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Summary

Background: Osteoblast- and osteoclast-like cells are re-
sponsible for coordinated bone maintenance, illustrated
by a balanced formation and resorption. Both parame-
ters appear to be influenced by mechanical constrains
acting on each of these cell types individually. We hy-
pothesized that the interactions between both cell types
are also influenced by mechanical stimulation. Methods:
Co-cultures of osteoblast- and osteoclast-like cells were
stimulated with 1,100 ustrain, 0.1 or 0.3 Hz for 1-5
min/day over 5 days. Two different setups depending on
the differentiation of the osteoclast-like cells were used:
i) differentiation assay for the fusion of pre-osteoclasts to
osteoclasts, ii) resorption assay to determine the activity
level of osteoclast-like cells. Results: In the differentia-
tion assay (co-culture of osteoblasts with unfused osteo-
clast precursor cells) the mechanical stimulation resulted
in a significant decrease of collagen-1 and osteocalcin
produced by osteoblast-like cells. Significantly more
TRAP-isobb was measured after stimulation for 3 min
with 0.1 Hz, indicating enhanced osteoclastogenesis. In
the resorption assay (co-culture of osteoblasts with
fused osteoclasts) the stimulation for 3 min with 0.3 Hz
significantly increased the resorption activity of osteo-
clasts measured by the pit formation and the collagen
resorption. The same mechanical stimulation resulted in
an increased collagen-1 production by the osteoblast-like
cells. The ratio of RANKL/OPG was not different between

the groups. Conclusion: These findings demonstrate that
already small changes in duration or frequency of me-
chanical stimulation had significant consequences for
the behavior of osteoblast- and osteoclast-like cells in
co-culture, which partially depend on the differentiation
status of the osteoclast-like cells.

Introduction

Mechanical stimuli are important during the maintenance
of bone, during fracture healing, and during defect regenera-
tion by affecting bone formation and degradation [1-3]. In the
case of defect regeneration, scaffolds are used to support the
adherence and differentiation of cells necessary to form new
bone and fill the gap. It is well accepted that three parameters
characterize the main properties of a scaffold for bone regen-
eration: it can be i) osteoconductive (supports cell migration
and adherence), ii) osteoinductive (contains factors that stim-
ulate ostegenic differentiation of cells), and/or iii) osteogenic
(contains cells that can form bone) [4]. Within the last dec-
ades, it became also evident that the fate of a cell is very much
influenced by mechanical stimuli [5]. Therefore, scaffolds
used for tissue engineering approaches should consider also
the mechanical properties of the developed scaffold [6]. Dur-
ing the regeneration of a bony defect, new bone will be
formed and the scaffolding material degraded and also the
newly formed bone remodeled due to resorption. The action
of the cells responsible for bone formation and resorption are
tightly interlinked. Osteoclast differentiation and activation
are mediated by receptor activator of nuclear factor-kB ligand
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(RANKL) and macrophage colony-stimulating factor (MCSF),
whereas osteoprotegerin (OPG) acts as a soluble receptor an-
tagonist for RANKL and inhibits thereby osteoclast forma-
tion. All three cytokines are synthesized by osteoblasts. Con-
sequently, bone resorption is controlled by the quantitative
OPG-RANKL synthesis from osteoblasts [7, 8]. Less is
known, however, if the interaction between bone-forming os-
teoblasts and bone-resorbing osteoclasts is directly affected
by physiological magnitudes of mechanical straining.

To investigate the effect of mechanical straining on osteob-
last-like cells, in vitro studies were performed. Cyclic stretch-
ing of osteoblasts with a frequency of 1 Hz and a magnitude of
1% for various time periods showed an up-regulation of
RANKL [9]. After application of cyclic tensile strain, OPG
synthesis was dose-dependently increased and both sSRANKL
release and RANKL mRNA synthesis were reduced [10]. Ten-
sile stretching, three-point bending, and fluid flow resulted in a
change of the RANKL/OPG ratio towards OPG, which might
result in the inhibition of osteoclastogenesis [11-13].

