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Heterogeneous populations of cells,

such as osteoblasts, fibroblasts and ce-

mentoblasts, contribute to each of the

unique compartments of the periodon-

tium. The presence ofmultiple cell types

within the periodontal ligament has led

to speculation that cells in this tissue

may share common ancestral cells (1).

During the development of teeth, perio-

dontal ligament cells are believed to

originate from ancestral cells in the

dental follicle (2–5).However, the origin

of renewed periodontal ligament cells is

less certain after development of the

teeth has been completed.

A group of progenitor cells has

been identified in mouse periodontal

ligament within the paravascular

areas. These cells originate from the

endosteal spaces of alveolar bone,

they subsequently differentiate and

proliferate in the paravascular areas

of the periodontal ligament and

finally migrate to areas near the

cementum and alveolar bone (1,6–9).

Characteristics of these progenitor

cells, such as the sparse distribution

within the proliferative compartment,

cell morphology, self-renewal capacity

and slow cycling rate, suggest that

they could be adult stem cells with

multilineage potential (10,11). How-

ever, to date, no cell-surface markers

have been available for using to

confirm the existence and location of

stem cells in the periodontal ligament

of human teeth.

Various cell-surface antigens have

been used as markers for stem cells

and their isolation from other tissues

(12). In particular, STRO-1 surface

antigen has been shown to be non-

reactive to hematopoietic stem cells

and it can isolate a homogeneous

group of mesenchymal stem cells that

are capable of forming clonogenic fi-

broblast colonies in vitro (13). How-

ever, owing to its cross-reaction with

glycophorin-A-positive nucleated red

cells and a small subset of B

lymphocytes, the use of STRO-1
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Background and Objective: The origin of cells in the mature periodontium, and the

location of their progenitors, are still unknown. It is also unknown whether

inflammation influences the number and distribution of these cells within the

periodontium. Molecules such as STRO-1, CD146 and CD44 have been identified

on a variety of mesenchymal stem cells. The aim of this study was to identify and

localize putative stem cells in diseased and healthy human periodontal ligament

using cell-surface markers for mesenchymal stem cells.

Material and Methods: Healthy and periodontitis-affected teeth were collected,

fixed in 10% neutral-buffered formalin, decalcified and embedded in paraffin in

preparation for immunohistochemistry. Antibodies against STRO-1, CD146 and

CD44 were used to identify putative stem cells in the periodontal ligament.

Results: Putative stem cells were identified in both healthy and diseased perio-

dontal ligament. They were mainly located in the paravascular region and small

clusters of cells were also found in the extravascular region. Wider distributions of

these cells were detected in sections of diseased ligament.

Conclusion: Within the periodontal ligament of both healthy and diseased teeth,

cells have been identified consistent with their identification as putative stem cells.

The presence of an inflammatory reaction associated with periodontitis may

enhance the number of these cells.
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alone is not sufficient to obtain

pure populations of stem cells. More

recently, the isolation of highly

enriched populations of stem cells

with clonogenic and multilineage

potentials have been based on the use

of flow cytometry with STRO-1

immunoglobulin in combination with

antibodies directed to vascular cell

adhesion molecule-1 (VCAM-1) and

cellular adhesion molecule (CD146/

MUC-18) (14–17). Stem cell popula-

tions isolated from dental pulp and

bone marrow using this technique

expressed markers associated with

endothelium, smooth muscle, bone

and fibroblasts. In addition, the cell-

surface antigen, CD44, was also

expressed in these cell populations

(16). Recent studies have shown that

human periodontal ligament stem

cells (PDLSC) can also be isolated

and culture expanded from digested

periodontal tissue by immunoselec-

tion, based on their cell-surface

expression of STRO-1 (18). The

applications of STRO-1 and other

mesenchymal stem cell-associated

antibodies may assist in the identifi-

cation of putative stem cells in the

periodontal ligament.

