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ABSTRACT

The connective tissue of the human tooth arises from cells that are derived from the cranial neural crest and,
thus, are termed as ‘‘ectomesenchymal cells.’’ Here, cells being located in a pad-like tissue adjacent to the
apex of the developing tooth, which we designated the third molar pad, were separated by the microexplant
technique. When outgrowing from the explant, dental neural crest–derived progenitor cells (dNC-PCs)
adhered to plastic, proliferated steadily, and displayed a fibroblast-like morphology. At the mRNA level,
dNC-PCs expressed neural crest marker genes like Sox9, Snail1, Snail2, Twist1, Msx2, and Dlx6. Cyto-
fluorometric analysis indicated that cells were positive for CD49d (a4 integrin), CD56 (NCAM), and
PDGFRa, while negative for CD31, CD34, CD45, and STRO-1. dNC-PCs could be differentiated into
neurogenic, chondrogenic, and osteogenic lineages and were shown to produce bone matrix in athymic mice.
These results demonstrate that human third molar pad possesses neural crest–derived cells that represent
multipotent stem/progenitor cells. As a rather large amount of dNC-PCs could be obtained from each single
third molar, cells may be used to regenerate a wide range of tissues within the craniofacial region of humans.

INTRODUCTION

THE NEURAL CREST IS AN IMPORTANT transient embryonic

tissue that arises along the lateral margins of the neural

folds and yields pluripotent cells with migratory properties

to generate many different derivatives. In the head, cranial

neural crest cells give rise to the ectomesenchyme, from

which craniofacial tissues are derived.1–3

When the cranial neural crest cells migrate away and tra-

vel within the developing head and neck, they are trapped

at specific sites of the viscerocranium. These sites include

the maxillary and mandibular prominences of the future

jaws.4–9 While mapping their migration routes, it has been

shown that the cranial neural crest cells contribute to the

formation of condensed dental mesenchyme, dental papilla,

cementum, periodontal ligaments, chondrocytes in Mec-

kel’s cartilage, mandible, the articulating disc of the tem-

poromandibular joint, and the branchial arch nerve glia.10,11

Therefore, with regard to the development of teeth, all their

tissues (except enamel) may, in principle, arise from neural

crest–derived ectomesenchymal stem cells.

Several reports have shown that the dental papilla and

the dental follicle are developmentally related as they are

derived from an early concentration of ectomesenchymal

tissue.12,13 Not surprisingly, stem cells may contribute to

ongoing differentiation and tissue maintenance of the tooth

in fetal and postnatal life. For example, stem cells have

been described from deciduous and adult dental pulp,14,15

from root papilla,16 or from periodontal ligament tissue.17

Primary cells derived from these tissues are described as
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STRO-1–positive stem cells. However, details about their

properties and functions are still incomplete, and the char-

acterization regarding their relationship is not fully under-

stood.

In line with this, the soft tissue of impacted third molars

of young adults was explored as an easily accessible source

of high-potent stem cells of ectomesenchymal nature. Here,

those cells being located in a pad-like tissue, that is, the

apical part of the developing tooth, which we called the

third molar pad, were separated by the microexplant tech-

nique and culture expanded. We defined the phenotype of

a distinct population of progenitor cells, which we termed

‘‘dental neural crest–derived progenitor cells’’ (dNC-PCs),

and investigated their in vitro and in vivo growth and their

capacity of multilineage differentiation.

As a whole, our data provide evidence that dNC-PCs are

novel progenitor cells with a high capacity for diversifica-

tion when outside their dental signaling network. Thus, the

pad-like tissue represents a compartment of the developing

tooth where mostly undifferentiated, that is, primitive, cells

may be preserved. However, based on expression of spe-

cific markers, dNC-PCs are different from adult stem cells

that were obtained from dental tissues.

MATERIALS AND METHODS

Subjects and tissue

Fully impacted third molars were obtained after being

surgically removed from patients of 11–18 years of age due

to orthodontics reasons. The average age of patients was

14.3 years (n¼ 16). Written consent was obtained from

all parents of the participating patients before extraction.

After the surgical procedure, each third molar was imme-

diately transferred into plastic tubes containing transport

medium, that is, Dulbecco’s modified Eagle’s medium–low

glucose (DMEM-LG) (Cambrex Bio Science, Verviers,

Belgium) supplemented with 1% penicillin/streptomycin

(Cambrex Bio Science).

Cell culture

Cell preparations were obtained from the apex of the

developing tooth, that is, a pad-like tissue that is located

under the pulpal tissue as being indicated in Figure 1A–C.

Under sterile conditions, the pad-like tissue was prepro-

cessed (Supplemental Fig. 1A–G, available online at www

.liebertpub.com), cut into small pieces (approximately 1mm3)

with a scalpel, and treated with collagenase/dispase solution

(Sigma, Munich, Germany) for 1 h at 378C. The resulting

preparation was centrifuged at 350 g for 5min. The pellet was

resuspended in growth medium composed of DMEM-LG

supplemented with 2mM glutamine and 1% penicillin/

streptomycin (Sigma), and 10% fetal calf serum (FCS)

(Biochrom, Berlin, Germany), and subsequently seeded in T25

tissue culture flasks (BD Falcon, Germany). Microexplants

were maintained at 378C in humidified air with 5% carbon

dioxide (CO2) for 1–2weeks; the growthmediumwas replaced

every 3–4 days. Upon reaching 70–80% confluence, cells were

detached using a solution of 0.05% trypsin/0.53mM ethyle-

nediaminetetraacetic acid (EDTA) (Sigma), washed twicewith

growth medium, and replated at a density of 5000 cells/cm2.

