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Abstract
Bone has the ability to adjust its structure to meet its mechanical environment. The prevailing view
of bone mechanobiology is that osteocytes are responsible for detecting and responding to mechanical
loading and initiating the bone adaptation process. However, how osteocytes signal effector cells
and initiate bone turnover is not well understood. Recent in vitro studies have shown that osteocytes
support osteoclast formation and activation when co-cultured with osteoclast precursors. In this
study, we examined the osteocytes' role in the mechanical regulation of osteoclast formation and
activation.

We demonstrated here that 1) Mechanical stimulation of MLO-Y4 osteocyte-like cells decreases
their osteoclastogenic-support potential when co-cultured with RAW264.7 monocyte osteoclast
precursors, 2) Soluble factors released by these mechanically stimulated MLO-Y4 cells inhibit
osteoclastogenesis induced by ST2 bone marrow stromal cells or MLO-Y4 cells, and 3) Soluble
RANKL and OPG were released by MLO-Y4 cells, and the expressions of both were found to be
mechanically regulated.

Our data suggests that mechanical loading decreases the osteocyte's potential to induce osteoclast
formation by direct cell-cell contact. However, it is not clear that osteocytes in vivo are able to form
contacts with osteoclast precursors. Our data also demonstrates that mechanically stimulated
osteocytes release soluble factors that can inhibit osteoclastogenesis induced by other supporting
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cells including bone marrow stromal cells. In summary, we conclude that osteocytes may function
as mechanotransducers by regulating local osteoclastogenesis via soluble signals.
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Introduction
It is well known that bone can adjust its structure to become better suited to withstand the
mechanical demands it experiences. Physical loading and routine activities have been shown
to inhibit bone resorption that would otherwise occur with disuse (3,8,12,26). However, the
cellular mechanism underlying this phenomenon remains largely unknown. The focus of this
investigation was to determine the mechanisms by which osteocytes might transduce and
regulate bone resorption and the anti-resorptive effects of loading.

Osteocytes inhabit a fluid filled network made up of widely spaced lacunae and are
interconnected via cellular processes contained within thin channels known as canaliculi. These
fluid-filled lacunae and canaliculi also contain a proteoglycan-rich extracellular matrix which
affects the diffusion of soluble factors released by osteocytes. Two key features of osteocytes
as mechanosensors are their ability to detect mechanical stimuli and to send signals to other
effector cells that regulate bone formation and resorption (5,6,56,58,59). Dynamic fluid flow
is one of the mechanical stimuli that osteocytes experience in vivo with habitual loading(24,
25,54). Previous studies have established that this loading-induced dynamic fluid flow is a
potent physical signal in the regulation of bone cell metabolism (7,16,37,57), yet it is unclear
what role it might play in osteocyte mediated regulation of bone resorption.

The effector cells of bone resorption are osteoclasts, which are transient multinucleated cells
that arise from haemopoietic cells of the monocyte/macrophage lineage. Osteoclast formation
in vivo is thought to be induced by direct cell-cell contact of pre-osteoblastic/stromal cells with
monocyte/macrophage osteoclast precursors (4,38). Two key molecules have been found to
mediate this interaction: receptor activator of nuclear factor kappa B (NF-κB) ligand (RANKL)
(also known as TRANCE, OPGL or ODF) and osteoprotegerin (OPG) (also know as OCIF).
RANKL stimulates osteoclast precursors to commit to the osteoclastic phenotype by binding
to its receptor (RANK) on the surface of osteoclast precursors. RANKL exists in two forms,
a soluble form (sRANKL) and a membrane bound form thought to be responsible for initiating
osteoclast formation (4,52). sRANKL is found in the circulatory system of both animals and
human (35,46,53,61). It is thought to play a role in immune response and bone repair (27,34,
39,46) and recently has been shown to decrease with endurance physical activity (61). A recent
study by Hikita et al. (11) indicated that soluble RANKL can be secreted by primary
osteoblasts. However, membrane-bound RANKL was found to be much more efficient in terms
of inducing osteoclast formation than soluble RANKL (11). OPG is a decoy receptor that can
bind to RANKL and inhibits its binding with RANK. OPG binding to RANKL not only blocks
osteoclastogenesis but also decreases the survival of pre-existing osteoclasts. The bone
resorption rate is thus affected by the balance of RANKL and OPG (4).

