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Abstract

Osteoporosiswhich predominantly occurs in femalesffects 200 million women

worldwide and is characterised by bone loss and microarchitectural degradation,
which leads to fractures, pain and immobilitZonventional treatments for
osteoporosisarget bone losby inhibiting osteoclast activity, but thesaly prevent
osteoporott fractures in 50% of suffererdAn advancd understanding of the
underlying mechanisms and treatments for osteopoissiequired to averthe
projected trengwherdoy the worldwide economic burden of treatmenit reach$132

billion by 2050

Osteoblasts and osteocytes are known to regulate the differentiation, function
and survival of osteoclasts, through expression of paracrine factors, whidieca
altered following mechanical loading and are affected by the presence of estrogen.
Studies have recenthgvealed changes wsteoblast and osteocyte mechanobiology
during estrogen deficiency, but, how these changes effect osteoclastogenesis is not
fully understoodThe first study of this thesis sought to assess changes in osteoblast
induced osteoclastogenesis under combined estrogen deficiency and mechanical
loading, using a combination of conditioned media anetudture experiments
MC3T3-E1 cellswere cultured with prenenopausal levels of estrogen which was
then withdrawn from the media and the osteoblast-didés were exposed to
oscillatory fluid flow. These studies found that conditioned media from estrogen
treated MC3T2EL1 cells inhibited theifferentiation of RAW264.7 cells and inhibited
podosome belt formation. Estrogen deficient osteoblasts -degulated
osteoprotegerin (OPG) expression in response to fluid fdvwen compared to

estrogerreated osteoblastsleading to a significant incase in the ratio of



RANKL/OPG gene expression. Subsequently, an increase in osteoclast number and
an upregulation in nuclear factor of activated T cells cytoplasmic 1 (NFATcl) and
Cathepsin K expression was observed in RAW264.7 cells. In addition, estroge
deficient osteoblasts emultured with RAW264.7 cells resulted in an increase in
osteoclastogenesis and matrix degradatompared to ceultures with estrogen
treated osteoblast Additionally, it was found thatRhoROCK inhibition in
osteoblasts, exacerbated the increase in osteabthsted osteoclastogenesis that
arose under estrogen deficienttyis proposed that the reduction in OPG production

by mechanically stimulated osteoblasts during estrogen deficiemay leave
osteoclast differentiation and matrix degradation activity unchecked and, thereby, play

an important role in bone loss during osteoporosis

The second study sought to establish whetmerchanically stimulated
osteocytes induce osteoclastogenasd bone resorption during estrogen deficiency.
This study built upon the pestenopausal model and-calture methods established
in the first study. The findings revealed that under postmenopausal conditions
RANKL/OPG gene expression is increased iachranically stimulated osteocytes
(OCY454 cellsompared to estrogeneated osteocytemnd a significant increase in
osteocytanduced osteoclast formation (by bone marrow macrophage cells) occurs
leading to increased resorptiokstrogen deficient ostegtes also upegulated
sclerostin expression following mechanical loading. Interestingly, Wnt antagonists
WIF1 and FRZB were dowregulated in estrogen deficient osteocytes following
loading A second aim of this study was to investigate whether a nisutgghntibody
against sclerostin (Sélb) could revert osteocytmediated osteoclastogenesis and

resorption by attenuating RANKL/OPG gene expression. It was demonstrated that



administration of the Sé\b reduced prabsteoclastogenic signallifRANKL/OPG)

between osteocytes and osteoclasts, which led to reduced resorption.

Osteocytes are housed within lacunae and their dendrites extend through
canaliculae to enable the formation of gap junctions with neighbouring osteocytes and
osteoblasts. The lacuraanalicular network and vascular pores facilitate movement
of interstitial fluid, which confers mechanical stimulation on osteocytes and facilitates
transport of nutrients and signalling molecules to and from the osteocyte. There is
some evidence that thisienroporous network is altered during estrogen deficiency,
which might alter fluid flow through the network and the ensuing responses of
osteoblasts and osteocytes. While previous studies have investigatedtagely
estrogen deficiency, the long term et of estrogen deficiency and the time
sequence of changes in cortical bone microporosity are not known. For this reason,
the final study of this thesis sought to determine the temporal changes that occur in
the cortical vasculature and the lacunanalcular network during short and longer
term estrogen deficiency. This study quantified microporosity ane#@ccupancy
in an ovariectomesd rat model of osteoporosis by mi€Zd analysis, backscatter
electron imaging and histological analysis. It wasvah that initial increases in
canalicular diameter and vascular porosity arose dshng termestrogen deficiency
(week 4 OVX)compared to agedhatched contro|dut that these were reduced along
with a decrease itacunar diameter anthcunar occupancin long termestrogen
deficiency (week 14 OVX).These changes could be explained by perilacunar
remodelling, micropetrosis or a mechanobiological adaptive response, such as
increases in bone mass and bone mineralisation that may occur to alter the caéchani
environment in an attempt to restore tissue homeostdsgsstudy also demonstrated