Periodontitis is an inflammatory

disease that results in the destruction of

periodontal connective tissue matrix

and cells, loss of fibrous attachment

and the resorption of alveolar bone

(19). In animal models, the healing of

periodontal ligament involves an in-

crease in the number of progenitor cells

in the paravascular area and then

migration of these cells to the areas of

alveolar bone and cementum adjacent

to the wound defect (1). It is uncertain

whether inflammatory changes in the

periodontium can influence stem cell

distribution in the tissues.

In this study, we hypothesize that

the progenitor cells, previously iden-

tified in the periodontal ligament, are

putative stem cells, the location and

distribution of which are affected by

the inflammatory changes. The aim of

this study was to identify periodontal

ligament stem cells and to investigate

their distribution in human perio-

dontal ligament from healthy and

periodontitis-affected teeth using

immunohistochemistry.

Materials and methods

Human tooth collection

A total of 50 teeth were collected for

this study. Twenty-five periodontitis-

affected teeth, which had a hopeless

prognosis, were extracted from 14

individuals at the Periodontal Depart-

ment of the University of Adelaide.

Twenty-five healthy teeth, which com-

prised mainly premolars and wisdom

teeth, were also collected from 20

individuals at the Oral Maxillofacial

Department of the Adelaide Dental

Hospital. This study was approved by

the Human Ethics Committee of the

University of Adelaide Ethics Number

H-57-2003). The research objectives

were explained to the patients and

informed consent was obtained before

sample collection.

Tooth preparation

The teeth were fixed in 0.1 M phosphate

buffer [phosphate-buffered saline

(PBS)], containing 4% paraformalde-

hyde, for 1 d. Theywere then decalcified

at room temperature in neutral PBS

containing 4% EDTA. Radiographs of

the teeth were taken to ensure complete

decalcification before sectioning. The

decalcified teethwerewashed in distilled

water for 2 h and stored in 70% alcohol

prior to embedding. Each tooth was cut

into two or three sections along the

longitudinal plane of the teeth. These

sections were then coded, dehydrated

through graded alcohol solutions and

histolene, and embedded in paraffinwax

blocks. Each paraffin-embedded sample

was cut into 5-lm sections and placed

onto 3-amino propyltriethoxysaline

(APT) (Sigma, St Louis, MO, USA)-

coated glass slides. Haematoxylin and

eosin staining was carried out on selec-

ted sections to check for the presence of

periodontal ligament before staining for

immunohistochemistry. The number of

teeth with intact periodontal ligament

present was recorded.

Immunohistochemistry staining

All stages of the immunostaining

process were carried out at room

temperature (23�C) unless otherwise

stated. To identify mesenchymal stem

cells in the periodontal ligament,

mouse monoclonal antibodies (mAbs)

were used, including anti-STRO-1,

CC9 (anti-CD146) and H9H11 (anti-

CD44) (15,17).

The demonstration of cell-surface

antigens was significantly improved by

pretreatment with antigen-retrieval

reagents that broke the protein cross-

links formed during formalin fixation.

For antigen retrieval of STRO-1 sur-

face antigen, the sections were placed

in preheated citrate buffer at pH 6 and

heated at 95�C in a water bath for 20

min. For antigen retrieval of CD146

surface antigens, the sections were

placed in preheated citrate buffer at pH

6 and heated at 80�C in a water bath

for 20 min. The slides were allowed to

cool to room temperature for 30 min

before washing in PBS. No antigen-

retrieval procedures were necessary for

the CD44 surface antigens.

Endogenous peroxidase activity was

blocked by incubation, for 20 min, in

PBS containing 1% hydrogen peroxide

and 0.1% sodium azide. The sections

were then rinsed in PBS. The primary

antibodies, at concentrations previ-

ously determined to give optimal

staining (STRO-1, 4 lg/ml; CD146,

4 lg/ml; and CD44, 2 lg/ml), were

applied to the sections and allowed to

incubate at room temperature over-

night.

For the negative-control sections,

the primary antibodies were omitted.

As stem cells have been previously

identified in the dental pulp, this tissue

was used as a positive control (15,17).