The effect of mechanical strain on osteoclast-like cells was
investigated in different studies showing both stimulating and
inhibiting effects [14-17]. In a previous study, a device for the
mechanical stimulation of cells on a bone-like structure (den-
tin) was evaluated. Three-point bending with approximately
1,100 pstrain was applied to osteoblast- and osteoclast-like
cells separately. The stimulation induced a significant de-
crease of the OPG production and resulted in a significant in-
crease of the SRANKL/OPG ratio towards sSRANKL in com-
parison to the unstimulated osteoblast-like cells [18]. The in-
creased RANKL/OPG ratio might stimulate the differentia-
tion of osteoclast-like cells. Investigating the effect of
three-point bending on the pure osteoclast cell culture, a stim-
ulation-dependent decrease in the fusion and resorption activ-
ity was seen [18]. These possible contrary results demonstrate
the importance of the co-culture of both cell types.

To analyze the interaction of cells with biomaterials or to
determine the effects of different stimuli on the interaction
between osteoblasts and osteoclasts, several co-culture sys-
tems were established [19-23], but there are only few studies
using co-culture systems to determine the effect of mechanical
stimuli on the interaction of both cell types. Kim et al. [11]
stimulated murine bone marrow stromal cells (ST-2) with os-
cillatory fluid flow and showed in a time- and dose-dependent
change in RANKL (down) and OPG (up) gene expression.
Addition of osteoclast-like cells (RAW264.7) after stimula-
tion resulted in a reduced osteoclast formation in the co-cul-
ture. In a further study, the group investigated the effect of a
conditioned medium collected from osteocyte-like cells
(MLO-Y4) stimulated with fluid flow on the co-culture of os-
teocyte-like cells or murine bone marrow stromal cells (ST-2)
and osteoclast-like cells (RAW264.7) [24]. On the RNA level
they saw, in contrast to the previous study, an up-regulation
of both RANKL and OPG; however, on the protein level
RANKL was down-regulated and OPG up-regulated.
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So far, no study has investigated the direct interaction of
osteoblast- and osteoclast-like cells under mechanical stimula-
tion. The hypothesis of the present study was that the me-
chanical stimulation of osteoblasts and osteoclasts affects
their behavior and that the effect depends on the differentia-
tion status of the osteoclast-like cells. Osteoblasts and osteo-
clasts were directly co-cultured and mechanically stimulated
by three-point bending with 1,100 pstrain and different dura-
tions and frequencies (3-5 min with 0.1-0.5 Hz). The cells
were cultured on a bone-like structure (dentin) to allow the
investigation of osteoclastic bone resorption. Parameters for
osteoblast and osteoclast differentiation and osteoclastic bone
resorption were analyzed.

Material and Methods

Stimulation Setup

A mechanical bending device which had been described in a previous
study [18] was used. Briefly , cells were seeded and cultured on dentin
discs (diameter 14 mm, thickness 0.7 mm) made out of elephant ivory
(supplied by the Federal Office of Nature Conservation, Germany) fol-
lowed by a 5-day period of stimulation and 1 day of rest. The dentin disc
with the cells was fixed in the three-point bending device. The device fits
into a 12-well plate. The force was applied through the multi-well plate
cover. Using a minimum stimulus of 1,100 pm/m bending of the dentin
chip the following stimuli were applied: 1 min with 0.1 Hz, 1 min with 0.3
Hz, 3 min with 0.1 Hz, 3 min with 0.3 Hz, and 5 min with 0.1 Hz. The
stimulation was performed in the incubator at 37 °C and 5% CO,. The
setup consisted of three stimulation devices and one unstimulated
control.

Isolation and Cultivation of Human Cells

Primary human osteoblast-like cells were isolated from human trabec-
ular bone from three different individuals. Donor bone was gained during
elective orthopedic surgery (proximal tibia plateau during total knee re-
placement) with permission of the local ethic committee and informed
consent. For isolation of the cells, bone fragments were minced into little
pieces followed by digestion with collagenase type II. The isolated cells
were characterized for several osteoblast-specific markers such as expres-
sion of Cbfa, osteocalcin, alkaline phosphatase activity, and the formation
of mineralized matrix. The osteoblast-like cells were cultured under
standard conditions (MEM-E/Ham’s F-12 + 10% heat-inactivated fetal
calf serum (FCS), B-glycerol phosphate, L-ascorbic acid, penicillin/
streptomycin).