that administration of SéAb to ovariectomised rats resulted in a significant decrease



in osteoclast number and prevented the occurrence of empty laculoag item

estrogen deficiency (week 14 OVEpmpared to untreated week 14 OVX animals

Together, the studies in this thesisund that the inhibitory effects
mechanically loading has on posteoclastogenic signalling in osteocytes and
osteoblasts is attenuated rithg estrogen deficiencyUsing cell culture and
mechanobiological techniques, the changes in paracrine factor expression in estrogen
deficient osteoblasts and osteocytes and their implications in terms of
osteoclastogenesis and resorption were elucidatiitionally, the temporal changes
in cortical microporosity that occur were established. Collectively, the research
presented in this thesis provides an important, but previously unrecognised, insight
into the mechanobiological changes that occur dugstgpgen deficiency leading to
bone loss. The information gained from this work may inform future

mechanobiological treatments for osteoporosis.
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12001 ) TSP PPRSOPPPPR 43
Figure 2-15: Schematic diagram of the various signalling pathways that are activated

as a result of mechanical stimulation. These includé; Channels, Grotein

(GPCRs), integrins, and Wnt receptors. Activation of these signalling pathways

leads to transcription ofenes involved in osteoblastic proliferation and cell

survival e.g. osteocalcin, osterixfas, Runx2, SOST, C&etc. (Papachristou

et al., 2009). .. i annn 47
Figure 2-16: 3D reconstructions of micek€T images of metaphyseal trabecular bone

in the proximal tibia of one SHAM and one OVX animal, showing progressive

bone loss in OVX animal during long term estrogen defici€@t§ullivan et &,

Figure 2-17: The effect of estrogei) and estrogen withdrawaEW) on MLOY4
cell morphology under static conditions. Immunocytochemistry images showing:
Top row actin fibres and vinculin staining, reduction in focal adhesion size was
seen in estrogen withdrawal group compared to estrogen treated group. Bottom
row: U v3fand vinculin staining, in estrogen withdrawal group there was reduced
| ocalisation of Uvb3 at the fac.® adhe:
Figure 2-18: Indirect and direct effects of estrogen on osteoclasisLéw estrogen
levels cause osteoblasts (OB) to increase production of tumour necrosis factors
(TNFs) e.g. TNRJ  a imtdrleukins e.g. It7 as well as increases inARIKL
production. Osteoblasts also promote the proliferation efells and their
sectretion of TNFs and RANKL, this leads to increases in osteoclastogBeis. (
Estrogen binds to BRon osteoclasts (OC) and increases FASL expression in

osteoclasts leadingo osteoclast apoptosis. In the absence of estogen, FASL
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expression is reduced and osteoclast life span is prolonged. Suriving osteoclasts
stimulate osteoblasts to form bone, but the resorptive effect is dominant (Novack,
2007) ettt eeee ettt rnn e 57

Figure 3-1: Schematic showing conditioned media experimental set up, conditioned
media is taken from MC37B1 24 hours post stimulation. The conditioned iaed
is centrifuged and frozen a80°C until is it used on RAW264.7 cells at a 50%
(o0] gt o1 =1 1o ] o VAR PR 67

Figure 3-2: (A) Schematic oto-culture experimental set ufB RAW264.7 cells
circular cells indicated by the black arrow, seeded on top of MEBF3pread
cells indicated by open triangles............ooooiiiiiiin e 70

