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Abstract Parathyroid hormone (PTH) is widely accepted
as an anabolic agent when administered intermittently.
Here, we explored the influence of intermittent PTH(1-34)
on the expression of local factors by human periodontal
ligament (PDL) cells that modify osteoclast biology. This
approach aimed at a further elucidation of the role of the
hormone and of PDL cells in the regulation of periodontal
tissue homeostasis and of repair processes. In a co-culture
model of mature PDL cells and RAW 264.7 cells,
intermittent PTH(1-34) induced an increased gene expres-
sion for tartrate-resistant acid phosphatase (+84%), cathep-
sin K (+56%), and vitronectin-receptor (+56%); and an
enhanced resorptive activity of differentiated osteoclasts
(+154%). These findings were correlated with a reduction
of the osteoprotegerin (OPG)/receptor activator of nuclear
factor kappaB ligand (RANKL) ratio in the presence of
PTH(1-34; —44%). Similar results were obtained when
RAW cells were cultured with the conditioned medium of
PTH(1-34)-stimulated PDL cells. In contrast, when less
mature PDL cells were co-cultured with RAW cells, PTH
(1-34) induced an inhibition of osteoclastic differentiation
(TRAP, —35%; cathepsin K, —28%; vitronectin-receptor,
—35%), a reduction of the resorbed substrate area (—77%)
and an increase of the OPG/RANKL ratio (+11%). The
conditioned medium of PTH(1-34)-pretreated less mature
PDL cells led to a down-regulation of the number and
activity of multinucleated cells. These data indicate that
intermittent PTH(1-34) modifies the expression of
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membrane-bound and secreted factors by PDL cells which
then in turn alter osteoclast biology. The PDL cell response
to PTH(1-34) is specific in terms of cell maturation and the
mechanism involved.
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Introduction

The RANK/RANKL/OPG-system (receptor activator of
nuclear factor kappaB (RANK), RANK-ligand (RANKL),
osteoprotegerin (OPG)) has been identified as a key
regulatory component of alveolar bone loss associated with
inflammatory periodontal disease [1, 2]. RANKL was
found to be prominent in periodontitis sites and to be
positively correlated with IL-6 expression in the gingival
crevicular fluid [3]. Other groups found RANKL expres-
sion in periodontal ligament (PDL) cells to be stimulated by
periodontal pathogenic microorganisms such as Porphyr-
omonas gingivalis or Prevotella intermedia [4, 5]. In
another study, smokers suffering from periodontitis dis-
played significantly lower serum concentrations of OPG
and altered OPG/RANKL ratios compared to non-smoking
subjects, and the authors concluded that bone loss in
smoking-related periodontitis patients may be partially
explained by suppression of OPG production [6]. Besides
periodontal disease, orthodontic treatment displays a cir-
cumstance where changes of the RANKL/OPG-ratio are
required to facilitate tooth movement [7] but at the same
time represent a co-factor for the development of patholog-
ical tooth root resorption [8]. This knowledge led to the
therapeutic approach to modify local expression levels of
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RANKL and OPG by local gene transfer. Local RANKL
gene transfer to the periodontal tissue of rats significantly
enhanced RANKL expression and osteoclastogenesis in
periodontal tissues without any systemic effects. The tooth
movement rate was significantly increased in the RANKL
gene transfer side. Opposite effects were observed for local
OPG gene transfer [9, 10]. Recently, PDL cells were shown
to express several osteotropic cytokines [11] including both
OPG and RANKL [12-14] suggesting a regulatory role for
these cells in periodontal tissue homeostasis and repair
processes [15]. In support to this, PDL cells exhibit
phenotypic characteristics typical of osteoblasts [16, 17]
and respond to hormonal stimulation in an osteoblast-like
manner [18, 19]. Amongst those hormones, parathyroid
hormone (PTH) is of particular interest since contemporary
regenerative treatment approaches for bony tissues focus on
its anabolic properties in an intermittent treatment regimen
[20, 21]. This raises the question of whether pulsatile PTH
might prove beneficial in the attempt to modify PDL cell
characteristics and the expression of membrane-bound and
secreted molecules such as OPG and RANKL which then
in turn might modulate the PDL cell microenvironment.
This approach holds out the perspective to influence the
biology of osteoclasts and to interfere with the regulation of
hard tissue resorption which is part of both hard tissue
remodeling under physiological conditions and destruction
under pathological circumstances such as inflammation. A
better understanding of the role of PDL cells in the
regulatory cascade of these events might provide a basis
for the development of promising tools to prevent or at least
limit the extent to which hard tissue resorption occurs in the
course of inflammatory periodontal disease or orthodontic
tooth movement or, once tissue loss has occurred, for the
development of treatment strategies to re-establish the
periodontal architecture. In previous research, we demon-
strated that PDL cells express receptors for PTH and
respond to PTH(1-34) with distinct changes in proliferation,
survival, and differentiation [13, 22, 23] reinforcing the
above considerations.