For osteoclast-like cells, peripheral blood was taken from three
human volunteers, and cells were isolated according to previously pub-
lished methods [25, 26]. Monocytes were separated from blood by density
gradient centrifugation (Histopaque; Sigma, Taufkirchen, Germany) and
selected by CD14+ magnetic activated cell sorting (MACS; Miltenyi Bio-
tec, Bergisch Gladbach, Germany).

Co-Culture
In order to evaluate the direct interaction of both cell types two differ-

ent settings of co-cultivation were used: i) osteoclast differentiation: de-
termination of fusion of mononuclear cells to osteoclast-like cells in the
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Table 1. Results of differentiation assay in% to control (100% ), mean + SD

Control 1 min 0.1 Hz 1 min 0.3 Hz 3 min 0.1 Hz 3 min 0.3Hz 5 min 0.1 Hz
Cell count 100 + 22.49 133.38 + 56.34 128.48 + 45.49 130.94 + 37.40 138.38 + 56.87 117.12 + 28.31
Protein 100 + 14.06 89.78 + 34.64 92.55 +15.42 98.49 +24.78 103.70 + 26.65 97.13 +21.81
TRAP-positive cells 100 + 9.70 75.72 + 24.26 91.57 + 39.99 87.12 +42.73 92.10 + 41.87 88.96 + 40.76
sRANKL/OPG 100 + 49.12 135.30 + 102.02 134.21 + 62.10 128.09 + 75.82 125.31 + 84.74 172.78 + 78.91

presence of osteoblast-like cells and ii) osteoclast resorption: determina-
tion of bone resorption activity of fused osteoclast-like cells in the pres-
ence of osteoblast-like cells.

Differentiation Assay

Osteoblast-like cells were seeded in a concentration of 3 x 10* cells per
dentin chip and cultivated in 1 ml MEM-E/HAM’s F-12 for 3—4 days. The
cell number was determined via a noninvasive/nontoxic cell activity assay
(Alamar Blue™; Biozol, Eching, Germany) and 5 x 10° monocytes per
well were added. Both cell types were incubated together using MEM-E/
HAM’s F-12 for further 9 days followed by 5 days of three-point bending
with different frequencies and durations.

Resorption Assay

In order to determine osteoclast resorption activity, isolated monocytes
were seeded 5 x 10° per well on dentin chips for 14 days cultured with
Alpha-Medium (Biochrom AG, Berlin, Germany) including 10% FCS.
Nuclear factor-kB ligand (RANKL (20 ng/ml); Peprotech Inc, Rocky Hill,
NJ, USA) and MCSF (5 ng/ml) (Sigma) were added for stimulation of
fusion to multinuclear cells.

After 14 days cell number was determined using Alamar Blue Assay,
and 3 x 10" osteoblast-like cells per well were added. Further cell cultiva-
tion of both cell types in MEM-E/HAM’s F-12 was performed in absence
of RANKL and MCSF for 3-5 days. After this pre-incubation period, the
cells were mechanically stimulated by three-point bending for 5 days.

During cell cultivation, 500 pl medium was changed every 3rd day in
both setups. The supernatant was stored at 20 °C for further analysis.

Assays for Determination of Cell Metabolism

Cell viability was determined using a cell activity assay (AlamarBlue)
at day 1 (before stimulation) and at day 6 in accordance with the instruc-
tion of the manufacturer.

After co-cultivation the cells were fixed with formaldehyde and
stained for tartrate-resistant acid phosphatases (TRAP) by adding naph-
tol AS-MX phosphate and fast red violet. Polynucleated (more than 3
nuclei) TRAP-positive cells were considered as osteoclast-like cells and
counted using a microscope (100x magnification) equipped with a camera
and an image analysis system to mark and count the cells (Microlaser mi-
croscope, P.A.L.M.; Carl Zeiss Microscope, Jena, Germany).

