adulte stamcellen nauwelijks een ethische
vraagstelling op. Dientengevolge vormt het gebruik van adulte stamcellen een
veelbelovende strategie voor zgn. ‘tissue engineering’, en cellulaire regeneratie
therapieën.
De natuurlijke vorming van tertiair dentine suggereert, dat er ook stamcellen
aanwezig zijn in de dentale pulpa. Op basis van deze waarneming is inmiddels een
klonale, en snel groeiende celpopulatie van dentale pulpa stamcellen (DPSC)
geïsoleerd uit humane dentale pulpa. Het is bevestigd dat deze celpopulatie stabiel is
gedurende langere perioden in kweek, kan differentiëren tot een odontoblast-achtig
fenotype, en zelfs een dentine-achtige structuur kan vormen. Naast de odontogene
richting, is ook bewezen dat de stamcellen verkregen uit dentale pulpa kunnen
differentiëren in adipogene en neurogene richtingen.
In het licht van deze feiten kan de vraag gesteld worden of DPSC een goede
kandidaat zijn voor de regeneratie van tandweefsels, of zelfs van weefsels die niet
gerelateerd zijn aan de tand. Het doel van dit proefschrift was dan ook het vermogen
tot differentiatie van DPSC te onderzoeken, in zowel in vitro als in vivo experimenten.
Het vermogen tot differentiatie van DPSC werd bestudeerd aan de hand van de
volgende onderzoeksvragen:
1.1 Wat zijn de biologische eigenschappen van het dentine-pulpa complex?
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In hoofdstuk 2 worden de biologische eigenschappen van het dentine-pulpa complex
besproken, op het gebied van de embryonale ontwikkeling, anatomie, histologie,
veroudering, en reactie ten opzichte van verschillende stimuli. Het mechanisme van,
en de materialen betrokken bij de regeneratie van het dentine-pulpa complex werden
verder toegelicht.
1.2 Hoe is het in vitro differentiatie vermogen van stamcellen, verkregen uit de
dentale pulpa van ratten, naar de odontogene lijn?
In hoofdstuk 3 werden dentale pulpa cellen geïsoleerd, en vervolgens werd hun
vermogen tot differentiatie bestudeerd. Eerst werden dentale pulpa cellen verkregen
uit de snijtanden van de bovenkaak van mannelijke Wistar ratten. Vervolgens werd in
de geïsoleerde celpopulatie d.m.v. een immunochemische techniek met de stamcelmarker STRO-1 de aanwezigheid van stam (of voorloper) cellen aangetoond. De
afzonderlijke cellen werden daarna gekweekt op zowel vlakke als in 3-dimensionale
(3-D) dragermaterialen, in een kweek medium met β-glycerolfosfaat, dexamethason,
en L-ascorbinezuur. De kweken werden geanalyseerd met licht en scanning
elektronen microscopie. Celproliferatie, alkalische fosfatase activiteit en calcium
depositie werden bepaald, en de polymerase chain reaction (PCR) techniek werd
aangewend om expressie van dentinesialofosfoproteine (DSPP), osteocalcine, en
collageen type I te meten. De cellen vertoonden het vermogen om te differentiëren
tot odontoblast-achtige cellen, en waren in staat om calcificaties te vormen met
vergelijkbare eigenschappen ten opzichte van natuurlijk dentine. Daarnaast bleek dat
de “odontogene” eigenschappen van de geïsoleerde cellen even goed tot hun recht
kwamen op de 3-D calciumfosfaat en titanium dragermaterialen.
1.3 Wat is de invloed van verschillende drie-dimensionale dragermaterialen op
stamcellen verkregen uit humane dentale pulpa?
In hoofdstuk 4 werden stamcellen verkregen uit humane dentale pulpa van
geïmpacteerde derde molaren en vervolgens gezaaid op verschillende 3-D
dragermaterialen: te weten een sponsachtige collageen, een poreuze keramiek, en
een fibreuze titaan vezelgaas. De dragermaterialen geladen met DPSC werden
vervolgens verdeeld over twee groepen, voor zowel een in vitro als een in vivo studie.
De eerste groep werd gekweekt in osteogeen differentiatie medium gedurende 4
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weken.

