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The periodontal ligamentis a special-

ized, vascular and highly cellular con-

nective tissue that plays an important

role in supporting tooth function,

maintaining homeostasis and repairing

tissue damage caused by periodontal

disease or mechanical trauma (1).

Periodontal ligament tissue originates

from neural crest-derived ectomesenc-

hyme (2,3) and contains a heteroge-

neous population of cells, including

periodontal fibroblasts, cementoblasts,

osteoblasts, endothelial cells and epi-

thelial cells (4). Recently, it has been

suggested that human periodontal lig-

ament contains mesenchymal stem cells

(5). In addition, multipotent stem cells

with mesodermal and neural potenti-

ality have been identified in rat and

human periodontal ligament (6,7).

However, the mechanisms that regu-

late the development of periodontal

ligament lineages have not been fully

elucidated (6). Periodontal diseases are
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Background and Objective: The periodontal ligament is a specialized connective

tissue, derived from dental follicle and originated from neural crest cells. Recently

it has been suggested, based on animal models, that periodontal ligament could be

a niche for neural crest stem cells. However, there is still little knowledge on this

subject. The identification of neural crest adult stem cells has received much

attention based on its potential in tissue regeneration. The objective of the present

work was to verify the human periodontal ligament as a niche for neural crest stem

cells.

Material and Methods: Cells from human periodontal ligament were isolated from

10 teeth of seven individuals (periodontal ligament pool group) and also from four

teeth of one individual (periodontal ligament single group), after enzymatic

digestion. The cells were cultured in specific inductive medium. Analyses of protein

and gene expression were performed through immunocytochemistry and reverse

transcription–polymerase chain reaction techniques, respectively.

Results: Mesodermal phenotypes (adipogeneic, osteogenic and myofibroblastic)

were identified after culture in inductive medium. Immunocytochemistry analyses

showed the presence of the nestin marker of neural stem cells and also markers of

undifferentiated neural crest cells (HNK1, p75). When cultured in inductive

medium that allowed neural differentiation, the cells showed markers for b-tubulin
III, neurofilament M, peripherin, microtubule-associated protein 2 and protein

zero. The results were similar between the two study groups (the periodontal

ligament pool group and the periodontal ligament single group).

Conclusion: This research provides evidence that human periodontal ligament, in

addition to its mesodermal derivatives, produces neural crest-like cells. Such fea-

tures suggest a recapitulation of their embryonic state. The human periodontal

ligament revealed itself as a viable alternative source for possible primitive pre-

cursors to be used in stem-cell therapies.
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responsible for a substantial worldwide

public health burden (8). The regener-

ation of periodontal tissue is a major

challenge for periodontal therapy (9).

On the basis of recent advances in

adult stem-cell biology, this research

investigates the periodontal ligament

tissue as a niche for neural crest stem

cells.

Material and methods

Cell culture

A total of 10 normal impacted third

molars were collected from seven

healthy subjects (18–25 years of age).

In addition, four premolars were

extracted from one patient (14 years of

age), following guidelines approved by

the Ethical Committee of the Federal

University of Santa Catarina (number

309/06). Periodontal ligament was

gently separated from the middle root

surface and then digested in a solution

containing pancreatin (Sigma, Saint

Louis, MO, USA) and a-minimal

essential medium supplemented with

antibiotics (100 U/mL of penicillin and

100 lg/mL of streptomycin; Invitro-

gen, Carlsbad, CA, USA) for 25 min at

37�C. Then, trysin was added to a final

concentration of 0.25% and incubation

continued for a further 10 min. The

trypsin reaction was stopped by the

addition of standard medium contain-

ing a-minimal essential medium sup-

plemented with 20% fetal bovine

serum (Cultilab, Sao Paulo, Brazil) and

antibiotics. The cell suspension was

centrifuged (500 g, 10 min, 22�C) and
plated in 25-cm2 flasks in standard

medium. Periodontal ligament samples

from different individuals were pooled

and are referred to hereafter as the

periodontal ligament pool group. The

periodontal ligament sample collected

from one individual is referred to as the

periodontal ligament single group.