The present study was designed to determine the
physiological relevance of the PTH-induced changes in
the expression of OPG and membrane-bound RANKL by
human PDL cells for the differentiation and function of
osteoclasts in a co-culture model with osteoclastic precur-
sors of the monocyte/macrophage lineage (RAW
264.7cells). Furthermore, we aimed at examining the effect
of intermittent PTH(1-34) on the release of molecules by
PDL cells in the local microenvironment that influence
osteoclast biology. We hypothesized that PTH-induced
changes in the expression and release of such factors would
interfere with the differentiation of osteoclastic cells and
modify their resorptive capabilities when cultured on
calcium phosphate-coated slides. The response of PDL
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cells to such intermittent PTH(1-34) treatment regimen and
the mechanisms involved were expected to depend on the
maturation state of the PDL cells.

Materials and methods
PDL cell explantation

Human PDL cells were scraped from the middle third of the
roots of premolars of six different human donors, aged
between 12 and 14 years, showing no clinical signs of
periodontitis. The teeth had been extracted for orthodontic
reasons, with informed parental consent and following an
approved protocol of the ethics committee of the University
of Bonn (reference number 029/08). Cells were cultured in
DMEM containing 10% fetal bovine serum and 0.5%
antibiotics (diluted from a stock solution containing 5,000
U/ml penicillin and 5,000 U/ml streptomycin; Biochrom
AG, Germany) and cultured at 37°C in an atmosphere of
100% humidity and 5% CO..

Monocyte/macrophage cell culture

In order to establish a model for osteoclast-like cells,
mononuclear cells of the monocytic and macrophage
lineage (RAW 264.7 cells, CLS cell line services, Eppel-
heim, Germany) were cultured in the presence of 20 ng/ml
M-CSF (BioCat, Heidelberg, Germany) and 30 ng/ml
RANKL (Axxora, Lorrach, Germany) and shown to form
multinuclear osteoclastic cells after 5 days in culture
staining positively for tartrate-resistant acid phosphatase
(TRAP, according to Barka and Anderson 1962 (9)).

Osteoclast formation assay

In a second step, the medium was supplemented with
various concentrations of human RANKL and osteoprote-
gerin to demonstrate the impact of these factors on the
formation of multinucleated resorptive cells and to show
that those factors of human origin induce a response in
murine RAW cells and, thereby, justify the cell culture
model. The number of forming TRAP-positive osteoclasts
was assessed histomorphometrically using images (x10) at
the light microscopical level of two areas per well.

Resorption assay

In an analogous approach, RAW cells were cultured on
calcium phosphate-coated slides (BD Biosciences, Heidel-
berg, Germany). After termination of culture, all remaining
cells were lysed using 1 N NaOH and counter stained
according to the von Kossa protocol [24]. Two images were



Clin Oral Invest (2011) 15:941-952

943

captured per well at x10 magnification and the resorbed
area was quantified as a function of total area.

Co-culture of PDL cells and monocytes/macrophages
and PTH(1-34) administration

To test the hypothesis that intermittent PTH(1-34) will
modify the mRNA expression of RANKL bound to the
PDL cell membrane and of OPG and, consequently, affect
the differentiation of multinucleated, osteoclastic cells,
fourth passage PDL cells (30,000/well) were co-cultured
with RAW 264.7 cells (30,000/well) for 9 days and
stimulated with 107'> M PTH(1-34) (Sigma Aldrich,
Germany) for 0, 1, and 24 h within a 48-h incubation
cycle. For the remaining time, experimental media were
replaced by tissue culture media without PTH(1-34). These
cycles were carried out three times resulting in an
experimental period of 6 days. Ethanol-treated cultures for
each treatment group served as vehicle controls. No
external RANKL was added to the medium.

To examine whether the response of PDL cells to
intermittent PTH(1-34) depends on cellular maturation,
the co-culture experiments were carried out using pre-
confluent (~70%) and confluent PDL cells. The validity of
the approach to use different stages of confluence as a
model for cellular maturation was demonstrated by charac-
terization of pre-confluent and confluent PDL cells for the
expression of mesenchymal cell markers by means of
microarray (SABiosciences, USA) and real-time PCR. For
the microarray procedure, cDNA templates were mixed
with a ready-to-use master mix provided with the kit and
aliquoted into each well of the plates containing pre-
dispensed gene-specific primer sets. Following real-time
PCR, the relative gene expression was determined using the
AACt method.