De

tweede

groep

werd

subcutaan

geïmplanteerd

in

immuno-

gecompromitteerde muizen gedurende 6 en 12 weken. Het in vitro experiment werd
geanalyseerd met scanning elektronen microscopie en RT-PCR om de expressie van
DSPP te bepalen. De in vivo groep werd geëvalueerd d.m.v. histologie, RT-PCR en
immunohistochemie. De resultaten lieten zien dat de cellen een aanzienlijke
hoeveelheid gemineraliseerde extracellulaire matrix (ECM) produceerden, en
expressie van DSPP vertoonden in alle 3-D dragermaterialen. Het simultane
implantatie experiment liet in alle drie typen dragermaterialen de vorming van
weefsel zien, dat positief werd bevonden voor DSPP. Het histologische aspect van
de gevormde weefsels in de dragermaterialen was echter meer in overeenstemming
met bindweefsel, dan met een dentine-achtig weefsel. Slechts in de keramische
drager werd beperkte calcificatie van de ECM gevonden. In beide experimenten
konden geen andere verschillen tussen de dragermaterialen worden aangetoond.
Concluderend kon alleen gesteld worden dat het in vivo gedrag van DPSC, en de
relatie met 3-D dragermaterialen, eerst verder bestudeerd dient te worden voordat
klinische toepassingen overwogen kunnen worden.
1.4 Hoe is het in vitro differentiatie vermogen naar meerdere lijnen van humane
dentale pulpa stamcellen ?
In hoofdstuk 5 wordt het vermogen tot differentiatie van humane pulpa stamcellen
naar meerdere lijnen beschouwd, gebruikmakend van twee typen humane DPSC.
Cellen werden geïsoleerd uit de pulpa van de derde molaar en gebruikt na
cryopreservatie. Na ontdooien werden de cellen geanalyseerd op grond van
proliferatie vermogen en de expressie van de stamcel marker STRO-1. Vervolgens
werden de cellen gekweekt in neurogeen, osteogeen/odontogeen, adipogeen,
myogeen, of chondrogeen sturend medium, en geanalyseerd op grond van
morfologie, immunohistochemie, en RT-PCR voor specifieke marker genen. Alle data
werden gerepliceerd, en de resultaten verkregen met de primaire cellen werden
vergeleken met dezelfde testen op een extra lijn van primaire dentale pulpa
stamcellen, verkregen van de National Institute of Health (NIH). De resultaten lieten
zien dat de eigen geisoleerde celpopulatie gedurende minstens 25 passages na
cryopreservatie in stand gehouden kon worden. Het bestaan van stam/voorloper
cellen in beide cel populaties werd aangetoond met de STRO-1 kleuring. Onder
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invloed van de verschillende kweekmedia waren beide celpopulaties in staat om over
te gaan tot alle vijf de verschillende differentiatie wegen. Er werden echter ook
verschillen tussen de beide populaties gevonden. In het algemeen, was de eigen
primaire kweek beter in staat tot myogene differentiatie, terwijl de elders verkregen
cellen veel beter in staat waren tot odontogene/osteogene en chondrogene
differentiatie. Concluderend kon gesteld worden dat het pulpa weefsel van de derde
molaar kan dienen als geschikte bron van multi-potente stamcellen voor toekomstige
‘tissue engineering’ strategieën en cellulaire therapieën, zelfs na cryopreservatie.
1.5 Hoe is het in vivo vermogen van dentale pulpa stamcellen tot differentiatie
naar meerdere lijnen?
Eerder is de plasticiteit van DPSC bewezen, door de cellen te kweken in specifieke
media voor elke differentiatie lijn. In hoofdstuk 6 wordt het potentiaal tot differentiatie
of maturatie in vivo verder geanalyseerd door humane DPSC to laden op collageen
drager en deze constructen subcutaan te implanteren in immuno-gecompromitteerde
muizen. Cellen kregen een odontogene, adipogene, of myogene voorbehandeling in
vitro, terwijl controle cellen werden voorgekweekt in medium zonder sturende stimuli.
Ook werden ongeladen collageen dragers geïmplanteerd. De resultaten na 3 weken
lieten zien dat de gezaaide cellen weefsel hadden gevormd in de geïmplanteerde
constructen. Op basis van morfologische en fenotypische veranderingen was te zien
dat de voorbehandelde DPSC het vermogen hadden om verder te differentiëren in de
odontogene, myogene en adipogene lijn. Ook was te zien dat DPSC zonder
voorbehandeling toch nog in staat waren om spontaan te differentiëren in de
odontogene en adipogene richting. Er werden echter maar zeer weinig gematureerde
morfologische verschillen gezien in de histologische preparaten. Samenvattend kan
gesteld worden dat stam cellen verkregen uit humane dentale pulpa een geschikte
bron kunnen vormen voor tissue engineering en cellulaire therapieën, maar dat
daarvoor wel aanvullende analyses nodig zijn.
1.6 Wat zijn de overeenkomsten tussen stromale cellen verkregen uit de
dentale pulpa en van beenmerg, betreffende het vermogen tot hard weefsel
vorming in een poreuze keramische drager?
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In hoofdstuk 7 wordt het vermogen tot het vormen van hard weefsel vergeleken van
4 typen stam- of voorlopercellen in zowel in vitro als in vivo experimenten. Primaire
kweken van rat beenmerg, rat dentale pulpa, humaan beenmerg, en humane dentale
pulpa cellen werden gezaaid op een poreus keramisch dragermateriaal, en
vervolgens gekweekt in osteogeen medium (in vitro celkweek experiment), of
subcutaan geïmplanteerd in immunodeficiente muizen (in vivo experiment). In het
celkweek experiment werden materialen verzameld op week 0, 1, 3, en 5. De
kweken werden geanalyseerd door het meten van de celproliferatie en alkalische
fosfatase (ALP) activiteit, scanning elektronen microscopie (SEM), en real-time PCR.
Materialen uit de implantatie studie werden verzameld na 5 en 10 weken en
geëvalueerd door middel van histologie en real-time PCR. De in vitro resultaten lieten
aanzienlijke celgroei en mineralisatie van de extracellulaire matrix zien voor alle cel
typen. Echter, in vivo werd gematureerde botvorming alleen aangetroffen in de