Cell counts were performed using 0.4% trypan blue solution

(Cambrex Bio Science). The population doubling time was

calculated according to Bepler et al.18 For the described ex-

periments, these cells were used at passages 3 to 4. Analyses of

high passage cultures (> passage 17) showed spontaneous

transformation like chromosomal instability (data not shown)

similarly to stem cell systems studied elsewhere.19–21

Besides third molar pad–derived cells, also human bone

marrow–derived stromal cells (BMSCs) and neonatal der-

mal fibroblasts (NDFBs) (Cambrex Bio Science) were used

in some experiments as terms of comparison.

In vitro differentiation

For neurogenic differentiation, high-density cultures

(2�104 cells/cm2) were maintained in neurobasal medium

(Invitrogen, Carlsbad, CA) supplemented with 1�B27

(Invitrogen), 20 ng/mL epidermal growth factor (Sigma),

and 40 ng/mL basic fibroblast growth factor (bFGF) (Sig-

ma). After 4–7 days, free-floating spheres were collected,

trypsinized, and replated at a density of 5000 cells/cm2 on

glass cover slips coated with poly-D-lysine/laminin (BD

Biosciences, San Jose, CA). Cells were further incubated in

differentiation medium, that is, DMEM supplemented with

15% FCS (Biochrom), 50 ng/mL b-nerve growth factor,

20 ng/mL bFGF, 1mM dibutyryl cAMP, 0.5mM 3-isobutyl-

1-methylxanthine, and 10mM all trans-retinoic acid (all from

Sigma). Differentiation medium was changed every second

day.22

For chondrogenic induction, the three-dimensional mi-

cromass cultures (pellet cultures) were performed.23 About

2�105 cells were placed in a 15-mL polypropylene tube

(BD Falcon) and pelleted at 400 g for 5min at 48C. Then,
the medium was changed and samples were grown in

chondrogenic medium consisting of DMEM–high glucose

(Cambrex Bio Science) supplemented with L-glutamine,

100 mg/mL sodium pyruvate, 50 mg/mL L-ascorbic acid-2-

phosphate, 10�7M dexamethasone, 1% ITSþ 1 (insulin,

transferrin, and selenium), and 10 ng/mL recombinant hu-

man transforming growth factor-b1 (all from Sigma). Pel-

lets were cultured at 378C in humidified air with 5% CO2.

After 2 weeks, 500 ng/mL recombinant human bone mor-

phogenetic protein-6 (Sigma) was added. The differentia-

tion medium was changed every second day. Cultures were

analyzed after 21 and 28 days.

For osteogenic induction, cells were initially seeded at a

density of 8�103 cells/cm2 in 24-well plates (BD Falcon)

and cultured in growth medium containing DMEM-LG,

10% FCS, and 1% penicillin/streptomycin. When reaching

subconfluency, cultures were further grown in differentia-
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tion medium, that is, growth medium supplemented with

10�7M dexamethasone, 50 mM ascorbic acid-2 phosphate,

and 10mM b-glycerol phosphate (all from Sigma).24 The

medium was changed twice a week, and cultures were

analyzed after 14, 21, and 28 days.

In vivo osteogenesis

Monolayer cultured cells (see ‘‘cell culture,’’ above) were

trypsinized and resuspended in fibrin gel (Baxter, Wien,

Austria), and statically loaded into bovine bone–derived

FIG. 1. Maxillary third molar. Lateral view of the impacted molar that has been surgically removed and partially dissected (A). Under

these conditions the connective tissues enveloping the immature tooth appear detached (B), while the pad-like tissue remains correctly

beneath the papilla (C). Sections of the pad-like tissue (D–G): histologic appearance by hematoxylin and eosin–periodic acid Schiff

(D) and Alcian blue (E; dotted line indicates transition between pulpal tissue [blue arrow] and pad-like tissue [red arrow]); im-

munolocalization of single cells positive for antibodies to SOX9 (F) and MSX2 (G), respectively. Color images available online at

www.liebertpub.com/ten.
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granulates (250–500 mm particles; Bio-Oss, Geistlich,

Switzerland).25 Briefly, 1�106 cells were resuspended in

30 mL of the fibrinogen component (diluted to 20mg/mL),

quickly mixed with 30 mL of the thrombin component (di-

luted to 6 IU/mL), and immediately loaded into and around

the scaffolds, where fibrin polymerized during incubation

for 15min in a humidified 5% CO2 incubator at 378C. The
cell–fibrin–scaffold constructs were harvested and implan-

ted subcutaneously in nude mice (CD-1 nude/nude, Charles

River, Wilmington, MA). As a negative control, fibrin–

scaffolds without cells were implanted. Care of animals was

in accordance with institutional guidelines. After 5 and 10

weeks, respectively, mice were killed and explants were fixed

in 4% formaldehyde, and embedded in paraffin. Sections

were stained with hematoxylin and eosin and Masson’s tri-

chrome, and assessed by computerized histomorphometry.26

RT-PCR analysis

Total RNA was isolated from tissues or cells by add-

ing Qiazol lysis reagent� (Qiagen, Hilden, Germany) to

samples. Samples were homogenized in a TissueLyser�

(Qiagen). After precipitation, RNA was purified by using

Qiagen Miniprep� protocol, including on column DNAse

A digestion according to the manufacturer’s recommen-

dations (Qiagen). cDNA was synthesized according to in-

structions of RevertAid H Minus First Strand cDNA

Synthesis Kit� (Fermentas, Burlington, Canada). PCR was

performed by using cDNA as template and Taq PCR

Master Mix Kit� (Qiagen) with a final concentration of

forward and reverse primers of 0.4 mM. All genes were

amplified in an Eppendorf PCR master cycler (Eppendorf,

Hamburg, Germany) with an annealing temperature of

558C for a total of 36 cycles excluding aggrecan which

was carried out with Phusion polymerase, GC buffer, and a

final concentration of 4% dimethyl sulfoxide (Finnzymes

Oy, Espoo, Finland) at an annealing temperature of 588C.
After gel electrophoresis, PCR products were visualized

with Gel Doc 2000 system (BioRad, Munich, Germany).