At harvest, RNA was isolated using the RNeasy mini kit
(Qiagen), reversely transcribed using the Amersham-
Pharmacia-Biotech RT kit (Amersham Biosciences, Piscat-
away, USA) and the expression of specific marker genes
typical of osteoclastic differentiation, namely TRAP,
vitronectin-receptor, and cathepsin K, was quantified by
means of real-time PCR as described below. The exact
function of TRAP remains to be elucidated but it has been
suggested to be secreted from the ruffled border of
osteoclasts to dephosphorylate osteopontin and allow for
osteoclast migration and further resorption to occur. TRAP
—/— mice show mild osteopetrosis along with reduced
osteoclast activity [25]. Cathepsin K is a cysteine protease
that is predominantly expressed by osteoclasts and involved
in the regulation of bone resorption by its ability to
catabolize collagen, gelatin, and elastin [26]. Vitronectin-
receptor is a cell-surface associated integrin that serves to
anchor the cell to the extracellular matrix which is a

prerequisite for osteoclasts to resorb bone [27]. The
specificity of the primers for RAW cells was demonstrated
by proving that the primers did not yield a product in PDL
cells but only in RAW cells. The same procedure was
carried out for OPG and RANKL with the primers
demonstrated to be specific for human PDL cells but not
murine RAW cells. To investigate the effect of the PTH(1-
34) treatment on the resorptive activity of osteoclasts, the
same co-culture experiments were carried out on calcium
phosphate-coated slides as a substrate and resorption area
was quantified as described above.

Real-time polymerase chain reaction

Optimal oligonucleotide primers were purchased from
Qiagen, Hilden, Germany. Real-time PCR was performed
on a light-cycler (Roche, Mannheim, Germany) using the
light-cycler software 3.5.3. PCRs were carried out in a total
volume of 20 ul in PCR master mix containing 10 ul
SYBR Green, 2 ul of x10 QuantiTect primer assay, 2 pul of
the reverse transcription product filled up to 20 pl with
RNase-free H,O. The amplifications were performed in
duplicate for each sample and the optimal annealing
temperature for all primers was 55°C for 40 cycles. The
primer sequences used were as follows: cathepsin K sense
5’ CTC-CCT-CTC-GAT-CCT-ACA-GTA-ATG-A 3, anti-
sense 5’ TCA-GAG-TCA-ATG-CCT-CCG-TTC 3’ [28];
OPG sense 5' AGA-GAA-AGC-GAT-GGT-GGA-TG 3,
antisense 5’ CGG-TGG-CAT-TAA-TAG-TGA-GAT-G 3’
[29]; RANKL sense 5’ CAC-TAT-TAA-TGC-CAC-CGA-
C-3', antisense 5'-GGG-TAT-GAG-AAC-TTG-GGA-TT 3’
[30]. Vitronectin-receptor (NM 008402) and TRAP (NM
007388) mRNA expression was quantified using a Quanti-
Tect primer assay (Qiagen, Germany) yielding product sizes
of 86 and 111 bp, respectively.

To normalize the content of ¢cDNA samples, the
comparative threshold (Ct) cycle method, consisting in the
normalization of the number of target gene copies versus an
endogenous reference gene such as GAPDH, was used. For
comparison, the AACt method was used. Through this
method, a single sample, represented in our experiments by
cells without any treatment, was designed as a calibrator
and used for comparison of gene expression level of any
unknown samples.

Intermittent PTH(1-34) exposure of PDL cells
and collection of conditioned media

To address the question of whether additional factors
produced by PDL cells and capable of affecting osteoclast
biology might be altered by intermittent PTH(1-34)
administration, fourth passage PDL cells were exposed to
PTH(1-34) as described above. At harvest, the supernatant
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of each experimental group was collected, pooled, and
assayed for the content of interleukin-18, tumor necrosis
factor o, osteoprotegerin, receptor activator of nuclear
factor kappaB ligand and PTH itself by means of ELISA
according to the manufacturer's instructions (Immundiag-
nostik AG, Bensheim; Germany). The detection limits of
the ELISAs were 2.0 pg/ml for interleukin-18, 10 pg/ml for
TNF-«, 0.14 pmol/l for OPG, 1.56 pg/ml for RANKL, and
7.1 pg/ml for PTH. Likewise as in the co-culture experi-
ments, the impact of the cellular maturation state for the
cellular response to hormonal stimulation was examined
using pre-confluent and confluent cultures as a model. To
exclude the possibility that different levels of the target
proteins in the conditioned medium simply result from
different cell numbers in pre-confluent and confluent cells,
protein data was analyzed as a function of cell number.

