
Journal of Biomechanics 48 (2015) 4221–4228
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/jbiomech

Journal of Biomechanics
http://d
0021-92

n Corr
M5S 3G

E-m
xiaoqin
jvlichae
www.JBiomech.com
Mechanical loading up-regulates early remodeling signals
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In the mineralized bone matrix, mechanical loading causes micrometer-sized cracks. These cracks trigger
targeted remodeling along the micro-crack. Physical damage to osteocytes was shown to be involved in
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the initiation of this remodeling process. However, the role of subsequent mechanical loading osteocyte
response to physical damage is unclear. In this study, we have designed and developed an in vitro cell
model to study the impact of mechanical loading on osteocytes with physical damage. Specifically, a
system was developed to create sub-cellular physical damage on MLO-Y4 osteocytes in vitro. This model
re-created the spatial distribution of non-viable cells and VEGF expression around microdamage as
reported in vivo. Using this system, the short term (24 h) effects of fluid shear stress in regulation of
osteocyte response to physical damage were investigated. We have observed that the mechanical stimuli
had an additive effect in terms of COX-2, VEGF mRNA expressions, as well as PGE2, VEGF concentrations
in the media. Interestingly, other inflammatory signals such as IL-6 and TNF-α did not change with these
stimuli, at this time point. Moreover, fluid shear also had a modulating effect in regulation of osteoclast
differentiation by osteocyte with physical damage. These results show that (1) subcellular physical
damage upregulates remodeling signals in osteocytes at early time point, (2) mechanical loading sub-
stantially upregulates these signals for remodeling in osteocytes with physical damage.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Due to the composite nature of bone, microdamage occurs fre-
quently (Martin, 2003). The microdamage is also repaired readily,
which maintains its structural integrity. Recently, it has been shown
that remodeling does not occur in microdamaged bone without
subsequent mechanical loading (Waldorff et al., 2010). However, the
cellular mechanism of how mechanical loading affect bone repair of
microdamage is not clear.

Microdamage occurs with diffuse damage proceeding primary
micro-cracks (Schaffler et al., 1994; Burr et al., 1997; Frost, 1960).
Micro-cracks have more impact on bone quality in terms of fracture
toughness (Burr et al., 1997). Also, only micro-cracks trigger targeted
remodeling response (Bentolila et al., 1998; Burr et al., 1985; Silva
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et al., 2006), in contrast to diffuse damages (Herman et al., 2010). In
fact, osteonal remodeling preferentially occurs at regions with micro-
cracks (Bentolila et al., 1998; Mori and Burr, 1993). Investigation of the
cell response to mechanical loading after microdamage would be
focused on the effect of micro-cracks.

For micro-cracks, the separation of the bone matrix is in the
order of 10 μm (O'Brien et al., 2000; Schaffler et al., 1995; Taylor
and Clive Lee, 1998). If such a gap were to occur in vivo, it is pre-
dicted to cause linear damage across osteocyte process or cell body
(Hazenberg et al., 2006).

Osteocytes are suggested to be responsible in sensing and
controlling microdamage-induced remodeling (Noble et al.,
2003a; Parfitt, 1994; Herman et al., 2010). Decline in osteocyte
density have shown to result in accumulation of microdamage
(Vashishth et al., 2000b). Osteocyte malfunction (Phillips et al.,
2008) or absence (Tatsumi et al., 2007) in mouse models leads to
bone fragility consistent with that observed in aging and osteo-
porosis. Specifically, while osteocyte ablation increased bone
resorption in mice under physiological loading, the same mice
were resistant to the disuse-induced bone loss when their hind
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limbs were subjected to unloading (Tatsumi et al., 2007). In vivo,
apoptotic osteocytes were observed near the microdamage sites
(Cardoso et al., 2009). In fact, microdamage have been observed to
be initiated from lacunae, which house osteocytes (Reilly, 2000).

