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odontoblast 兩 dentin 兩 in vivo transplantation

D

uring tooth formation, interactions between epithelial and
dental papilla cells promote tooth morphogenesis by stimulating a subpopulation of mesenchymal cells to differentiate
into odontoblasts, which in turn form primary dentin. Morphologically, odontoblasts are columnar polarized cells with eccentric nuclei and long cellular processes aligned at the outer edges
of dentin (1). After tooth eruption, reparative dentin is formed
by odontoblasts in response to general mechanical erosion or
disruption, and through dentinal degradation caused by bacteria
(2). These odontoblasts are thought to arise from the proliferation and differentiation of a precursor population, residing
somewhere within the pulp tissue (3). Despite extensive knowledge of tooth development, and of the various specialized
tooth-associated cell types, little is known about the characteristics and properties of their respective precursor cell populations in the postnatal organism.
To date, the identification and isolation of an odontogenic
progenitor population from adult dental pulp tissue has never
been done. It is known that in certain conditions, cultures of pulp
cells derived from early developing dental root tissue and pulp
tissue can develop an odontoblast-like appearance with the
capacity to form mineralized nodules in vitro (4), a trait normally
attributed to cultures of bone or bone marrow cells (5, 6). More
is known about the characteristics of multipotent bone marrow
stromal cells (BMSCs) and their potential to develop into
osteoblasts, chondrocytes, adipocytes, myelosupportive fibrousstroma, and perhaps even muscle and neural tissues (7–12). They
are characterized by their high proliferative capacity ex vivo,
whereas maintaining their ability to differentiate into multiple
stromal cell lineages. The tissue-specific differentiation of BMSCs seems to be dependent on their state of differentiation and
commitment, and the microenvironment in which they are
located. By analogy, we speculated that adult dental pulp tissue
might also contain a population of multipotential stem cells.

In the present study, clonogenic and highly proliferative cells
were derived from enzymatically disaggregated adult human
dental pulp, which we have termed DPSCs, and compared with
BMSCs, cells with known stem cell character (13). We have
previously shown that human bone is generated after xenogeneic
transplantation of BMSCs with hydroxyapatite兾tricalcium phosphate (HA兾TCP) as a carrier vehicle (9). We therefore explored
the possibility that isolated ex vivo-expanded human DPSCs
would also be capable of regenerating a dentin兾pulp-like structure in vivo under similar conditions.
Materials and Methods
Subjects and Cell Culture. Normal human impacted third molars