Exposure of RAW cells to the conditioned medium

To address the question of whether the conditioned media
collected from the PTH(1-34)-challenged PDL cells would
affect the differentiation of osteoclastic precursor cells
towards multinucleated cells, RAW cells were plated in 24-
well plates at a seeding density of 20,000 cells/well and
cultured for 9 days in the presence of 50% regular RAW cell
culture medium (containing 20 ng/mIM-CSF and 30 ng/ml
RANKL as described above) and 50% conditioned medium
from either pre-confluent or confluent PDL cells that had
been exposed to PTH(1-34). At harvest, TRAP-staining was
followed by histomorphometric quantification of the percent-
age of reactive cells over total cell number.

Analogous to the determination of osteoclast formation,
the physiological relevance of a PTH(1-34)-induced release
of local factors in the conditioned medium of PDL cells
was determined with respect to the resorptive activity of
RAW cells on calcium phosphate-coated slides as a
substrate (BD Biosciences, Heidelberg, Germany). Fifty
thousand cells per well were cultured for 5 days prior to a
switch of the media towards the mixture of regular RAW
cell culture medium and conditioned medium for another
8 days. The harvest and quantitative analysis of the
resorbed area were conducted as described above.

Statistical analysis

For any given experiment, each data point represents the
mean+SEEM of six independent cultures. Variance and
statistical significance of data were analyzed using Bonfer-
roni's modification of Student's ¢ test. P values <0.05 were
considered to be significant. Each experiment was carried
out twice and analyzed separately, and both sets of
experiments yielded comparable results. Only one set of
results from the two sets of experiments is presented.
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Results

First, the results showed that RAW cells differentiated into
multinucleated cells that stained positively for TRAP
identifying them as osteoclasts when cultured in the presence
of an osteoclast-inducing medium (Fig. 1a). When RAW
cells were co-cultured with human PDL cells without the
addition of any osteoclast-inducing factors to the medium,
TRAP-positive multinucleated cells developed as well
(Fig. 2b). The mRNA expression of the osteoclast-specific
marker genes TRAP, cathepsin K, and vitronectin-receptor
correlated with the culture period and increased with time
(Fig. 1c). As a next step, RAW cells were cultured in the
presence of various concentrations of RANKL and osteo-
protegerin to prove the impact of these factors on the
differentiation process of osteoclastic precursor cells. As
expected, there was an increasing number of TRAP-positive
cells with increasing concentrations of RANKL (Fig. 1d),
while the opposite effect was observed for osteoprotegerin
added to the medium (Fig. le).

PDL cell characterization at different stages of confluence

Confluent PDL cells exhibited an up to 26-fold higher
expression of the marker genes typical of cells of
mesenchymal origin, such as BMP-2 and -4 and their
receptors BMPR-1a, -1b, and -2, alkaline phosphatase
activity, osteocalcin, TGF-B, PTH receptor, and collagen
X (Fig. 2a).

Co-culture experiments

Co-culturing of pre-confluent PDL cells and RAW cells
with a simultaneous intermittent PTH(1-34) exposure led to
a decrease of mRNA expression for TRAP, cathepsin K,
and vitronectin-receptor which displayed just a trend when
PTH(1-34) was administered for 1 h/cycle but proved
statistically significant for the 24 h/cycle treatment for all
three marker genes (Fig. 2b). Paralleling these data, the
resorptive activity of osteoclasts was down-regulated by
intermittent PTH(1-34) in the same co-culture model as
evidenced by a smaller area of substrate resorption in the
PTH(1-34) treated groups (—62% to —77%; Fig. 2c). The
OPG/RANKL mRNA expression ratio in PDL cells
increased slightly with PTH(1-34) challenge of the co-
culture (Fig. 2d).