Under mechanical loading, osteocytes alter their expression of
soluble factors that control bone remodeling (Henriksen et al., 2009;
Noble et al., 2003b; Robling et al., 2006). Mechanical loading decreases
osteocyte apoptosis induced by TNF-α treatment (Cheung et al., 2012).
Furthermore, osteocyte apoptosis could induce osteoclast recruitment
(Aguirre et al., 2006; Burger et al., 2003) and differentiation (Al-Dujaili
et al., 2011). Conversely, osteocytes that have been subjected to fluid
flow shear stress (FFSS) inhibit osteoclast formation and bone
resorption (Tan et al., 2007; You et al., 2008). In osteocytes, pros-
taglandin E2 (PGE2) could be mechanically induced (Ajubi et al., 1996).
PGE2 stimulates both resorption and formation (Bergmann and
Schoutens, 1995; Raisz et al., 1993). Cyclooxygenase-2 (COX-2) is
involved in the production of PGE2 (Ponik et al., 2007). COX-2 was up-
regulated after fluid flow (Ponik et al., 2007) and fluid pressure (Liu et
al., 2010) in MLO-Y4 osteocytes. Vascular endothelial growth factor
(VEGF), is expressed in osteocytes. It is upregulated in regions of bone
with micro-cracks and correlates with apoptotic osteocytes (Kennedy
et al., 2012). VEGF could be regulated by mechanical loading indirectly
(Cheung et al., 2011). Interestingly, in vivo studies showed that bone
with fatigue-induced micro-cracks has increased levels of bone
remodeling-related genes COX-2, and VEGF (Kidd et al., 2010).

Since osteocytes are the major mechanosensor cells in bone
(Bonewald and Johnson, 2008; Riddle and Donahue, 2009), their
response to micro-cracks could also be mechanically regulated. We
hypothesize that after physical trauma as in the case of micro-cracks
in bone, mechanical loading regulates osteocyte production of early
remodeling related molecules: PGE2 and VEGF. A system was created
to achieve sub-cellular physical damage (PD) to cells similar to the
effect of micro-cracks. Osteocyte expression of signaling molecules
involved in the initiation of bone remodeling were quantified. The
capacity of damaged and mechanically stimulated osteocytes to
induced osteoclast differentiation was investigated.
2. Methods

2.1. Osteocyte cell model

MLO-Y4 osteocyte-like cells (gift from Dr. Lynda Bonewald, University of Mis-
souri) were cultured in α-MEM supplemented with 2.5% fetal bovine serum, 2.5%
calf serum, and 1% penicillin–streptomycin (Invitrogen) on type I rat tail collagen-
coated plates at 37 °C and 5% CO2. The cells were seeded onto collagen-coated glass
slides and grown to 80% confluence.

2.2. Osteocyte physical damage model

A system was developed to apply consistent level of PD to cells cultured on a 2D
substrate (Fig. 1). This system consists of a horizontal aluminum bar suspended on top of
two T-sections. A carriage on the horizontal bar was free to move in one direction
horizontally. The carriage has a clamp, which holds 4 tungsten needles with 1 mm tip
size (Roboz Inc). The vertical position of the clamp is adjustable via an M4 screw. One
rotation corresponds to 0.4 mm vertically. The tungsten needles were used to introduce
PD to MLO-Y4 cells. The contact of the needle to the glass slide was confirmed visually.
The path of the damage is typically 1–10 μm inwidth, and either 38 or 75 mm in length
(dimensions of a glass slide). The cell culture was damaged to have �15% dead cells.

2.3. Cell viability staining and quantification

Cell damage was assessed with Trypan Blue dye (Sigma) method from previous
study on MLO-Y4 cell viability (Plotkin et al., 1999). Trypan Blue would penetrate
apoptotic and necrotic cells, while excluded by cells with intact membrane. After
cellular damage, the samples were washed once with PBS (Gibco). Then, 0.04%
Trypan Blue dye in PBS was applied to the cells on glass slides. The x, y coordinates
of positively stained cells were recorded in each field of view. The damage sites
were represented by a linear function, y¼mxþb, where m is slope and b is y
intercept. The distance of each positively stained cell to the closest damage site was
calculated. Each field of view had at least 3 damage sites and 1000 cells. The
experiment was repeated four times, with at least 5 samples per experiment.

Live/Dead assay (Invitrogen) was performed on damaged MLO-Y4 cells
according to manufacture instructions. Fluorescent microscope (Nikon) was used to
image the slides for calcein AM, and Ethidium homodimer-1, for live and dead cells,
respectively. The number of live and dead cells was counted in each field of view.
Each field of view had at least 3 damage sites and 1000 cells. The experiment was
repeated four times, with at least 5 samples per experiment.

2.4. Fluid shear stress treatment

Parallel flow chambers were used to apply oscillatory FFSS as previously
described (Jacobs et al., 1998; You et al., 2008) to the physically damaged cells.
Assuming viscous flow in parallel plate chamber, the FFSS on the cells is expressed
as τ¼6μQ/(bh2) where τ is the shear stress; μ is the viscosity of the medium, which
is approximated to be that of the water at room temperature (1�10�3 Pa s); Q is
the maximum flow rate during oscillatory flow (0.5 ml/s); b is the channel width
(35 mm); h is the channel height (0.4 mm).