Osteoclastogenesis has been shown to be regulated by mechanical loading both in vitro and
in vivo (17,19,21,40-43). Rubin and colleagues (40-43) have shown that dynamic mechanical
strain can decrease osteoclast formation by about 50% in primary marrow cultures, and this is
mediated through a decrease in RANKL and an increase in eNOS-generated NO in bone
marrow stromal cells. OPG expression at both the gene and the protein level has also been
shown to be regulated by mechanical stimulation (21,45). A recent study by Kim et al. (21)
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reported that physiological levels of loading-induced fluid flow decreased osteoclast formation
in a co-culture system of marrow stromal cells and osteoclast precursors by decreasing the
RANKL/OPG mRNA ratio. Taken together, these studies suggest that osteoclastogenesis in
the marrow stroma can be mechanically regulated at the cellular level via the RANKL-OPG-
RANK signaling system. However, it is unclear what role osteocytes might play in the
mechanical regulation of osteoclastogenesis.

Osteocytes have been shown to support osteoclastogenesis when co-cultured with osteoclast
precursors (60). Interestingly however, this induction was found to require cell-cell contact
since the conditioned media of osteocytes was not able to support osteoclast formation. It is
possible that osteocytes near the bone surface or in active resorption pits sense mechanical
loading and regulate osteoclast formation via their expression membrane-bound RANKL.
However, the opportunity for osteocytes to come in direct contact with monocytic osteoclast
precursors is likely to be limited. Thus, another important question is whether soluble factors
released by osteocytes might regulate osteoclast formation supported by stromal cells.

In this study we address the potential for mechanical stimulation to regulate the ability of
osteocytes to support osteoclastogenesis by direct cell-cell contact with osteoclast precursors
and whether the RANKL/OPG signaling axis is the relevant mechanism. Additionally we show
that mechanically stimulated osteocytes secrete soluble signals that are able to inhibit the
osteoclast formation induced by contact with other cells including bone marrow stromal cells.

Materials and Methods
Cell Culture

Three cell lines were used in this study. MLO-Y4, kindly provided by Dr. Lynda Bonewald
(University of Missouri-Kansas City, Kansas City, MO), is an immortalized cell line that has
properties very similar to primary osteocytes in terms of morphology and several important
molecular osteocyte markers (20). RAW264.7 (ATCC) is a mouse monocyte/macrophage cell
line which can differentiate into multinucleated cells with an osteoclastic phenotype that
possess the ability to resorb calcified substrates. ST2 (Riken, Japan) is a murine bone marrow
stromal cell line. These cells can differentiate into osteoblast-like cells given appropriate
stimulation and can support osteoclast formation when co-cultured with osteoclast precursors.

MLO-Y4 cells were cultured on type I Rat tail collagen (BD Laboratory) coated plates in
αMEM, (GIBCO™) supplemented with 5% fetal bovine serum (FBS), 5% calf serum (CS),
and 1% penicillin and streptomycin (PS). RAW264.7 cells were cultured in DMEM
(GIBCO™) supplemented with 10% FBS and 1% PS. ST2 cells were maintained in αMEM
supplemented with 10% FBS and 1% PS. All cell lines were maintained at 37°C and 5%
CO2 in a humidified incubator. For flow experiments, MLO-Y4 cells were cultured on type I
rat tail collagen-coated glass slides (75mm × 38mm × 1 mm) 48 hours prior fluid flow exposure
at 200,000 cells/slide to ensure the 80−90% confluence at the time of experiment.