When confluent PDL cells were co-cultured with RAW
cells, the mRNA expression of the chosen osteoclastic
marker genes increased significantly when the cultures
were exposed to PTH(1-34) for 24 h/cycle (Fig. 3a).
Likewise, the resorptive activity of the osteoclasts was
enhanced in the presence of intermittent PTH(1-34) for 1 h/
cycle (+60%) and this effect was even more pronounced
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Fig. 1 a Positive staining for tartrate-resistent acid phosphatase in a
monoculture of RAW 264.7 cells after 9 days in culture; magnification
x20. b Co-culturing of human PDL cells and RAW cells for 9 days
without the addition of any RANKL to the medium. Despite of any
exogenous RANKL, TRAP-positive osteoclasts developed indicating
that the membrane-bound RANKL of PDL cells is sufficient to induce
osteoclastogenesis. Multinucleated, osteoclastic cells (open arrow-
heads), PDL cells (arrows); magnification x10. ¢ When RAW cells
were cultured in the presence of medium that contained RANKL,
osteoclastic differentiation was promoted as evidenced by a culture-
time-dependent increase of the mRNA expression for TRAP, cathepsin
K, and vitronectin. Transcriptional changes were determined by real-
time PCR. For comparison, the endogenous reference gene GAPDH
was also quantified. Results were calculated according to the AACt
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method. d Demonstrates the impact of RANKL and OPG on the
differentiation of osteoclast-like cells from RAW 264.7 precursors.
Histomorphometric assessment of 12 cultures per experimental group
revealed an increasing number of TRAP-positive cells when increas-
ing concentrations of RANKL ranging from 0 to 30 ng/ml were added
to the cell culture medium for 9 days. Analogous, the role of
osteoprotegerin in hampering osteoclastic differentiation is depicted. e
RANKL exerted a concentration-dependent effect on the resorptive
activity of osteoclast-like cells. Increasing concentrations of RANKL
were associated with enhanced number of resorption lacunae on
calcium phosphate-coated slides as evidenced by von Kossa staining
and subsequent histomorphometric quantification. In contrast, OPG
inhibited osteoclastic resorption in a concentration-dependent manner
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Fig. 2 a Mesenchymal marker gene expression by confluent fourth
passage PDL cell cultures normalized to the expression levels in pre-
confluent cells. Pre-confluent (~70%) and confluent cells were
characterized by the use of a microarray and differences were further
quantified by real-time PCR using cDNA that was reversely
transcribed from pooled RNA of six different donors. b Inhibitory
effect of intermittent PTH(1-34) on the differentiation of osteoclastic
cells in a co-culture model of pre-confluent PDL cells and RAW cells.
An intermittent PTH(1-34) administration for 24 h/cycle induced a
significant reduction of osteoclast-specific marker genes as determined
by real-time PCR after 9 days of co-culture. Parallel to these data, the
resorptive activity of the osteoclasts was inhibited by such intermittent

when PTH(1-34) was administered for 24 h/cycle (+154%;
Fig. 3b). The OPG mRNA expression was reduced by
intermittent PTH(1-34) for 24 h/cycle as opposed to an
increase of RANKL transcription by the same treatment
regimen. Consequently, the OPG/RANKL showed a sig-
nificant reduction (Fig. 3c).

Experiments with conditioned medium obtained
from PTH(1-34)-stimulated PDL cells

When RAW cells were cultured with conditioned medium
of less mature, pre-confluent PDL cells that had been
stimulated with PTH(1-34) intermittently, the number of
differentiating TRAP-positive cells reduced significantly by
up to 50%. In contrast, the conditioned medium of
confluent PDL cells stimulated the differentiation of
TRAP-positive cells significantly (Figs. 4a, b). This
impression that was obtained by visual inspection of the
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PTH(1-34) treatment regimen as well. The co-culture of PDL cells and
RAW cells for 9 days on calcium phosphate-coated slides resulted in a
significant reduction of the resorbed area when cells PTH(1-34) was
added intermittently to the medium (c¢). These observations correlated
with changes of OPG and RANKL mRNA expression, which mostly
remained at the sub-significant level, but displayed a trend towards an
increase of the OPG/RANKL ratio (d). The experiments were
performed twice, both sets of experiments yielded comparable results.
Each value is the mean+SEM for six independent cultures. (asterisk)
P<0.05, experimental group vs. vehicle-treated control (vehicle);
(black circle) P<0.05, vehicle-treated control vs. specimen incubated
without cells

staining results was validated by histomorphometric quan-
tification and corroborated by statistical analysis (Fig. 4c).

Paralleling these data, the conditioned medium obtained
from PTH(1-34) exposed pre-confluent PDL cells reduced
the resorbed substrate area significantly (Fig. 5a), while the
conditioned medium collected from PTH(1-34)-treated,
more mature PDL cells resulted in an enhanced loss of
substrate area (Fig. 5b). The histomorphometrical quantifi-
cation revealed that these changes were statistically
significant (Fig. 5c).