were collected from adults (19–29 years of age) at the Dental
Clinic of the National Institute of Dental and Craniofacial
Research under approved guidelines set by the National Institutes of Health Office of Human Subjects Research. Tooth
surfaces were cleaned and cut around the cementum-enamel
junction by using sterilized dental fissure burs to reveal the pulp
chamber. The pulp tissue was gently separated from the crown
and root and then digested in a solution of 3 mg兾ml collagenase
type I (Worthington Biochem, Freehold, NJ) and 4 mg兾ml
dispase (Boehringer Mannheim) for 1 h at 37°C. Single-cell
suspensions were obtained by passing the cells through a 70-m
strainer (Falcon). Bone marrow cells, processed from marrow
aspirates of normal human adult volunteers (20–35 years of age),
were purchased from Poietic Technologies (Gaithersburg, MD)
and then washed in growth medium. Single-cell suspensions
(0.01 to 1 ⫻ 105兾well) of dental pulp and bone marrow were
seeded into 6-well plates (Costar) with alpha modification of
Eagle’s medium (GIBCO兾BRL) supplemented with 20% FCS
(Equitech-Bio, Kerrville, TX)兾100 M L-ascorbic acid 2-phosphate (Wako Pure Chemicals, Osaka)兾2 mM L-glutamine兾100
units/ml penicillin兾100 g/ml streptomycin (Biofluids, Rockville, MD), and then incubated at 37°C in 5% CO2. To assess
colony-forming efficiency, day 14 cultures were fixed with 4%
formalin, and then stained with 0.1% toluidine blue. Aggregates
of ⱖ50 cells were scored as colonies. Conditions for the induction of calcified bone matrix deposition in vitro were as reported
(6). The proliferation rate of subconfluent cultures (first passage) of DPSCs and BMSCs was assessed by bromodeoxyuridine
(BrdUrd) incorporation for 24 h by using a Zymed BrdUrd
staining kit (Vector Laboratories).
Immunohistochemistry. Primary DPSCs and BMSCs were subcultured into 8-chamber slides (2 ⫻ 104 cells兾well) (Nunc). The
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Dentinal repair in the postnatal organism occurs through the
activity of specialized cells, odontoblasts, that are thought to be
maintained by an as yet undefined precursor population associated
with pulp tissue. In this study, we isolated a clonogenic, rapidly
proliferative population of cells from adult human dental pulp.
These DPSCs were then compared with human bone marrow
stromal cells (BMSCs), known precursors of osteoblasts. Although
they share a similar immunophenotype in vitro, functional studies
showed that DPSCs produced only sporadic, but densely calcified
nodules, and did not form adipocytes, whereas BMSCs routinely
calcified throughout the adherent cell layer with clusters of lipidladen adipocytes. When DPSCs were transplanted into immunocompromised mice, they generated a dentin-like structure lined
with human odontoblast-like cells that surrounded a pulp-like
interstitial tissue. In contrast, BMSCs formed lamellar bone containing osteocytes and surface-lining osteoblasts, surrounding a
fibrous vascular tissue with active hematopoiesis and adipocytes.
This study isolates postnatal human DPSCs that have the ability to
form a dentin兾pulp-like complex.

cells were fixed in 4% formalin, and then reacted with saturating
levels of primary antibodies and the corresponding control
antibodies by using a Zymed broad-spectrum immunoperoxidase kit (Vector Laboratories). Antibodies used were: mouse
(IgG) control (Caltag, South San Francisco, CA); and rabbit (Ig)
control, TUK4 (anti-CD14), QBEND 10 (anti-CD34),
2B11兾PD7 (anti-CD45), M318 (anti-MyoD), 1A4 (anti-␣
smooth muscle actin), 2F11 (anti-neurofilament) (Dako);
H9H11 (anti-CD44), 6G10 (anti-VCAM-1) (Dr. P. J. Simmons,
Hanson Centre for Cancer Research, Adelaide, South Australia); CC9 (anti-MUC-18) (S. Gronthos, National Institute of
Dental and Craniofacial Research兾National Institutes of
Health, Bethesda); MAB1343 (anti-COL III), MAB1959 (anti␤1) (Chemicon); LF67 (anti-COL I), LF32 (anti-OC), BON-1
(anti-ON), LF100 (anti-BSP), LF123 (anti-OP) (L. Fisher, National Institute of Dental and Craniofacial Research兾National
Institutes of Health); MAB1104 (anti-COL II) (Research Diagnostics, Flanders, NJ); E-8 (anti-PPAR␥), 147 (anti-FGF-2)
(Santa Cruz Biotechnology). Working dilutions of rabbit serum
(1兾500), monoclonal supernatants (1兾4), and purified antibodies (10 g兾ml) were used.
Histochemistry. Secondary DPSC and BMSC cultures were
washed in PBS and then fixed with 4% formalin. Alkaline
phosphatase activity was assessed by using a Sigma in vitro
alkaline phosphatase substrate kit (85L-2). Calcium deposits
were detected by treatment with 2% Alizarin Red S (pH 4.2).
Transplantation. Approximately 5.0 ⫻ 106 of DPSCs and BMSCs
(third passage) were mixed with 40 mg of HA兾TCP ceramic
powder (Zimmer, Warsaw, IN) and then transplanted s.c. into
the dorsal surface of 10-week-old immunocompromised beige
mice (NIH-bg-nu-xid, Harlan–Sprague–Dawley) as described
(9). These procedures were performed in accordance to specifications of an approved small animal protocol (National Institute of Dental and Craniofacial Research no. 97–024). The
transplants were recovered at 6 weeks posttransplantation, fixed
with 4% formalin, decalcified with buffered 10% EDTA (pH
8.0), and then embedded in paraffin. Sections (5 m) were
deparaffinized and stained with hematoxylin兾eosin.
Reverse Transcription–PCR. Total RNA was prepared from collagenase兾dispase-digested cell suspensions of 6-week-old DPSC
transplants by using RNA STAT-60 (Tel-Test, Friendswood,
TX). First-strand cDNA synthesis was performed by using a
first-strand cDNA synthesis kit (GIBCO兾BRL; Life Technologies, Grand Island, NY) by using an oligo-dT primer. First strand
cDNA (2 l) was diluted in a 50-l PCR reaction of 1X PCR
reaction buffer: 1.5 mM MgCl2兾200 M each of dNTP兾0.2 units
of AmpliTaq DNA Polymerase (Perkin–Elmer)兾10 pmol of
each human-specific primer sets: bone sialoprotein (sense 5⬘CTATGGAGAGGACGCCACGCCTGG-3⬘ (antisense, 5⬘CATAGCCATCGTAGCCTTGTCCT-3⬘), osteocalcin (sense,
5⬘-CATGAGAGCCCTCACA-3⬘; antisense, 5⬘-AGAGCGACACCCTAGAC-3⬘), dentin sialophosphoprotein (DSPP)
(sense 5⬘-GGCAGTGACTCAAAAGGAGC-3⬘; antisense, 5⬘TGCTGTCACTGTCACTGCTG-3⬘), glyceraldehyde-3-phosphate dehydrogenase (sense, 5⬘-AGCCGCATCTTCTTTTGCGTC-3⬘; antisense 5⬘-TCATATTTGGCAGGTTTTTCT3⬘). The reactions were incubated in a PCR Express Hybaid
thermal cycler (Hybaid, Franklin, MA) at 94°C for 2 min for one
cycle and then 94°C兾(45 s), 56°C兾(45 s), 72°C兾(60 s) for 35
cycles, with a final 10-min extension at 72°C. After amplification,
10 l of each reaction was analyzed by 1.5% agarose gel
electrophoresis, and visualized by ethidium bromide staining.