Cells in all conditions were placed into flow chamber for the duration of the
experiment. Fluid flow was applied by a 3 ml plastic syringe (BD), which is driven by a
linear actuator. The flowwas oscillatory with sinusoidal profile at frequency of 1 Hz, and
applied peak FFSS of 2 Pa to the cells. After physical damage, FFSS was applied for 1 h.
Then the slides were incubated with freshmedia for 23 h. This experiment was repeated
for at least three times for each assay.

2.5. mRNA expression quantification

Total RNA was isolated from MLO-Y4 cells at 6, 8 and 24 h after flow treatment.
Reverse transcription was performed with Superscript III (Invitrogen). The resulting
cDNA samples were subjected to quantitative PCR with SYBR Green I (Roche) for
genes IL-6, TNFα, COX-2, VEGF, RANKL, and OPG. Mastercycler ep realplex2
(Eppendorf AG) was used to run the Real-time PCR machine. Expression levels of
each gene were normalized to the housekeeping gene 18 s.

2.6. Protein expression quantification

Levels of VEGF and PGE2 were measured in the media from the post-flow incuba-
tion (24 h). VEGF was measured with ELISA kits (Mouse VEGF ELISA Duo Set, R&D
Systems). PGE2 levels were measured with EIA kits (Cayman Chemical).

2.7. VEGF immunostaining

After PD, MLO-Y4 cells were incubated for 30 min. Then the cells were fixed
with 3% paraformaldehyde (Sigma) for 15 min. PBS was used as wash buffer for
three times at 5 min each for each wash. The cells were blocked and permeabilized
with 1% BSA in 0.1% PBS-Tween 20 (Sigma) for 1 h. Rabbit anti-mouse VEGF anti-
body was diluted in the blocking/permeabilization buffer to 5 μg/ml, and applied to
the cells for 16 h at 4 °C. Goat Anti-Rabbit fluorescently labeled antibody was
diluted in the blocking/permeabilization buffer to 10 μg/ml, and applied to the cells
for 1 h at room temperature. The nuclei were labeled with DAPI.

The intensity of VEGF staining in each cell was quantified by measuring the inte-
grated density of the cell in ImageJ. The background intensity was calculated by mul-
tiplying the mean density of three adjacent empty regions by the cell area. This back-
ground intensity was subtracted from the integrated intensity of each cell to correct for
background.

2.8. Osteoclast differentiation of RAW 264.7 in conditioned media and TRAP staining

RAW264.7 cells were cultured in growth media until 70% confluence. The
growth media consists of DMEM (Sigma) with 10% FBS (Gibco), 1% P/S (Gibco),
4 mM L-glutamine (Sigma). Then the cells were cultured in differentiation media
for 7 days. The differentiation media was growth media with 25 ng/ml RANKL (R&D
Systems), which was mixed 1:1 with conditioned media from MLO-Y4 cells that
had been subjected to combinations of PD and fluid shear. Media was changed
daily. After 7 days of differentiation, the cells were fixed and stained for tartrate-
resistant acid phosphatase (TRAP), which is only expressed in osteoclasts. TRAP
positive cells with three or more nuclei were quantified under bright field micro-
scope (Zeiss).

2.9. Statistical analysis

Factorial ANOVA is used to investigate the interaction effect of fluid flow and
PD. In experiments with two stimuli: fluid flow shear and PD, a 22 factorial design
was used to investigate the effect of individual stimulus as well as their interactive
effects. The statistical software JMP was used for this analysis.



Fig. 1. A rail and carriage system to attach 1 mm tipped needles. It allows for smooth horizontal movement and fine vertical position control. Passage of the needles caused
rupture of cell membrane. (A) System render in CAD software. (B) Screw controls vertical position: 1 turn¼0.4 mm. The array of 4 needles is 4 mm across. (C) Microscope
photo showing tip dimension of micro-needle. (D) Typical damage caused by the system. Arrow 1 indicates a cell that was damaged through the cytoplasm. Arrow
2 indicates a cell that was damaged through the nucleus. Arrow 3 indicates a cell with damaged process. (E) Paths of damage on glass slide consist of length-wise and width-
wise cuts across the slide. There are 74 damage sites across the length of the slide, and 37 across the width.
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3. Results

3.1. Osteocyte physical damage model validation

The capability of the cell damage system was assessed through
observation of damaged cells, and viability staining. The cell
damage systemwas able to damage MLO-Y4 cells cultured on glass
slides. The linear damage was induced across the glass slides
(75 mm�38 mm) as shown in Fig. 1E.