Multiple osteoclast formation strategies were employed in this project. Co-culture of MLO-
Y4 and RAW264.7 cells was used to explore the role of osteocytes in the regulation of
osteoclastogenesis by direct cell-cell contact. MLO-Y4 cells were seeded at 500 cells/cm2 in
collagen-coated 24-well plates (day 0). RAW264.7 cells were added at 2500 cells/cm2 at day
2 and then co-cultured in DMEM containing 10% FBS for 7 days. Pre-osteoblast/stromal cell
induced osteoclast formation was similarly performed as described above except that ST2 cells
were substituted for MLO-Y4 cells. For these experiments media was supplemented with 10nM
1α,25-dihydroxyvitamin D3 (Fluka) for RANKL expression and the plates were not collagen
coated.

You et al. Page 3

Bone. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In all osteoclastogenesis systems described above, medium was replaced every 2 or 3 days. At
day 7 starting from RAW264.7 cell plating, cells were fixed and stained for tartrate-resistant
acid phosphatase (TRAP) using a leukocyte acid phosphatase kit (385A, SIGMA) as instructed
in the product manual. Osteoclasts were identified as TRAP positive cells containing three or
more nuclei (TRAP+ MNCs). These cells were counted using a light microscope with 20×
objective by 2 blinded investigators. Each sample was counted three times, and the average
value of these repeats was reported as the TRAP+ MNCs number for each sample.

To assess osteoclast activity, cell culture was performed as described above for each
osteoclastogenesis system except that the substrates were dentine discs (Osteosite™) in 96-
well plates. The cells were cultured for 14 days (starting from RAW264.7 cell plating). At day
15 cells were removed from dentine discs using a toothbrush. The dentin discs were then stained
with 1% toluidine blue for 2 minutes, rinsed in distilled water and air dried. The existence of
osteoclast-resorbed lacunae were observed and verified under a light microscope.

The effect of soluble factors released by osteocytes on osteoclastogenesis was studied using
conditioned medium from MLO-Y4 cells. After flow exposure, cell seeded glass slides were
transferred from flow chambers to sterile petri dishes with 15 mL fresh media added. At 24
hours post flow, conditioned medium samples were collected from these dishes and added
immediately to the co-culture of RAW264.7 and MLO-Y4 or ST2 cells to replace 50% of the
original culture medium. The collected conditioned medium was never frozen or allowed to
age in any way. This process is repeated every subsequent day until day 7 (starting from RAW
264.7 cell plating) when cultures were stained for TRAP activity.

Oscillatory Fluid Flow
Our lab has previously shown that oscillatory fluid flow is a potent regulator of bone cell
metabolism (2,21,30). A 2 hour exposure to oscillatory fluid flow was selected as the
mechanical stimuli in this study based on a previous experiment where this exposure period
was found to maximally impact the RANKL/OPG ratio (21).

A previously established flow system was used to apply oscillatory fluid flow in this study
(16,31). In brief, flow was driven by a Hamilton glass syringe, which was mounted on and
driven by an electromechanical loading device (EnduraTEc). An oscillatory fluid flow pattern
with a peak flow rate of 27 mL/min was generated which yields a peak sinusoidal wall shear
stress of 1 Pa at 1 Hz in flow chambers. For all flow experiments, MLO-Y4 cells were seeded
on collagen-coated slides for 2 days, and then exposed to the oscillatory fluid flow pattern
described above for 2 hours. Cells cultured on slides, placed in flow chambers, but not exposed
to flow were the experimental controls. All flow chambers were placed in a CO2 incubator for
the entire duration of the flow experiment.