Cells were grown in standard medium,

at 37�C in 5% CO2 with the medium

changed every 4 d, until they reached

confluence. Analyses of the perio-

dontal ligament pool group were per-

formed in passages 8–9, and analyses

of the periodontal ligament single

group were performed in passages 3–4.

Adipogenic differentiation

To induce adipogenic differentiation,

1 · 104 cells/well were seeded on 24-

well culture plates and cultured in

a-minimal essential medium supple-

mented with 10% fetal bovine serum,

10)6
M dexamethasone (Sigma), 50 lM

indomethacin (Sigma) and 10 lg/mL

of insulin (Sigma). The medium was

changed every 3 d. Control cells were

cultured in standard medium. After

30 d, the cells were fixed and stained

with fresh Oil-red-O solution (Sigma).

Osteogenic differentiation

To induce osteogenic differentiation,

1 · 104 cells/well were seeded on 24-

well culture plates and cultured in

a-minimal essential medium supple-

mented with 10% fetal bovine serum,

10)7
M dexamethasone, 50 lg/mL of

L-ascorbic acid (Sigma) and 20 mM

b-glycerophosphate (Sigma). The

medium was changed every 3 d. Con-

trol cells were cultured in standard

medium. After 30 d, the cells were

fixed and subjected to Von Kossa

staining.

Inductive medium for the growth of
neural crest-derived cells

The potential of periodontal ligament

to differentiate into neural crest-

derived cells was evaluated using cul-

ture conditions previously described

for the growth of neural crest (10,11).

Briefly, cells were cultured at low

density (100 cells/well in 24-well

plates) in a-minimal essential medium

supplemented with 10% fetal bovine

serum, 2% chicken embryo extract,

10 mg/mL of transferrin, 0.1 mg/mL

of hydrocortisone, 0.01 ng/mL of

glucagon, 1 ng/mL of insulin, 0.4 ng/

mL of triiodotironine, 0.1 ng/mL of

epidermal growth factor, 1 ng/mL of

fibroblastic growth factor 2, 100 l/ml

of penicilin and 100 lg/ml of strepto-

mycin (all from Sigma). The culture

medium was changed every 3 d. After

15 d, cells were analyzed by immuno-

cytochemistry and reverse transcrip-

tion–polymerase chain reaction

(RT-PCR), as described below.

RT-PCR

The total cellular RNA was isolated

using Trizol reagent (Invitrogen). The

extracted RNA was reversed tran-

scribed according to the conventional

protocols described below. Isolated

RNA was used as a template for the

synthesis of cDNA, which was pre-

pared using a ThermoScript RT-PCR

first-strand cDNA synthesis kit (Invi-

trogen). PCR reactions were performed

using the following human-specific

sense and antisense primers: nestin

(sense, 5¢-CAGCTGGCGCACCTCA-

AGATG-3¢; antisense, 5¢-AGGG-

AAGTTGGGCTCAGGA-CTGG-3¢),
b-tubulin III (sense, 5¢-AGAT-

GTACGAAGACGACGAGGAG-3¢;
antisense, 5¢-GTATCCCCGAAAAT-

ATAAACACAAA-3¢), neurofilament

M (sense, 5¢-GAGCGCAAAGAC-

TACCTGAAGA-3¢; antisense, 5¢-CA-

GCGATTTCTATATCCAGAGCC-3¢),
peripherin (sense, 5¢-ATGGCCGA-

GGCCCTCACCCAAGAG-3¢; anti-

sense, 5¢-TAGGCGGGACAGAGTG-

GCGTCGTC-3¢), microtubule-associ-

ated protein 2 (sense, 5¢-
CCATTTGCAACAGGAAGACAC-3¢;
antisense, 5¢-CAGCTCAAATGCT-