Figure 3-3: CM from estrogen treated MC338L cells inhibits differentiation of
RAW264.7 cells, and inhibits podosome belt format®hRAW264.7 cells were
cultured with CM taken from MC37B1 cells 24hr post mechanicstimulation.
The RAW264.7 cells were cultured in the presence of the CM and 15 ng/ml of
RANKL for 7 days. The effect of CM on podosome belt form@pmAPI
(Nuclei) and TRIT&phalloidin (Actin) staining of multinucleated RAW264.7
cells after being trated with 50% CM (N=3, n=9). Podosome belts and clusters
are indicated by the green arrows in the magnified section of the inf@yés
area covered by multinucl eat @dTRAPst eocl
activity assay, using supernatant collechenin multinucleated osteoclasts (N=3,
n=9). Stat= CM from static MC3TF&1 cells, OFF= CM from mechanically
stimulated MC3TZ&L1 cells, Ctrl= no exposure to CM, RANKL= no exposure to
CM received 15ng/ml of RANKL only, No E treatment= CM from MEBT3
cells which received no estrogen and E= CM from MC&EBcells which have

undergone an estrogen treatment. Statistical tests: (Cwao ANOVA was
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performed to test for interactions between estrogen status and OFF, followed by
Tukeyds post Hoao, mgD)i phe wamp ANOYA wi
hoc multiple comparison. Values are means+SD for 3 independent replicates.
*=p<0.05, **=p<0.001 and ****=p<0.0001. .........cceerrrrrrrriiiimnneeeeeeeenns 75

Figure 3-4: CM from MC3T3EL1 cells which received either an estrogen withdrawal
regime (EW) or a Fulvestrant and estrogen treatment (FE) fails to inhibit
RANKL-induced osteoclastogenesis and results in more podosome beltggform
RAW264.7 cells were cultured with CM in the presence of 15 ng/ml of RANKL
for 7 days. The effect of CM on podosome belt form&8pmAPI (Nuclei) and
TRITGphalloidin (Actin) staining of multinucleated RAW264.7 cells (N=3, n=9)
Podosome belts aredicated by the green arrows in the magnified section of the
images(B) % area <covered by multinucleated
n=9). (C) TRAP activity assay, using supernatant collected from multinucleated
osteoclasts (N=3, n=9). gRFPCR analysis loking at gene expression changes
in RAW264.7 cells treated with various CM (Relative to Ctrl grolp)&TSK
expression (N=3, n=9)H) NFATc1 expression (N=3, n=9). Stat, static culture;
OFF, oscillatory fluid flow; Ctrl, no exposure to CM; RANKL, exp@sto
RANKL only; No E treatment, CM from MC3E3 cells that received no
estrogen; E, CM from MC3TBL1 cells that received estrogen; EW, CM from
MC3T3EL1 cells subjected to estrogen withdrawal; FE, CM from MCBI3
cells exposed to fulvestrant + estrog&tatistical tests: one way ANOVA with
Tukeybdbs post hoc multiple comparison. *
****=p<0.0001. Primer sequences used can be foundable 2................. 79

Figure 3-5: RANKL/OPG ratio increases in estrogen deficient MGEIL3cell in

response to mechanical stimulatigd) OPG (N=3, n=9) andB) RANKL (N=3,
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n=9) ELISAs showing concentration of each protein foundmdtioned media
from MC3T3EL1 cells, conditioned media was collected 24 hrs after GEI.
RANKL to OPG ratio (N=3, n=9). Statist:i
post hoc multiple comparison.*=p<0.05, *=p<0.01 and ***=p<0.001....80
Figure 3-6: Increases in CO2 and MCSF gene expression in estrogen deficient
MC3T3EL cells in response to mechanical stimulation. 4R analysis of
gene expression (relative to Stat group) in MGEN3 cells 24 hrs after
mechanical stimulatiofd) OPG (N=3, n=9),(B) M-CSF (N=3, n=9) andC)
COX2 ( N=3, n=9). Statistical tests: on:
multiple comparison.*=p<0.05, **=p<0.01***=p<0.001 and ***=p<0.0001.
Primer sequences used can be found@lable 2 ...............cccvviiiiiiieecciininee, 83
Figure 3-7: Estrogen treated MC3TB1 cells inhibit osteoclast differentiation and
matrix degradation(A) RAW264.7 cells were seeded directly on top of pre
treated M@T3E1 which had been exposed to mechanical stimulation or not,
and cultured for 7 dayd) Images show Multinucleated TRAP+ RAW264.7 cells
(Yellow arrows) after ceulture with MC3T3E1 cells for 7 days. (N=3, n=9).
(C) Matrix degradation (Grey areas) fored by the differentiated RAW264.7
cells (N=3, n=12). Quantification of images showi(i@) Percentage surface
area covered by the multinucleated TRAP+ cells (N=3, n=9)(&)dercentage
area resorbed (N=3, n=9). Stat= eculture with static MC3T-E1 cells OFF=
co-culture with mechanically stimulated MC3E3 cells, No E treatment= €o
culture with MC3T2ZEL1 cells which received no estrogen and E=caotiure with
MC3T3EL1 cells which have undergone an estrogen treatment. Statistical tests:
(D) twoway ANOVAwas performed to test for interactions between estrogen