Quantitative real time RT-PCR analysis of steady-state mRNA levels
Immediately following the completion of the flow experiment, cell-seeded glass slides were
transferred from flow chambers to 100 mm sterile petri dishes. Total RNA was extracted from
cells using Tri-Reagent (SIGMA). Extracted RNA was used for cDNA synthesis by reverse
transcriptase using GeneAmp RNA PCR Core Kit (Applied Biosystems). The cDNA samples
were subjected to PCR analysis using Taqman PCR Master Mix and 20× primer and probes
(Applied Biosystems). Amplifications were then performed using the ABI Prism 7900HT
Sequence Detection system. The expression of the gene of interest and the housekeeping gene
(18S) were simultaneously determined in the same sample. For each sample, mRNA levels for
each gene were normalized to 18s rRNA levels.
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Protein Quantification
Immediately following the completion of flow exposure, cell seeded slides were transferred
from flow chambers to sterile petri dishes, with 15 mL of fresh media added, and returned to
the incubator. Media samples were collected at 2 hours, 24 hours, and 48 hours post flow.
Supernatant levels of RANKL and OPG were measured using Quantikine Mouse RANKL
Immunoassay and Quantikine Mouse OPG Immunoassay, respectively, from R&D systems.
Total protein assay was performed using BCA™ Protein Assay Kit from Pierce.

Statistical analysis
For two sample comparisons, Students t test was used. To compare observations from more
than two groups, ANOVA was used. A significance level of 0.05 was employed for all
statistical analyses. Data were reported as mean +/− SE.

Results
Osteocytes support osteoclast formation and activation when direct cell-cell contact with
osteoclast precursors was allowed

It has been shown that osteocytes can support osteoclast formation and activation using co-
culture systems of MLO-Y4 cells and spleen/marrow cells (60). As expected MLO-Y4 cells
can also support osteoclast formation from RAW264.7 cells at multiple cell densities and ratios.
We found that the co-culture of MLO-Y4 cells at 1000 cells/well and RAW264.7 cells at 5000
cells/well resulted in maximal osteoclast formation (data not shown). Figure 1 shows that
tartrate-resistant acid phosphatase (TRAP) positive cells containing three or more nuclei
(TRAP+ MNCs) were formed in this co-culture system at day 9 and pits were formed on dentine
discs after 14 days of co-culture.

Oscillatory fluid flow decreases MLO-Y4 cells osteoclastogenic-support potential
To test whether oscillatory fluid flow exposure would affect the rate of osteoclast formation
in the system described above, we seeded the MLO-Y4 cells on slides at a density of 2×105/
slide for 48 hours and then exposed them to oscillatory fluid flow for 2 hours. Next, RAW264.7
cells were deposited on the slides; cells were then co-cultured and TRAP staining was
performed at day 9. We found that 2 hours of flow exposure decreased the TRAP+ MNCs
formed in the co-culture by 38% (p = 0.002, experiment was repeated 4 times) (Figure 2). Note,
to ensure that the observed decrease in osteoclast formation is not due to any potential loss of
MLO-Y4 cells dislodged by the fluid flow shear stress, BCA total protein assay was conducted
on lysed MLO-Y4 cells before and after flow. We found no changes in total protein level due
to flow (data not reported).

Oscillatory fluid flow decreases RANKL/OPG ratio at the mRNA level in MLO-Y4 cells
To investigate the mechanism behind the down-regulation of osteoclastogenesis by oscillatory
fluid flow on MLO-Y4 cells, we measured the RANKL/OPG ratio at the mRNA level in MLO-
Y4 cells with or without flow exposure. MLO-Y4 cells were cultured on collagen-coated glass
slides for 2 days and exposed to oscillatory fluid flow for 2 hours. Total RNA was collected
at 0 hour, 24 hours, and 48 hours after flow exposure. Quantitative real time RT-PCR analysis
was performed on RANKL, OPG and 18s rRNA. At 0 hour post flow, cells subjected to
oscillatory fluid flow had significantly higher RANKL (107% increase, p=0.037) and OPG
(164% increase, p=0.017) mRNA levels compared to the control groups (Figure 3). As a result,
2 hours oscillatory fluid flow exposure caused a decrease in RANKL/OPG mRNA ratio by
29% (p=0.028). However, at 24 hours and 48 hours post flow, the RANKL/OPG mRNA ratio
was found to return to the pre-flow baseline level (data not shown).
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Osteocytes that are exposed to oscillatory fluid flow release soluble signals that inhibit
osteoclast formation