TTGCAACTAT-3¢), protein zero

(sense, 5¢-GCCCTGCTCTTCTCTT-

CTTT-3¢; antisense, 5¢-CCAACACC-

ACCCCATACCTA-3¢), glial fibrillary
acidic protein (sense, 5¢-GTGG-

GCAGGTGGGAGCTTGATTCT-3¢;
antisense, 5¢-CTGGGGCGGCCTGG-

TATGACA-3¢) and a-smooth muscle

actin (sense, 5¢-CGATAGAACA-

CGGCATCATC-3¢; antisense, 5¢-
CATCAGGCAGTTCGTAGCTC-3¢),
according to the manufacturer�s
recommendations (Integrated DNA

Technologies, Inc., Coralville, IA,

USA). Amplification reactions were

performed for 35 cycles (denaturation

at 94�C for 1 min; annealing for 1 min

and extension at 72�C for 1.5 min) with

an initial denaturation at 94�C for

2 min and a final 7-min extension at

72�C. The annealing temperatures were

64�C (nestin), 58.5�C (b-tubulin III),

56�C (neurofilament M), 68�C (periph-

erin), 55�C (microtubule-associated

protein 2), 57�C (protein zero), 65�C
(glial fibrillary acidic protein) and 51�C
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(a-smooth muscle actin). Glyceralde-

hyde-3-phosphate dehydrogenase

expression was used as an internal con-

trol of RNA integrity and efficiency of

the reverse transcription process. The

PCR products were separated by elec-

trophoresis on a 2% agarose gel and

were visualized by ultraviolet-induced

fluorescence. Two independent experi-

ments were performed.

Immunocytochemistry

The monolayers were fixed in 4%

formaldehyde (30 min), washed in

phosphate-buffered saline and per-

meabilized (10 min) with phosphate-

buffered saline containing 0.25% Tri-

ton X-100 (Sigma, Saint Louis, MO,

USA). Cells were incubated with pri-

mary antibodies (overnight at 4�C) and
then with the secondary antibodies (for

90 min at room temperature)22�C).
The following primary antibodies were

used: anti-smoothmuscle actin (Sigma),

anti-b-tubulin III (Promega, Fitchburg,

WI, USA), anti-nestin (Santa Cruz

Biotechnology, Inc., Santa Cruz, CA,

USA), anti-p75 (Promega) and anti-

HNK-1 (12). Fluorescein isothiocya-

nate (Invitrogen), Texas red (Santa

Cruz Biotechnology), or biotin specific-

secondary antibodies were used. The

biotin reaction was revealed by the

tyramide signal amplification kit (Per-

kin-Elmer, Boston,MA, USA), accord-

ing to the manufacturer�s instructions.

Cell nuclei were stained using 4¢6,-dia-
midino-2-phenylindole (DAPI) (Sigma,

Saint Louis, MO, USA). The cells were

visualized and photographed using an

Olympus BX-40 (Tokyo, Japan) epi-

fluorescence microscope. The experi-

ments were performed in duplicate, in

two independent experiments.

Results

Cell culture

Cells (periodontal ligament pool and

single groups) displayed fibroblastic

morphology after 35 d of culture in

standard medium. Subconfluence was

observed after 8 d, in both experimen-

tal groups, suggesting intense cell pro-

liferation. The same cell characteristics

were observed in the secondary

cultures (Fig. 1A,B).

Osteogenic and adipogenic
differentiation

During the 30 d of culture in osteo-

genic medium, more than 90% of the

periodontal ligament cells (pool and

single groups) proliferated and pro-

duced a dense extracellular matrix

characterized by the presence of

nodular structures (calcium deposi-

tion) when stained using the Von

Kossa stain (Fig. 2A). Moreover,

after 30 d of culture in adipogenic

medium, approximately 20% of cells

in both experimental groups displayed

an enlarged cell body, as visua-

lized with Oil red O-solution

(Fig. 2B).

Gene expression by means of
RT-PCR

Table 1 shows the gene expression

pattern in human periodontal ligament

cells, after 15 d of culture in inductive

medium for neural crest cells. Both

periodontal ligament groups expressed

mRNAs for markers of neural crest

(nestin), neurons (b-tubulin III, neuro-

filament M, microtubule-associated

protein 2 and peripherin) and undif-

ferentiated glial cells (protein zero),

suggesting ectodermal differentiation.