status and OFF, foll owed by Holkwayds po:
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ANOVA with Tukeyods post hoc multiple ci

Figure 3-8: MC3T3EL1 cells that have undergone an estrogen withdrawal regime
(EW) or a Fulvestrant and estrogen treatment (FE) have an increased ability to
induced osteoclastogene$fs) Images show Multinucleated TRAP+ RAW264.7
cells (Yellow arrows) after eoulture with MC3T3EL1 cells for 7 days. (N=3,
n=9). (B) Matrix degradation pits (Grey areas) formed by the differentiated
RAW264.7 cells (N=3, n=12). Quantification of images sho@)d’ercentage
surface area covered by the multinucleated TRAP+ cells (N=3, ané)D)
Percentage area resorbed (N=3, n=9). E=-colture with MC3TZEL1 cells
which have undergone an estrogen treatment, EWeutinire with MC3T3E1
cells which have undergone an estrogen withdrawal regime and Fiuloare
with MC3T3E1 cells which ave been exposed to a Fulvestrant and estrogen
treat ment . Statistical tests: one way
comparison. ****=p<0.0007..........uuuummmmiiiiiiiiiiiieeeee e 86

Figure 3-9: Inhibiting ROCK 1/2 fails to reduce the increase in osteobtaiced
osteoclastogenesis seen under estrogen deficient cond{@)risnages show
Multinucleated TRAP+ RAW264.7 cells (Yellow arrows) aftecwature with
RO inhibitor or no ROCK inhibitor treated MC3TBL1 cells for 5 days (N=3,
n=12). Scale bar =10 un{B) gRT-PCR analysis looking at Osteoprotegerin
(OPG) expression changes (relative to OFF group) in MGBI3ells (N=3,
n=9). (C) Graph shows the percentageurface area covered by the
multinucleated TRAP+ cells (N=3, n=12)YD) TRAP activity assay, for
supernatant collected from MC3'EBl- RAW264.7 caultures after 5 days

(N=3, n=12). OFF= oscillatory fluid flow, No E treatment= -@ulture with
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MC3T3EL1 cellswhich received no estrogen OFF +Y27632=adture with
MC3T3EL1 cells exposed to ROCK 1/2 inhibitor prior to oscillatory fluid flow,
E= co-culture with estrogen treated MC3E and EW= ceculture with
MC3T3E1l cells which have undergone an estrogen witwadl regime
Statistical tests: one way ANOVA with
*=p<0.05, **=p<0.01***=p<0.001 and ****=p<0.0001. .........ccocrcrvrvr.... 88
Figure 4-1: TRAP activity assay performed on bone marrow macrophages (BMM)
isolated from two different mice after 7 days of culture. Conditioned media (CM)
from 20% L929 cells + 15 ng/ml RANKL induced a significant increase in
osteoclastogenestompared to BMM treated with 25 ng/ml recombinarCBIF
+15 ng/ml RANKL.*=p<0.05. (N=2, N=3 ) iiiiiiiiiiiiiiiiiiieeeeeeeeeiiieeeeeeeee 102
Figure 4-2: BMM cells were seeded at various densities on top of 2.5 @C¥454
cells and osteoclastogenesis was assessedViBRAP activity andg) number

of TRAP positive cells, 3.4 x1BMMs was determined as the optimum density.