After overnight incubation with the

primary antibodies, the sections were

washed in PBS and a secondary

horseradish peroxidase-conjugated

antibody [1% goat antimouse immu-

noglobulin; Dako, Glostrup, Demark,

diluted with 10% normal human serum

in PBS/1% bovine serum albumin

(BSA)] was applied to each section.

After incubation for 30 min, the

sections were washed in PBS and a

tertiary horseradish peroxidase-conju-

gated antibody (1 : 60 swine anti-

goat immunoglobulin; Biosource,

Camarillo, CA, USA; diluted with
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10% normal human serum in PBS/1%

BSA) was then applied and incubated

for 30 min at room temperature. The

sections were then washed in PBS

for 15 min. Horseradish peroxidase

substrate, 3-amino 9-ethylcarbazole

(AEC) (Sigma, St Louis, MO, USA),

was used for antibody detection. The

sections were counterstained with

haematoxylin and then mounted in

aqueous media before light micro-

scopic analysis.

Analysis of results

The slides were examined and photo-

graphed (D-1 camera, Nikon, Kana-

gawa, Japan) under light microscopy

(Microphot – FXT; Nikon). The pat-

tern and distribution of immunohisto-

chemistry staining were recorded for

each of the primary antibodies used.

The location of positive staining was

categorized into the coronal half, api-

cal half, or furcation area of the root.

The distribution of positive staining

was divided into paravascular area of

the periodontal ligament, extravascular

area of the periodontal ligament, or

region near the cementum. As this was

a descriptive immunohistochemical

study, statistical analysis of the data

was not undertaken.

Results

Among the 25 healthy teeth studied, 19

had periodontal ligament present, three

were positive for the STRO-1 antigen,

eight were positive for the CD146 anti-

gen and six were positive for the CD44

antigen. Among the 25 periodontitis-

affected teeth, 17 had periodontal liga-

ment present, two were positive for the

STRO-1 antigen, 10 were positive for

the CD146 antigen and nine were pos-

itive for the CD44 antigen (Table 1). In

the healthy sections, periodontal liga-

ment was found in the coronal, apical

and furcation areas of the root. In the

diseased sections, periodontal ligament

was found only in the apical and furca-

tion areas of the root.

STRO-1 antigen

Healthy tooth — In the periodontal

ligament of healthy teeth, positive

STRO-1 staining of cells was detected

in the coronal and apical as well

furcation areas of the root. The dis-

tribution of the staining was sparse

and mainly observed on the cells

around the paravascular area in the

periodontal ligament. In two of the

healthy sections, positive staining

for STRO-1 was also detected in

cells near the cementum. The cells

which stained positive for STRO-1

comprised several different morpho-

logies. One group of cells had

elongated nuclei and elongated cyto-

plasm that resembled endothelial cells

(Fig. 1A). The other group had

enlarged round or oval-shaped,

intense haematoxylin-stained nuclei

with a smaller amount of cytoplasm

(Fig. 1B).

Table 1. Summary of antibody detection and periodontal ligament presence in all specimens

(healthy and diseased) processed for immunohistochemistry

Number of teeth PDL present STRO-1 CD146 CD44

Healthy tooth 25 19 3 8 6

Diseased tooth 25 17 2 10 9

PDL, periodontal ligament.

Fig. 1. STRO-1 surface antigen in the periodontal ligament of healthy and periodontitis-

affected teeth. (A) Staining occurred around the paravascular area near the apex of the root

in healthy periodontal ligament. These cells have elongated nuclei and cytoplasm that

resembles endothelial cells. C, cementum; PDL, periodontal ligament. Bar ¼ 50 lm (mag-

nification ·90). (B) Cells in the extravascular area that stain positive for STRO-1 antigen in

healthy periodontal ligament. These cells have round nuclei with a small amount of cyto-

plasm. Bar ¼ 50 lm (magnification ·90). (C) STRO-1 surface antigen in the apical perio-

dontal ligament of a periodontitis-affected tooth. STRO-1 surface antigen was widely

distributed in the diseased sections compared with the healthy section. Apart from the

positive staining in the paravascular area (red arrow), a small cluster of cells was also

observed in the extravascular area (green arrow) and cementum (yellow arrow). Cells with

