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ABSTRACT

Periodontal ligament (PDL) consists of different cell populations in various differentiation stages. In the present
study, we isolated cell populations from rat molar PDL by sequential enzymatic digestion and characterized growth
potential and mineralization activity of the PDL subpopulations (PDL-SP) to throw li ght on the mechanism of PDL
remodeling and, in its turn, periodontal tissue regeneration. PDL attached to extracted rat molars were digested 2
mg/mL collagenase and 0.25 % trypsin at 37 ‘C for 30 min. Then, four consecutive digestions were performed for
20 min each in a fresh digestive solution. The solutions were centrifuged to collect released cells and 5 PDL
subpopulations (30M-, 50M-, 70M-, 90M- and 110M-PDL-SP) were obtained. Light microscopic observation
showed that about a half of PDL in width attached on the root surface of extracted teeth and 30M-PDL-SP was
considered to contain cells mainly from middle portion of PDL. Scanning electron microscopic examination
indicated that the 110M-PDL-SP was enriched by root lining cementoblastic cells. 30M-PDL-SP showed a high
level of a proliferative activity. ~Although the growth potential of a subpopulation decreased in PDL-SP toward the
root surface, 110M-PDL-SP had a high proliferative activity equivalent to that of 30M-PDL-SP. Analyses of ALP
and mineralization activities showed that higher activities in PDL-SP toward the surface of roots and that 110M-
PDL-SP had the highest activity of ALP and the largest number of mineralization nodules. As supposed by
previous studies on cell kinetics in PDL, subpopulations with larger growth potential were generally located in the
middle portion of PDL and those with higher mineralization activities toward the surface of the roots. However, the
present study suggested that a possible pathway of PDL cell turnover may exist within the PDL-SP on the root
surface in addition to the generally recognized pathway from the middle area of PDL to root surface.

INTRODUCTION

Periodontal ligament (PDL), a thin connective tissue between root cementum and alveolar bone, plays important
roles such as supportive, sensory, nutritive and homeostatc functions (Freeman, 1994; Carranza and Ubious, 1996).
Recent studies showed, furthermore, that the formative function of PDL is indispensable to consider regenerative
periodontal therapies (Freeman, 1994; Carranza and Ubious, 1996).

It has been reported that PDL cells have osteoblastic characters, such as expressing high activity of alkaline
phosphates (ALP) (Giannopoulou and Cimasoni, 1996; Ogata et al., 1995), synthesizing cCAMP at the stimulation of
parathyroid hormone (Somerman et al., 1990), producing mineralized nodules in vitro under appropriate conditions
(Ramakrishnan et al., 1995), and producing mineralized tissue related non-collagenous proteins such as osteopontin,
osteocalcin, bone sialoprotein (Ramakrishnan et al., 1995; Noutcu et al., 1997). In these studies, however, PDL
was examined as a tissue unit and PDL-derived cells were characterized in the lump.

McCulloch et al. (1983; 1987) reported that progenitor cells in marrow spaces migrate into PDL by way of vascular
channels and locate perivascularly. The progenitor cells then provide daughter cells that migrate to the bone and



cementum surface and differentiate into cementoblasts or osteoblasts. Perivascular cells also considered to be the
source of PDL fibroblasts. These findings suggest that PDL consists of different cell populations in various
differentiation stages according to the position in PDL. '

Sequential enzymatic digestion has been applied to obtained the different cell populations from bone tissue. Wong
and Cohn obtained 6 subpopulations of bone cells by sequential digestion of mouse calvaria with collagenase and
trypsin (Wong and Cohn, 1975). They showed that bone contains at least two types of target cells with different
response to parathormone and calcitonin. Rao et al. also showed that cell populations obtained from rat calvaria by
the same method had different response to parathyroid hormone or prostaglandin E1(Rao et al., 1977).

In the present study, therefore, we reported the isolation of cell populations from rat molar PDL by sequential
enzymatic digestion and characterized the growth potential and mineralization activity of PDL subpopulations (PDL-
SPs)to throw light on the mechanism of PDL remodeling and, in its turn, periodontal tissue regeneration.

