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Abstract

Bone remodelling is an intricate process encompassing numerous paracrine and autocrine

T

biochemical pathways and mechanical mechanisms. It is responsible for maintaining

RI
P

bone homeostasis, structural integrity and function. The RANKL-RANK-OPG cytokine
system is one of the principal mediators in the maintenance of bone cell function and

SC

activation of bone remodelling by the Basic Multicellular Unit (BMU) which carries out
remodelling. Theories surrounding the initiation of bone remodelling include mechanical

NU

loading, fluid flow and microdamage as potential stimuli. This study focused on
microdamage. In an in vitro simulated bone environment, gel embedded MLO-Y4 cell

MA

networks were subjected to damage in the form of planar, crack-like defects of constant
area and varying thickness. The biochemical response was determined by ELISA and
luciferase assay. The results showed that RANKL release increased and OPG decreased

ED

in a manner which depended on injury size (i.e. thickness) and time following application
of injury. The effect of microdamage on cell viability and apoptosis was also evaluated.

PT

This work demonstrates that injury alone, in the absence of imposed strain or fluid flow,
is sufficient to initiate changes in cytokine concentrations of the type which are known to

AC

CE

stimulate bone remodeling.
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Introduction.

Bone is a dynamic material which is continuously being remodelled in order to

T

maintain calcium homeostasis and to preserve volume. Bone remodelling is controlled by

RI
P

the Basic Multicellular Unit (BMU), which requires a tightly coordinated grouping of
osteocytes, osteoblasts and osteoclasts. The contributing elements in the functioning of

SC

bone homeostasis are regulated hierarchically through a series of cell signals, cross talk
and cascades, essentially focused on members of the tumour necrosis factor superfamily-

NU

Receptor Activator of NFқ B Ligand (RANKL) and its receptors, Receptor Activator of
NFқ B (RANK) and Osteoprotegrin (OPG) [1, 2] These, along with other factors, such as

MA

ephrins and interleukins, are central mediators of differentiation, proliferation and
inhibition of osteoclasts, and are pivotal in the bone remodelling process [3, 4].
Osteocytes, which constitute 90-95% of all bone cells, being present in quantities

ED

of 12,000-25,000 cells per mm3, form intricate cell process networks via cellular
processes (typically 50-100 processes per cell) which penetrate canaliculi in the bone

PT

matrix [5-7]. Osteocytes are believed to be capable of mechanotransduction, allowing
them to detect alterations in matrix strain and canalicular fluid flow [8].

CE

Microdamage in bone is a naturally occurring phenomenon resulting from daily
cyclic loading, which can manifest itself as ellipsoidal cracks, normally ranging from 50-

AC

400 m in width, measured transverse to the bone’s axis. A build up of microcracks in
bone is a factor in reduced strength [9]. Force and loading on a bone has been found to
elicit DNA damage in osteocytes proportional to the force applied [10]. It has long been
thought that microdamage in bone is one of the principal mediators of bone remodelling
and in the initiation of the BMU, which then functions in removing damaged or
compromised bone surrounding [11-13]. It has been found that the birth rate and
longevity of the BMU is directly proportional to the frequency and intensity of
microcracks and that mechanical stimulus is a major contributing factor to the
dedifferentiation process of osteocytes into osteoblasts [14].
It has been established that the RANKL-RANK-OPG signaling pathway is greatly
involved in the activation of bone remodelling by the BMU. RANKL is a primary
mediator in the activation and differentiation of preosteoclasts into osteoclasts, and so

4
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functions in stimulating and sustaining bone remodelling [15, 16]. RANKL has been
shown to be induced by numerous factors, including parathyroid hormone tumour
necrosis factor alpha (TNF), TGF α, 1, 25 dihydroxyvitamin D3, prostaglandin E2
(IL-1), interleukin 6 (IL-6) and interleukin 11 (IL-11)[17-19].

T

(PGE2), interleukin 1

RI
P

Osteoclast activation occurs as a result of RANKL binding to the RANK receptor on the
cell surface of preosteoclasts and mature osteoclasts [1, 20-22].