Assaying of the conditioned media of PDL cells for
factors that potentially affect osteoclast biology revealed
that intermittent PTH(1-34) exposure of PDL cells elicited
maturation-state dependent changes in osteoprotegerin
production. In pre-confluent PDL cells, pulsatile PTH(1-
34) treatment induced an increase of osteoprotegerin levels
in the pooled conditioned media, whereas more mature cells
responded with a reduction of osteoprotegerin production to
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Fig. 3 a PTH(1-34) induction of osteoclastic differentiation in a co-
culture model of confluent PDL cells and RAW cells. An intermittent
PTH(1-34) administration for 24 h/cycle induced an increased mRNA
expression for TRAP, cathepsin K, and vitronectin-receptor as determined
by real-time PCR after 9 days of co-culture. Parallel to these data, the
resorptive activity of the osteoclasts was enhanced 2.5-fold by such
intermittent PTH(1-34) treatment regimen as well. The co-culture of PDL
cells and RAW cells for 9 days on calcium phosphate-coated slides
resulted in a significant increase of the resorbed area when cells PTH(1-
34) was added intermittently to the medium (b). Intermittent PTH(1-34)
for 24 per cycle reduced OPG mRNA expression significantly, whereas
RANKL transcription was stimulated resulting in a reduction of the
OPG/RANKL ratio (¢). The experiments were performed twice, both
sets of experiments yielded comparable results. Each value is the mean+
SEM for six independent cultures. (asterisk) P<0.05, experimental
group vs. vehicle-treated control (vehicle); (number sign) P<0.05, 24 h/
cycle PTH(1-34) vs. 1 h/cycle PTH(1-34); (black circle) P<0.05,
vehicle-treated control vs. specimen incubated without cells

such treatment regimen (Fig. 6). RANKL protein, bioactive
PTH, interleukin-18, and tumor necrosis factor-alpha
protein were not detectable in the conditioned medium
with the assays applied; neither in the medium of pre-
confluent PDL cells nor in the medium of confluent PDL
cells (data not shown).

Discussion

This study demonstrated that PTH(1-34) is capable of
modifying the expression and release of factors by PDL
cells which then interfere with the differentiation and
activity of osteoclasts identifying PDL cells as competent
regulators of bone remodeling. The PDL cell response was
dependent on the cellular maturation state and associated
with changes of OPG and RANKL mRNA expression and
protein production. These mechanisms were shown in a co-
culture model of PDL cells and RAW cells as well as in
experiments using the conditioned medium of PTH(1-34)-
pretreated PDL cells to culture RAW cells with.

Precursory to a further discussion of the results, two
methodological considerations have to be addressed. As a
model system for developing osteoclasts, RAW 264.7 cells
were employed in this study. Upon treatment with RANKL,
these cells stain positively for TRAP within 1 day and start
to fuse after 4 to 5 days to generate multinucleated cells, a
hallmark of fully differentiated osteoclasts [31]. RAW
264.7 cells serve as a model for osteoclasts in multiple
contemporary studies dealing with osteoclast physiology or
RANK/RANKL/OPG interaction [32—34]. Although RAW
264.7 cells are of murine origin which might be
considered a certain drawback of the study design, they
represent a well-established and reproducible model and
the cells responded robustly to human OPG and RANKL
(Fig. 1d, e) which legitimates the experimental approach of
co-culturing human PDL cells with murine monocytes/
macrophages. The characterization of osteoclasts by TRAP
staining then again is accepted as a method to characterize
these cells and also adopted in recent reviews on osteoclast
biology [3]. Although used as a standard marker of
osteoclasts, it has to be kept in mind that TRAP activity
might also be present in other cells including macrophage
polykaryons generated in murine bone marrow culture [35]
as well as in human bone marrow macrophages in
pathological states [36].

The experimental model we used to examine the role of
cellular maturation, namely pre-confluent and confluent
PDL cells, is based on our previous observation that the
degree of confluence of PDL cells correlates well with the
expression of marker genes typical of mesenchymal cells
(data not shown) and also with osteoblastic differentiation
markers as evidenced by lower levels of RUNX2, alkaline
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Fig. 4 Inhibitory effect of the conditioned medium of PTH(1-34)-
stimulated pre-confluent human PDL cells on the differentiation of
RAW 264.7 cells (TRAP staining; magnification x10). The opposite
was observed for the influence of the conditioned medium obtained
from PTH(1-34)-challenged confluent PDL cells (b). Such medium
supported osteoclastic differentiation (TRAP staining; magnification
x10). ¢ The bar graph shows the results of the histomorphometric

phosphatase specific activity, and osteocalcin expression in
pre-confluent cells as opposed to higher levels in confluent
cells [23]. These data support our experimental approach
and justify considering pre-confluent cells to be less mature
and confluent cells to be more mature. This model of
cellular maturation is well established in the literature and
was used in several studies examining PTH effects on
osteoblasts [37-39].