different morphologies can be observed. C, cementum; PDL, periodontal ligament. Bar ¼
50 lm (magnification ·90). (D) Control section of STRO-1. C, cementum; PDL, periodontal

ligament. Bar ¼ 50 lm (magnification ·90).
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Periodontitis-affected tooth — In the

periodontal ligament of periodontitis-

affected teeth, cells staining positive

for STRO-1 were detected in the

middle and apical portions of the

root. More areas of cells with positive

staining were observed in the diseased

teeth than in the healthy teeth. Pos-

itive staining was mainly detected in

cells around the paravascular areas of

the periodontal ligament; addition-

ally, small clusters of stained cells

were also detected in the extravascu-

lar spaces and along the cementum.

The cells in the paravascular area

also comprised two different morph-

ologies. One group had elongated

cytoplasm and elongated nuclei which

resembled endothelial cells. The sec-

ond group had large round, or oval-

shaped nuclei with more intense

haematoxylin staining and a smaller

amount of cytoplasm. The cells in the

extravascular areas and near the

cementum had the appearance of the

second group of cells described above

(Fig. 1C). Control staining is shown

in Fig. 1D.

CD146-CC9 surface antigen

Healthy tooth — Cells expressing the

CD146 antigen were observed in the

coronal, apical and furcation areas of

the healthy teeth. The distribution of

these cells was mainly found in the

paravascular area within the perio-

dontal ligament (Fig. 2A). A few

sparsely distributed solitary stained

cells were observed in the extravascular

spaces of the periodontal ligament. In

addition, some cells in small clusters

were also observed in the extravascular

spaces. Cells expressing CD146 could

be divided into two different morph-

ologies. The cells in the paravascular

area had elongated nuclei and elonga-

ted cytoplasm, which resembled

endothelial cells. The second type of

cells observed in this area had round

or oval-shaped nuclei which were

intensely stained by haematoxylin and

had a small amount of cytoplasm. Cells

in the extravascular area shared the

morphologies of the second group

described above (Fig. 2A).

Periodontitis-affected tooth — Cells

expressing the CD146 antigen were

observed in the apical and furcation

area of the periodontal ligament in

periodontitis-affected teeth. The distri-

bution of cells which were positive for

CD146 in the periodontal ligament of

diseased teeth was similar to that for

healthy teeth. However, a larger abun-

dance of cells with positive staining was

observed in these areas of the perio-

dontal ligament. Small groups of cells

were sometimes observed in the extra-

vascular area and near the cementum.

The cells in the paravascular area

resembled endothelial cells. Other cells

with round or oval-shaped nuclei, in-

tensely stained by haematoxylin and

with small amounts of cytoplasm, were

observed in the paravascular area, the

extravascular area as well as near the

cementum (Fig. 2B,D).

CD44 surface antigen

Healthy tooth — Cells expressing the

CD44 surface antigen were observed in

the coronal, apical and furcation areas

of the periodontal ligament of healthy

teeth. The distribution of the staining

was less specific and general back-

ground staining was found in the perio-

dontal ligamentmatrix ofmost sections.

However, cells with oval-shaped nuclei

and strong haematoxylin staining were

identified. These cells were observed in

the paravascular areas as well as in the

extravascular areas (Fig. 3A).

Diseased tooth — In diseased teeth,

cells positive for the CD44 antigen were

found in the apical and furcation areas

of the periodontal ligament. The pat-

tern of distribution was similar to that

of the healthy sections. However, the

nonspecific background staining was

more intense in the diseased sections

Fig. 2. CD146 antigen in the periodontal ligament of healthy and periodontitis-affected

teeth. (A) Healthy tooth. Cells with CD146 antigens were mainly located in the paravascular

area. These cells closely resembled endothelial cells. Bar ¼ 50 lm (magnification ·90). (B)
Diseased tooth. Cells with CD146 antigen can be observed in the paravascular space as well

as in the area near the cementum. D, dentine; PDL, periodontal ligament. Bar ¼ 50 lm
(magnification ·60). (C) Control section of a diseased tooth. D, dentine; PDL, periodontal

ligament. Bar ¼ 50 lm (magnification ·50). (D) Diseased tooth. Higher magnification of (B)

of the cells positive for CD146 staining highlighted their morphologies of small round nuclei

with small amounts of cytoplasm. Bar ¼ 25 lm (magnification ·150).
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(Fig. 3B). Apart from the staining in

the extravascular and paravascular

areas, intense staining was observed in

the areas near the cementum (Fig. 3C).