Glyceraldehyde-3-phosphatase dehydrogenase (GAPDH)

and b-2-microglobulin served as housekeeping genes. Pri-

mers used are listed in Supplemental Table 1 (available

online at www.liebertpub.com).

Real-time PCR

Quantitative PCR was performed by using cDNA as a

template and QuantiTect Primer Assays (Qiagen) in a DNA

Engine Opticon real-time cycler with fluorescent SYBR

Green detection. The PCR was performed by using the

2�QuantiTect SYBR Green PCR Master Mix starting with

an initial incubation step of 15min at 958C to activate Hot-

StarTaq DNA Polymerase (Qiagen). A total of 40 cycles were

executed with 15 s for denaturation at 948C and an annealing

temperature of 558C for 30 s followed by an extension period

of 30 s at 728C. After the last cycle was finished, all products

were denaturated for melting curve analysis. Each PCR re-

action contains 5mL of prediluted QuantiTect Primer Assays

(neurofilament 3 [NEF3]: Hs_NEF3_1_SG, NM_005382;

NEFH: Hs_NEFH_1_SG, NM_021076; myelin basic protein

[MBP]: Hs_MBP_1_SG, NM_002385) per the manufactur-

er’s (Qiagen) recommendations in a total volume of 40mL.
A QuantiTect Primer Assay for GAPDH was used as an in-

ternal housekeeping control. A threshold line was adjusted to

a value above the baseline in the starting phase of the log-

linear range of the PCR resulting in corresponding threshold

cycles (CT) of the samples. The relative differences in gene

expression were calculated by taking corresponding expres-

sion values of the GAPDH housekeeper into account and are

analyzed via the DDCT method.

Flow cytometric analysis

Flow cytometry was performed on monolayer cultured

cells (see ‘‘cell culture,’’ above). Cells were harvested by

treatment with trypsin-EDTA (Sigma), washed twice with

phosphate-buffered saline (PBS) containing 0.1% bovine

serum albumin (BSA) and 0.01% sodium azide, and re-

suspended in buffer. For staining, aliquots of 1�105 cells/

100 mL PBS–BSA were incubated with monoclonal anti-

bodies tagged with fluorescent label for 45min on ice.

Thereafter, samples were washed twice with PBS–BSA and

analyzed on a fluorescence-activated cell sorter system

FACSAria� (BD Biosciences) by collecting 10,000 events.

Flow cytometry data were analyzed using the FlowJo soft-

ware (version 7; Tree Star, Ashland, OR). The antibodies

used are listed in Supplemental Table 2 (available online at

www.liebertpub.com). In controls, isotypic antibodies (fluo-

rescein isothiocyanate [FITC], PE, and allophycocyanin

[APC]) were used (BD Biosciences). Antibody against

STRO-1 was obtained from R&D Systems (Minneapolis,

MN), and secondary anti-mouse immunoglobulin M anti-

body conjugated with FITC was obtained from Biosciences.

Assay of alkaline phosphatase activity

Alkaline phosphatase activity was determined in cell ly-

sates using p-nitrophenyl phosphate as a substrate (Sigma).

The procedure was carried out as recommended by the man-

ufacturer. Briefly, cells growing on 24-well plates (BD

Falcon) were washed with PBS and incubated with 1%

Triton X-100 (Sigma). The resulting lysate was then incu-

bated with substrate, and the released p-nitrophenol was

measured at 405 nm (PerkinElmer, Waltham, MA). The

alkaline phosphatase activity values were normalized to

the total protein (NANOdrop; Agilent, Santa Clara, CA).

Alkaline phosphatase activity was expressed as mM p-

nitrophenol/L/min/sample.

Quantification of sulfated glycosaminoglycans

The totality of sulfated glycosaminoglycans (S-GAGs)

was quantified after cultivating cells under chondrogenic
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conditions as described above. Pellet cultures were washed

with PBS and then solubilized by digestion for 4 h at 658C
with 25 mg/mL papain in 2mM EDTA, 50mM sodium sul-

fate, and 2mM N-acetyl cysteine (all from Sigma). For the

calculation of S-GAGs, the digest was stained with di-

methylmethylene blue (Serva, Amstetten, Germany).27 The

samples were measured at 595 nm (PerkinElmer) in tripli-

cate, and content of S-GAGs was expressed as ng/pellet.

Quantification of calcium

The total calcium of the samples was measured by the o-

cresolphthalein complexone method using the commercial

Calcium Assay-CA590 kit (Randox Laboratories, Co An-

trim, United Kingdom). The procedure was carried out

according to the manufacturer’s protocol. Briefly, cells

growing on 24-well plates (Falcon) were washed with PBS

and extracted in 200 mL of 0.5 N hydrochloric acid for 5min.

Then samples were vigorously shaken for 4–16 h at 48C.
Calcium determination was done in 96-well plates with

10 mL of test solution and 90 mL of substrate solution mixed

up with 100 mL of distilled water. The amount of deposited

calcium was determined at 570 nm using a spectrofluorom-

eter (PerkinElmer) and was expressed as mg/cm2.

Immunohistochemistry

Immunohistochemical analyses of the pad-like tissue

were performed with monoclonal antibodies to SOX9 and

MSX2 (both from Abcam, Cambridge, United Kingdom).