We next investigated the potential role in osteoclastogenesis of soluble signals released by
MLO-Y4 cells. No TRAP+ MNCs were observed when RAW264.7 cells were exposed to
MLO-Y4 conditioned media for 7 days (data not shown). This indicates that soluble factors
released by osteocytes do not induce osteoclastogenesis directly as expected given the results
of Zhao et al. (60). However, it is not known whether the soluble factors released by
mechanically challenged MLO-Y4 cells can affect osteoclastogenesis supported by contact
with another cell type.

To determine whether the soluble factors released by mechanically stimulated MLO-Y4 cells
can regulate osteoclastogenesis induced by other cells, at 24 hours post flow freshly collected
conditioned medium from MLO-Y4 cells with or without exposure to oscillatory fluid flow
was added to two systems that are known to result in osteoclast formation: (1) co-culture of
RAW264.7 cells with ST2 cells, or (2) co-culture of RAW264.7 cells MLO-Y4 cells. For each
group, the experiment is repeated 4 times (n=4). We observed a decrease of osteoclast numbers
formed in both systems: 26% (p=0.0005) and 31% (p=0.006) (Figure 4), respectively.

Oscillatory fluid flow affects RANKL and OPG protein release by MLO-Y4 cells
MLO-Y4 cells were prepared as described previously. After 2 hours oscillatory fluid flow
exposure, cell seeded slides were transferred from flow chambers to sterile petri dishes, and
incubated for 2 days. Conditioned medium samples were collected from the culture dishes at
multiple time points (2 hours, 24 hours, and 48 hours post flow) and ELISA was performed to
quantify supernatant RANKL and OPG levels.

The two hours oscillatory fluid flow decreased the production of sRANKL at both 2 hours
(10%, p=0.049) and 24 hours (59%, p=0.00003) post flow compared to no flow controls (Figure
5A). We next measured the supernatant OPG level in the conditioned medium from MLO-Y4
cells with or without 2 hours oscillatory fluid flow exposure (Figure 5B). At 2 hours post flow,
OPG was significantly increased by 60% in cells exposed to 2 hour oscillatory fluid flow
(p=0.0297). At 24 hours post flow, the increase of OPG is 77% greater in the flow group,
however, the difference between the flow group and the no flow control group is not statistically
significant (p= 0.068). Power analysis is conducted and the possibility of type II error is less
than 0.6%.

Discussion
It has been shown that mechanical loading has the ability to suppress bone resorption (3,8,
12,26). However, the cellular mechanism that underlies this anti-resorptive effect is not clear.
Osteocytes are the most abundant cell type in bone. Their location, embedded in the mineralized
bone tissue, and demonstrated mechanosensitivity suggest they function as cellular
mechanotransducers (5,23). Furthermore, recent studies have shown that osteocytes can
support osteoclast formation and activation by direct cell-cell contact with osteoclast precursors
(10,60). Thus, the purpose of this study was to determine if and by what mechanism osteocytes
might regulate osteoclast formation due to mechanical loading.