MATERIALS AND METHODS

Isolation of PDL Subpopulations and Cell Culture

The protocol of the studies was approved by the experimentation committee of the Faculty of Dentistry, Hiroshima
University. ~ After sacrificing by an overdose of chloroform, molars were extracted from 10 Lewis male rats (8-
week old, 220-250 g). To avoid contamination of gingival tissues, supracrestal soft tissues attached to the cervical
area of the molars were carefully curretaged before the extraction. The extracted molars with PDL were rinsed
once in Dulbecco's phosphate-buffered saline without calcium and magnesium (PBS, NISSUI
PHARMACEUTICAL CO., LTD., Tokyo, Japan). Then, they were immersed in a digestion solution, 20 mL of
Dulbecco's Modified Eagle Medium (DMEM) (Gibco BRL, N.Y, USA) containing 2 mg/mL collagenase (Wako,
Tokyo, Japan) and 0.25 % trypsin (DIFCO LABORATORIES, MI, USA), at 37 C for 30 min (D’Errico et al.,
1997; MacNeil ez al.., 1998).  After that, four consecutive digestions were performed for 20 min each in a fresh
solution. The solutions were centrifuged to collect released PDL cells. In this way, 5 PDL-SPs were obtained and
named 30M-, 50M-, 70M-, 90M- and 110M-PDL-SP, respectively. The cells in each subpopulations were then
cultured in DMEM with 10 % fetal bovine serum (FBS) plus penicillin G sodium (10 unites / mL ) and streptomycin
sulfate (10 mg / mL ) in a humidified atmosphere of 5 % CO, at 37 C. The culture medium was changed once
three days and cells at the third to fifth passages were used in following studies.

Light Microscopic Observation ,

To examine the amount and quality of PDL attached to the root surface of extracted molars and the effect of
sequential enzymatic digestion of the PDL, light microscopic observations with conventional and phase contrast
microscopes were performed on some extracted teeth before and after the enzymatic digestion. For hematoxylin
and eosin sections, the teeth were fixed in a 10 % formaldehyde neutral buffer solution overnight, decalcified in a
10 % EDTA solution (pH 7.4) for 2 weeks at 4 C and cut into paraffin embedded 4.5-micrometer section routinely.

Scanning Electron Microscopic Observation

To observe the surface condition of digested PDL and root surface, each 3 teeth were prepared for scanning electron
microscopy (SEM) at each digestion period. After gentle wash with PBS, the teeth were fixed in a 0.1 M
cacodylate-buffered 2 % paraformaldehyde and 2.5 % glutaraldehyde solution (pH 74,4 C) for 1 hour. The teeth
were then post-fixed in a 0.1 M cacodylate-buffered 1 % OsO4 solution (pH 7.4, 4 C) for 1 hour. They were
dehydrated in a graded series of ethanol, critical-point-dried, and sputter-coated with gold-palladium. The
specimens were examined in a JSM-6300 scanning electron microscope (Japan Electron Co., Tokyo) at 60 kv.

Cell Growth Analysis of PDL Subpopulations

PDL cells of the subpopulations were plated in 24 well culture-plates at an initial density of 5x10° cells per well and
cultured in DMEM containing 10 % FBS, penicillin G sodium (10 unites / mL ) and streptomycin sulfate (10 mg /
mL ). Atday 2, 4 and 8, the cells were harvested, in triplicate wells, by incubating in 0.05 % trypsin and 0.01%
EDTA, and cell number were determined by Coulter counter Z1 (Coulter Electronic Ltd., UK). Morphology of the
cultured PDL cells was observed by a phase-contrast microscope.

Activity of ALPase of PDL Subpopulations
ALP activity was assayed by both histochemical and biochemical methods. Cells of each PDL-SP were plated in
24 well culture plates (5x10* cells per well) and cultured in DMEM containing 10 % FBS, penicillin G sodium (10



unites / mL ) and streptomycin sulfate (10 mg / mL ) for one week. Histochemical staining was made according to
a modified new fuchsin method. Briefly, culture plates were washed twice with PBS and rinsed once with 0.05 M
Tris-HCI (pH 7.4) for 5 min at room temperature. Then the cells were stained with 0.05 M Tris-HCI (pH 9.8)
containing 10 mg/mL of sodium naphthol AS-BI phosphate salt (Sigma-Aldrich, Co., MO, USA), 4 % new fuchsin
solution and 4 % sodium nitrite (Wako, Osaka, Japan) for 30 min. The cells were fixed with a 10 % formaldehyde
neutral buffer solution (KATAYAMA CHEMICAL, Tokyo, Japan) for 60 min.

The quantitative analysis of ALP activity was performed by Bessey-Lowry enzymologic method using nitrophenyl
phosphate as a substrate (Shiba ez al., 1995). The cells were washed with PBS and homogenized ultrasonically in
0.5 mL of 10 mM Tris-HCI buffer (pH 7.4) containing 25 mM MgCl,. Aliquots of the homogenates were used for
determination of ALPase activity and DNA content. One unite of ALP was defined as the amount of enzyme
required to hydrolyze 1 nM p-nitrophenol per minute. DNA content was determined using bisbenzimidazole (Wako,
Osaka, Japan) and ALP activities of PDL -SPs were expressed by unites per DNA contents.