In Situ Hybridization. A digoxigenin-labeled probe for human-

specific alu repetitive sequence was prepared by PCR by using
13626 兩 www.pnas.org

Fig. 1. Colony-forming efficiency and cell proliferation in vitro. Representative high (A) and low (B) density colonies after 14 days. The morphology is
typical of fibroblast-like cells (C). The incidence of colony-forming cells from
dental pulp tissue and bone marrow at various plating densities indicates that
there are more clonogenic cells in dental pulp than in bone marrow (D). The
number of BrdUrd-positive cells were expressed as a percentage of the total
number of cells counted for DPSCs and BMSCs (E). Statistical significance (*)
was determined by using the Student’s t test (P ⱕ 0.05).

primers for alu as described (13). Similarly, a digoxigeninlabeled probe specific for human DSPP mRNA was also prepared by using the DSPP primers under the same PCR conditions as described above. The specificity of both probes was
verified by DNA sequencing. Unstained sections were deparaffinized and hybridized with either the digoxigenin-labeled alu
probe (9) or the DSPP probe by using the mRNAlocator-Hyb Kit
(catalogue no. 1800; Ambion, Austin, TX). After hybridization,
the presence of both alu and DSPP mRNA in tissue sections
was detected by immunoreactivity with an anti-digoxigenin
alkaline phosphatase-conjugated Fab fragments (Boehringer
Mannheim).
Results
Isolation of Clonogenic Populations of DPSCs. It is well documented