The tungsten needles were pliable enough to be bent, which
created damage larger than 1 mm. The unevenness of the glass
slide, at the micron scale, contributed to this variation. With this
system, damage site width was controlled to be within the range
of 1–10 mm.

Since the in vivo cultured cells are randomly distributed over the
slides, different parts of the cells were damaged depending on their
relative position to the damage site. Various parts of the cell were cut
through during the damage process, including nucleus, part of the cell
body, and the processes (Fig. 1D). A significant number of dead cells
was observed near the damage sites using Trypan Blue and Live/Dead
assay (Fig. 2A and B). Most Trypan blue stained cells were within
150 mm of the nearest damage site (Fig. 2C). The density of Trypan
blue stained cells was significantly higher within 150 mm of the
damage site compared to area that is further away (Fig. 2D).

3.2. mRNA expression 24 h after cell damage

Changes in transcription of remodeling-related genes: IL-6,
TNFα, COX-2, RANKL, and OPG were measured by quantifying their
mRNA levels. From all cells in each sample, COX-2 and VEGF mRNA
levels significantly increased only at 24 h after cell damage (Fig. 3).
RANKL, OPG, IL-6, and TNF-αmRNA levels were not changed at the
time points tested (data not shown). From each individual sti-
mulus, the increase in COX-2 and VEGF was over 1.5 fold over
control. FFSS after PD induced greater than 3 fold increase in COX-
2 and VEGF mRNA over control (Fig. 4) 24 h after PD to the cells.
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3.3. Concentration of PGE2 and VEGF in media 24 h after cell damage

The concentration of PGE2 and VEGF in media showed similar
level of increase to the corresponding gene expressions for COX-2
and VEGF at 24 h after cell damage. With only PD, the increases in
PGE2 and VEGF were not significantly different from control. With
only FFSS, PGE2 was not significantly different from control; VEGF
showed a 2 fold increase. FFSS after PD induced 5 fold increase in
PGE2, and 3 fold increase in VEGF over control (Fig. 5).

3.4. VEGF immunostaining of damaged MLO-Y4 cells

The location and change of VEGF production in osteocytes are
indicative of angiogenesis. While VEGF is ubiquitously expressed
in MLO-Y4 cells, its expression was locally elevated near the
damage sites (Fig. 6A). The intensity of VEGF staining could be as
high as 2.6 times higher compared with the baseline expression.
The elevated VEGF expression drops as a function of the distance
to the damage sites. For cells more than 150 μm from a damage
site, the VEGF expression had dropped to baseline level. Cells that
were within 150 μm from a damage site had over two fold
increase in intensity of VEGF (Fig. 6B).

3.5. Effect of osteocyte conditioned media on osteoclasts
differentiation

RAW264.7 cells were cultured with conditioned media from
MLO-Y4 cells that were subjected to either FFSS and/or PD. TRAP
positive cells are most numerous in the control group, lower in the
physically damaged group, and very low in the flow only and
flowþdamage groups (Fig. 7). Media from damaged MLO-Y4 cells
Fig. 2. (A) Trypan Blue staining showed uptake of the dye near the damage sites (labeled
cells (B) LIVE/DEAD staining of damaged MLO-Y4 cells was used to quantify the percentag
respectively. The inset shows a magnified area with live and dead cells. (C) A representa
the damage site. (D) Trypan Blue-positive cell density was quantified vs. distance to cl
bar¼50 mm, B scale bar¼250 mm). (For interpretation of the references to color in this
produced a threefold reduction in osteoclast number. FFSS condi-
tioned media abolished the formation of osteoclasts. The combi-
nation of PD and FFSS induced increased number of osteoclast
comparable to FFSS only, but the difference in means was not
statistically significant.
4. Discussions

In this study, we have developed an in vitro osteocyte physical
damage model that allows the application of controlled fluid shear
mechanical loading to physically damaged osteocytes for measure-
ment of short term (24 h) response. Specifically, to simulate the PD of
microcracks on osteocytes comparable to what occurs in vivo
(Hazenberg et al., 2006), our systemwas able to induce arrays of linear
damage to the cells. The damage induced by our device was able to
cause sub-cellular damage to the MLO-Y4 osteocytes cultured on glass
slides. The damage profile with respect to the cell components is
indiscriminate. The effectiveness and validity of our in vitro osteocyte
PD model were measured by the spatial distribution of non-viable
osteocytes and expression of VEGF. This model reproduced the loss in
cell viability as seen from in vivo observations (Cardoso et al., 2009;
Kennedy et al., 2012). We have observed that mechanical loading in
the form of FFSS dramatically increased the level of remodeling
initiation signals produced by osteocytes.