SC

RANKL is antagonised by OPG, a member of the TNF superfamily, which
functions by binding to and sequestering RANKL, impeding the resorption of bone [1,

NU

23, 24] .OPG is released from the osteoblast lineage of cells on receipt of signals such as
oestrogen, BMPs and TGF-β [21]. OPG blocks receptor function of RANKL through

MA

alteration of orientation and by blocking cytoplasmic interactions and NFқ B activation
[25].

There is strong evidence to suggest that remodeling is targeted to regions

ED

containing microcracks [11] implying that the osteocyte network is capable of detecting
them. As yet, the mechanism of detection is unclear, though some workers have

PT

suggested that this could be done via the cells’ mechanotransduction capabilities [26]. We
have proposed an alternative mechanism, by which cellular processes spanning the crack

CE

could be ruptured by a shearing mechanism similar to the action of a pair of scissors [2729].

understand

the

bone

remodelling

response

to

microdamage,

a

AC

To

microenvironment using an osteocyte cell line (MLO-Y4) seeded in collagen-matrigel
constructs was developed. MLO-Y4 cells have been shown to have many characteristics
of osteocytes, predominantly, similar phenotype in a stellate morphology, and the ability
to produce large amounts of osteocalcin and type 1 collagen. MLO-Y4 cells were
cultured in collagen/matrigel composite gels which facilitated the formation of cell-cell
process networks similar to those seen in vivo. Crack-like planar defects were created in
the gel embedded cells, and the biochemical response quantified by ELISA and luciferase
assay. The objective of this study was to determine the effect of microdamage on
RANKL and OPG release and to quantify this effect as a function of the severity of the
damage applied.
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Methods
Cell Culture

T

MLO-Y4 cells were maintained in α Modified Eagles medium (Biosera) supplemented

RI
P

with 5% fetal bovine serum (Biosera), 5% iron supplemented calf serum and 1%
antibiotics (penicillin/ streptomycin) (Sigma Aldrich). Cells were cultured in collagen

Three dimensional MLO-Y4 culture

NU

passaged every 2-3 days at 80% confluency.

SC

coated flasks (0.15 mg/mL rat tail collagen type 1) at 37 °C at 5% CO2. They were

MA

In order to simulate a 3D in vitro bone micro-environment, MLO-Y4 cells were
embedded in a 3D rat tail collagen type I /Matrigel construct (BD Biosciences).
Constructs were prepared by the addition of 1 volume of Matrigel basement membrane

ED

matrix to 1 volume of a collagen solution comprised of 58% Collagen, 26% 5x DMEM
(Sigma Aldrich), 2.5 % FBS, 2.5% CS, 5% Sodium Hydroxide (Sigma Aldrich) and 5%

PT

cell suspension. Such 3D culture ensures cell process formation from osteocytes. The
collagen / Matrigel constructs containing 1 x 106 cells/mL of gel were cultured in 24 well

CE

plates and incubated for 1 hour prior to addition of normal growth medium[30]. They

formation.

AC

were cultured for 5 days prior to experimentation to facilitate cell process network

Microinjury study of 3D gel embedded MLO-Y4 cells
In order to apply local damage to the gel embedded MLO-Y4 cells, gels were subjected
to microdamage of a set length and width and variable thickness using acupuncture
needles (Harmony Medical), of four different diameters: 160, 300, 400 and 800 µm. A
single planar defect was created in each culture well by inserting a needle vertically into
the centre of the hydrogel (see fig.1A) and drawing it through at a right angle, creating a
defect with dimensions of 7 mm in length x 5 mm in depth. Negative controls were
uninjured cells and hydrogels excluding cells. Gels were incubated using OptiMEM
(Invitrogen) serum free media. Samples were taken at 24 hour intervals over a 72 hour

6
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time period. RANKL and OPG were quantified by means of single sited specific ELISA
(Mouse RANKL and OPG ELISA, R and D systems). n = 3 cultures were assayed at each

T

injury level, in addition to non-injured controls.