that osteoprogenitors can be isolated from aspirates of bone
marrow by their ability to adhere to a plastic substratum, and
with appropriate stimulation, begin to proliferate (13–15). Each
colony originates from a single progenitor cell (colony-forming
unit-fibroblast, CFU-F) and displays a wide variation in cell
morphology and growth potential (13–18). Here, we demonstrate the presence of a clonogenic cell population in dental pulp
tissue (Fig. 1 A and B). The cells within each colony were
characterized by a typical fibroblast-like morphology (Fig. 1C)
analogous to the progeny of human bone marrow CFU-F (19).
The frequency of colony-forming cells derived from dental pulp
tissue (22–70 colonies兾104 cells plated) was significantly higher
in comparison to the incidence of bone marrow CFU-F (2.4–3.1
colonies兾104 cells plated) over similar plating densities (0.1–
2.5 ⫻ 104 cells plated) (Fig. 1D). In addition, the number of
proliferating cells in DPSC cultures was also significantly higher
(mean 72% BrdUrd-positive cells ⫾ 3.48 SEM, n ⫽ 3) when
compared with BMSC cultures (46% BrdUrd-positive cells ⫾
1.96 SEM, n ⫽ 3) by using the BrdUrd uptake method (t test P ⱕ
0.05) (Fig. 1E).
Characterization of the Immunophenotype of DPSCs in Vitro. Immu-

nohistochemical studies were performed to characterize the
progeny of the DPSC and BMSC clonogenic populations, by
using a large panel of antibodies specific to known antigens
Gronthos et al.

Table 1. Immunohistochemical analysis of human DPSCs and
BMSCs in vitro

CD14
CD34
CD44
CD45
Integrin ␤1
VCAM-1
MyoD
␣-SM actin
Neurofilam.
MUC-18
Collagen-I
Collagen-II
Collagen-III
Osteocalcin
Osteonectin
BSP
Osteopontin
Alk Phos
PPAR␥
FGF-2

DPSC-1

DPSC-2

BMSC

–
–
⫹⫹
–
⫹⫹兾⫹
⫹
–
⫹⫹兾⫺
–
⫹⫹兾⫺
⫹
–
⫹⫹兾⫹
⫹⫹兾⫹
⫹⫹兾⫹
–
⫹兾⫺
⫹⫹兾⫹兾⫺
–
⫹⫹兾⫹

–
–
⫹⫹
–
⫹⫹兾⫹
⫹
–
⫹⫹兾⫺
–
⫹⫹兾⫹兾⫺
⫹⫹
–
⫹⫹兾⫹
⫹⫹兾⫹
⫹⫹
–
⫹兾⫺
⫹⫹兾⫹兾⫺
–
⫹⫹

–
–
⫹⫹
–
⫹⫹
⫹⫹
–
⫹⫹兾⫹兾⫺
–
⫹⫹兾⫹兾⫺
⫹⫹兾⫹
–
⫹⫹兾⫹
⫹兾⫺
⫹⫹兾⫹
⫹兾⫺
⫹兾⫺
⫹⫹兾⫹兾⫺
–
⫹⫹兾⫹

⫹⫹, strong staining; ⫹, weak staining; ⫺, negative; –, subpopulation;
VCAM-1, vascular cell adhesion molecule 1; MyoD, myocyte origin; ␣-SM actin,
alpha-smooth muscle actin; MUC-18, CD146; BSP, bone sialoprotein; Alk Phos,
alkaline phosphatase; PPAR␥, peroxisomal proliferator activated receptor
gamma 2; FGF-2, fibroblast growth factor 2.

associated with different phenotypes. Typical immunoreactivity
profiles for both cell populations are shown in Table 1. Primary
cultures of DPSC and BMSC failed to react with the hematopoietic markers CD14 (monocyte兾macrophage), CD45 (common leukocyte antigen), CD34 (hematopoietic stem兾progenitor
cells兾endothelium), and other markers such as MyoD (smooth
muscle), neurofilament (nerve), collagen type II (cartilage), and
peroxisomal proliferator activated receptor gamma 2 (fat). In
general, DPSCs and BMSCs exhibited a similar expression
pattern for a variety of markers associated with endothelium
[vascular cell adhesion molecule 1 and MUC-18 (CD146)],
smooth muscle (␣-smooth muscle actin), bone (alkaline phosphatase, type I collagen, osteonectin, osteopontin, and osteocalcin), and fibroblasts (type III collagen and fibroblast growth
factor 2). The bone matrix protein, bone sialoprotein, was absent
in DPSC cultures, but present at low levels in BMSC cultures.
Representative immunoreactivity patterns for DPSC are shown
(Fig. 2). Many of the markers were not uniformly expressed, but
found in subsets of cells, indicating that the DSPC population is
heterogeneous, as has been shown for the BMSC population.
The DPSC cultures were also found to be negative for the
odontoblast-specific marker, DSPP, by Northern blot analysis,
which is suggestive of an undifferentiated phenotype (data not
shown).