Figure 4-3: Estrogen deficient osteocytes produel! that significantly increases
osteoclastogenesis in bone marrow macrophages (BMMs), however, inhibiting
sclerostin reverses this effectA)( Images show multinucleated TRAP+
osteoclasts (orange arrows) after BMM were treated with CM from OCY454 cells
in the presence of 15ng/ml of RANKL for 5 days (N=3, n=B).Hercentage
surface area covered by TRAP+ multinucleated cells (N=3, n=3).TRAP
activity in supernatant collected from multinucleated cells (N=3, n=9)-BRR
gene expression in BMM cells tted with various CM (Relative to estrogen
treated osteocyte CM groupD) CTSK expression (N=3, n=9)E] NFATcl

expression (N=3, n=9); E= CM from estrogen treated OCY454 cells, EW= CM
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from OCY454 cells which had undergone and estrogen withdrawal regime,
SctAb= CM from estrogen treated OCY454 cells which had been treated with
300ng/ml SelAb for 48 hours before CM was collected and EW+/Ast CM
from estrogen deficient OCY454 cells which had been treated with 300ng/ml Scl
Ab for 48 hours before CM wasllected. Statistical tests: Unpaired teled
st ud etestt *6px<0.05, **=p<0.01 and ***=p<0.0001...........ovvvvmmnnn.. 112
Figure 4-4: Estrogen éficient osteocyte produce CM that significantly increases
osteoclastogenesis in RAW264.7 cells, inhibiting sclerostin reduced this effect
but not to the same extent as seen in bone marrow macrophAgdmages
show multinucleated TRAP+ osteoclasts (@amrrows) after RAW264.7 cells
were treated with CM from OCY454 cells in the presence of 15ng/ml of RANKL
for 5 days (N=3, n=9). B) Percentage surface area covered by TRAP+
multinucleated cells (N=3, n=9)() TRAP activity in supernatant collected from
multinucleated cells (N=3, n=9)), E) qRT-PCR gene expression changes in
RAW264.7 cells treated with various CM (Relative to estraggied osteocyte
CM group) D) CTSK expression (N=3, n=9)E] NFATcl expression (N=3,
n=9). *=p<0.05, *=P<0.01 and ****=p<0.0001 ..........cc0vvvrrrrrrrrrrrreeannnee. 115
Figure 4-5: CM for SclAb treated osteocytes induces less bone resorption than CM
from untreated osteocyte®\)(BMM cells were seeded on to bovine bone discs
and cultured with 50% osteocyte CM in the presence of 15ng/ml of RANKL for
10 days. Cell were then detached via sonication, stained with toluidine blue and
resorption (orange arrows) was visualised under a lightrascope. B)
Quantification of resorption images showing percentage area resorbed by

osteoclasts (N=2, n=8). ****=p<0.000L........cccceeerrrrrirrrririmrrieeeeeeeeeeeeeeee, 116
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Figure 4-6: Sclab administration reduces osteoclastogenesis in BMMs induced by
estrogen deficient osteocyte®\) (Images show TRAP osteoclasts (orange
arrows) after ceculture with OCY454 cells for 6 days. (N=3, n=9B)(
Magnified image in which OCY454 =have retracted from the side of the well,
revealing multinucleated TRAP osteoclast which is seeded on top of the
OCY454 cell monolayerCjj Percentage area covered by the TRATIIs (N=3,
n=9). (D) TRAP activity assay, for supernatant collected fromy@&1BMM
co-cultures after 6 days (N=3, n=9=p<0.05 and ****=p<0.0001 .......... 118

Figure 4-7: Sclab administration reduces osteoclastogenesis in RAW264.7 cells
induced by estrogetieated osteocytes but not estrogen deficient cel¥. (
Multinucleated TRAP osteoclasts (orange arrows) after -calture with
OCY454 cells for 6 days (N=3, n=9)B) Percentage area covered by the
multinucleated TRAP cells (N=3, n=9). C) TRAP activity in supernatant
collected from OCY45RAW264.7 caultures after 6 days (N=3, n=9).
*=p<0.05, **=p<0.001 and ****=p<0.0001 ........ceevvrrrrrreeeeereeiicrreeaeennn. 119

Figure 4-8: RANKL/OPG ratio increases in estrogen deficient osteocytes but is
reduced following SeAb administration. gR'PCR analysis of gene expression
(relative to estogen treated group) in OCY454 cells 24 hrs after mechanical
stimulation A) RANKL expression (N=3, n=9)BJ OPG expression (N=3, n=9)

and C) RANKL to OPG ratio (N=3, n=9). **=p<0.01 and ****=p<0.0001.