RI
P

Plasmids

SC

A RANKL promoter construct developed by O Brien [31] was used, which contains a
luciferase gene reporter downstream of the RANKL promoter, in addition to a neomycin

NU

resistance gene to ensure growth of a transfected cell population. Expression of luciferase
downstream of the RANKL promoter is indicative of RANKL gene expression in the

MA

cells. This then allows for quantification of RANKL promoter activity which correlates to
RANKL production. In addition to quantifying the production of RANKL from live cells
and allowing the comparison between the release of cell bound RANKL from MLO-Y4

ED

cells and RANKL gene expression, the use of the promoter construct may also indicate
that some cells remain viable at the point of injury. The RANKL – luciferase plasmid

PT

was prepared in 50µl TRIS/EDTA. One Shot chemically competent E coli cells
(Invitrogen) were transformed with 5 µl RANKL ligation reaction and grown overnight

CE

in 2mL LB Agar containing 100 mg/mL kanamycin (Sigma Aldrich). Plasmid cultures
were isolated and grown overnight in LB broth preceding plasmid purification using

AC

Qiagen Miniprep. A 250mL overnight culture of transformed cells was cultured under
shaking conditions (225 rpm) and the plasmid purified by means of Qiagen Maxiprep kit.
Plasmid DNA was quantified by spectroscopy (Mason Nanodrop 1000).

Transfection of GFP plasmid
MLO-Y4 cells were grown at a density of 1 x 105 cells in a 24 well plate 24 hours prior to
experimentation. Transfection was optimised by means of 1µg/µl green fluorescent
protein (GFP) positive plasmid and were conducted using Lipofectamine 2000
(Invitrogen). 3 ratios of plasmid: lipofectamine were used to establish the best means of
transfection efficiency; 1:1, 1:2 and 2:1. Plasmid DNA and lipofectamine was diluted
accordingly with an appropriate quantity of optiMEM (50 µl: 50 µl lipofectamine

7
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complex: plasmid complex) and applied to cells. Following 6 hours of incubation, the
plasmid-lipofectamine solution was replaced with MLO-Y4 culture medium and
incubated for 48 hours. Cells were analysed by means of fluorescent microscopy to

RI
P

the greatest quantity of GFP positive cells (data not shown).

T

establish the optimum transfection conditions and lipid/pDNA transfection ratios showing

SC

Transfection of MLO-Y4 Cells with RANKL promoter plasmid

NU

MLO-Y4 cells were grown at a density of 1 x 105 cells in a 24 well plate 24 hours prior to
experimentation, and cells were transfected with a plasmid containing the reporter gene

MA

luciferase under the control of the RANKL promoter. Transfections were conducted
using a 2:1 ratio RANKL promoter + luciferase plasmid and lipofectamine at a
concentration of 1µg/µl plasmid. Plasmid DNA and lipofectamine was diluted

ED

accordingly with an appropriate quantity of optiMEM (50 µl: 50 µl lipofectamine
complex: plasmid complex) and applied to cells. Following 6 hour incubations, the

PT

plasmid-lipofectamine solution was replaced with MLO-Y4 culture medium and

CE

incubated for 48 hours. Luciferase activity was confirmed by means of a luciferase assay.

AC

Determination of RANKL promoter activity: Luciferase Assay

Luciferase activities were measured using a luciferase reporter assay kit (Promega)
followed by quantification using spectroscopy. Culture medium was removed and cells
were rinsed with dPBS. 400 µl lysis reagent was added to cells followed by a 15 minute
incubation. The lysis buffer was placed in a tube and incubated briefly. 20 µl of cell
lysate was then added to 100 µl luciferase assay reagent and the luminescence measured
with the Victor 3 Wallac 1420 multilabel centre.

Generation of cell line expressing RANKL promoter plasmid

8
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To ensure that the RANKL promoter plasmid had integrated into the host cell genome, a
neomycin selection of transfected cells was performed. The RANKL promoter plasmid
contains a neomycin resistant gene which permits cells expressing the promoter to

T

survive in neomycin enriched media. Transfected cells were plated at a density of 1 x 10 5

RI
P

cells in a 6 well plate 72 hour prior to experimentation. 100 mg/mL neomycin (Sigma
Aldrich) was added to cells following incubation under normal conditions. Media was

SC

changed every week until colonies of resistant cells became apparent, when they were
incubated as normal in neomycin positive media. Expression of RANKL promoter was

MA

NU

further verified using a luciferase reporter assay kit.

Microdamage to RANKL promoter positive MLO-Y4 embedded gels

ED

Collagen-Matrigel constructs were set up and microinjury applied as previously
described. Constructs contained MLO-Y4 cells transfected with the plasmid containing

PT

the reporter gene luciferase under the control of the RANKL promoter. Negative controls
were uninjured cells and hydrogels excluding cells. Aliquots were removed at 24 hour

CE

time points over a 72 hour period. 20 µl of luciferase assay reagent was added to 100 µl
aliquots of media and luminescence measured by spectroscopy to quantify release of

controls.