Cells in the extravascular area and in

the region near the cementum shared

similar morphologies to those observed

with positive staining for CD146 and

STRO-1.

Discussion

Previous immunohistochemical stain-

ing and immunofluorescence staining

of frozen fragments of periodontal

ligament from extracted human third

molars using STRO-1 has shown that

putative stem cells are present in the

human periodontal ligament (20).

However, because only fragments of

tissue were used, it was difficult to

localize the putative stem cells in rela-

tion to the surrounding tissues, and

the presence of putative stem cells in

periodontitis-affected tissue reamined

unknown. In the present study we have

shown that human periodontal liga-

ments from healthy and periodontitis-

affected teeth contain a population of

cells with immunohistochemical fea-

tures consistent with putative postnatal

stem cells.

Among the samples, 26% of normal

teeth and 32% of periodontitis-affected

teeth did not have periodontal liga-

ment present and could not be used for

analysis in this study. The mechanical

trauma during extraction, the disease

process and the tissue-preparation

technique may all have contributed to

the loss of the periodontal ligament.

In healthy teeth, the putative stem

cells were found in the periodontal

ligament along coronal, apical and

furcation parts of the root surfaces. In

periodontitis-affected teeth, the coron-

al part of the periodontal ligament was

destroyed by the disease process.

However, periodontal ligament stem

cells were still found in the periodontal

ligament along the apical and furcation

parts of the root surfaces. As a result of

the small sample size it was not poss-

ible to draw definitive conclusions as to

where the putative stem cells were

predominantly located along the root

surfaces. Nonetheless, the overall dis-

tributions of putative stem cells in

periodontal ligament were sparse. This

is in concordance with previous find-

ings (20). Although not verified by

statistical analyses because of the small

sample size, the distribution of such

cells appeared to be more abundant in

the periodontal ligaments from perio-

dontitis-affected teeth.

Progenitor cells have been identified

previously in the periodontal ligament

of mice (10). They originate from the

endosteal spaces of alveolar bone and

subsequently migrate to the paravas-

cular areas of the periodontal ligament

(9,10). These progenitor cells are lo-

cated in the area 0–20 lm from the

perimeter of blood vessels. McCulloch

hypothesized that based on cell kinetic

and cell morphology observations,

these progenitor cells were stem cells

residing in the periodontal ligament

(8). As the samples in the current study

did not include fragments of alveolar

bone, it was not possible to determine

whether the cells identified were asso-

ciated with this region. The localiza-

tion of putative stem cells in the

present study to the paravascular re-

gions was consistent with the location

of progenitor cells described previ-

ously.

Apart from the positive staining in

the paravascular area, periodontal

ligament stem cells were also identified

in the extravascular areas and regions

near the cementum. In the periodontal

ligament of healthy teeth, putative

stem cells in the extravascular area

were sparse; however, in the perio-

dontal ligament of periodontitis-affec-

ted teeth, a greater abundance of

positively stained cells were identified

in the extravascular area as well as near

the cementum. The increase in stem

cell populations in the extravascular

area and the region near the cementum

could be caused by the early recruit-

ment and migration of paravascular

cells, as observed in the wounded

mouse periodontal ligament (1,6).

Fig. 3. CD44 antigen in the periodontal ligament of healthy and periodontitis-affected teeth.