Fig. 2. Immunophenotype of cultured DPSCs. Studies based on immunoperoxidase reactivity were performed on first passage cultures of DSPCs. Representative staining patterns are shown for: integrin ␤1 (A); CD44 (B); collagen
type I (C); collagen type III (D); fibroblast growth factor-2 (E); osteonectin (F);
osteocalcin (G); MUC-18 (CD146) (H); ␣-smooth muscle actin (I); osteopontin
(J); and vascular cell adhesion molecule 1 (K). Endogenous alkaline phosphatase activity is shown in L.

clusters of lipid-containing adipocytes were detected in primary
cultures of BMSC as early as 2 weeks (Fig. 3D).
Ex Vivo Expanded DPSCs Can Generate a Dentin兾Pulp-Like Structure
in Vivo. Because complete developmental potential and forma-

tion of an appropriate histological structure often cannot be fully
realized in vitro, DPSCs were transplanted in conjunction with
HA兾TCP powder into immunocompromised mice. After 6
weeks posttransplantation, DPSCs generated a dentin-like structure lining the surfaces of the HA兾TCP particles, comprised of
a highly ordered collagenous matrix deposited perpendicular to
the odontoblast-like layer when viewed by polarized light (Fig.

CELL BIOLOGY

Marker

Differentiation Potential of DPSCs in Vitro. Long-term cultures (5–6

weeks) of DPSCs grown in the presence of L-ascorbate-2phosphate, the glucocorticoid, dexamethasone, and inorganic
phosphate demonstrated the capacity to form Alizirin Redpositive condensed nodules with high levels of calcium (Fig. 3A).
The deposits were sparsely scattered throughout the adherent
layer as single mineralized zones. In contrast, BMSC cultures
produced extensive sheets of calcified deposits over the entire
adherent layer after 3–4 weeks of induction (Fig. 3C). After 6
weeks of stimulation with dexamethasone, there was no evidence
of adipogenesis in primary DPSC cultures (Fig. 3C), whereas
Gronthos et al.

Fig. 3. Developmental potential in vitro. Adherent layers of cultured DPSCs
(A and B), and BMSCs (C and D) are shown with Alizarin Red staining as a
measure of calcium accumulation after 6 weeks of induction with L-ascorbate2-phosphate and dexamethasone with inorganic phosphate (A and C). After
6 weeks in the same medium but without inorganic phosphate, lipid accumulation was noted in BMSCs (D), but not in DPSCs (B).
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Fig. 4. Developmental potential in vivo. Cross sections are representative of DPSC transplants (A, C, and D) and BMSC transplants, (B, E, and F) 6 weeks
posttransplantation and stained with hematoxylin and eosin. In the DPSC transplants, the HA兾TCP carrier surfaces (c) are lined with a dentin-like matrix (d),
surrounding a pulp-like tissue with blood vessels (bv) and an interface layer of odontoblast-like cells (od) (A). A magnified view of the dentin matrix (d) highlights
the odontoblast-like layer (od) and odontoblast processes (arrow) (C). Polarized light demonstrates perpendicular alignment (dashed lines) of the collagen fibers
to the forming surface (D). In BMSC transplants, lamellar bone (b) is formed on the HA兾TCP surfaces (c) and surrounds a vascular, hematopoietic marrow organ
(hp) with accumulated adipocytes (a) (B). A magnified view shows that the new bone contains osteocytes (oc), embedded within the calcified matrix, and
osteoblasts (ob) lining the bone surfaces (E). With polarized light, collagen fibrils are seen to be deposited parallel with the forming surface (dashed lines) (F).