AC

RANKL. n = 3 cultures were assayed at each injury level, in addition to non-injured

Effect of microdamage on entire cell population

An additional experiment was carried out in order to assess the effect of microdamage on
cells not directly involved at the injury site. Collagen-Matrigel constructs were set up and
microinjury applied as previously described. Constructs contained MLO-Y4 cells
transfected with the plasmid containing the reporter gene luciferase under the control of
the RANKL promoter. Conditioned media from previous experiments on non-transfected
cells having received 400 µm injury at 48 (A) and 72 (B) hours was placed on

9
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undamaged matrices for 72 hours and the production of RANKL quantified by means of
luciferase assay. n = 3 cultures were assayed in each case.

T

Determination of cell viability and apoptosis following microdamage to gel

RI
P

embedded MLO-Y4 cells

SC

To determine the effect of microdamage on cell viability and caspase 3 and 7 activity in
our in vitro model, 100 µl of collagen/matrigel construct containing 1 x 106 cells/mL gels

NU

was cultured in a 96 well plate under conditions previously described. Microdamage was
applied following a culture period of 72 hours, apoptosis and cell viability was

MA

determined using an ApoTox-Glo™ Triplex Assay (Promega), under manufacturers’
instructions. This kit measures 2 independent biomarkers simultaneously to determine the
effect of varying parameters on cell viability through measuring live/dead cell protease

ED

activity, in addition to caspase 3 and 7 activity for apoptosis. Briefly, media was removed
from gels and incubated for 30 minutes in the viability/toxicity reagent at 37 ºC.

PT

Fluorescence was measured at 400EX/505EM to determine cell viability. 100 µl of
Caspase-Glo Reagent was then added to wells, and luminescence measured following a

Statistics

AC

microdamage.

CE

30 minute incubation to determine the degree of apoptosis following application of

All date was analysed for significance (p ≤ 0.05) using one way ANOVA, post hoc Tukey
test, to compare means.
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Results

Figs 1: B, C and D show examples of the intact cell culture and an injury of 400 µm in

T

phalloidin and DAPI stained gel embedded MLO-Y4 cells. The undamaged gel shows a

SC

Effect of microdamage on RANKL and OPG release

RI
P

homogenous distribution of cells, cells are completely absent in the region of the defect.

Fig. 2 shows the effect of defect thickness on RANKL release measured using Enzyme

NU

linked immunosorbent assay (ELISA). There is no significant difference in RANKL
release between negative control samples with cells and 160 µm samples over the 72

MA

hours; however, a significant increase is seen in the 300 and 400 µm injury samples (p≤
0.05). However, at 800 µm, a decrease in activity was observed in samples when

ED

compared to 300 and 400 µm samples.

As fig. 3 shows, OPG release was greatest in all groups compared to 400 µm samples.

PT

OPG release then peaked at 48 hours for all samples, however, again for the 400 µm
injury size, release was significantly lower. A significant decrease in OPG release was

CE

subsequently seen at 72 hours in 400 µm samples. At 800 µm, release is comparable to

AC

smaller sized injuries, and is significantly less than 400 µm injuries (p ≤ 0.05).

Optimisation of transfection conditions in MLO-Y4 cells
Fig. 4 shows the luciferase activity of cells expressing the promoter construct with the
luciferase gene downstream of the RANKL promoter compared to control cells. On
stimulation of cells by 1,25 dihydroxyvitamin D3, luciferase activity showed a 2 fold
increase in relative luciferase activity, 28 days following transfection, when compared to
non transfected cells.

RANKL promoter activity
Fig. 5 shows the effect of microdamage on RANKL promoter activity. At 24 hours,
promoter activity was seen to be greatest in 300 and 400 µm samples when compared to
control 160 and 800 µm injury samples, with a significant increase being seen in the 400

11
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µm sample. At 48 hours, a similar situation is noted, with the largest increase seen in 400
µm samples. At 72 hours, a highly significant increase in RANKL promoter activity
occurred in both 300 and 400 µm samples, and the result for 160 µm just missed

T

significance with a p value of 0.07. Again, the 800 µm injury size showed a decrease in

RI
P

RANKL production which is consistent with RANKL release. These results are broadly
consistent with the ELISA results shown in fig.2, indicating significant effects of injury

SC

on RANKL production and release.