In our co-culture model, TRAP-positive, multinucleated
osteoclasts developed in the absence of any exogenous
osteotropic factors indicating that molecules expressed by
PDL cells might have influenced osteoclastic differentia-
tion. In support to this, Uchiyama et al. recently presented a
co-culture model of human PDL cells and CD14" mono-
cytes derived from human peripheral blood. Using this
model, the authors demonstrated the ability of human PDL
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quantification of 12 cultures per experimental group. Data are from
one of two separate experiments, which yielded comparable results.
Each value is the mean+SEM for 12 independent cultures. (asterisk)
P<0.05, experimental group vs. vehicle-treated control (vehicle);
(number sign) P<0.05, experimental group vs. group exposed to the
conditioned medium of PDL cells challenged with PTH(1-34) for 1 h/
cycle

cells to induce osteoclastogenesis and proved an involve-
ment of the RANK/RANKL/OPG-system in its regulation
[40]. These results are in line with our observation that PDL
cells constitutively express both OPG and RANKL mRNA
and that an addition of either factor to the cell culture
medium influenced RAW cell differentiation in a
concentration-dependent manner. Therefore, the constitu-
tive expression levels of OPG and RANKL by our PDL
cells seemed to be sufficient to interfere with osteoclasto-
genesis. Intermittent PTH(1-34) affected the OPG/RANKL
ratio in PDL cells significantly suggesting a potential
mechanism by which the hormone modifies the PDL cell
microenvironment and mediates its anabolic effect in
periodontal repair processes. This conclusion is corroborat-
ed by Fukushima et al. who reported that human PDL cells
supported mouse osteoclastic differentiation via RANK-
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Fig. 5 Effects of the conditioned medium of PTH(1-34)-stimulated
pre-confluent and confluent human PDL cells on the resorptive
activity of osteoclast-like cells. Culturing RAW 264.7 cells in the
presence of the conditioned medium of pre-confluent PDL cells
inhibited osteoclastic resorption (a); magnification x10. In contrast,
the conditioned medium collected from PTH(1-34)-pretreated conflu-
ent PDL cells led to extended resorption areas on the substrate (b);
magnification x10. Histomorphometric quantification of resorption

RANKL signaling in co-cultures with mouse spleen cells in
the presence of PTHrP [18]. Time course experiments for the
PTH effect on OPG mRNA expression in the rat femur
metaphysis found PTH to inhibit the transcription of OPG
significantly within 1 h with a decline of the magnitude of
the effect thereafter [41]. These findings suggest that the PTH
effect on the OPG/RANKL ratio we observed in PDL cells
might have been even more pronounced if we had analyzed it
earlier than at the end of the third incubation cycle.
Recently, osteoclasts were demonstrated to express
receptors for PTH and, consequently, it was proposed that
PTH might exert a direct effect on osteoclasts [42]. To rule
out this possibility in our experiments, we exposed RAW
cells to intermittent PTH(1-34) for three cycles and did not

areas on the substrate yielded distinct differences between the
influences of both conditioned media (c¢). Data are from one of two
separate experiments, which yielded comparable results. Each value is
the mean+SEM for 12 independent cultures. (asterisk) P<0.05,
experimental group vs. vehicle-treated control (vehicle); (number
sign) P<0.05, experimental group vs. group exposed to the condi-
tioned medium of PDL cells challenged with PTH(1-34) for 1 h/cycle

observe any effect of such treatment regimen on the number
and resorptive activity of those cells (data not shown).

The PTH(1-34)-induced effects on RAW cell differenti-
ation and activity reflect differences in PDL cell maturation.
When less mature PDL cells were co-cultured with RAW
cells, an intermittent PTH(1-34) administration resulted in
an inhibition of osteoclast differentiation and function, as
opposed to a stimulation when more PDL cells were co-
cultured. These results are in agreement with previous
reports showing that cell density and the differentiation
state of the cells are crucial to the cellular response to PTH.
In these studies, osteoblasts at different states of confluence
were employed as well as growth zone and resting zone
chondrocytes [43, 44].
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Fig. 6 Time-dependent reduction in osteoprotegerin protein levels in
the conditioned medium of confluent PDL cells exposed to intermit-
tent PTH(1-34) challenge of confluent PDL cells. In contrast, there
was an increase in osteoprotegerin protein production following
intermittent PTH(1-34) challenge of pre-confluent cells. PDL cells
were treated intermittently with 1072 M PTH(1-34) for 0, 1, or 24 h
during three cycles of 48 h each. Data are from one of two separate
experiments, which yielded comparable results. Each value is the
mean+SEM for six independent cultures. (asterisk) P<0.05, experi-
mental group vs. vehicle-treated control; (number sign) P<0.05,
experimental group vs. group exposed to PTH(1-34) for 1 h/cycle

To address the question of whether factors other than
PDL cell membrane-bound molecules but factors released
by PDL cells in response to the PTH stimulus interfere
with osteoclast biology, we performed the experiments
with the conditioned medium from PTH(1-34)-treated
PDL cells. Since the conditioned medium modified
osteoclast function significantly as well, the present data
indicate that PDL cells regulate the local microenviron-
ment not only by membrane-bound molecules but also by
secreting competent factors in response to the hormonal
stimulation.