4 A, C, and D). Immunological studies demonstrated that the
matrix was predominantly composed of collagen type I (data not
shown). The odontoblast-like cells extended cytoplasmic processes into the dentinal matrix, which interfaced with a pulp-like
interstitial tissue infiltrated with blood vessels. The pulp and
odontoblast-like cells were found to be of donor origin based on
their reactivity to the human alu-specific probe (Fig. 5A).
Furthermore, the DPSC transplants expressed human-specific
transcripts for dentin matrix components, including bone sialoprotein, osteocalcin, and DSPP by reverse transcription–PCR
and in situ hybridization (Fig. 6). The corresponding BMSC
transplants formed distinct lamellae of bone on the surface of the
HA兾TCP where the collagen fibers were aligned parallel to the
osteoblasts on the bone-forming surfaces (Fig. 4 B, E, and F).
Osteocytes, entombed within the bone matrix, and osteoblasts

Fig. 5. In situ hybridization for the human-specific alu DNA sequence.
Alu-positive cells in the pulp tissue (large arrow) and odontoblast-like layer
(small arrow) adjacent to the dentin matrix (d) are easily recognized in 6-week
DPSC transplants (A). Osteocytes encased in the new bone matrix (small arrow)
and the osteoblasts lining the bone (b) surfaces (large arrow) show positive
reactivity with the alu probe in the BMSC transplants (B). Hematopoietic
elements (hp) in the marrow-like organ fail to show reactivity with the alu
probe.
13628 兩 www.pnas.org

were also found to be of donor origin (Fig. 5B). Newly formed
bone surrounded an interstitial tissue that was infiltrated by a
sinusoid network resembling a marrow-like organ, with extensive
areas of active hematopoiesis and adipocyte accumulation.
Interestingly, the DPSC transplants failed to support any hematopoiesis or initiate adipocyte formation even 4 months post-

Fig. 6. Expression of the human-specific DSPP, osteocalcin (OC), bone sialoprotein (BSP) mRNA in DPSC transplants. Transcripts for DSPP, BSP, OC, and
glyceraldehyde-3-phosphate dehydrogenase were detected by reverse transcription–PCR by using total RNA isolated from 6-week-old DPSC transplants
(A). DSPP-positive cells were also found in the pulp tissue and odontoblast
layer (arrow) adjacent to the dentin matrix (d) by in situ hybridization (B).
Specificity of the probe was verified by hybridization in the odontoblast layer
(arrow) of human dental pulp (p) tissue (C). No reactivity of the DSPP-specific
probe was detected in human bone, bone marrow, and muscle tissue (data
not shown).

Gronthos et al.