However, the reaction was negative for

the differentiated glial cell marker, glial

fibrillary acidic protein. The positive

expression for peripherin, a specific

protein of peripheral neurons,

confirmed the neural crest origin of

the human periodontal ligament.

Moreover, the expression of

a-smooth muscle actin was detected,

indicating the presence of myofibrob-

lastic cells.

Identification of neural crest-derived
phenotypes by
immunocytochemistry

At the protein level, cells positive for

neural crest-derived phenotypes were

indentified in both periodontal

A B

Fig. 1. Morphological analysis of human periodontal ligament cell cultures by phase contrast

microscopy. Cell culture was performed, as described in the Material and methods, in

standard medium. (A) Periodontal ligament pool group (passage 9). (B) periodontal ligament

single group (passage 4). Scale bar = 50 lm.

A B

Fig. 2. (A) Osteogenic and (B) adipogenic differentiation of periodontalligament-derived

cells. (A) Cultured periodontal ligament cells formed Von Kossa-positive mineralized nod-

ules (arrows) and (B) oil O red-positive lipid clusters (arrows) after 30 d of induction in

osteogenic or adipogenic mediim, respectively. Scale bar = 50 lm.
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ligament groups after 15 d of culture in

neural crest inductive medium, cor-

roborating the RT-PCR results. We

observed that a high proportion (about

70%) of a-smooth muscle actin-posi-

tive cells displayed spread morphology

with actin stress fibers, similar to the

morphology of neural crest-derived

myofibroblasts in culture (Fig. 3A). In

addition, about 60% of the cells were

positive for b-tubulin III, also dis-

playing spread morphology (Fig. 3B).

Interestingly, a small amount of cells

(< 20%) were positive for both a-

smooth muscle actin and b-tubulin III

(Fig. 3C).

Identification of neural crest-like
stem cells by immunocytochemistry

Both periodontal ligament groups

presented, after 15 d of culture in the

same inductive medium, a small pro-

portion (< 10%) of cells positive for

the neural crest cell markers HNK-1,

p75 and nestin (Fig. 3D,E,F). This

suggests the existence of cells with

characteristics of undifferentiated neu-

ral crest in periodontal ligament cul-

tures, possibly stem cells.

Discussion

During embryogenesis, the periodontal

ligament consists of cells derived from

the dental follicle which are considered

to be neural crest-derived ectomesen-

chymal cells (13). The neural crest

comprises a highly pluripotent cell

population that migrates towards the

first arch to participate in the forma-

tion of the teeth. The neural crest can

differentiate into ectodermal and

mesodermal cell types (14). In our

experiments, using human periodontal

ligament cell cultures, we were able

to identify, by immunocytochemistry,

a small proportion of cells positive for

HNK-1 and p75, suggesting the pres-

ence of undifferentiated cells with

characteristics similar to those of neu-

ral crest cells. These markers have been

used to identify neural crest stem cells

derived from animal embryonic tissues

(15,16) and also from human adult

tissue (17). Moreover, we observed

nestin-positive markers in periodontal

ligament cultures by immunocyto-

chemistry and RT-PCR techniques.

Nestin corresponds to an intermediate

filament protein expressed in neuroec-

todermal progenitors (18), including

neural crest cells (15). Our findings

indicate the existence of a small popu-

lation of neural crest-like cells

(< 10%) that express nestin, HNK-1

or p75, possibly corresponding to a

population of stem cells or multipotent

progenitors residing in the human

periodontal ligament.

Previous studies have shown that

bone marrow, dental pulp and perio-

dontal ligament tissues contain mes-

enchymal stem cells, identified by the

presence of STRO-1 antigen (5,19,20).