NU

Effect of RANKL on entire undamaged cell populations

MA

Fig.6 shows luciferase activity in populations of undamaged cell networks after
application of conditioned media, i.e. media taken from injured networks in which the
400 m defect had been created. The results indicated a general tendency towards

ED

increasing RANKL with increasing time, though the only significantly different result

PT

was that in which the longest times were used (72hrs plus 72hrs).

cells.

CE

Determination of cell viability following microdamage to gel embedded MLO-Y4

AC

Fig.7 shows the effect of microdamage on cell viability and caspase 3 and 7 activity, and
thus apoptosis, in gel embedded MLO-Y4 cells following microdamage. A significant
decrease (p ≤ 0.01) in cell viability was noted in 300 and 400

m samples when

compared to the control, 160 and 800 m damaged samples (Fig 7.A),. Caspase 3 and 7
activity was measured to determine whether cells were apoptotic following microdamage
(Fig 7.B). No significant difference was observed between control, 160, 300 and 800 m
samples, however, a significant increase in caspase activity was seen in 400 µm samples.

12
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Discussion

Microdamage is one of the principal factors implicated in initiating the bone

T

remodelling process [11]. Similar to fluid flow, microdamage is a natural occurrence

RI
P

linked to mechanical loading and accumulates following day to day wear and tear, yet
levels of microdamage increase proportionally with age, hormonal status, and degree of

SC

loading on a bone [32, 33]. Bone remodelling is initiated in close proximity to
microdamage, and so one could consider this to be an important mechanism utilised by

NU

bone to repair itself [34].

The present work has investigated, in much more detail than any previous study,

MA

the effect of planar, crack-like defects on the production by osteocyte-like cells of two
cytokines which are crucial to the control of bone remodeling: RANKL and OPG. It is
significant that no other mechanical stimulus was used beyond a single injury event and

ED

that this had measurable effects up to three days afterwards. Most studies concerned with
the mechanical responses of osteocytes and other cells have shown that, in order to elicit

PT

significant responses, a repeated, cyclic application of the stimulus is required, be it
matrix strain or fluid flow [26, 35, 36]. This is only to be expected because these cyclic

CE

events simulate repeated actions such as walking. In the case of microcracking, the
damage remains in the bone until it is repaired, and it may grow over time, so its effective

AC

repair requires that it continue to be detected by the surrounding cells so long as the
defect remains.

The present results showed a tendency to increased response (more RANKL and
less OPG) with increased size of injury, except for the largest injury size which showed
relatively little effect. Over a 72 hour time period, RANKL release remained relatively
stable in control samples and 160 µm damaged samples. However, at 300µm damage,
release of RANKL was two-fold higher than in control and 160µm samples. These results
suggest that increase in microcrack size, up to a point (400 µm) causes a greater release
of RANKL, with a plateau effect being noted between 48 and 72 hours. Additionally, a
damage of 800 µm shows a RANKL release comparable to that of 160 µm, suggesting
300-400 µm defects to be the key damage size to cause cell process rupture and initiate
the bone remodelling process. High levels of RANKL are indicative of bone resorption
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and microdamage at early stages, and increased OPG secretion is associated with bone
deposition and maintenance of bone structure in vivo [14].
OPG release tends to inversely correspond with RANKL release in most samples.

T

Release generally remains consistent in control samples and in samples below 300 µm.

RI
P

At 400 µm, release of OPG is significantly lower than what is seen in small sized injuries.
This correlates with RANKL release being highest at 400 µm at all time points.

SC

Moreover, this may be suggestive of the binding and sequestering of RANKL by OPG
and a lack of sufficient signals being released to trigger OPG production.

NU

The increasing effect is most likely due to the increased numbers of cells being
affected - the cells were approximately 100 m apart so the thicker wires would have

MA

encountered more cells and more processes – and also the reduced tendency for thicker
defects to heal. Future studies are planned in which the integrity of cells and processes
around the injury sites are examined using detailed microscopy. At present there is no

ED

clear explanation for the anomalous effect of the 800 m wire: a possible explanation is
that this was thick enough to cause rupture and necrosis of large numbers of cells (as

PT

opposed to processes) and thus to initiate a completely different set of responses.