The pad-like tissue was fixed in 4% formaldehyde, dehy-

drated, and embedded in paraffin. Ten-micron sections

were rinsed in PBS at room temperature and incubated with

primary antibodies in 1:200 dilutions overnight. Thereafter,

samples were washed twice for 10min in Tris-buffered

saline (TBS) and incubated with peroxidase-conjugated

goat anti-mouse immunoglobulin G (diluted 1:100 in TBS–

BSA) (Biozol, Eching, Germany) at room temperature for

1 h. After a rinse, peroxidase activity was visualized with

diaminobenzidine. Slides were counterstained with May-

er’s hematoxylin.

Cells cultured for neurogenic differentiation were fixed

for 15min with 4% formaldehyde in PBS, washed in PBS,

and preincubated in 10% normal goat serum with 0.03%

Triton X-100 at room temperature for 30min to block

nonspecific binding. Then, incubation with the primary an-

tibody at 48C followed overnight. Subsequently, the samples

were rinsed in PBS for 15min and incubated with the cor-

responding fluorescence-conjugated secondary antibody for

60min at room temperature. The primary antibodies used

were mouse monoclonal antibody to pan-neurofilament

(neurofilament M-H; diluted 1:1000; Invitrogen), rabbit

polyclonal antibodies to glial fibrillary acidic protein

(GFAP; diluted 1:300; Chemicon, Temecula, CA), andMBP

(diluted 1:200; Chemicon). Secondary antibodies (labeled

with Alexa green and Alexa red) were obtained from Mo-

lecular Probes (Carlsbad, CA) and used in 1:1000 dilutions

in PBS. 40,6-Diamino-2-phenylindole (DAPI) was used to

counterstain the nuclei. Fluorescence microscopy was per-

formed using a Zeiss microscope.

Histology

Surgically removed complete, immature wisdom teeth

including follicular and apical tissue were fixed in 4%

formaldehyde in PBS for at least 24 h and decalcified in

10% EDTA. After dehydration in an ascending ethanol

series and paraffin embedding, 5-mm serial sections were

cut in an occlusal-apical direction and mounted on glass

slides. In the same manner, the pellets from chondrogenic

differentiation were processed, however, without decalcifi-

cation. Simply, monolayer cultured cells were rinsed twice

in PBS, fixed in 4% formaldehyde in PBS for 20min, and

subsequently washed in PBS. Selected sections were stained

routinely with hematoxylin and eosin, and periodic acid

Schiff (PAS) or Alcian blue or toluidine blue staining for

detection of glycoproteins and proteoglycans. To identify

the formation of mineralization, monolayers were stained

with von Kossa at room temperature.24

Data analysis

Each assessment was performed on two or more inde-

pendent cultures or constructs for each donor, cell source,

and experimental group. All values are expressed as mean�
standard error of the mean. Gene expression data were ana-

lyzed with the software WinStat (version 2005.1) for Mi-

crosoft Excel. Data were checked according to normal

distribution following analysis of variance (ANOVA) at

p-values of 0.05, 0.01, and 0.001.

RESULTS

The third molar pad (pad-like tissue)

Proper dissection of the tooth was a prerequisite to obtain

suitable tissue for subsequent isolation of cells. Thus, the

method of gross sectioning was standardized (Fig. 1A–C;

Supplemental Fig. 1A–G). Each extracted molar was cleaned

of surrounding tissue (operculum, periodontal ligament, and

follicle, respectively) (Fig. 1B) and subsequently cut with a

scalpel at the root diaphragm, which is now easily discern-

ible. Thereby, it was possible to dissect it from the hard and

pulpal tissue while obtaining the pad-like tissue (Fig. 1C).

Histological sections of the immature third molars re-

vealed the typical hard and soft tissue components: dentin

crown with beginning root formation and cementogenesis,

occlusal connective tissues, and reduced enamel epithelia,

differentiating periodontal ligament with alveolar bone frag-

ments (data not shown). Apically of the pulpal tissue and

demarcated by the root diaphragm, a loose connective

mesenchymal tissue containing undifferentiated fibroblastic
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cells with sparse vascularization was found (Fig. 1D) and

designated as pad-like tissue. In contrast, the pulpal tissue

consisted of a more dense cellular and fibrous tissue con-

taining more vessels and nerves. The pad-like tissue was

also clearly demarcated from the papilla by intensive al-

cianophilia indicating richness in proteoglycans (Fig. 1E:

red arrow shows pad-like tissue; blue arrow shows pulpal/

papilla tissue). Due to their affinities for various antibodies,

connective tissue cells of the pad may be functionally dif-

ferent; that is, subpopulations of cells reactive for the neural

crest lineage marker SOX9 (Fig. 1F), and the ectome-

senchymal lineage marker MSX2 (Fig. 1G) were observed.

Isolation of dental dNC-PCs

Cultures were prepared from pad-like tissue–derived

microexplants that adhered to the plastic surface. Within

2–3 days, explants started to release migratory cells (Fig.

2A and inset A0). After the onset of cell motility, cells were

seen initially to migrate away in a radial manner. Upon

reaching subconfluence, growing cells were detached and

replated. They then spread and crawled out over the plastic

surface of the culture dish. Typically, single cells were fi-

broblastoid in shape. During the expansion phase, cells

divided rapidly forming a monolayer (Fig. 2B). After a

total period of 15 days, it was possible to obtain around

0.5�1�106 cells from a single pad-like tissue. A diagram

typical for the growth kinetics of adherent cells from pas-

sage 3 is shown in Figure 2C. Growth curves depicted an

initial lag phase of 2 days, followed by an exponential log

phase for 3–5 days. The mean cumulative time of popula-

tion doublings was about 35� 7 h. Pad-like tissue–derived

cells, which had been grown over a longer period, up to

passage 20, did not lose their capacity to proliferate, al-

though their proliferation rate strongly decreased and the

size of cells slightly increased.