The first experiment in this study was to determine if mechanical stimulation of osteocytes
might affect their potential to induce osteoclast formation by direct cell-cell contact. Previously
Zhao et al. (60) demonstrated that MLO-Y4 osteocytes can induce osteoclastogenesis when
co-cultured with osteocyte precursors. We extended this finding by showing that mechanical
stimulation has the effect of diminishing this induction. Our results showed that 2 hours of
flow exposure inhibited osteoclast induction by MLO-Y4 cells by 38% (Figure 2).
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One concern with the concept of osteocyte mediated regulation of osteoclast formation is that
osteocytes have limited physical contact with the hemopoietic osteoclast precursors in vivo -
osteocytes are deeply embedded in bone matrix and do not appear to contact bone marrow
except perhaps the few osteocytes adjacent to a bone surface (18). Given the fact that osteoclast
formation in vivo is thought to require cell-cell contact between monocyte osteoclast precursors
and supporting cells (e.g. pre-osteoblasts or bone marrow stromal cells), regulation of
osteoclastogenesis directly via physical contacts between osteocytes and osteoclast precursors
would be unlikely except on the resorption surface where osteocyte processes might be
exposed. We therefore conducted an experiment to determine if mechanically stimulated
osteocytes might release diffusible factors capable of regulating osteoclastogenesis at a
distance. We exposed co-cultures of ST2 stromal cells and RAW264.7 monocytes to the
conditioned media of osteocytes exposed to fluid flow. We observed a 31% decrease in
osteoclast formation relative to the conditioned media from no flow controls. This finding is
consistent with osteocytes acting as mechanosensors and mediating stromal cell induced
osteoclastogenesis via diffusible factors. A similar result was obtained for osteocyte induced
osteoclastogenesis (26% decrease). Thus, our data suggests that mechanically challenged
osteocytes may affect the osteoclast-inducing capacity of supporting cells (stromal cells,
osteoblasts, or osteocytes) via soluble factors resulting in changes in the supporting cells' local
chemical environment. Note that the fluid flow to which osteocytes were exposed in this study
is 2 hours. Several others studies (1,16,50,51,57) have shown that mechanical stimuli at this
duration can induce many changes in markers of bone formation/resorption in bone cells. We
expect that with longer flow exposure times, the bone resorption inhibition effect from
mechanical loading might be further enhanced. The CM used in this study was from MLO-Y4
cells seeded on glass slides immersed in 15 ml medium to ensure that the cells remained covered
during the subsequent 24 hour post flow incubation. Due to this dilution the concentration of
our CM (ratio between cell numbers and medium volume) is relatively low compared to other
studies of this type. Nevertheless, we observed an inhibitory effect of the CM on the
osteoclastogenesis, suggesting that with higher concentration of this CM, the inhibition effect
would be greater. Taken together these observations suggest that the mechanical regulation of
bone resorption may occur via osteocyte regulation at a distance away from the actual site of
osteoclastogenesis potentiated by other cell types. Furthermore, it is also possible that the
soluble factors released by osteocytes might affect the osteoclast-support capacity of
osteoblastic cells.

To explore the mechanism by which the anti-osteoclastogenic effects of osteocytes occur, we
examined the key signaling molecules that regulate osteoclastogenesis, RANKL and OPG.
Consistent with a previous study (60), we observed that osteocytes express RANKL and OPG
at both the mRNA and protein levels. The RANKL/OPG mRNA ratio decreased immediately
after flow. However, this decrease is lost with time and recovered to pre-flow baseline level at
24 hours and 48 hours. This result is consistent with our previous study on ST2 cells (21). It
appears that the effect of mechanical loading on RANKL/OPG mRNA ratio in bone cells occurs
immediately and when the stimulus is removed the signaling system is reset. In vivo stimulation
would be continuous and although our data do not address this question directly, we would
anticipate that this resetting would not occur and the decrease in RANKL/OPG mRNA ratio
would be maintained.

OPG and sRANKL protein released by MLO-Y4 cells was then measured at 2 hour and 24
hour post flow. Two hours of flow exposure dramatically increased OPG message and protein
(Figure 3 and Figure 5), suggesting that the inhibitory effect of flow might be due to an
upregulation of OPG. However, at 24 hour post flow, OPG protein level is not statistically
significant different (p=0.068) from the non-flow group. We speculate that in addition to OPG,
other soluble factors such as TGF-beta and VEGF may also contribute to the decrease in
osteoclastogenesis induced by CM from MLO-Y4 cells. Indeed, there is some evidence in the
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literature to support this view. For example, studies have shown that mechanical stimulation
of osteocytes can upregulate TFG-beta and that osteocytes inhibit osteoclastic bone resorption
through TGF-beta (10). Furthermore, it has been found that fluid shear can increase TGF-beta
in osteoblastic cells (32,44). VEGF has been found to be increased after MLO-Y4 cells are
exposed to fluid flow (49), and VEGF can increase osteoclastogenesis in vitro (47). Taken
together with our findings, these results suggest that the inhibitory effect of MLO-Y4 cell CM
on induced osteoclastogenesis involves one or more signaling molecules and may or may not
involve OPG.