CE

This work is consistent with many previous findings which have linked
microdamage to remodeling [11, 34, 37] and which have suggested that individual

AC

microcracks can be detected by the surrounding cells which can signal to initiate the
repair response [38, 39]. The present results correlate with the hypotheses of Hazenberg
et al 2006 [28], among previous studies, which suggested that RANKL and OPG release,
and ultimately, bone remodelling, was injury size dependant [28, 30], and indeed that
microdamage manifests its effects through cellular disruption [28]. However, more work
is required before this mechanism can be confirmed.
Examination of the effect of microdamage on a non-injured cell population has allowed
for clarification as to whether the cells, having undergone process rupture as a result of
microdamage, signal for a response to damage from surrounding cells. This may have
shown that, in spite of an injured cell’s impaired viability, microdamage may still be able
to be repaired by a BMU through the recruitment of a neighboring cell response.
Additionally, assessment of cell viability and apoptosis within our model has provided

14

ACCEPTED MANUSCRIPT
data to further elucidate some of the cellular responses to microdamage. The results have
shown that cell viability remains unaffected in control and small defect sizes; however, a
significant decrease in cell viability occurs at 300 and 400 m defect sizes, only to then

T

return to normal levels at 800 m. Regarding apoptosis levels, Caspase 3 and 7 activity

RI
P

remained consistent in control and 160 m defects, and then significantly increases at 400
m. These results are consistent with the increased release of RANKL and decrease in

SC

OPG release at 72 hours in 300 and 400 m, and furthermore demonstrate the similar

NU

behavior of cells to large and small damage size (160 & 800µm).
A limitation of the present study was that the defects created, though they were
similar to cracks in shape, were much larger than cracks normally encountered in bone in

MA

vivo. This was dictated by the resolution of our methods for the measurement of RANKL
and OPG, which required relatively large numbers of cells to be involved. However, it is

ED

necessary to consider that there are some differences in morphology between the MLOY4 cells in our experiment and real osteocytes in bone. We found that our cells have an

PT

average of 13 processes per cell, whereas there are approximately 50 processes per
osteocyte in vivo [40]. Furthermore, in this model, cell spacing, with 1 x 106 cells per mL

CE

gel, is 100 µm. In vivo, the density of osteocytes is 12,000-20,000 per mm2 [41], giving a
spacing of 37 µm between cells. One can estimate the number of processes which will

AC

cross a crack of given size, both in our experiment and in bone. This calculation shows
that number of processes spanning the crack in our experiment, 10,833, would be the
same as the number spanning a crack in bone of transverse length 500 m. This would be
at the upper end of the lengths of cracks which actually exist: a more typical in vivo crack
length is 100 m. This shows that, whilst we do need to refine our experiment somewhat,
it is already close to the in vivo situation.

It is hoped to refine the experiment in future to enable smaller numbers of cells,
and smaller defects, to be studied. This limitation can be overcome to some extent by the
development of a theoretical model, which will allow us to predict the responses to
microcracks of realistic size. Early data (not presented) using a model have been very
encouraging: they showed that cracks of the typical length found in bone (100 m) would

15
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be expected to generate RANKL levels different from the background levels in cases
where the applied stress was relatively high, but that at lower stresses a larger crack
length would be needed. This implies that the cell network would be able to detect only

T

those cracks which are potentially dangerous, i.e. which are likely to grow to cause stress

SC

RI
P

fractures.

NU

Conclusion

In conclusion, this study has demonstrated that injury size could be critical in

MA

affecting the instigation of bone remodelling and that the subtle difference between
damage and failure may have implications in bone repair. The study also shows that
microdamage may be a principal mediator of bone remodelling through its effect on