STRO-1 was initially associated with

the identification of osteogenic pre-

cursors isolated from bone marrow

and later described as a promising

marker for mesenchymal stem cells

(21). However, cultured cells progres-

sively lose the expression of this anti-

gen (22). In addition, some studies

have reported that STRO-1 is absent in

bone marrow mesenchymal stem cells

(23) and also in stromal cells derived

Table 1. Gene expression profile of periodontal ligament (PDL) cells

Markers PDL pool group PDL single group

Nestin ++ ++

b-Tubulin III +++ +++

Neurofilament M ++ +

Microtubule-associated

protein 2

++ +

Peripherin ++ ++

Protein zero + +

Glial fibrillary acidic protein ) )
a-Smooth muscle actin +++ +++

Periodontal ligament cells were cultured in inductive medium for the growth of neural crest

cells, as described in the Material and methods. Reverse transcription-polymerase chain

reaction was performed as described in the Material and methods using primers for markers

of neural stem cells (nestin), neurons (b-tubulin III, neurofilament M, microtubule-associated

protein 2 and peripherin), glial cells (protein zero and glial fibrillary acidic protein) and

smooth muscle cells/myofibroblasts (a-smooth muscle actin).

PDL pool group: human periodontal ligament cells from seven individuals (passage 9).

PDL single group: human periodontal ligament cells from only one individual (passage 4).

+, weak expression; ++, regular expression; +++, strong expression; ), negative.

A B C

D E F

Fig. 3. Differentiation of human periodontal ligament cells in ectodermal and mesodermal

derivatives. Cells were cultured in inductive medium for the growth of neural crest cells, as

described in the Material and methods. Immunocytochemical analysis was performed to

assess the presence of cell-specific protein markers as described in the Material and methods.

(A) b-Tubulin III-positive cells (neuronal marker). (B) a-Smooth muscle actin-positive cells

(myofibroblast marker). (C) Cells positive for both b-tubulin III (green) and a-smooth

muscle actin (red). Cells positive for (D) HNK-1, (E) p75 and (F) nestin (neural crest

markers). b-Tub III, b-tubulin III; SMA, a-smooth muscle actin. Scale bar = 50 lm.
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from adipose tissue (24). These con-

troversial findings indicate the non-

existence of a consensus in validating

STRO-1 as a single marker for stem

cells. On the other hand, the associa-

tion of a variety of markers has been

suggested as important for the identi-

fication of mesenchymal stem cells

(25). The objective of our investigation

was to identify not only mesenchymal

markers in periodontal ligament cul-

tures, but also markers of neural crest

or its derivatives. Investigations corre-

lating the expression of STRO-1 and

p75 or HNK-1 have been carried out in

our laboratory.

Recently, Seo et al. (5) and Naga-

tomo et al. (26) demonstrated that

periodontal ligament stem cells pro-

duce mineralized nodules or Oil-red

positive lipidic vacuoles when cultured

in osteogenic-inductive or adipogenic-

inductive environments, respectively.

Under appropriate culture conditions

in the present study we observed the

formation of calcium deposition after

staining with the Von Kossa stain, and

noted the presence of adipocite-like

cells containing Oil-red-O stained ves-

icles, suggesting the potential of dif-

ferentiation to osteoblast and

adipocite, respectively. In addition, we

observed the presence of a-smooth

muscle actin-positive cells, suggesting

the capacity for myofibroblastic dif-

ferentiation. Taken together, these

results demonstrate that human perio-

dontal ligament cells exhibit the

capacity for differentiation into several

mesenchymal lineages, in accordance

with previous studies (5,26).

Recently, Techwattanawisal et al. (6)

and Widera et al. (7) identified in

periodontal ligament cultures of rats

and human, respectively, multipotent

adult cells capable of differentiating

into neural and mesodermal progeni-

tors, therefore suggesting that the

periodontal ligament contains cells

with neural crest characteristics.

Moreover, cells with the potential for

neural differentiation were identified in

deciduous and permanent dental pulps

(20,27,28). In our experiments, we

verified that cells derived from human

periodontal ligament produced meso-

dermal and ectodermal phenotypes.