(A) Healthy tooth. D, dentine; PDL, periodontal ligament. Bar ¼ 50 lm (magnification

·90). (B) Diseased tooth. D, dentine; PDL, periodontal ligament. The intense CD44 staining

around the paravascular areas and the extravascular areas (green arrows) were consistent

with STRO-1 staining. Bar ¼ 50 lm (magnification ·90). (C) Diseased tooth. D, dentine;

PDL, periodontal ligament; C, cementum. Green arrows showed cells with CD44 antigen

along the region near the cementum. Bar ¼ 25 lm (magnification ·90). (D) Control section

from healthy tooth. Bar ¼ 50 lm (magnification ·90).
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Putative stems cells may respond to

changes in the extracellular matrix and

inflammatory cytokines. Through sub-

sequent differentiation and prolifer-

ation, they may contribute to the

wound healing of damaged periodontal

ligament.

The combination of STRO-1 and

CD146 antibodies has been used to

isolate homogeneous stem cell popu-

lations from periodontal ligament (18).

The isolation of clonogenic and multi-

lineage potential cells from diverse tis-

sues has qualified these two antibodies

as suitable markers for different

mesenchymal stem cell populations. In

the present study, these antibodies

detected two distinct cell phenotypes.

One group of cells resembled endot-

helial cells: they had elongated nuclei

and elongated cytoplasm, which was

typically observed near the blood ves-

sels. This finding is probably the result

of cross-reactivity of STRO-1 and

CD146 antibodies with blood vessel

walls, and suggests that some of the

paravascular cells could be endothelial

cells (17,20). Similarly, other reported

mesenchymal stem cell markers, such

as CD105, CD106 and CD166, are also

expressed by both perivascular cells

and endothelial cell populations

(17,22).

Apart from the endothelial cells, the

other group of cells identified in this

study had round/oval-shaped promin-

ent nuclei with intense haematoxylin

staining and relatively small amounts

of cytoplasm. These cells are likely to

be stem cells as they share similar

morphologies with the stem cells iso-

lated from dental pulp and bone mar-

row, including prominent nuclei and

agranular cytoplasm (1,17,23).

The isolation and identification of

pure stem cells may require further

investigations, based on DNA charac-

terization and identification using

more specific markers for stem cells

(18).

CD44 cell-surface antigens have

been reported on stem cells from bone

marrow and dental pulp (20). CD44 is

a very broad class of transmembrane

glycoprotein that is expressed in the

extracellular matrix and on the cell

surface of epithelial, mesenchymal and

hematopoietic cells. While CD44 is

well recognized as being of importance

for lymphocyte homing, its function on

epithelial cells and fibroblasts is not

clear, but it is presumed to be asso-

ciated with cell adhesion and the

binding of extracellular matrix com-

ponents, such as fibronectin, laminin,

collagen and hyaluronan (24,25). This

surface antigen is also expressed by

gingival fibroblasts, gingival epithelial

tissues as well as periodontal ligament

in humans; furthermore, its expression

is regulated by inflammatory cytokines

in vitro (26). This could explain the

nonspecific background staining in

the extracellular matrix and hetero-

geneous populations of cells identified

by CD44 from both healthy and perio-

dontitis-affected periodontal ligament.

Thus, CD44 may not be a particularly

useful histological marker for stem

cells.

While staining of serial sections

would have been beneficial for defining

periodontal ligament stem cells, it was

difficult to achieve this owing to tech-

nical difficulties. A number of sections

were lost during antigen-retrieval pro-

cedures. However, the morphology

and the location of cells identified by

these three antigens suggests that

among the heterogeneous cell popula-

tion identified by these antigens,

some of these cells are likely to be stem

cells.

In conclusion, by using antibodies

against cell-surface antigens known to

be expressed on different mesenchymal

stem cell populations (STRO-1,

CD146 and CD44), this study has

localized cells that can be considered

potentially as postnatal stem cells in

healthy and periodontitis-affected

human periodontal ligament. This

study has also highlighted the possible

changes of putative stem cell popula-

tions in the periodontal ligament in

periodontitis. Understanding the

recruitment of these locally derived

stem cells with the capacity to develop

into either periodontal ligament-

forming cells or mineral-forming ce-

mentoblasts, which combine to secure

the connection between the cementum

and the adjacent alveolar bone, will

help to achieve more predictable

regeneration of periodontal tissues in

the future.
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