Mineralization of PDL Cells

Mineralized nodule formation was examined by Dahl's stain for calcium (Vacca, 1985). Cells of PDL-SP were
plated in 24 well-culture plates at a density of 5 x10* cells per well and cultured in DMEM supplemented with 10 %
FBS, 50 mg/mL ascorbic acid, 10 mM sodium B - glycerophosphate and 10 nM dexamethasone for 3 weeks. Then
the cells were fixed in a 10 % formaldehyde neutral buffer solution and stained with alizarin red S.

RESULTS

Light Microscopic Findings of PDL on Extracted Molar Roots

Compared to the normal PDL, about a half of PDL in width attached to the root surface of extracted teeth. The
width of PDL decreased with the enzymatic digestion and no cells were seen on the surface of teeth after digestion
for 110 min (Fig. la-c). There was no findings suggesting meaningful release of pulpal cells from a pulp chamber
due to the enzymatic digestion even in the specimens at 110 min digestion.

Scanning Electron Microscopic Findings

Roots of the extracted teeth were covered by rough collagenous PDL tissues and exposure of cementum was not seen
(Fig. 1d). With time of digestion, the surface of PDL became smoother and thickness of PDL remained on the root
surface seemed to be decreased (Fig. 1d-i). Although a few layer of cells were seen on the root surface after 90 min
digestion (Fig. 1h), no cells were remained on the root surface and cementum was completely exposed at 110 min
digestion (Fig.1i). This result indicated that the 110M-PDL-SP was enriched by root lining cementoblastic cells.

Proliferation of PDL Subpopulations

Cultured PDL cells were spindle in shape and there was no obvious morphological difference among culture cells of
PDL-SPs (data not shown). Figure 2 shows the proliferation curve of each PDL-SP. 30M-PDL-SP, which was
enriched by cells from middle portion of PDL, showed a high level of a proliferative activity. Although the
proliferative activity of PDL-SP decreased toward the root surface, 110M-PDL-SP, which was enriched by cells on
the root surface, had high proliferative potential equivalent to that of 30M-PDL-SP.

ALP Activities of PDL Subpopulations

No or weak positive staining was seen in 30M-, 50M- and 70M-PDL-SPs (Fig. 3a-c). 90M-PDL-SP showed
relatively high positivity (Fig. 3d). The most intensive staining of ALP was seen in 110M-PDL-SP (Fig. 3¢). The
reaction products were mainly localized on the cell membrane.

The highest ALP activity was also shown by the quantitative analysis of the enzyme (Fig.3). As a PDL-SP was
derived from farther from the root surface, ALP activity of the subpopulation became less.

Mineralization

Well corresponding to he result of ALP activity, different amount of mineralization was seen among the PDL-SPs
(Fig. 3). Little or no staining was seen in 30M-, 50M- and 70M-PDL-SPs (Fig. 3f-j). The most intensive staining
was observed in 110M-PDL-SP (Fig. 3j) and less in 90M-PDL-SP (Fig. 3i).



DISCUSSION

Enzymatic release of PDL cells from extracted roots has been applied in some studies and cellular characteristics of
the cells were studied (D’Errico ef al.,1997; Grzesik et al., 1998; MacNeil et al., 1998). In those studies, however,
the cells were harvested in the lump and analyzed as a tissue unit. In other words, heterogeneity of PDL has not
been examined using subpopulations isolated from PDL by sequential enzymatic digestion, which has been applied
to characterize heterogenous calvarial cell populations (Wong and Cohn, 1975; Rao et al., 1977). Based on previous
reports (D’Errico et al.,1997; Grzesik et al., 1998; MacNeil et al., 1998) and our preliminary studies, we decided on
a 110 min. digestion to release all cell layers of PDL from extracted roots. Complete release of PDL cells was
confirmed at the light and electron microscopic levels. It was also verified histologically that pulpal cells were not
released into the digestions for the experimental period. In the present studies, we obtained 5 PDL-SPs. 30M-
PDL-SP was considered to be isolated from the middle part of PDL, because about a half of the width of PDL
attached to the extracted roots. Although light and electron microscopy showed a few layers of PDL cells on the
root surface after 90 min digestion, those cells were completely disappeared from the root surface after 110 min
digestion. We therefore regarded 110M-PDL-SP as a subpopulation enriched by lining cells on the root surface.