Figure 4-9: Estrogen deficiency causes doevagulation Wnt antagonists FRZB,
SFRP2 and WIF1 that bind to Wnt ligands butregulates SOST which binds to
the Wit co-receptor LRP5/6. gqRPCR analysis of gene expression (relative to

estrogen treated group) in OCY454 cells 24 hrs after mechanical stimulatjon. (
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WIF1 expression (N=3, n=9)B) SFRP2 expression (N=3, n=9)C)Y FRZB
expression (N=3, n=9) and)) SOSTexpression (N=3, n=9). *=p<0.05...123
Figure 4-10: MMP14 and CTSK expression is elevated in estrogen deficient

osteocytes, S@b admnistration reduces CTSK expression back down to
estrogentreated levels. qRPCR analysis of gene expression (relative to
estrogen treated group) in OCY454 cells 24 hrs after mechanical stimul&jion (
MMP13 expression (N=3, n=9)B) MMP14 expressiorfN=3, n=9) and )
CTSK expression (N=3, N=9)........ccuuuuummmiiiiies e e e e e e e eneeans 124
Figure 5-1: Stages of MicreCT analysis from DICOMS to 3D reconstructions of
cortical micro-architecture (AF). (A) A series of DICOMS are taken from each
scan, B) Anterior and posterior growth plate on the medial side of the cortical
bone is defined (yellow line) in ImageQ) (mageJ script defines middle third of
the cortical bonet(vo yellow lines), @) middle third outlined in ImageJ is then
used as a template for the segmentation proc&ysBéne is segmented from
other components using a global threshold of 780 mg/ HA ccm Bhd (
Intracortical porosity is segmented by invertithg image................c......... 138
Figure 5-2: 3D reconstruction of uCHerived cortical bone microporosity in distal
femur of a week 14 SHAM anim&lolume filtering removed noise (<100 Fim
and pores were classified as (A) Lacunae ¢1600 pnd), (B) vascular canals
(>1500 punt) and(C) Combined image containing both the lacunae and vascular
canals. Scale bar= 100 HM........coooiriiiiiiiieeee e 140
Figure 5-3: OVX rats display increased TRAP+ staining compared to SHAM animals,
however TRAP+ staining is reduced in week 14 OVX animals which received
subcutaneou$SC) sclerostin antibody (Sélb). Representative image showing

TRAP staining and fast green counterstain of cortical bone f@&mnweek 4
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SHAM animals,B) week 4 OVX animalsC] magnified image (red box) of week
4 OVX animals, @) week 14 SHAM animalgE) untreated week 14 OVX
animals, F) 14 week pospvariectomy rat which received monthly 2 mg/kg SC
injection of SclAb starting from week 3 pesvariectomy, G) magnified image
(red box) of week 14 SHAM animalll,) (magnified image (red box) of week 1
OVX animals, I() magnified image (red box) of week 14 OVX animals which
received monthly 2 mg/kg SC injection of-8b| J) Negative control=
counterstain only andK() ImageJ analysis was performed to quantify number of
TRAP+ cells per mm,n= 4 rats /group Scale bar=20pm....................... 146
Figure 5-4: Micro-CT microporosity measurements for cortical bone from the medial
region of the distal femur metaphysis for SHAM and OVX groups at short (week
4) and long term (week 14) estrogen deficiendy.L@cunar porosity, Lc.V/TV
(%), B) Lacunar densityN.LC/mm, (C) Vascular diameter, Ca.Dm (ump)
Vascular porosity, Ca.V/TV (%) andE) Vascular density, N.Ca/min
Lc=lacunar, V Ca=vascular canal, TV=total volume, N.=number. Boxplots and
whiskers display the following: whiskers extend between mirmardvalues of
dataset, the box extends from 25th to 75th percentiles, horizontal line across the
box is the median value and the black dot represents the mean of the data.
*=P<0.05. N=4 PO GIOUP.ceevrrruunnueieeeeeeeeeieeeeeaas s e e e e e e e e e eeeeeeeenineneeeeeeeeeees 148
Figure 5-5: Representative 3D reconstruction of SHAM and OVX week 4 and week
14 animals. Scale bar= 100 JUXL..........uuuuimiiiiiieiieeeiiieeeee e e 149
Figure 5-6: Bone mineral density distribution (BMDD) parameters in week 4 and
week 14 SHAM and OVX animalsA)( Averaged bone mineral density

distribution (BMDD) plot, B) mean mineral density (mg HA/ccnt}) (mineral
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heterogeneity (mg HA/ ccm) an®)( mode mineral density (mg/HA ccm).