materialen die waren ingezaaid met rat beenmerg cellen. Real-time PCR
suggereerde dat de expressie van Runx2 en osteocalcine (OC) belangrijk zijn voor
de differentiatie van beenmerg cellen, terwijl dentin sialofosfoproteine (DSPP)
bijdroeg tot de odontogene differentiatie. Concluderend kan gesteld worden dat het
beperkte vermogen tot hard weefsel regeneratie van de dentale pulpa stromale
cellen vragen oproept betreffende de praktische toepassing van deze cellen voor het
herstel van complete tanden. Het herhaaldelijk passeren van cellen zou de
achteruitgang van het osteogene vermogen van stamcellen uit de bot- en
tandweefsels kunnen verklaren. Daarom is het essentieel nieuwe celkweek
methoden te ontwikkelen, om de benodigde hoge hoeveelheden cellen te winnen,
zonder het osteogene vermogen aan te tasten.
1.7 Hoe is de reactie van het natuurlijke dentine-pulpa complex, wanneer de
daarin aanwezige dentale pulpa cellen worden gestimuleerd door het
toevoegen van een externe groeifactor?
Het doel van hoofdstuk 8 was dentine vorming te evalueren na plaatsing van een
calciumfosfaat pulpa overkapping materiaal. De gebruikte dragermaterialen waren
voorzien van poly(melkzuur-glycolzuur) microsferen met verschillende concentraties
transforming growth factor (TGF) β1. Cylindrische dragermaterialen (2 mm in
diameter; 2 mm in hoogte) werden vooraf uitgehard, en bevatten 0 (controle), 20, of
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400 ng TGF- β1. Deze werden geplaatst in de snijtanden van geiten. Als negatieve
controle dienden snijtanden voorzien van glasionomeer cement. Twaalf weken na de
pulpa overkapping, werden de snijtanden verzameld, histologisch verwerkt, en
beoordeeld op basis van tertiaire dentine vorming. De resultaten lieten zien dat in alle
gevallen nieuwe dentine werd gevormd, behalve bij de negatieve controles. De
histologische beoordeling liet significante verschillen zien tussen de samples geladen
met de hoge hoeveelheid TGF-β1 t.o.v. de drie andere groepen (p<0.05).
Samenvattend liet deze studie zien dat de composiet met 400 ng TGF-β1 in staat
was om de daarin aanwezige stamcellen in de pulpa aan te zetten tot differentiatie tot
odontoblast-achtige cellen, en zo de vorming van tertiair dentine te induceren. Het
materiaal zou een goede kandidaat kunnen zijn voor vitale pulpa therapie. De
productie en verwerkingsmethoden kunnen eventueel nog verbeterd worden middels
vervolgstudies.
2. AFSLUITENDE OPMERKINGEN EN TOEKOMST PERSPECTIEF
In deze these werd het vermogen tot differentiatie van stamcellen verkregen uit
dentale pulpa geëvalueerd, in zowel in vitro als in vivo experimenten. Alle studies
richtten zich op twee hoofdvragen; Ten eerste, wat is het vermogen van deze pulpa
stamcellen tot differentiatie tot odontoblast-achtige cellen, en is er potentieel tot het
regenereren van hard weefsel m.b.v. deze pulpa stamcellen? Het bleek dat zowel
ratten- als humane pulpa stamcellen in staat waren tot differentiatie tot odontoblastachtige cellen. Deze konden in celkweek calcificaties vormen, met vergelijkbare
resultaten met stamcellen uit beenmerg. Echter, de regeneratie van hard weefsel
werd niet bereikt in de in vivo studies. De tweede hoofdvraag betrof het vermogen tot
differentiatie naar meerdere lijnen. Humane DPSC waren in vitro in staat om te
differentiëren naar neurogene, odontogene, adipogene, myogene, en chondrogene
richting onder invloed van aan de verschillende kweekmedia toegevoegde stimuli.
Wanneer ze overgeplaatst werden naar immuno-gecompromitteerde muizen,
differentieerden de DPSC verder in hun lijn en maakten zij soms zelfs weefsels met
gematureerde morfologische structuren. Deze resultaten suggereerden dat het
gebruik van DPSC niet alleen beperkt hoeft te zijn tot enkel tandheelkundige
toepassingen.
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Zoals vermeld in hoofdstuk 1, zijn adulte stamcellen zeldzaam, en is het moeilijk hen
in het lichaam te lokaliseren. Met de gebruikelijke cel isolatie methodieken was het
alleen mogelijk een mengpopulatie te verkrijgen. Een eerdere studie heeft reeds
aangetoond dat slechts eenderde van de klonaal DPSC stammen ectopisch dentine
kan vormen bij transplantatie in immuno gecompromitteerde muizen. De cellen die in
dit proefschrift beschreven worden zijn ook zulke heterogene populaties. De
inadequate vorming van hard weefsel in vivo leidt tot de gedachte, dat het gebruik
van de totale pulpa celpopulatie niet geschikt is. Additionele cel sorteertechnieken
met specifieke markers zoals CD34, CD44, CD73, CD166, Cd105, Sca+, Lin- zouden
hierbij gebruikt kunnen worden, net zoals toevoeging van geschikte groeifactoren.
Bovendien zijn de mechanismen achter tandontwikkeling en de vorming van
specifieke morfologieën nog steeds erg onduidelijk. Vervolgstudies op embryonaal
niveau zouden hiervoor moeten worden uitgevoerd. Hoewel we het differentiatie
potentiaal van DPSC in meerdere lijnen hebben bewezen, is ook hier meer
onderzoek nodig. De belangrijkste vraag daarbij is, hoe het vermogen tot
differentiatie van adulte stamcellen naar meerdere lijnen te verklaren. Plasticiteit van
adulte stamcellen wordt betwijfeld door onderzoekers die lieten zien dat
gedifferentieerde cellen mogelijk het gevolg waren van cel fusie tussen de
getransplanteerde stamcellen en beschikbare voorloper cellen in het ontvangende
weefsel. In tegenstelling daarmee is het echter ook bewezen dat lever stamcellen wel
levercellen worden, wanneer ze gescheiden door een barrière gekweekt werden met
beschadigde lever. Chromosomale analyse hierbij liet zien dat er geen celfusie
opgetreden was.
De uitkomsten van zulke studies zijn veelbelovend, maar verdere analyses zijn nodig
om tot een klinisch bruikbaar resultaat te komen.
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Chapter 9