ED

RANKL release and may confirm the reason as to why small cracks are left unrepaired in
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Figure 1: Application of microdamage to 3D gel embedded MLO-Y4 cells.A: Device
used to apply planar defect to 3D collagen-matrigel embedded MLO-Y4 cells. B. 10X
micrograph of phalloidin stained 3D gel embedded MLO-Y4 cells (phalloidin-green- f
actin in cytoskeleton). C. 40X micrograph of Phalloidin and DAPI stained gel embedded
MLO-Y4 cells (DAPI- blue- nucleus). D:10X Micrograph of 160 µm injury interface in
3D gel embedded MLO-Y4 cells.
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Figure 2: The effect of varying microdamage size on RANKL release from 3D gel
embedded MLO-Y4 cells. Results show RANKL release as quantified by ELISA. A
significant increase (P≤0.05) in RANKL release was seen in the 400 micron samples
when compared to controls and other injury samples at 24 hours. In the 48 and 72 hour
groups, both 300 and 400 micron samples showed a significant increase in RANKL
production when compared to other samples within the group (P ≤ 0.05). * indicates P ≤
0.001 when comparing 24 negative control data to other data within the experimental
group. **denotes p≤ 0.05 significance of 400 µm data to other samples at 24 hours, #
denotes significant of 0.05 when comparing 300 and 400 µm samples to other groups at
48 and 72 hour time points. Error bars are indicative of standard deviation, n = 9.
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Figure 3: The effect of varying microdamage size on OPG release from 3D gel
embedded MLO-Y4 cells. Results show OPG release as quantified by ELISA. A
significant increase (P≤0.05) in OPG release was initially seen in both control and injured
sample. 48 hours post injury, a statistically significant increase in OPG is noted in all
samples when compared to 24 hours, however, this decreases significantly in all samples
at 72 hours (P≤0.05). * indicates P ≤ 0.001 when comparing negative control data to all
other data, ** denotes p≤ 0.05 when comparing significance within a group at a specific
time point. # denotes significance to same injury size compared to 24 hours and 72 hours.
Error bars are indicative of standard deviation, n = 9.
Figure 4: Luciferase assay of MLO-Y4 cells expressing RANKL promoter construct
with the luciferase gene downstream of the RANKL promoter compared to control cells.
On stimulation of 1nM 1,25 dihydroxy Vitamin D3, Luciferase assay displayed a 2 fold
increase in relative luciferase activity, 28 days post transfection, when compared to non
transfected MLO-Y4 cells (P= 0.04). * denotes p≤ 0.04 when comparing transfected
cells to control cells.
Figure 5: Microdamage causes an increase in RANKL production. Results show the
effect of varying size microdamage on RANKL production in gel embedded MLO-Y4
cells. Results show RANKL production as quantified by Luciferase assay. Luciferase
assay showed increase in RANKL activity over time in microdamage samples.
Production of RANKL was found to be significantly highest in samples with greater
damage (300 and 400 microns) at 72 hours (P ≤ 0.05). * denotes p ≤ 0.05 showing
significance in increase in luciferace activity at 400 µm at 24 hours. # indicates p ≤ 0.05,
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showing 300 and 400 µm at 72 hours being significantly greater than the same injury size
at 24 and 48 hours Error bars are indicative of standard deviation, n = 9.
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Figure 6: The effect of microdamage on entire cell population. Luciferase activity was
used to quantify RANKL promoter activity 72 hours after microdamage on cells
surrounding injury. Conditioned media from previous experiments 48 hours post injury
showed an insignificant increase in RANKL production at all time points when compared
to the control. Conditioned media from previous experiments 72 hours post injury
showed an insignificant increase in RANKL production at all time points when compared
to the control at 24 and 48 hours. At 72 hours, a 2 fold increase was noted when
compared to all other samples. * denotes p ≤ 0.05 when comparing a significant increase
in luciferase activity at 72 hours following microdamage and after 72 hours of treatment.
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Figure 7: The effect of microdamage on cell viability, cytotoxicity and apoptosis in
MLO-Y4 cells following microdamage. A significant decrease (p ≤ 0.01) in cell viability
was noted in 300 and 400 m samples when compared to the control, 160 and 800 m
damaged samples. No significant difference was observed in cytotoxicity in control, 160,
300 and 400 m samples; however, a significant decrease (* p ≤ 0.05) in cytotoxicity was
noted in 800 m samples. No significant difference was observed between control, 160,
300 and 800 m samples with regard to apoptosis. A significant increase in caspase
activity was seen in 400 micron samples when compared to the control, 160 and 300 m
samples. * denotes p ≤ 0.01 when comparing 300 and 400 m samples to all other
samples. ** denotes p ≤ 0.01 when comparing 400 m sample to other samples.
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