Figure 5-7: Backscatter electron imagingevealed an increase in canalicular
diameter in week 4 OVX animals compared to week 4 SHAM animals. (
Representative images of lacunae from week 4 and week 14 SHAM and OVX
animals, B) Lacunar diameter at the long axis (um{;) (Lacunar diameter at
the short axis (um), @) Canalicular diameter (nm). H) Additional
representative images from week 14 OVX rats, white arrows indicate mineralised
borders. Scale bar = 10pum. *=p<0.05.........ccoiiiiiiiiiiirre e 152

Figure 5-8: An increase in vascular canal diameter occurs in week 4 OVX animals
compared to week 4 SHAM animals) Representative images of cortical bone
from the medial region of the distal femmetaphysis for SHAM and OV X groups
at early (week 4) and late (week 14) estrogen deficie®B)yPércentage area
taken up by lacunae in a given area, Lc.area / total area @)ayerage cortical
thickness (um),[¥) percentage area taken up by vasculanala in a given area
(%) and E) average vascular canal diameter (um). Lc= lacunar, V Ca=vascular

canal, Dm=diameter. Scale bar= 200 pm. **=p<0.001 and ****=p<0.0001

Figure 5-9: Longterm estrogen deficiency (week 14 OVX) results in an increase in
unoccupied lacunae, which was attenuated by-ABcl administration.
Representative image showirgematoxylin and Eosin (H&E) staining of
cortical bone from (A) week 4 SHAM animaB) (veek 4 ovariectomised (OVX)
animals, C) ImageJ analysis was performed to quantify the percentage of empty
lacunae in a given area foDj week 14 SHAM animalskE) week 14 OVX

animals andk) week 14 OVX animals that received monthly injection of 2 mg/kg
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Sclerostin antibody (S@&b) starting from 3 weeks pedSvVX. Black arrows
indicate empty lacunae. n= 4 rats / group. Scale bar= 20pm. *=p<0.05 and
HHZDL0.00L. e.veeeeeeeeeeee e et et eemee et et r st et s s s enes s et et enr et eneneeen 156
Figure 510: Week 14 OVX animals display an increase in MMP14+ osteocytes
compared to week 14 SHAM animals, this is attenuated bAdSatiministration.
Represatative images showing representative MMP14+ stainind\)week 14
SHAM rat, B) week 14 ovariectomised (OVX) r&l) (magnified image (red box)
of OVX week 14 ratlY) ImageJ analysis was performed to assess the prevalence
of positively stained osteoeg, normalised to total bone ared)(negative
control antibody diluent instead of primary antibody was used with the
secondary antibodyF( 14 week ovariectomised rat which had received monthly
2 mg/kg SC Seéhb injections beginning-@&eeks posOVX ard (G) magnified
image (red box) of OVX + Sélb week 14 . Black arrows= MMP14+ osteocytes,

white triangle= osteocyte that is not positive for MMP14. n=4 rats / group Scale

Figure 6-1: Flowchart of the work of the thesis in the context of previous stadies

Figure 6-2: Schematic summarising the responses of estrogen treated and estrogen
deficient osteocytes and osteoblasts following mechanically loading and the
effect these changes had on osteoclastogenesis and resorption as determined in
chapters 3 and 4 and discussed in SECAM...........ceeiiiiieieeeeiiieeeicieee e 172

Figure 6-3: Schematic summarising the responses of mechanically stimulated
osteoblasts to ROCK1/2 inhibitor27632 or mechanically stimulated osteocytes
to a neutralizing sclerostin antibody (S&b) and the effect these changes had on
osteoclastogenesis, astdemined in chapters 3 and 4 and discussed in section

8.4 e e et nr e e e e e e 175
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Figure 6-4: Flowchart depicting the research from chapter 5 in dumtext of a
proposed theory for the bone loss cascade (adapted from (Verbruggen and

McNamMara, 2018)......ccoouiiiii e e 181
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Chapter 1: Introduction and
Objectives