Characterization of dNC-PCs

The population of adherent cells, which was obtained

from the pad-like tissue by the technique described above,

was analyzed by flow cytometry (Table 1 and Fig. 3A).

Human bone marrow stromal cells served as comparison. A

characteristic pattern of markers was observed for both cell

populations that allowed to discern and to define pad-like

tissue–derived and bone marrow–derived cells (Table 1).

Typically, pad-like tissue–derived cells showed high values

of expression for CD10, CD49b, CD49d, CD54, CD56, and

PDGFRa, while bone marrow–derived cells showed low

values for these markers. In contrast, pad-like tissue–

derived cells showed a low value of expression for CD105

and CD106 and no expression for STRO-1, while bone

marrow cells showed high levels. Markers that were also

found in both cell types but did not differ with respect to

their value of expression are CD9, CD13, CD29, CD44,

CD49e, CD73, CD90, CD117, CD140b, CD147, CD166,

and class I HLA. Pad-like tissue–derived cells displayed no

expression of hematopoietic markers (CD14, CD34, and

CD45), markers known for endothelial cells (CD31 and

CD51/61), pan-cytokeratin, and class II HLA. Since anti-

bodies cross-reacting against CD are not available for all

proteins, mRNA expression of six genes related to identi-

fication of the neural crest and ectomesenchymal lineage

was examined (Fig. 3B). dNC-PCs displayed expression of

early neural crest markers Snail1, Snail2, Sox9, Twist1, and

ectomesenchymal markers Msx2 and Dlx6. In accordance,

these markers were also detected in the pad-like tissue itself

from which dNC-PCs were isolated.

Neurogenic differentiation

To show neurogenic capacity of dNC-PCs in vitro, cells

(six individuals; patient numbers 1, 2, 4, 8, 15, and 16) were

cultivated in neurogenic medium. While cells cultured in

standard medium proliferated and maintained their fibroblas-

tic morphology still after 14 days (Fig. 4A), neurogenic-

FIG. 2. The appearance of dNC-PCs cultured on plastic. Note

the migratory behavior of cells when microexplants start to release

cells (A, �50; inset A0, �630). The cells are characterized by a

fibroblastoid phenotype when cultured in passage 2 (B, �100).
Growth curve of dNC-PCs cultured on plastic (C). Cells were

plated at a density of 5000 cells/cm2 and cultured in growth

medium supplemented with 10% FCS for 7 days. Cells were

harvested each day and counted with a hemocytometer. Values

expressed are the mean� SEM of triplicate determinations from

three third molars. The mean cumulative time of population

doublings of cultured cells (passage 3) is 35� 7 h.
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stimulated cell cultures exhibited changes. The formation

of diverse cell types of nervous tissue was observed 7 days

(Fig. 4B) and 14 days (Fig. 4C) after the neurogenic stimu-

lation. Some cells showed a neuronal morphology, that is, a

large cell body with a number of long, thin processes radi-

ating out of it. With prolonged culture time, the number of

these elongated cells increased continuously. Many cells with

a nervous tissue–like morphology showed positive staining

against neuronal marker pan-neurofilament (stained neurofi-

lament chain M and H) (Fig. 4D–F), Schwann cell marker

MBP (Fig. 4G–I), and astrocyte marker GFAP (Fig. 4J–L)

after 14 days. Further indications for neurogenic differenti-

ation were obtained by semiquantitative RT-PCR analysis of

stimulated cultures. Under prolonged culture conditions, cells

showed an upregulation of MBP, NEF3, and neurofilament

H (Fig. 4M).

Chondrogenic differentiation

Pellet cultures of dNC-PCs (four individuals; patient

numbers 1, 2, 7, and 8) exhibited an increase in size after

chondrogenic stimulation.Themorphologyofpellets showed

rounded cells, which were isolated from one another

throughout the pellet. These cells (except for patient 7)

secreted large quantities of collagenous extracellular matrix

so that cells were embedded in their own matrix. A rela-

tively strong toluidine blue staining was observed around

the cells indicating the presence of highly sulfated proteo-

glycans (Fig. 5A). Indeed, the content of S-GAGs showed

a 10-fold increase after 21 days of cultures (Fig. 5B). The

RT-PCR analysis of pellets revealed upregulation of carti-

lage oligomatrix protein, type II collagen, and aggrecan,

again indicating chondrogenic differentiation (Fig. 5C).

TABLE 1. FLOW CYTOMETRIC ANALYSIS OF DNC-PCs USING THE BD FACSARIA FLOW CYTOMETER

Antibodies dNC-PCs (% mean� SD, n¼ 6) hBMSCs (% mean� SD, n¼ 3)