We observed, at the mRNA level,

positive gene expression for nestin,

b-tubulin III, neurofilament M,

microtubule-associated protein 2 and

peripherin, suggesting neural differen-

tiation. The expression of nestin and

b-tubulin III was also confirmed at

the protein level. In addition, the

expression of both b-tubulin III and

a-smooth muscle actin (Fig. 3C) sug-

gested the presence of bipotent or

multipotent progenitors. Alternatively,

this effect could be caused by the phe-

nomenon of �reprogramming� or

�transdifferentiation� of differentiated

cells, such as myofibroblasts (a-smooth

muscle actin-positive cells), because the

neural crest derivatives display great

plasticity in vitro (11,29). Moreover, we

observed the gene expression of protein

zero, an earlier marker of glial cells

(30). Although the marker of differen-

tiated glial cells (glial fibrillary acidic

protein) was not detected, our data

indicated that the periodontal liga-

ment-derived cells also showed differ-

entiation potential for the glial

phenotype. It is important to empha-

size that peripherin is an intermediate

filament protein associated with

peripheral neurons that are neural crest

derived (31). These results corroborate

the findings of Techawattanawisal

et al. and Widera et al. (6,7) obtained

with rat and human periodontal

ligament, respectively, suggesting that

human periodontal ligament may be a

source of stem cells or of multipotent

progenitors with neural crest charac-

teristics.

This study provides further evidence

concerning the presence of multipotent

cells within the human periodontal lig-

ament. In our cultures we observed the

presence of earlymarkers of neural crest

cells (HNK-1, p75 and nestin) as well as

markers of differentiated ectodermal

cells (neurons and glial cells) and

mesodermal cells (myofibroblasts,

osteoblasts and adipocytes). In addi-

tion, we also observed cells with mark-

ers for both neuronal-specific (b-tubulin
III) and myofibroblast-specific

(a-smoothmuscle actin) proteins. These

results suggest that periodontal liga-

ment cultures contain a heterogeneous

population of cells with different levels

of maturity, including a small popula-

tion of multipotent progenitors.

In conclusion, this research shows the

human periodontal ligament as a niche

for stem cells that are similar to neural

crest cells. Because approximately 70%

of the human population has impacted

third molars (32), periodontal ligament

cells could be an accessible alternative

source of adult stem cells for use in

the regeneration of periodontal tissues.

The possibility of obtaining stem cells

from cryopreserved adult human peri-

odontal ligament (33) indicates that

samples from tissue banks could be

viable for future applications. More-

over, the neurogenic potential of perio-

dontal ligament-derived cells suggests

that they could also be useful for the

treatment of neurodegenerative dis-

eases. However, further research is

necessary to confirm the possibility of

this clinical application.
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co (CNPq/Brazil), PRONEX/CNPq

andCoordenação deAperfeiçoamento de

Pessoal de Nı́vel Superior (CAPES,

Brazil).

References

1. Shimono M, Ishikawa T, Ishikawa H et al.

Regulatory mechanisms of periodontal

regeneration. Microsc Res Tech 2003;

60:491–502.

2. Miletich I, Sharpe PT. Neural crest con-

tribution to mammalian tooth formation.

Birth Defects Res C Embryo Today 2004;

72:200–212.

3. Le Douarin NM, Kalcheim C. The Neural

Crest. Cambridge: Cambridge University

Press, 1999.

4. Lekic P, Rojas J, Birek C et al. Phenotypic

comparison of periodontal ligament cells

in vivo and in vitro. J Periodontal Res 2001;

36:71–79.

5. Seo BM, Miura M, Gronthos S et al.

Investigation of multipotent postnatal

stem cells from human periodontal liga-

ment. Lancet 2004;364:149–155.

6. Techawattanawisal W, Nakahama K,

Komaki M et al. Isolation of multipotent

stem cells from adult rat periodontal lig-

ament by neurosphere-forming culture

Stem cells in human periodontal ligament 535



system. Biochem Biophys Res Commun

2007;357:917–923.

7. Widera D, GrimmWD, Moebius JM et al.

Highly efficient neual differentiation of

human somatic stem cells, isolated by

minimally invasive periodontal surgery.

Stem Cells Dev 2007;16:447–460.
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