Studies on ALP and mineralization activities of the subpopulations showed that higher activities were seen in PDL-
SP toward the root surface and that 110M-PDL-SP had by far the highest activity among the subpopulations.
Groeneveld er al. (1993; 1995) reported that high ALPase activity is observed in the area near cementum and
alveolar bones at rat maxillary molar in vivo. Sasaki et al. (1990) also showed that cementoblasts of human
deciduous teeth exhibited intense ALP activity along the plasma membranes of whole cell surfaces. Our results and
these findings also suggest that 110M-PDL-SP is enriched cells from the root surface: cementoblasts.

McCulloch et al.(1983; 1987), based on their radioautographic studies of mouse mandibular molar prepared from
animals pulse-injected with 3H-Tdr, reported that cells migrate from endosteal spaces into the PDL and there express
the phenotypes for osteoblasts or cementoblasts. They showed that, numerous cells labeling with 3H-Tdr, which
seemed to be progenitor cells, were observed in the surrounding blood vessel. Well corresponding to their results,
30M-PDL-SP obtained from the middle area of PDL showed a high proliferative potential and considered to be
enriched progenitor cells.

PDL-SP gradually decreased its potential of growth as it approached toward the root surface. Interestingly,
however, 110M-PDL-SP had a high proliferative activity equivalent to that of 30M-PDL-SP. To confirm the high
growth potential of 110M-PDL-SP, immunodetection of proliferating cell nuclear antigen in PDL and BrdU
incorporation into PDL cells were examined. Positive cells for both proliferation markers were observed near the
root surface as well as in the perivascular area in the middle of PDL (Fig. 4). This unexpected finding suggests that
110M-PDL-SP is composed of cells with high potentials of both mineralization and proliferation or cells with high
growth potential which can differentiate to cementoblastic cells. The latter is more likely, because cultured 110M-
PDL-SP showed uneven staining pattern for ALP which was most intensive around mineralized nodules. Although
the origin of the cells with such a high growth potential on root surface is not decided, a potential explanation is that
a part of undifferentiated cells with high proliferative activity migrated from dental follicle took up residence near
the root surface after cementum formation (Ten Cate, 1994). Further studies is necessary to determine this unique
cell population is existing only in PDL of the 8 week-old animals examined or lasting there to the end of their life.
If such an interesting population exists ever since, the population might play great roles especially in periodontal
tissue remodeling and regeneration.

Although we could not characterize PDL-SPs in alveolar bone half of PDL, the present studies showed 1. PDL-SPs
obtained from the cementum half of PDL by sequential enzymatic digestion showed different activities in
proliferation and mineralization. 2. PDL-SPs with higher proliferation rates were generally located in the middle
portion of PDL and those with higher mineralization activities were seen toward the surface of the roots. 3.
PDL-SP on the root surface showed high activities of proliferation and mineralization. It is suggested that a
possible pathway of PDL cell turnover may exist within the PDL-SP on the root surface in addition to the generally
recognized pathway from the middle area of PDL to root surface. To clarify the mechanism of cellular proliferation
and differentiation in PDL using PDL-SPs will provide indispensable data for developing new regenerative
periodontal therapies.
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Figure legends

Figure 1 Phase contrast microscopic futures of PDL before enzymatic digestion (a), after 70 min (b) and 110 min
(c). The width of PDL decreases with the enzymatic digestion. No cells on the surface of teeth after 110 min
digestion (c). a-c: x 100, scale bars = 100um, Scanning electron microscopic findings of periodontal ligament before
digestion (d), after digestion for 30 min (e), 50 min (f), 70 min (g), 90 min (h) and 110 min (i). A few cells on the
root surface after 90 min digestion (h) are not seen after 110 min digestion (i). d-i: x 50, scale bar = 200um

Figure 2 Proliferation of periodontal ligament subpopulations (PDL-SPs). 30M-PDL-SP shows a high level of a
proliferative activity. Proliferative activity of PDL-SP decreases toward the root surface, 110M-PDL-SP , however,
has high proliferative potential equivalent to that of 30M-PDL-SP.