Adhesion molecules

CD147 (neurothelin) 98.3� 0.8 87� 15.1

CD166 (alcam) 95.3� 5.1 78.3� 19.1

CD44 (hyaluronate receptor) 84.2� 13.8 75.7� 7.5

CD56 (NCAM) 53.1� 17.3 5.8� 4.7

CD54 (ICAM-1) 28.5� 13 7.4� 4.6

CD106 (VCAM) 4.2� 3.4 13.7� 8

CD45 (leukocyte antigen) 0 3� 3.4

CD31 (PECAM) 0 0

CD51/61 (vitronectin R) 0 0

Growth factors and cytokine receptors

CD140b (PDGFBB) 98.3� 1.7 96.7� 2.1

PDGFRa 84.3� 11.2 28.3� 15.2

CD117 (c-kit) 73.3� 13.4 51.3� 29.5

CD105 (endoglin) 43.8� 28.2 86.3� 13.6

Integrins

CD29 (VLA-b chain) 98.7� 0.8 86� 15.1

CD49e (VLA-a5) 95� 9.3 88.3� 11.6

CD49d (VLA-a4) 76.8� 7 17.3� 14.3

CD49b (VLA-a2) 57.7� 22.9 13� 4.4

Others

CD90 (Thy-1) 97.7� 2 95� 4

CD10 (neprilysin, ecto-enzyme) 97� 2 18.2� 15.3

CD73 (50-terminal nucleotidase) 93� 4.1 81.3� 14.6

CD13 (aminopeptidase) 76� 24.7 64.8� 55.8

CD9 (tetraspan) 75.5� 14.8 56� 24.3

Class I HLA (ABC) 64.3� 25.3 31.6� 22.4

Pan-cytokeratin 0 0

STRO-1 0 4� 2.2

CD14 (LPS receptor) 0 0

Class II HLA (DR) 0 0

CD34 0 0

The analysis features in FlowJo software (Tree Star) were used to create the accurate percentages of antibody staining. For comparison, human BMSCs

were used. For clarity, individual antibodies are clustered in functional groups. In addition, markers differentially expressed in dNC-PCs and BMSCs are

set in boldface.
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Osteogenic differentiation

After 21 days of osteogenic stimulation (14 individuals;

patient numbers 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15, and

16), cultures of dNC-PCs exhibited substantial deposits of

calcium salts in the extracellular matrix (Fig. 6A and inset

A0), while the control cultures were negative (Fig. 6B). As

shown by RT-PCR, osteocalcin expression increased after

osteogenic stimulation, while alkaline phosphatase expres-

sion was detected in osteogenic-stimulated cultures as well

as in control cultures (Fig. 6C). A quantitative analysis of

total calcium showed that stimulated cultures exhibited

higher values than controls at day 21 (Fig. 6D). Alkaline

phosphates activity increased continuously in osteogenic-

stimulated cultures and in control cultures (Fig. 6E).

In vivo osteogenesis

The bone formation capacity of dNC-PCs (three indi-

viduals; patient numbers 1, 2, and 8) was assayed by ec-

topic implantation of cell–fibrin–scaffold constructs in nude

mice. Bone matrix could be observed in 12 out of 24 (50%)

constructs loaded with dNC-PCs (Fig. 6F). Samples from

all three tested donors (male, 16 years; male, 15 years;

female, 15 years) could generate bone tissue. Compared to

FIG. 3. Characteristics of cultured dNC-PCs. Typical flow cytometric analysis diagrams (A) on the expression of antigens listed in

Supplemental Table 1. Red histogram: peak of isotype control; green histogram: peak of each marker expression. See also Table 1. RT-

PCR of pad-like tissue and dNC-PCs isolated thereof (B). Note positive expression of Snail1, Snail2, Sox9, and Twist1 (neural crest

markers) and of Msx2 and Dlx6 (dental ectomesenchyme markers), respectively. GAPDH and b-2-microglobulin (b2MG) served as

housekeeping genes. Pad-like tissue (1); dNCPCs (2). Color images available online at www.liebertpub.com/ten.
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constructs loaded with bone marrow stromal cells (used as

a positive control for in vivo osteogenic differentiation),

the frequency of bone formation was almost identical; that

is, 7 out of 16 constructs (43.5%) showed bone formation

(Fig. 6G). Scaffolds not loaded with cells did not show any

bone formation (Fig. 6H). Due to undegraded scaffolds, the

percentage of bone per total implant area (Fig. 6I) and of

bone per total space available for tissue ingrowth was

distinct (Fig. 6J). For constructs that were harvested after

10 weeks, the average percentage of bone tissue reached

8.4% of the total tissue formed for pad-like tissue–derived

cells as well as in constructs loaded with bone marrow

stromal cells (Fig. 6J). Constructs harvested after 5 weeks

showed general low amounts of bone formation and reached

an average 1.5% bone of total tissue formed for both cell

types (Fig. 6J). Morphological analysis showed that the

newly formed bone matrix was deposited starting from the

surface of the ceramic. This freshly formed material was

secreted by cells that lie at the surface of the matrix. The

bone tissue generated appeared already remodeled and la-

mellar. With regard to morphology, tubular dentin forma-

tion could not be observed. Moreover, no tumor formation

was observed in any animal.

DISCUSSION

We have evaluated the properties of progenitor cells

isolated from a pad-like tissue of human impacted third

molars by in vitro and in vivo analysis. We have found that

the pad-like tissue–derived cells, which we termed dental

dNC-PCs, represent a population of migratory progenitor

cells, which formed diverse cell types outside their envi-

ronment. For example, cells developed into neurogenic,

chondrogenic, and osteogenic lineages. Pad-like tissue–

derived cells expressed a distinct set of markers, including

those for neural crest and ectomesenchyme. Further stud-

ies showed that the pad-like tissue–derived cells differ

from mesenchymal progenitor cells derived from the bone

marrow. In general, our data indicate that the pad-like tis-

sue may be a useful source for novel neural crest–derived

ectomesenchymal progenitor cells, that is, dNC-PCs.