In non-osteocyte cell types RANKL mRNA has been reported to be downregulated with
mechanical stimulation (21,41-43). Paradoxically, we observed an upregulation of RANKL
mRNA with stimulation in osteocytes, suggesting RANKL mechanoregulation at gene level
in osteocytes might be different from other cell types. Furthermore, we observed a decrease in
sRANKL protein under the same flow conditions. The mechanism responsible for this
discrepancy is not clear, however, it is likely to involve the recently uncovered and only
partially understood complex RANKL regulation mechanism (13,48). Three isoforms of
RANKL have been reported to occur as alternative splice variants (denoted RANKL1/2/3).
Our PCR primers were designed to detect exon 526, common to all three isoforms. in vivo
sRANKL protein can be the translational product of RANKL3 mRNA, which only contains
an extracellular domain (14). Thus, flow might increase the RANKL1 and RANKL2 expression
but decrease RANKL3 expression so that the message level of RANKL is increased but the
sRANKL protein as the translational product of RANKL3 is decreased. Alternatively sRANKL
may be formed from the enzymatic cleavage of the extracellular domain of a full length
RANKL (15,29,34,55). And the flow induced decrease of sRANKL may be the result of the
flow exerted posttranscriptional or enzymatic effect on MLO-Y4 cells.

RANKL protein has been reported in bone cells in vivo (36) and in vitro (60). However, data
on whether bone cells release soluble RANKL are difficult to interpret. Kusumi et al. (28)
reported that normal human osteoblasts release sRANKL and this release was downregulated
dramatically by applying continuous tensile strain to the cells. Ikeda et al. (14) found RANKL3
mRNA in ST2 and MC3T3-E1 cells. Nevertheless, many studies suggest bone cells either do
not release or release very limited levels of soluble RANKL (9,22,33,45,60). In our study, we
observed that MLO-Y4 cells released sRANKL into the media, and this was downregulated
with mechanical stimulation. However, this released sRANKL was not able to directly induce
osteoclast formation. Similarly, previous experiments showed that conditioned media from
osteoblasts/stromal cells was not able to promote osteoclast formation. Thus, our findings
suggest that RANKL dynamics in osteocytes is consistent with that reported for other types of
bone cells, and the levels of sRANKL produced by bone cells are not able to induce
osteoclastogenesis.

The existence of the pericellular matrix in the space surrounding osteocytes could potentially
affect the diffusion of the soluble factors released by osteocytes including sRANKL and OPG.
The molecular weight of sRANKL and OPG have been reported as 24kD and 60kD
respectively. The tracer horseradish peroxidase (44kD, 6nm) has been found to diffuse through
the osteocyte pericellular matrix (7) suggesting that indeed sRANKL and OPG are able to move
through the lacunar canalicular system.