Previous study had shown an in vitro physical damage model
for MLO-Y4 osteocyte-like cell line (Kurata et al., 2006). The cells
were embedded in collagen–Matrigel mixture. A 21-gauge needle
was then used to cause damage to the gel and the embedded cells.
However with the cells embedded in gel, controlled fluid flow
shear loading could not be applied to the cells. The system
with lines). The inset shows a magnified area with stained (blue) and non-stained
e of cells that have sustained damage. Live and dead cells are labeled green and red

tive plot of six samples for the number of cells (stacked) as a function of distance to
osest damage sites. Data shown are mean7standard deviation. (*po0.05, A scale
figure legend, the reader is referred to the web version of this article.)



Fig. 3. Time-point response of MLO-Y4 cells to physical damage without fluid shear stress (n¼6). mRNA levels of VEGF and COX-2 are elevated 24 h after damage in MLO-Y4
cells. Data shown are mean7standard deviation.

Fig. 4. MLO-Y4 cell response to the combinations of physical damage and fluid shear stress in terms of mRNA expression of VEGF and COX-2 (n¼3). Means that do not share
a letter are significantly different. Data shown are mean7standard deviation.

Fig. 5. MLO-Y4 cell response to the combinations of physical damage and fluid shear stress in terms secreted VEGF and PGE2 24 h after damage (n¼3). Means that do not
share a letter are significantly different. Data shown are mean7standard deviation.

Fig. 6. (A) VEGF immunostaining of MLO-Y4 cells 30 min after physical damage, colored green. Nuclei were stained with DAPI, shown as blue. White arrows indicate locally
increased VEGF expressions near damage sites, shown by dotted lines. Scale bar=50 μm. (B) The average VEGF intensity of cells that are within 150 μm of damage sites or
outside of this range. Data shown are mean ± standard deviation (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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developed in our study allows application of FFSS to the cells with
PD. One caveat of this system is that the three dimensional mor-
phology of the osteocyte and the dimension order of its sur-
rounding matrix could not be captured. Another caveat is the
matrix bound signaling molecules that would have been released
in micro-crack are not included. Nonetheless, this model provides
a first step in studying the effect of mechanical loading on osteo-
cyte with physical damage. In future studies, it could be adapted to
distinguish various additional stimuli such as substrate dimension
and matrix bound signals.
Kurata et al. have reported that the damaged MLO-Y4 cells
secreted increased levels of macrophage-colony stimulating factor
(M-CSF) and RANK; and induced TRACP expression in co-cultured
bone marrow cells after 7 days of culture (Kurata et al., 2006). A
latter study, using the same model, has shown increased RANKL
and decreased OPG secretion (Mulcahy et al., 2011). We have not
seen similar increase in RANKL. This is likely due to time point of
the observation. We have shown a model for short term (24 h)
response by osteocyte here. Whereas with the previous model, the
time point was 7 days.
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It could be argued that the damaged osteocyte population
produced by our system could be a model for osteocytes in bone
fracture. However we have controlled the viable osteocyte popu-
lation to be 86–84%, while osteocyte viability in long bone fracture
is from 25% to 58% (Dunstan et al., 1993). In fatigue loaded rat long
bone, osteocyte viability is around 80% (Verborgt et al., 2000),
which was very close to our condition. This is in contrast to
healthy bone tissue, which has more than 95% viable osteocytes
(Dunstan et al., 1993). Though direct evidence of osteocyte being
physically damaged by micro-crack is few (Hazenberg et al., 2006),
our model was able to simulate the loss of viability similar to
osteocytes near micro-cracks in vivo.

Fatigue loading in vivo could induce loss of osteocyte integrity
localized (within 150 mm) to the region of bone containing micro-
cracks (Kennedy et al., 2012). The spatial distribution of dead cells
in our system (Fig. 2C and D) approximates that of the in vivo
fatigue loading study. Osteocyte apoptosis is well known to be
critical in the initiation of bone remodeling (Aguirre et al., 2006;
Cheung et al., 2011).