FIG. 4. Characterization of dNC-PCs after neurogenic stimulation. Cells exhibit fibroblastoid morphology after 14 days in standard

growth medium (A,�100). Single cells (arrows) showed neurogenic morphology 7 days (B,�100) and 14 days (C,�100) after stimu-

lation. Immunolocalization of cells positive for antibodies to pan-neurofilament (D–F,�200; green), MBP (G–I,�100; red), and GFAP

(J–L,�400; green). Nuclei are stained with DAPI (E, H, K; blue). Merger of staining with antibodies and DAPI (F, I, L). Semi-

quantitative RT-PCR analysis of dNC-PCs after neurogenic stimulation (M). Expression levels of MBP, NEF3, and neurofilament H

increased during the course of neurogenic differentiation. The expression of genes was evaluated using GAPDH as housekeeper. Day 0

referred to basic expression values followed by days 2, 5, 7, and 14 after onset of stimulation. Color images available online at

www.liebertpub.com/ten.
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In the developing head region, first signs of tooth de-

velopment become visible when the primary epithelial band

and the underlying concentrations of cranial neural crest–

derived mesenchyme are formed along the crest of the upper

and lower jaws.28 During dental development, selective

cell–cell and cell–matrix interactions take their places and

are found to form the complex tissue of the tooth.29 As

shown here, the pad-like tissue represents a specific com-

partment in the developing tooth. The pad-like tissue found

to be different from pulp/papilla and the follicle/periodontal

ligament, not only by gross morphology but also by his-

tology. Histological analysis showed a loose mesenchymal

connective tissue with undifferentiated cells sparsely distri-

buted within their matrix. With respect to the phenotype of

cells, neither odontoblast-like cells nor dental follicle cells

were observed in this location. Although we need more

detailed information, our data may point to matrix condi-

tion within the pad-like tissue that is different from other

compartments. Indeed, the matrix should play an active and

complex role in regulating the behavior of the cells by in-

fluencing the development, shape, migration, proliferation,

and metabolic functions of the neighboring cells that are

in contact with it. Therefore, we treated the pad-like tissue

as a unique structure.

Using the pad-like tissue, we isolated dNC-PCs. Inter-

estingly, there are several reports of pluripotent neural crest

cells that could be isolated from their niche not only from

developing tissues but also from differentiated tissues up to

adulthood. For example, the ectomesenchymal cells in the

first branchial arch from the mandibular processes of mice

were isolated and maintained in an intact state in growth

medium.30,31 In the mammalian skin, dNC-PCs were de-

scribed to be isolated from the dermal papillae32 and the

epidermal bulge area of hair follicles33,34 that behave in vitro

and in vivo as pluripotent stem cells. Accordingly, the pad-

like tissue of impacted teeth represents an ideal source for

recovery of dNC-PCs in human.

Previous attempts to isolate stem cells from dental tissues

have focused on suspension cultures after enzyme treat-

ment from adult patients (up to 18–45 years).14,16,17,35,36 In

contrast, we used tissues of young donors as a source for

progenitor cells. Due to the emigration ability of the dNC-

PCs, the cell population is morphologically homogenous

and expresses a unique set of surface markers distinguish-

ing these cells not only from stem/progenitor cells derived

from the bone marrow,37 but also from dental pulp14 and

periodontal ligament.17 In fact, dNC-PCs do not express

STRO-1 and are clearly nonendothelial (CD31�), non-

epithelial (pan-cytokeratin�), and nonhematopoietic cells

(CD14�, CD45�, CD34�, and class II HLA�). dNC-PCs

express a large number of adhesion molecules, integrins,

and growth factor receptors that may be used as criteria for

classification of these cells.

Among all these molecules, PDGFRa, CD56 (NCAM),

and CD49d (a4 integrin) are the most important markers

because they play a major role in migratory properties of

cells of neural crest origin. Fitting well with this observa-

tion, dNC-PCs are identified as migratory cells that arise

from microexplants in the beginning of cell culture.

Moreover, as we found PDGFRa, NCAM, and a4 integrin

to be expressed in cells when growing as a monolayer, we

suggest that the expression of these molecules may be

typical for dNC-PCs when becoming motile. Thus, it may

be worthwhile to explore the distinct expression patterns of

these markers during differentiation of dNC-PCs. Literature

data demonstrated that PDGFRa is expressed during cra-

niofacial development in a subset of nonneuronal neural

crest cells where PDGFRa probably regulates migration of

cells to their destinations.38,39 PDGFRa has also been in-

dicated in differentiation of embryonic neural stem cells

into glial cells, such as astrocytes or oligodendrocytes.40

Accordingly, in the spinal cord and cortex, the expression

of PDGFRa served as a marker for oligodendrocyte and

neuron precursors.41,42 NCAM, in concert with other cell

and substrate adhesion molecules, is associated in processes

of emigration and early migration of neural crest cells. The

prolonged retention of NCAM on crest cells after their exit

from the neuroepithelium to their pharyngeal arch desti-

nations has been demonstrated.43 Interestingly, NCAM is

also found in human adult craniofacial muscle–derived cells,

FIG. 5. Characterization of dNC-PCs after chondrogenic stim-

ulation. Histology of pellet cultures after 21 days of stimulation

stained by toluidine blue (A,�100). Quantification of S-GAGs in

pellet cultures of dNC-PCs (B). The totality of S-GAGs was up-

regulated after 21 days of culture when compared to controls, that

is, nonstimulated cells and NDFBs. RT-PCR of pellet cultures

after 21 days of stimulation (C). Note upregulation of cartilage

oligomeric protein (COMP), collagen type IIa 1 chain (COL IIA

1), and aggrecan. GAPDH served as a housekeeping gene. Color

images available online at www.liebertpub.com/ten.
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where NCAM-positive subpopulations were shown to be

able to form nonmuscle tissue, such as fat and bone.44 In-

tegrins that contain the a4 subunit are involved in cranial

neural crest emigration from the neural tube and subsequent

migration, and represent a useful marker for neural crest

cells at both cranial and trunk levels.45,46 Here, further ex-

periments are necessary to show the integrin b subunit with

which the integrin a4 subunit of dNC-PCs heterodimerizes

to form a receptor enabling the interaction with the extra-

cellular matrix. In addition to the above-mentioned mole-

cules, the dNC-PCs were also identified by the expression of

transcription factor genes like Snail1, Snail2, Twist1, Sox9,

Dlx6, andMsx2. Each of these genes is known to be involved

in development of neural crest and neural crest cell differ-

entiation, respectively.47–54 Altogether, our findings suggest

that the pad-like tissue contains progenitor cells, that is,

dNC-PCs, the origin of which is the neural crest.