结论及展望 （中文）
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1. 结论
真正的干细胞可自身更新并分化成所有类型的组织细胞。在正常体内环境中数量
少；自身分裂少，可维持端粒酶活性因而不会衰老。成体干细胞存在于已分化组织或
器官中的干细胞。它们既能自身更新，又可分化成具有特殊功能的细胞。毋庸置疑的
是，成体干细胞可以分化出其来源组织或器官的各种细胞类型。而现在越来越多的证
据显示它们可以跨谱系分化，生成与其来源完全不相关的细胞型 1, 2。
从个体组织或器官中分离培养出的成体干细胞可以用于自体组织再生。自身来源
的细胞不会引起免疫排斥反应。并且成体干细胞的应用不会引发如同胚胎干细胞研究
那么大的伦理学争议。所以，成体干细胞对组织再生和细胞介导的治疗技术应用前景
非常乐观。
第三期牙本质的产生提示了牙髓中干细胞的存在。据此，从牙髓中分离出了具强
克隆生成能力而且生长快速的细胞。此原代细胞不仅能在体外长时间稳定生长，还能
分化成成牙本质细胞样细胞，进而生成牙本质样组织 3。除此之外，从牙髓提取出的干
细胞还被证明具有向成脂和成神经性分化的能力 4。
综上所述，牙髓干细胞研究可能成为牙体组织，甚至非牙组织再生的重要契机。
本论文的目的在于研究牙髓干细胞在体内及体外环境中的分化能力。我们致力于以下
问题：
1.1 牙髓牙本质复合体的生物学特性是什么？
本论文的第二章着重阐述牙髓牙本质复合体的生物学特性，包括其胚胎期发育、
解剖学结构、组织学结构、老龄化过程以及对不同刺激的反应。本章也探讨了与牙髓
牙本质复合体再生相关材料的反应机理。
1.2 大鼠牙髓干细胞体外成牙性分化的能力为何？
本论文的第三章对大鼠牙髓中分离出的细胞及其分化能力进行了评估。牙髓细胞
源自雄性 Wistar 大鼠的上颌切牙。免疫组化染色证明部分细胞呈干细胞标志物 STRO1 阳性，提示在分离出的细胞中存在干细胞或祖细胞。然后，这些细胞被接种于光滑二
维表面或三维支架材料中，并在添加了 β-甘油磷酸钠、地塞米松和 L-抗坏血酸维生素
C 的培养液中培养。用光镜和扫描电镜分析其形态变化。通过测定细胞增值率、碱性
磷酸酶活性和钙含量来研究其生长模式。并用聚合酶链反应测量牙本质唾磷蛋白、骨
钙蛋白和 I 型胶原蛋白的表达。结果证明分离出的牙髓细胞可以分化成成牙本质样细
胞，并产生与正常牙本质成分类似的钙结节。另外，我们还发现陶瓷和钛金属三维支
架体外均支持分离出的牙髓细胞的“成牙”特性。
198