A pit formation assay was performed to further evaluate the activity
of bone resorption by osteoclasts in co-culture. After removal of the cells
with 1 mol/l NH,OH, the resorption lacunae (pits) on the dentin were
stained with toluidine blue and counted (100x magnification, Microlaser
microscope, P.A.L.M).

Additional quantification of osteoclasts’ resorptive activity was car-
ried out by determination of cross-linked N-telopeptide of type I collagen
(NTX-ELISA, Osteomark®; Waltham, MA, USA). The amount of
TRAP-iso5b was measured by ELISA (Metra Biosystems; Mountain
View, CA, USA) as a marker for osteoclast number and activity and indi-
rect quantification of bone resorption rate. The enzyme cathepsin K as an
osteoclast marker was also quantified by ELISA (Biomedica, Vienna,
Austria).

Effect of Mechanical Stimulation on Cells

Type I C-terminal collagen propeptide, produced by active osteoblasts
was measured by ELISA (C1CP; Metra Biosystems). For quantification
of osteoclastogenesis factors produced by osteoblasts, the amount of
OPG and sRANKL- release was determined by ELISA (Immundiagnos-
tik, Bensheim, Germany).

Total protein was measured in cell culture supernatant with the Pierce
Coomassie Plus Protein Assay Reagent (Biozol), a colorimetric method
for total protein quantification.

All tests were performed according
instructions.

to the manufacturers’

Statistical Analysis

All experiments were performed in triplicate with cells from three dif-
ferent donors (total of experiments n = 9). ANOVA for independent
samples was used for comparison of data and controlled with Dunnett
correction for comparison against control. Statistical differences were de-
fined at a 95% confidence level. SPSS (release 14.0; SPSS Inc. Chicago,
IL, USA) software supported statistical evaluation.

Results

All data are given in percent of the mechanically unloaded
control (100%). The results of the ELISAs, such as C1CP, os-
teocalcin, OPG, sRANKL, TRAP-iso5b and NTX, were nor-
malized to total protein.

Differentiation Assay

No significant influences of the mechanical stimulation
were seen on cell viability and total protein. The osteoclast
differentiation assay showed a slight decrease of TRAP-posi-
tive multinuclear cells after stimulation for 1 min with 0.1 Hz,
but this result was not significant compared to control. A
slight but insignificant increase in the SRANKL/OPG ratio
was seen after all mechanical stimulations (table 1).

A significant decrease in the procollagen-1 production and
osteocalcin synthesis was detectable in all stimulations com-
pared to unstimulated co-culture (p < 0.027) (fig. 1a,b).

Stimulation for 3 min with 0.1 Hz resulted in a significant
(p = 0.008) higher amount of TRAP-isoSb produced by osteo-
clast-like cells compared to the unstimulated control (fig. 1c).

Resorption Assay

In the resorption assay, the cell viability and total protein
were also uninfluenced by the mechanical stimulation. No sig-
nificant influence on osteocalcin and catepsin K synthesis was
detectable in this assay (table 2).
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Protein 100 + 15.51 97.45 +26.39 101.55 + 25.64 102.40 + 34.82 104.66 + 78.61 93.60 + 18.26
Osteocalcin 100 +/-23.43 104.58 +35.75 87.56 +22.94 91.85 +23.68 118.45 +73.81 98.93 +37.53
Cathepsin K 100 +21.75 87.80 + 38.96 117.07 + 54.28 81.20 + 30.54 133.47 £ 35.94 118.58 +43.16

The number of resorption pits was significantly (p = 0.048)
enhanced after stimulation for 3 min with 0.3 Hz (fig. 2, 3a).
This increased activity was confirmed by the quantification of
cross-linked N-telopeptide of type I collagen (1 min with 0.3
Hz to control, p < 0.00) (fig. 3b). The measurement of TRAP-
iso5b showed a significant (p < 0.05) decrease after stimula-
tion with 0.1 Hz at all durations (fig. 3c).