The regulatory effects of the conditioned media of PDL
cells on RAW cell differentiation and activity were mainly
associated with PTH(1-34)-induced changes in osteoprote-
gerin levels, suggesting that the osteoprotegerin secreted
was active and able to counteract RANKL effects. Due to
the key regulatory role of osteoprotegerin in the regulation
of osteoclastic differentiation and activity [45-47], the
observed changes regarding these two parameters might
very well be attributed to the PTH(1-34)-induced modifi-
cation of osteoprotegerin production by PDL cells. The
significant increase in OPG protein observed in pre-
confluent cells following PTH(1-34) exposure might result
in favoring bone formation over bone resorption in vivo,
whereas the PTH(1-34)-induced decrease of OPG in mature
PDL cells suggests that less OPG protein would eventually
be available at potential sites of osteoclast formation.

It is important to consider the way the conditioned
medium of PTH(1-34)-treated PDL cells was collected and
applied to the RAW cells in this investigation. We pooled
the medium of each culture belonging to the same
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experimental group and then assayed for OPG and
RANKL. This policy might have enhanced or blurred the
measurement of the PTH(1-34) effect on OPG production. In
fact, changes in OPG production in response to PTH(1-34)
were a little less pronounced in the present investigation as
compared to recent studies by our group where the
supernatant of each culture had been assayed individually
[13, 23]. Nevertheless, modifications in OPG expression
remained distinct enough to alter osteoclastic differentiation
and activity significantly. Despite of reports in the literature
and our own observation that RANKL is expressed by PDL
cells [4, 48, 49], the protein was not detectable in the
conditioned medium by means of ELISA which might be
related to the fact that any changes that may have occurred
were below the threshold of detection of the immunoassay
kit that was used. Based on this consideration and due to the
fact that the amount of secreted RANKL is much less than
the membrane-bound counterpart in the co-culture experi-
ments, we added a moderate concentration of exogenous
RANKL in the experiments with the conditioned medium
but still the PTH(1-34)-induced PDL cell secretion of both
OPG and RANKL in the conditioned medium were
significant enough to modify osteoclast biology.

However, other factors in the conditioned medium related
to the regulation of osteoclasts might have also been altered
by PTH(1-34). With the absence of interleukin-18 and tumor
necrosis factor-o« in our cultures, two potential candidate
genes were excluded. Additionally, we assayed the condi-
tioned medium of PDL cells for PTH to exclude a direct effect
of the hormone on the osteoclasts and were unable to detect
significant levels of bioactive PTH (data not shown).
Therefore, the changes of osteoclastic differentiation and
activity induced by the conditioned medium cannot be
attributed to a direct effect of PTH.

New concepts of the pathogenesis of periodontitis have
implicated inflammation triggered by host immune re-
sponse to periodontal biofilm microorganisms in disease.
Host response to bacteria involves activation of T and B
cells in the inflammatory infiltrate which bear abundant
RANKL that promotes osteoclastic bone resorption. Peri-
odontal tissue destruction can be ameliorated by immuno-
biological interference with immune cell RANKL
expression or function. The new disease concepts provide
a foundation to build biological approaches to target
RANKL production in periodontal lesions [50]. Our study
picks up on this point and the data supports the promising
policy, although we did not target RANKL production by
immune competent cells but sought to modify the OPG/
RANKL ratio by hormonal stimulation of cells that
resemble constitutive components of the PDL.

Besides the implications in the regulation of the
recruitment, differentiation, and resorptive activity of
osteoclasts, our findings might also be of importance for



Clin Oral Invest (2011) 15:941-952

951

the reparative capabilities of PDL cells. Together with
previous reports of PTH-induced alterations of the pheno-
typic expression and survival of PDL cells [22, 23, 51], the
present results add further support to the idea that PTH(1-
34) might also modulate the local factor production by PDL
cells which then in turn, based upon their osteoblastic
character [17] and their ability to mineralize their extracel-
lular matrix [52], might contribute to the regulation of
periodontal repair processes.
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