9. General conclusions and Future perspectives

1.3 不同三维支架材料对人牙髓干细胞会产生怎样的影响？
第四章中，从人阻生的第三磨牙牙髓中提取出的干细胞被接种于不同的三维支架
材料上。材料包括明胶海绵、多孔陶瓷和纤维钛网。接种了人牙髓干细胞的支架被分
成体内和体外两组。体外组被培养于成骨性诱导培养液中 4 周。体内组则种于裸鼠皮
下 6 或 12 周。体外组样本用扫描电镜观察，并用聚合酶链反应（PCR）分析牙本质唾
磷蛋白的表达。体内组结果则用组织学、免疫组化和聚合酶链反应来评价。结果表明
体外组所有 3D 材料中均有大量细胞外矿化基质沉积和牙本质唾磷蛋白表达。同时体内
实验发现在三种材料中均有牙本质唾磷蛋白阳性的组织生成。但是，所有支架中生成
的组织并不象牙本质而更类似于结缔组织。少量的细胞外基质矿化只在陶瓷材料中发
现。不论是体内还是体外实验，不同材料间均无明显区别。综上所述，在考虑进行临
床应用前尚需进一步探讨牙髓干细胞体内行为以及它们与三维支架材料间的作用关
系。
1.4 冻存后复苏的人牙髓干细胞的体外分化能力为何？
第五章着重探讨从人阻生磨牙牙髓中提取出的干细胞的体外多向分化能力。首
先，用酶消化方法提取出的人牙髓干细胞被冻存于液氮中数月。复苏后，首先分析其
细胞增殖潜力和干细胞表面标记物 STRO-1 的表达。其后，细胞在成神经性、成牙本
质/成骨性、成脂肪性、成肌性及成软骨性诱导培养液中分别培养，并根据细胞形态、
免疫学染色和实时荧光定量聚合酶链反应（RT-PCR）等结果进行分析。所有实验均重
复一次，并且与由美国国家健康研究所（NIH）赠送的细胞系进行比较。结果显示冻存
后复苏的细胞最少可稳定传 25 代。STRO-1 免疫染色证实了两细胞系中均存在干细胞/
祖细胞。两细胞系在五种诱导培养液的作用下均可向相关谱系分化。但两株细胞反应
不尽相同。总的来说，本实验室提取的细胞在成肌性分化方面更见优势，而另一细胞
系在成牙本质/成骨性和成软骨性分化方面表现更好。本实验证实人第三磨牙牙髓可作
为多向分化性干细胞的来源，从中提取出的细胞即便在冻存后亦可用于组织再生和细
胞介导的治疗技术。
1.5 人牙髓干细胞的体内多向分化能力如何？
体外实验已经证实了牙髓干细胞的多向分化能力。本论文第六章将接种了人牙髓
干细胞的胶原纤维支架植入裸鼠皮下，从而进一步分析人牙髓干细胞体内多向分化潜
力。细胞经成牙性、成脂性和成肌性诱导培养液预处理，未经预处理的细胞作为对
照。未接种细胞的胶原纤维支架种于皮下作为阴性对照。结果显示三周后种植体内有
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新生组织生成。形态学和基因表型变化证实经预诱导的人牙髓干细胞在体内可向成牙
性、成脂性和成肌性方向进一步分化。未经预处理的人牙髓干细胞可在体内自行朝成
牙性和成脂性方向分化。然而，只有少量组织呈现出成熟的形态学改变。本试验结果
证实了人牙髓干细胞在组织再生和细胞介导的治疗技术中的潜在应用价值，但其实用
性仍需更进一步的分析。
1.6 种于多孔生物陶瓷的牙髓干细胞和骨髓干细胞形成硬组织的能力为何？
第七章中，我们比较了四种干细胞/祖细胞在体内和体外环境中生成硬组织的能
力。先将原代培养的大鼠和人的牙髓及骨髓干细胞接种于多孔羟基磷灰石/磷酸三钙陶
瓷支架上，然后体外培养于成骨性诱导培养液中，或种于裸鼠皮下。在第 0、1、3 和
5 周收集体外培养的样本，用细胞增值率、碱性磷酸酶活性、扫描电镜和实时荧光定量