A significant (p = 0.002) increase in the synthesis of procol-
lagen-1 by osteoblasts was seen after stimulation for 3 min
with 0.3 Hz (fig. 3d).

Discussion

The hypothesis of the study was that mechanical stimula-
tion influences the interaction of osteoblasts and osteoclasts
in co-culture. To investigate this, co-cultures of osteoblast-
and osteoclast-like cells were mechanically stimulated by
three-point bending with different frequencies and durations.
In the differentiation assay of the co-culture a significant de-
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crease in collagen-1 and osteocalcin production by osteoblast-
like cells was detected. The resorption assay of the co-culture
revealed a significant increase in the pit formation, collagen
degradation but also de novo collagen-1 production after
stimulation for 3 min with 0.3 Hz.

Comparing the results from the co-culture to the experi-
ments with the single osteoblast or osteoclast cultures investi-
gating the same parameter demonstrates similarities but also
differences. The decrease in collagen-1 production by osteob-
last-like cells in the co-culture was also detectable in the sin-
gle osteoblast culture [18]. The stimulating effect seen in the
co-culture resorption assay (3 min with 0.3 Hz: increase in re-
sorption and collagen-1 production), however, was not de-
tected in the single osteoclast or single osteoblast culture. In
contrast, a shorter and weaker stimulation (1 min with 0.3 Hz
or 3 min with 0.1 Hz) resulted in a decreased osteoclastic ac-
tivity [18]. Comparison of both studies, the single culture ex-
periments and the present results from the co-culture, clearly
demonstrates that the direct interaction of the cells have a
high influence on the response of the cells to mechanical stim-
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ulation. From the single osteoblast-like culture one would ex-
pect an increased osteoclastic activity due to the increased
sRANKL/OPG ratio after stimulation for 5 min with 0.1 Hz.
The co-culture experiments resulted in an increased resorp-
tion activity, however, at a different stimulus (3 min with 0.3
Hz). In the single osteoclast culture, this stimulation had no
effect on the resorption activity.

Only few studies investigating the effect of mechanical
stimuli in co-culture systems of bone marrow cells or osteo-
cyte-like cells and osteoclast-like cells are described in litera-
ture. Kim et al. [11] analyzed osteoclastogenesis of RAW264.7
cells co-cultured with murine bone marrow cells (ST-2) in-
duced by fluid flow. In the single cell culture the fluid flow in-
duced a significant decrease of SRANKL but an increase of
OPG expression by the bone marrow cells. In the co-culture
of the osteoclast-like cells and marrow cells the fluid flow sig-

Effect of Mechanical Stimulation on Cells

0.3 Hz compared to unstimulated control.

nificantly decreased the number of TRAP-positive cells and
the resorption lacunae. The group continued the experiments
and investigated the effect of fluid flow on osteocyte-like cells
(MLO-Y4) [24]. Depending on the post-stimulation time,
they found a down regulation of sSRANKL (24 h) and up-reg-
ulation of OPG (2 h) on the protein level. The conditioned
medium from the stimulated MLO cells decreased the osteo-
clastogenesis of RAW264.7 cells cultured with MLO cells or
ST-2 bone marrow cells.

Lau et al. [27] used low-magnitude, high-frequency vibra-
tion (LMHF) to stimulate MLO-Y4 osteocytes and found a
stimulation-dependent increased COX-2 expression and a sig-
nificantly reduced RANKL expression. The stimulation of
RAW264.7 cells with the conditioned medium significantly
decreased the formation of osteoclast-like cells with more
than 10 nuclei and the resorption activity. These results indi-
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cate that the marrow cells and the osteocyte-like cells respond
to mechanical stimulation by increasing OPG while decreas-
ing RANKL synthesis, resulting in an inhibition of osteoclas-
togenesis. The authors conclude that dynamic fluid flow at a
physiological level or LMHF inhibits osteoclastogenesis by
soluble factors synthesized by osteoblast-like cells and
osteocytes.