Up to now several populations of stem or progenitor cells

were found in the dental tissue. For example, the identifi-

cation and isolation of cells from the pulp tissue obtained

from adults,14 human exfoliated deciduous teeth,15 peri-

odontal ligament,17 and root papilla16 have been reported.

However, not only molecular characteristics but also func-

tional features of dNC-PCs make it reasonable to assume

that these cells differ from dental stem cell populations

described so far. Gronthos et al.14 reported that dental pulp–

derived stem cells gave rise to adherent cells, which ex-

pressed STRO-1 surface antigens. Interestingly, these cells

have the ability to differentiate in dentin/pulp-like complex.

Moreover, Miura et al.15 isolated STRO-1–positive stem

cells from human exfoliated deciduous teeth that differ-

entiated into odontoblast, adipocytes, and neural-like cells,

respectively, but not into chondrocytes or osteocytes.

Morsczeck et al.55 described cells from dental follicle/

periodontal ligament, which, however, did not form bone

tissue or cementum in vivo. More recently, a subpopulation

of dental stem cells positive for STRO-1, CD34þ, and

CD117þ has been isolated, which spontaneously differen-

FIG. 6. Characterization of dNC-PCs after osteogenic stimulation. View of stimulated (A,�100; inset A0,�50) and nonstimulated (B,

�100) cultures when grown for 21 days stained by von Kossa. Note mineralization (dark deposits) in treated cultures. RT-PCR of dNC-

PCs after 28 days of stimulation (C). Note upregulation of osteocalcin while alkaline phosphatase (ALP) remained unchanged. GAPDH

served as a housekeeping gene. Quantification of calcium (D) and of alkaline phosphatase activity (E) in dNC-PCs after osteogenic

stimulation. The content of calcium was clearly upregulated after 21 days of culture when compared to controls, that is, nonstimulated

cells and NDFBs. Alkaline phosphatase activity was detectable equally in both stimulated cells and controls over all days. In vivo

osteogenesis of dNC-PCs after ectopic implantation in nude mice (F–J). Histology (F–H) and quantification (I, J) of bone tissue

formation. Representative cross sections of constructs generated by dNC-PCs (F) or bone marrow stromal cells (G) using Bio-Oss

scaffolds stained by Masson trichrome. Scaffolds not loaded with cells are shown in (H). Bone formation is indicated by arrows.

Samples were assessed at 10 weeks. Quantification of bone formation was done by computerized histomorphometry and assessed at

5 and 10 weeks (I, J). Bone tissue amount is expressed as a percentage of the total implant area (I) or of the total space available for

tissue ingrowth (J). Statistically significant differences ( p< 0.05) between dNC-PCs and bone marrow–derived stromal cells (BMSCs)

were not observed. Color images available online at www.liebertpub.com/ten.
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tiated into osteoblasts without any osteogenic stimulation

and showed differentiation potential for myogenic and adi-

pogenic lineages.36,56 With regard to root apical papilla,16

again, STRO-1þ–positive cells expressing high values of

CD106 and low values of CD105 were cultured. These cells

were shown to differentiate into odontoblast-like cells and

adipocytes in vitro and displayed dentin/pulp regenerative

capacity in vivo.16 In contrast, in our study we were able to

establish primary cells in vitro that showed positive label-

ing for CD49d (a4 integrin), CD56 (NCAM), and PDGFRa
and no labeling for STRO-1 because we used pad-like

tissue to generate dNC-PCs instead of the complete dental

papilla. Therefore, we assume that mostly undifferentiated

ectomesenchymal cells contribute to the formation of pro-

genitor cells in our culture system. Indeed, we verified that

dNC-PCs showed many characteristics of multipotency

in vitro and even in vivo. When STRO-1–negative dNC-

PCs, which differentiated into osteoblasts only with osteo-

genic stimulation (see ‘‘osteogenic differentiation’’ under

‘‘Results’’), were dissociated into a suspension of single

cells, subsequently loaded on ceramic scaffolds, and then

implanted in athymic mice, bone rather than dentin was

formed. Although it is not yet understood how dNC-PCs in

the nude mouse system adapt their destiny to the new en-

vironmental conditions, our data demonstrate the broad

responsiveness of dNC-PCs to signals other than of dental

origin and demonstrate differences to previously described

dental stem cells.

CONCLUSION

Pad-like tissue–derived cells are neural crest–derived

ectomesenchymal progenitor cells with a high capacity for

diversification when taken out of their signaling network,

that is, being independent from those indicative and per-

missive interactions resulting in formation of periodontal

tissues. This includes neurogenic, chondrogenic, and oste-

ogenic lineages. Hence, pad-like tissue–derived cells may

provide a model system for a generation of diverse cell

types from pluripotent neural crest.57 As a rather large

amount of cells was obtained from each pad-like tissue

that we cultured, they may be easily used as tools to re-

generate neural crest–derived tissues within the craniofacial

region.
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