PCR 分析。体内种植的样本则于第 5 和 10 周收集，并用组织化学和实时荧光定量聚
合酶链反应（RT-PCR）分析。结果显示四种不同的细胞实验组体外均有大量细胞生长
和细胞外基质矿化。但是，体内成熟的骨组织只在大鼠骨髓干细胞组中发现。RT-PCR
观测到 Runx2 和骨钙蛋白与骨髓干细胞分化密切相关，而牙本质唾磷蛋白则与成牙性
分化有关。牙髓干细胞体内仅能形成有限的硬组织，这一结果对该细胞在完整牙齿形
成的实用性提出了疑问。反复传代可能是造成牙髓和骨髓干细胞成骨性分化能力降低
的原因。所以，开发新的细胞培养技术以期在保证得到所需细胞数量的同时却不损害
细胞的成骨分化潜力是十分必要的。
1.7 当剩余牙髓细胞受到外来生长因子刺激的情况下牙髓牙本质复合体的反应为何？
第八章的目的在于评估加载了不同浓度转化生长因子-β1 的聚乳酸-羟基乙酸共聚
物微球盖髓剂对牙本质桥生成的影响。材料为预定形的直径 2mm，高 2mm 的圆柱
体，每个样本加载 0，20，或 400 ng 的转化生长因子-β1。将此盖髓剂用于山羊切牙
牙髓。用玻璃离子水门汀直接盖髓的切牙作为阴性对照。盖髓 12 周后，收集切牙，按
组织学要求处理，并根据第三期牙本质的形成分级。结果显示除阴性对照样本，所有
样本中均见新牙本质形成。组织学评分结果显示加载了高浓度的转化生长因子-β1 的实
验组第三期牙本质形成明显多于其他三组（P<0.05)。从而证明加载了 400ng 转化生长
因子-β1 的复合物可激发牙髓中的干细胞分化成成牙本质细胞样细胞并诱导第三期牙本
质形成。该材料可用于活髓保存治疗术。
2. 结语及对未来的展望
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本论文对于牙髓来源的干细胞体外及体内的分化能力进行了评估。所有的研究均
集中在两个方向：（1）牙髓干细胞分化成成牙本质细胞样细胞及生成硬组织的能力。
结果证实大鼠和人的牙髓干细胞都能分化成成牙本质细胞样细胞，并且其体外生成钙
化结节的能力与骨髓干细胞相似。但是其体内生成硬组织的能力却十分有限；（2）牙
髓干细胞的多向分化性。我们发现人牙髓干细胞可以在诱导培养液的作用下体外向成
神经、成牙本质/成骨、成脂肪、成肌及成软骨方向分化。而且，用诱导培养液预处理
过的人牙髓干细胞可在裸鼠体内进一步分化并产生成熟的形态学改变。这些结果提示
牙髓干细胞可能不止限于牙科用途。
但是，正如我们在第一章中提到的，存在于活体中成体干细胞的数目少而且很难
定位。用普通的细胞提取方法只能得到混合的细胞。有研究指出只有三分之一单细胞
克隆出的牙髓干细胞细胞系能在裸鼠皮下生成异位牙本质。本论文中使用的也是混合
细胞。体内有限的硬组织提示混合细胞群的使用可能存在问题，用特殊标记物分选，
比如 CD34, CD44, CD73, CD166, Cd105, Sca+, Lin-或引入生长因子可能有助于解决
这个问题。其次，牙齿形成，尤其是其特殊形态的形成机理还不是很清楚，需要进行
胚胎发育水平上的研究。最后，尽管牙髓干细胞多向分化性已得到证实，但在实际应
用之前仍需要进一步分析。最主要的问题是如何解释成体干细胞的多向分化性。有研
究显示体内分化的细胞可能由移植入的干细胞和宿主体内原有的前体细胞融合而成，
这一结果对干细胞的可塑性提出质疑。然而，另有实验证明与分隔的受损肝脏共培养
的肝干细胞可分化成肝细胞。进一步的染色体分析证实无细胞融合产生。
本研究的结果提示了牙髓干细胞乐观的应用前景，但距离其实际应用还有一定距
离。在达到临床可行性之前还有一些问题尚待解决。首先，