The three-point bending used for mechanical stimulation
in the present study revealed contrary results by an enhanced
resorption activity after mechanical stimulation of the co-cul-
ture. One explanation could be the cell type used: Kim et al.
[11] investigated a marrow cell line, You et al. [24] and Lau et
al. [27] an osteocyte cell line (MLO-Y4), and in the present
study primary osteoblast-like cells were used. It is known that
the three cell types have a different phenotype and function in
vivo [28]. This assumption is supported by the comparison of
the effect of pulsating fluid flow on osteocytes, osteoblasts,
and periosteal fibroblasts. Using the conditioned medium of
the three cell types, the medium from the osteocytes inhibited
osteoclastogenesis and resorption activity, whereas the me-
dium from the osteoblast-like cells affected only with less ex-
tent the osteoclastogenesis [29]. The medium from the fibro-
blasts had no effect on the osteoclast-like cells. The authors
concluded that the nitric oxide pathway in osteocytes is par-
tially necessary for the communication between osteocytes
and osteoclasts. In addition, a comparison of the mechanical
stimulation is hardly possible. Both, the fluid flow used by
Kim et al. [11] and You et al. [24] and the bending strain used
in the present study are assumed to be in a physiological
range, but they might have different effects on the cells. In ad-
dition, the stimulation duration differed in a great extent. In
the present study the cells were stimulated over 5 days daily
for 5 min. Kim et al. [11] stimulated for 1 h and analyzed the
cell reaction after 0, 1.5, 24, and 72 h, whereas You et al. [24]
stimulated for 2 h with 2 and 24 h rest [24]. A further impor-
tant difference between the studies that might cause the dif-
ferent effects is the co-culturing approach. In the present
study the co-culture was mechanically stimulated, whereas in
the study by Kim et al. [11] only the bone marrow line was
stimulated and then the RAW cells were added. This means
that the osteoclast-like cells were only influenced by factors
secreted from the marrow cells but not by the mechanical
stimuli itself [11]. The studies from Lau et al. [27] and Tan et
al. [29] used conditioned medium from the mechanically stim-
ulated osteoblasts or osteocytes and added this to the osteo-
clast-like cells, which were not mechanically stimulated.

In our opinion, it is necessary to stimulate both cell types in
a co-culture to investigate possible effects. Just recently a
study was published investigating the effect of cultivation
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modifications with respect to media composition on the co-
culture of human bone marrow stromal cells and human
monocytes [23]. Depending on the used medium, the expres-
sion of osteoblast- or osteoclast-specific markers varied. As a
marker for osteoclasts the authors used TRAP-iso5b, just like
in the present study. In addition, monocytes cultured under
the present conditions showed also the ability to resorb dentin
as an indication for functionally active osteoclasts.

An explanation for the stimulated osteoclastic activity seen
in the present study might be the relatively short stimulation
(1-5 min/day). It might be speculated that this slight stimula-
tion increases osteoclastic activity to resorb bone as physio-
logically seen in case of disuse or weightlessness [30] and that
the stimulation used by Kim et al. [11] and You et al. [24] (2 h)
may represent overuse and therefore a reduced bone resorp-
tion and increased bone formation as seen physiologically
during mechanical loading [31].

The properties of the dentin, however, limited the duration
and strains that could be used for stimulation [18], but the re-
sults clearly demonstrate that a short stimulation causes al-
ready changes in cell metabolism and cell activity and influ-
ences cell-cell interactions. This stimulation device and the
established co-culture now allow further studies to investigate
also the biological influences (e.g. the effect of growth factors)
on cells under mechanical stimulation.

This study clearly shows that not only the strain influences
the behavior of the cells, but also the duration and the fre-
quency and the interaction with other cell types. For a tissue
engineering approaches this means that not only the direct
strain that acts on the cell determines the behavior of the cell,
but also the duration and the frequency of mechanical stimu-
lation affects the cells. In addition to these parameters, the
environment including other cell types will have a dramatic
effect. This very complex situation can hardly be mimicked in
vitro. Cell reactor experiments can be a further approach to
approximate the in vivo situation [32]. But to really test the
efficacy of biomaterials or tissue engineering approaches used
for defect regeneration, animal models are necessary.
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