Discussion
During development, interactions between epithelial cells of the
inner enamel organ and mesenchymal cells of the dental papilla
lead to the differentiation of ameloblasts and odonotoblasts,
each of which deposit specialized mineralized matrices, enamel
and dentin, respectively. Once formed, these matrices do not
undergo remodeling, unlike bone, which slowly remodels
throughout postnatal life. However, after tooth eruption, dentinal damage caused by mechanical trauma, exposure to chemicals or disease processes induces the formation of reparative
dentin, a poorly organized mineralized matrix that serves as a
protective barrier to the dental pulp. It is thought that progenitors are recruited from dental pulp to develop supportive
connective tissue and terminally differentiated odontoblasts (1);
yet the origin and nature of these cells have not been characterized, and the possible existence of a postnatal DPSC was
never formerly proposed. We speculated that dental pulp might,
in fact, be the source of dental stem cells, because bone marrow
is a source of stem cells (13).
To determine the existence of such a cell in dental pulp, we
applied methodology that had been previously developed for the
isolation and characterization of BMSCs. By using a colonyforming efficiency assay that determines the CFU-F number in
bone marrow cell suspensions, we demonstrated that a minor
population within adult human dental pulp is clonogenic. Colonies of dental pulp cells occurred at an apparently higher
frequency in comparison to BMSCs. However, this is most likely
because of the basic differences in the composition of the two
connective tissues. Whereas dental pulp is comprised largely of
fibrous tissue, in bone marrow aspirates, hematopoietic cells
constitute the majority of the cell population (⬎99.9%). When
bone marrow core biopsies from normal donors are flushed free
of hematopoietic cells and then subjected to collagenase treatment, the incidence of CFU-F dramatically increases to by more
than 10-fold compared with marrow aspirates (unpublished
observations). Consequently, when considering the number of
CFU-F from a connective tissue devoid of hematopoietic cells,
the numbers would appear to be fairly equivalent.
Interestingly, DPSCs exhibited a higher proliferation rate
compared with BMSCs in vitro. This may be attributed to the
developmental state of the respective tissues, because the third
molars are the last permanent teeth to fully develop and erupt
and are therefore at an earlier state of development compared
with adult bone marrow. Current studies indicate that they
maintain their high rate of proliferation even after extensive
subculturing. Taken together with their clonogenic nature, the
cells isolated here satisfy two of the criteria of a postnatal
somatic stem cell (14).
Although their localization in situ is quite different, DPSCs
and BMSCs share many features. Potent regulators of bone
formation such as transforming growth factor-␤, bone morphogenic protein (BMP)-2, and BMP-4 have been implicated as
promoters of odontoblast development (15, 16). Other growth
factors thought to regulate the proliferation and differentiation
of odontoblast precursors include basic fibroblast growth factor,
platelet-derived growth factor, epidermal growth factor, insulinlike growth factor I tumor necrosis factor-␣, and IL-␤1 (16–18),
all of which influence osteoblastic cells as well. Furthermore,
odontoblasts and osteoblasts express similar mineralized matrix
proteins, such as dentin matrix protein 1, fibronectin, collagen
type I, alkaline phosphatase, osteonectin, osteopontin, bone
sialoprotein, and osteocalcin (15, 16, 19–21). Two notable
exceptions are the odontoblast-specific gene products, dentin
Gronthos et al.