Although not the primary focus of this investigation, this work has certain implications for
potential mechanisms whereby resorbing osteoclasts are targeted to sites where bone
remodeling is required. We found that conditioned media from mechanically loaded osteocytes
was able to inhibit osteoclast formation induced by cell-cell contact between ST2 cells and
RAW264.7 cells. Thus, the physiologic condition (i.e. bone is regularly being mechanical
loaded) may be a homeostatic equilibrium between baseline sRANKL and anti-resorptive
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factors locally secreted by osteocytes. In the absence of mechanically stimulated osteocytes
the balance would locally favor osteoclast formation and activation. This would provide a
compelling mechanism for the removal and replacement of dead osteocytes. In addition, our
study is the first to demonstrate that osteocytes release diffusible chemical signals that regulate
the resorptive potential in their local surroundings in response to changes in the physical signals
they experience. Specifically, our results suggest that osteocytes under normal loading create
a local chemical environment that is not osteoclastogenic. However, osteocytes that are not
exposed to the appropriate physical signals shift the balance of secreted factors to favor
resorption. Thus, in local regions of low flow (e.g., local areas of damaged bone tissue),
osteocytes would enter a state of disuse and signal increased osteoclast formation. Furthermore,
the changes in the local chemical environment surrounding the osteocyte in the absence of
loading might also serve to attract and guide active osteoclasts to replace regions of damage
and disuse.

In summary, we have demonstrated that mechanical stimulation may regulate osteoclast
formation via osteocytes. Oscillatory fluid flow has been show to decrease osteoclast formation
induced by cell-cell contact between osteocytes and osteoclast precursors. Furthermore, our
results show that the osteoclast support capacity of non-osteocytes is modulated by soluble
factors released by mechanically challenged osteocytes. This finding supports a novel
osteoclast regulation mechanism. Specifically, we suggest that mechanically challenged
osteocytes can affect the local chemical environment of marrow stromal and pre-osteoblastic
cells via secreted signals that alter their ability to induce osteoclast formation. Such a
mechanism would allow osteocytes to function as the local mechanotransducers to sense
mechanical loading in mineralized tissue and communicate this information beyond the bone
surface.
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Figure 1.
MLO-Y4 cells induce osteoclast formation and activation when co-cultured with RAW264.7
cells. A) TRAP+ MNCs on 24-well plates at day 9 of co-culturing MLO-Y4 cells and
RAW264.7 cells at 500 cells/cm2 and 2500 cells/cm2, respectively. B) Pits formed on dentine
discs at day 14 after co-culture of MLO-Y4 cells and RAW264.7 cells at the same cell density
as described above.
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Figure 2.
Osteoclastogenesis in the co-culture of MLO-Y4 and RAW264.7 cells was dramatically
inhibited by 38% due to 2 hours of flow exposure of MLO-Y4 cells. Cells were co-cultured
for 7 days. TRAP staining was performed at day 9. Osteoclastogenesis were quantified by
counting TRAP+ MNCs in 10 randomly chose fields in the center part of slides and values are
normalized to controls. The average value corresponding to normalized value 1 is 108 cells.
Bars represents means +/− SEM (n = 4 for all groups; p = 0.002).
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Figure 3.
Cells exposed to 2 hours flow had 2-fold greater RANKL and OPG mRNA levels compared
to no flow control group. The ratio of RANKL/OPG was decreased by 29%. Total RNA was
isolated immediately following the completion of flow experiment. Bars represents means +/
− SEM (n = 4 for all groups; (*) Significant difference between flow group and no flow group,
p < 0.05).
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Figure 4.
TRAP+ MNCs formed in two osteoclastogenesis systems: co-culture of MLO-Y4 and
RAW264.7 cells, and co-culture of ST2 and RAW264.7 cells. Conditioned medium from
MLO-Y4 cells exposed to oscillatory fluid flow or no flow were added to these cultures.
Oscillatory fluid flow inhibited osteoclast formation in all of these osteoclastogenesis systems.
Bars represents means +/− SEM (n = 4 for all groups; (*) Significant difference between flow
group and no flow group, p < 0.05).
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Figure 5.
A. Two hours flow exposure decreased the amount of sRANKL released by MLO-Y4 cells by
10% at 2 hours post flow and 60% at 24 hours post flow. B. MLO-Y4 cells exposed to 2 hours
flow released a greater amount of OPG compared with MLO-Y4 cells exposed to no flow at
2 hours post flow (60%) and 24 hours post flow (77%). Bars represents means +/− SEM (n =
4 for all groups; (*) Significant difference between flow group and no flow group, p < 0.05)
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