The importance of VEGF to bone remodeling had been highlighted
in the case of fracture repair (Ito et al., 2005). VEGF increases vascular
permeability, allowing progenitors to enter into the remodeling site
(Ferrara et al., 2003). In these ways, VEGF is required in the initiation
of the BMU (Smith and Calvi, 2013). Also VEGF has been shown to
regulate osteoblast survival (Street and Lenehan, 2009). Therefore, the
spatial distribution of VEGF expression level is critical to the
directionality of bone remodeling. We have found that the VEGF
expression in cells around the damage sites approximate that pro-
duced in vivo (Kennedy et al., 2012) in terms of the distance of cells
with higher expression level relative to the damage site. Up-regulation
of VEGF mRNA and consequently, medium concentration levels would
have been significant in creating a gradient to direct angiogenic
sprouting (Shin et al., 2011).

In fracture repair, COX-2 and consequently PGE2 have been
shown to be vital for remodeling (Xie et al., 2008). The PGE2 level
(�8000 pg/ml) from the combination of FFSS and PD was in the
range (43520 pg/ml) to cause osteogenic effect in bone marrow
stromal cells, whereas the PGE2 levels in other groups were not
(Keila et al., 2001). The PGE2 concentration has increased nearly
2 fold under FFSS vs. control. PGE2 concentration is sensitive to
duration as well as magnitude of loading, and the relationship has
shown to be non-linear (Kamel et al., 2010). For FFSS treated cells,
the discrepancy between our PGE2 observation and other studies
was likely caused by the time point at which the media PGE2 level
was measured.

PGE2 up-regulates VEGF in osteoblasts (Harada et al., 1994). Also,
PGE2 has been shown to be upstream of the β-catenin pathway, which
controls VEGF expression in osteocytes (Kitase et al., 2007). Conversely
VEGF promotes late COX-2 protein induction (Clarkin et al., 2008),
which may explain the result of increased COX-2 mRNA and PGE2
concentration 24 h after treatment observed in this study. The coin-
cidental increase in both PGE2 and VEGF at the 24 h point hints at a
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positive feedback loop that increases the concentration of both signals
in preparation for establishing the BMU.

IL-6, TNF-α mRNA levels did not change in response to PD,
suggesting that osteocytes may not be responsible for the changes
in these genes that were observed within 24 h of bone fatigue
damage in vivo (Kidd et al., 2010). A limitation in our study is the
in vitro nature of the experiments. MLO-Y4 cells express many
markers of osteocytes (Bonewald, 1999). But MLO-Y4 cells express
many proteins at different levels vs. primary cells (Yang et al.,
2009). This 2D culturing substrate could affect cell attachment,
which affects cell strain under FFSS (You et al., 2001). With in vitro
system, dissolved signaling molecules could readily diffuse over
the culture. This process would have been much slower in vivo due
to the lower permeability of the lacuna–canalicular space (Goulet
et al., 2009). Osteocytes also produce other factor at different
stages of bone remodeling, including RANKL, OPG, sclerostin, and
osteocalcin. Mechanosensitivity of these factors in damage osteo-
cytes should be investigated in the future.

Cracks in bone tend to propagate from existing cracks (Bonfield
et al., 1978), where remodeling may be already taking place (Waldorff
et al., 2010). Also, micro-cracks tends to form ahead of propaga-
ting macro-cracks (Vashishth et al., 2000a). Osteocytes signaling in
response to micro-cracks may have an effect on existing remodeling
processes, specifically, osteoclast differentiation. In this study, signals
from osteocytes subjected to FFSS reduced the number of osteoclasts,
as has been well established in the literature (Tan et al., 2007; You
et al., 2008). Osteocyte response to mechanical loading seems to have
a dominant effect on osteoclast differentiation, since media from
osteocytes subjected to combinations of PD and FFSS reduced the
number of osteoclast to the same level of FFSS alone (Fig. 7B). Our
results point to an inhibitory effect of osteocytes with PD on osteoclast
differentiation shortly (24 h) after the onset of osteocyte PD. In con-
trast, the evidence of RANKL production by osteocyte near micro-
damage is obtained for 3-day (Kennedy et al., 2012) and 7-day (Kurata
et al., 2006) time points. The inhibitory effect of microdamage on
osteoclastogenesis may be transient, and only occurs shortly after
microdamage.

An in vitro osteocyte physical damage model was developed that
enables investigation of mechanical regulation of osteocyte response
to micro-crack induced cellular damage. FFSS loading after PD
increased osteocyte expression of inflammatory (COX-2) and angio-
genic (VEGF) genes, as well as the corresponding released molecules
(PGE2, VEGF) after 24 h, which are higher than that from each
stimulus alone.
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