sialoprotein (22) and dentin phosphoprotein (23), encoded by a
single gene known as DSPP (24). The expression of both dentin
sialoprotein and dentin phosphoprotein occurs after the formation a collagenous predentin matrix and is associated with the
process of dentinogenesis (25). Collectively, these studies suggest
that biochemical pathways involved in the differentiation of
DPSCs into functional odontoblasts are similar to differentiation
pathways of BMSCs into osteoblasts, and consequently, we
compared these two populations in vitro and in vivo.
The present study demonstrates that human DPSCs do share
a similar pattern of protein expression with BMSCs in vitro.
However, several subsets of cells expressing markers of bone
(alkaline phosphatase, osteopontin, and bone sialoprotein),
smooth muscle (␣-smooth muscle actin), and endothelial cells
(MUC-18) were represented in both DPSCs and BMSCs. Therefore, the heterogeneous nature of DPSCs may reflect differences
in their developmental stages or may even represent different
pulp cell lineages. More work is clearly needed to assess the full
developmental potential of different DPSC clones, in analogy to
the proposed marrow stromal hierarchy of cellular differentiation (26), where only a subset of BMSC colonies have the
potential to develop into multiple cell lineages in vitro, or the
capacity to form new bone and marrow elements in vivo (6, 8, 9,
12, 27).
It is also of interest to note that both DPSCs and BMSCs
express smooth muscle and endothelial markers. Based on recent
studies in developmental biology, it has been suggested that a
number of different stem cells may arise from developing blood
vessels (28), and there is evidence that osteoprogenitors are
associated with the outer surfaces of vasculature (29, 30). The
origin and precise location of DPSCs are unknown because of a
lack of specific markers. However, it is possible that they may
also be associated with the vasculature. Further characterization
of DPSCs by using current molecular technology will hopefully
provide novel markers that will be useful in their identification
in situ, and isolation and purification ex vivo.
Previous studies have looked at the odontogenic potential of
adult human dental pulp by using a number of organ, explant,
and cell-culture methods and noted the ability of such cultures
to mineralize, at least in part (4, 19, 20, 31). Our data also
demonstrates the potential of DPSCs to form calcified deposits
in vitro, as do BMSCs (5, 6, 32). However, DPSCs formed sparse
and dense calcified nodules, and failed to develop lipid-laden
adipocytes, whereas BMSCs developed extensive sheets of calcified deposits and abundant lipid-laden adipocytic clusters.
Although in vitro culture systems offer a model to investigate
odontoblast development, they fall short in their ability to allow
for determination of the ability of a stem cell to generate a
functional tissue with the appropriate architecture. Consequently, an in vivo transplantation system, the gold standard, was
needed to further characterize the differentiation capacity of
DPSCs.
The potential of developing dental cells to generate a dentinlike tissue has previously been described after transplantation of
neonatal rodent and bovine dental papilla cells (33–35). However, in another earlier study, intact human dental pulp from a
premolar tooth of a 13-year-old male failed to generate a dentin
matrix and兾or odontoblast-like cells when transplanted beneath
the kidney capsule of athymic mice (36). The failure of intact
tissue to form dentin suggests that the putative DPSCs remained
constrained within the tissue. Our study used clonogenic, ex vivo
expanded adult human pulp cells to generate a dentin兾pulp-like
complex by in vivo transplantation. The HA兾TCP used in our
transplantation system may be ‘‘odonto’’-conductive, because it
is ‘‘osteo’’-conductive for BMSCs. The DPSC transplants are
characterized by a well-defined layer of aligned odontoblast-like
cells expressing the dentin-specific protein DSPP, with their
processes oriented in the same direction and extending into
PNAS 兩 December 5, 2000 兩 vol. 97 兩 no. 25 兩 13629
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transplantation. In addition, tartrate-resistant acid phosphatasepositive cells were seen lining the new bone surfaces in the
BMSC transplants but were not detected in the dental-pulp
transplants (data not shown).

biology, it appears that dental pulp is analogous to muscle and
nervous tissue (37–39). Although muscle, nervous tissue, and
dentin-associated tissue do not remodel during postnatal life, they
all contain stem cells that have the ability to differentiate in
response to injury. The transplantation of human DPSCs into
immunocompromised mice provides a new model by which to
further characterize these stem cells. Furthermore, it is noteworthy
that the amount of dentin and pulp-like tissue formed in these
transplants far exceeds the amount that would be generated in situ
during the lifetime of an organism. Consequently, there is a great
potential for the isolation of a large number of DPSCs from a single
tooth that could be used for dentinal repair of a number of teeth.
Further development of carriers with appropriate shape and composition to be used in conjunction with ex vivo expanded DPSCs
makes the fabrication of a viable dental implant a real possibility in
perhaps the not too distant future.

tubular structures within newly generated dentin. The collagen
matrix mimics the structure of primary dentin with ordered
fibers perpendicular to the odontoblast layer, rather than the
disorganized matrix characteristic of reparative dentin. The
interstitial cellular components of the DPSC transplants is
reminiscent of a pulp-like fibrous tissue, infiltrated with blood
vessels, and distinct from the hematopoietic, adipocytecontaining marrow formed in the BMSC transplants. Importantly, the odontoblast-like cells and cells within the fibrous
tissue were both found to be human in origin. Therefore, even
though DPSCs and BMSCs are regulated by similar factors, and
share a common protein expression profile, these populations
differ significantly in their proliferative ability and developmental potentials in vitro, and more importantly, their ability to
develop into distinct tissues representative of the microenvironments from which they were derived in vivo.
The data presented here demonstrate that postnatal dental pulp
contains cells that are clonogenic, highly proliferative, and capable
of regenerating a tissue, properties that effectively define them as
stem cells. Based on recent exciting developments in stem cell
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