Figure 3. Histochemical staining and quantitative measurement of alkaline phosphatase (ALP) activities and
mineralization of periodontal ligament subpopulations (PDL-SPs). a: 30M-PDL-SP, b:50M-PDL-SP, c: 70M-PDL-
SP, d: 90M-PDL-SP, e: 110M-PDL-SP. The most intensive staining of ALP and mineralization is seen in 110M-
PDL-SP. a-e: x 100, scale bar = 50um, f-j: x 150, scale bar = 33um

Figure 4 Immunostaining for proliferating cell nuclear antigen in periodontal ligament (PDL) and BrdU
incorporation into PDL cells. Positive cells for both markers are observed in PDL cells near the root cementum (C)
as well as in the perivascular area (V) in PDL. a: x 120, scale bar = 100um, b: x 100, scale bar = 100pm.
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Establishment of Human Cementifying Fibroma Cell Lines
by Transfection With Temperature-sensitive Simian Virus-40
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Human cementifying fibroma (HCF) is a benign fibro-osse-
ous neoplasm of periodontal ligament (PDL) origin contain-
ing varying amounts of mineralized material resembling
cementum. In the present study, we established cell lines
from HCF, which were detected in the mandible of a 54-year-
old Japanese man. To obtain immortalized cell clones, we
undertook transfection with temperature-sensitive simian vi-
rus-40 (SV40) T-antigen and hTERT into HCF cells. Cells
transfected with SV40 T-antigen entered “crisis” state be-
tween passages 22 and 35, but activation of telomerase by
transfection with hTERT in the SV40-transformed HCF cells
resulted in bypass of the crisis and maintenance over passage
200. HCF cell lines decreased the expression of SV40 T-
antigen and the activity of cell proliferation at a nonpermis-
sive temperature (39°C) in comparison with that at a per-
missive temperature (33°C). High activities of alkaline
phosphatase and mineralization and the expression of type I
collagen, osteocalcin, osteopontin, and bone sialoprotein by
reverse transcription-polymerase chain reaction (RT-PCR)
were observed in HCF cells at 39°C. Overall, these findings
suggest that: (i) HCF cell lines may represent a novel in vitro
human cell model for the study of the regulatory mechanism
of differentiation and proliferation of the human PDL; and
(i) transfection of plasmids encoding the temperature-sensi-
tive SV40 T-antigen gene and hTERT gene may be useful for
obtaining immortalized cell lines from benign human tumor
and, probably, nonneoplastic human tissues. (Bone 30:
712-717; 2002) © 2002 by Elsevier Science Inc. All rights
reserved.
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Introduction

Human cementifying fibroma (HCF) is a benign fibro-osseous
neoplasm of the jaw, usually detected in the third and fourth
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decade of life, as a painless, slow-growing tumor.>> HCF is
composed of fibrous tissue containing varying amounts of min-
eralized material resembling cementum and/or bone.253% 1t is
generally accepted that HCF is of periodontal ligament (PDL)
origin.!337

Cells from nonneoplastic tissue in culture display a limited
capacity to divide and reach cellular senescence. Spontaneous
escape from senescence and acquisition of an indefinite lifespan
is an exceptionally rare event in cultures of normal human
cells.>* Normal diploid human fibroblasts have a limited prolif-
erative capacity and senesce after 50-80 doublings in cul-
ture.’®7 1t is generally accepted that establishment of human
cell lines from nonneoplastic or benign tumor tissues is very
difficult compared with rodent tissues, in which cells spontane-
ously immortalize with a relatively high frequency.”?* DNA
tumor viruses such as simian virus-40 (SV40) and adenovirus are
able to immortalize human cells at a very low frequency.3
Infection with SV40 frequently results in extension of the lifes-
pan by about 20 population doublings,'®2%3¢ but most of the
SV40 T-antigen-transfected clones from human tissues have
failed to immortalize 333 '

As normal human cells gradually lose telomeric DNA with
passage progression in culture, telomeric erosion is thought to
limit cellular lifespan.’® Human telomeres consist of repeats of
the sequence TTAGGG/CCCTAA at chromosome ends, and
these repeats are synthesized by a ribonucleoprotein enzyme,
telomerase.!' Ectopic expression of the hTERT gene, which

- encodes the catalytic subunit of the telomerase holoenzyme,

enables lifespan extension of normal human cells.? It has recently
been shown that ectopic expression of hTERT in combination
with SV40 T-and/or H-ras results in immortalization of normal
human epithelial and fibroblast cells.'*

In the present study, by transfection with both SV40 T-
antigen and the hTERT gene, we succeeded in establishing HCF
cell lines, which can be a useful cell model for studying cellular
differentiation and proliferation of PDL. Herein we describe the-
strategy for immortalization of cells of a human benign tumor
with mineralization and the characteristics of established HCF
cell lines.

Materials and Methods

All procedures in the present studies were performed in compli-
ance with regulations administered by Hiroshima University.
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