201

Stem cells derived from dental pulp and their application potential on tissue regeneration

202

Acknowledgement

Acknowledgement

203

Stem cells derived from dental pulp and their application potential on tissue regeneration

204

Acknowledgement
The first time I arrived in the Netherlands was about six years ago, and it was also
my first time traveling to a country outside of China. When dragging my heavy
suitcases around the crowded and confusing Schiphol airport, trying to find my way
out, I didn’t have the faintest idea that I would do my doctoral study in this country; let
alone my PhD thesis. Now, when I look back over the past few years in the
Netherlands, my heart is filled with gratitude and thankfulness. It will be impossible to
acknowledge all people who contributed to the work described in this thesis and/or
who made my life here easier with their encouragement.
First and foremost I would like to express my deep and sincere gratitude to my
supervisor, Professor John A. Jansen. His extensive knowledge, his expertise on
tissue regeneration, and his logical way of thinking have been of great value to me.
His understanding, encouragement and personal guidance have provided a good
basis for the present thesis.
I owe my most sincere gratitude to Prof. Mingwen Fan (樊明文). He is not only the
promotor of this thesis, but also was my first supervisor when I first learned to do
research. He gave me the confidence and support to start my work in the
Netherlands.
I am deeply grateful to my direct supervisor, Dr. X Frank Walboomers. I had never
cultured a single cell before I started this project, which was completely concerned
with cells. He was the person who taught me everything from the very beginning.
Without his guidance and help, this thesis would not have been finished.
I am indebted to my colleagues, Dr. Joop Wolke, Ms. Anja de Ruijter, and Dr. Juliette
Van Den Dolder, for their constructive suggestions and comments during my study.
Acknowledgements also are in place for Dr. Songtao Shi, Dr. Philippe A. Van
Damme, Dr. Toin H. van Kuppevelt, Dr. Willeke F. Daamen, and Dr. Gerjo JVM Van
Osch, for their help and providing some of the essential materials in our studies.
My warm thanks are due to Rene van Rheden, Natasja van Dijk, and Jacky den
Bakker. Their technical help contributed greatly to this thesis.
My special appreciation goes to Fang Yang (阳芳) and Walter Loesberg, for their
support, help, and especially arranging many things for my thesis defense when I am
not in the Netherlands.

205

Stem cells derived from dental pulp and their application potential on tissue regeneration

I thank all my colleagues from the department of Periodontology and Biomaterials,
Jeroen, Esther, Lise, Meike, Dennis, Sander, Corinne, Quinten, Marijke, Wouter,
Xuechao, Hongbing, Adelina, Manal, Vincent, Anne, Afsheen, Nelleke, and Juliet. I
will never forget the time we studied, partied, and tea/lunch “breaked” together.
I wish to thank Mr. and Mrs. Roeters，Miluska, Hugo, Patricia, and Miriam. Your
kindness and concern made my stay in the Netherlands, a foreign country to me,
much easier.
I am grateful to some of my Chinese friends, 瑞芬, 洪燕, 朱峰, 张旗, 继东, 秀敏, 王琴,
常青, 牛栋, 韩砚, 丁慧娟, 谢蕊, 郑杭, 曹刚, 杨芳, 晓刚, 艺谨, 苗苗. Some of them
already obtained their degrees in the Netherlands and have proceeded to the next
step of their lives; others are still on the way to their goal. The time we spent to
encourage each other, and to enjoy life together, was very valuable to me.
I also want to express my gratitude to the members of SBC and FCCC, 彦明, 唐效, 陈
琦, 梁中宁, 崔琦, 邢亦子, 杨梓云, 王福四, 朱杰, 杨继英, 王至纯, 方利泉, 李大进, 于兵,
张铮, 金星, 宋冬玉, 高健, 胡林, 李源夫妇, 陶国乔夫妇, 等等. Yours kindness and
respect have turned the time I spent in the Netherlands into the most precious period
of my life.
I also would like to thank Olga Reynders-Warner, our secretary, for her general
support. Unfortunately, she passed way before the completion of this thesis. I hope
she is enjoying a happy life in Heaven.
This work was supported by the Royal Netherlands Academy of Arts and Sciences
(Koninklijke Nederlandse Akademie van Wetenschappen, KNAW) and the World
Health Organization. I would like to express my gratitude to Dr. Frans Mikx for
helping me to obtain this financial support.
Last but not least, I want to thank my parents for their unconditional support during all
these years.

206

Stem cells derived from dental pulp and their application potential on tissue regeneration

Curriculum Vitae
Weibo Zhang (张微波)
Born in Wuhan, P. R. China
On 15 September, 1975

1993~1998 Bachelor of Dentistry, Stomatological College & Hospital, Hubei Medical
University, P.R.China
1998~2001 Master of Stomatology, Wuhan University School of Stomatology,
China. Supervisor: Mingwen Fan.
2001~2005 Doctor of Stomatology, Wuhan University School of Stomatology, P.R.
China. Supervisor: Mingwen Fan.
2001~2002 Exchange dental student. Department of Cariology and Endodontology,
Radboud University Nijmegen Medical Centre, the Netherlands.
2003~2007 Doctoral thesis research conducted with John A. Jansen. Department of
Periodontology & Biomaterials, Radboud University Nijmegen Medical
Centre, the Netherlands.
2007~present Postdoctoral associate. Division of Craniofacial and Molecular
Genetics, Department of Oral and Maxillofacial Pathology, Tufts
university, Boston, U.S.A

207

Stem cells derived from dental pulp and their application potential on tissue regeneration

This thesis is based on the following publications:
Chapter 2: Science and regeneration of dentin-pulp complex. Translated from
chapter in Chinese textbook “Modern Endodontics”. W. Zhang, X.F. Walboomers, J.A.
Jansen. Ed-in-Chief: Fan Mingwen, Bian Zhuan, in print.
Chapter 3: Differentiation ability of rat postnatal dental pulp cells in vitro. W Zhang,
XF Walboomers, JGC Wolke, Z Bian, MW Fan, JA Jansen. Tissue Eng 11, 357-368
(2005).
Chapter 4: The performance of human dental pulp stem cells on different threedimensional scaffold materials Weibo Zhang, X. Frank Walboomers, Toin H. van
Kuppevelt, Willeke F. Daamen, Zhuan Bian, John A. Jansen. Biomaterials 27, 5658–
5668 (2006).
Chapter 5: Multilineage Differentiation Potential of Stem Cells Derived from Human
Dental Pulp after Cryopreservation. Zhang W, Walboomers XF, Shi S, Fan M,
Jansen JA. Tissue Eng 12, 2813-2823 (2006).
Chapter 6: In vivo evaluation of human dental pulp stem cells differentiated towards
multiple lineages. Weibo Zhang, X Frank Walboomers, Toin H Van Kuppevelt,
Willeke F Daamen, Philippe A. van Damme, Zhuan Bian, Mingwen Fan, John A
Jansen, Tissue Eng, submitted 2007.
Chapter 7: Hard tissue formation in porous HA/TCP ceramic scaffolds with stromal
cells derived from dental pulp and bone marrow. W Zhang, XF Walboomers, GJVM
Van Osch, J vanden Dolder, JA Jansen, Tissue Eng, submitted 2007.
Chapter 8: The formation of tertiary dentin after pulp capping with a calcium
phosphate cement, loaded with PLGA microparticles containing TGF-β1. W Zhang,
XF Walboomers, JA Jansen, J Biomed Mater Res Part A, in print 2007.

208