1.1 Bone andosteoporosis

Bone isadynamic and adaptive tissue, which is constantly remodelled throughout life
by boneresorbing osteoclasts and befioeming osteoblastsBone can actively
remodel itself in response tmechanical demands, or in the absence of these, to
maintain bone homeostasihis remodelling allows the skeleton to withstand a
variety of loading conditions and repair itself in response to damage that arises
throughout life Osteoporosis affects 200 liimn women worldwidg(Kanis, 2007) It

is characterised by bone loss and microarchiteloti@gradationleadingto fractues,

pain and immobility(Kanis, 2007, McNamara, 2010, Sozen et al., 20Aiftgr the

onset ofmenopauséhe levels of circulating estrogen in the blood are deficient, which
has been shown to directly increase the number of osteoclasts and the rate of resorption
activity, ultimately leading to bone logBell et al., 1996, Rosen, 2000t]strogen
deficiency has been shown to alter the cellular functisechanobiologgnd survival

of bone cell{Sterck et al., 1998, Emerton et al., 2010, Brennan et al., 2Cstjell

as altering their mechanical environméktrbruggen et al., 2015However, the
mechanism of the disease progression is still not fully understoberefore, he

global objective of this PhD thesis is to investigate the imptaoati of

mechanobiological changes in bone cells during estrogen deficiency.

The most commonly prescribed treatments for osteoporosis are antiresorptive
therapies (bisphosphonatesstrogen,Denosumab, SERMs which reduce bone

turnover by inhibiting osteoasts directly or via osteobladerived factors (e.g. IGF1,
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TGFb, TNBrake et al., 2008, Mohammad et al., 2009, Kawai et al., 2011,
Pavone et al., 201.Mlormone therapy (HT) and bisphosphonate drug treatments serve
to reduce fracture susddplity (Geusens, 2015However,antiresorptive therapies

only reduce fracture susceptibility by up to 5q@ompston and Rosen, 2002, Murad

et al., 2012)In recent years there has been a drive to deaglapolic drugswhich

target osteoblastand ostecytes and promote bone formatiosg. parathyroid
hormone 134 (Teriparatide) and Romosozumab (monoclonal antibody against
sclerostinHan and Wan, 2012, Pinkerton et al., 2013, Geusens, 2015, Cosman et al.,

2016, Esbrit et al., 2016)

1.2 Bone mechanobiology

The adaptive naturef bonecan beattributedin part toosteocytes andsteoblasts,

which are the main mechanosensitive cells in f@usvin, 1983, Cowinl990, Klein

Nulend et al., 1995)n vivo,human long bones experience mechanical strains between
2000500 OU during wal king, which has been
range within which no net changes in bone mass éfisblazer et al., 2012)lt is
believed that bone resorption is initiat
generatest rains up to 3000 OO0, (Bumil982 Frast,i ng n
2003) However, strains more than 35008esult in damagard can thereby activate

bone resorptiofCarter et al., 1987)

Osteocytes are found buried in spaces within the bone called lacunae,svherea
their dendrites extend through canaliculi and form gap junctions with neighbouring
osteocytes forming the lacureanalicular network. Fluid flow through this network
supports osteocytes cellular functiq@ardoso et al., 2013, Buenzli and Si2815,
Cowin and Cardoso, 2015)psteocytes are the most mechanosensitive bone cell type.

They sense fluid shear stress, hydrostatic pressure and direct cellular deformation
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using mechanosensitive protejmesent on their dendritic processes and cell bodies,
such as integrins, primacilia and gap junctiondamioka et al., @07, Malone et al.,
2007a, McNamara et al., 2009, KldWulend et al., 2012Dsteocytes and osteoblasts
regulate osteoclast differentiation. Osteocytes, osteoblasts and stromal cells produce
receptor activator of nuclear factor kapgpigand (RANKL ), which binds taeceptor
activator of (RANK]) enaosteodlaat preasors leading to their
differentiation. Osteoprotegerin (OPG) is also produced by osteoblasts and osteocytes.
OPG binding to RANKL inhibits osteoclast differentiatigAtkins et al., 2003,

Nakashima et al., 2011, Xiong et al., 2011, Han et al., 2018)

Mechanical loading of bone results in compression and tension in different
regionsandthis resulting pressure gradient drives interstitial fluid through the bone
network(Duncan and Turner, 1995Bone cells have been shown to respond to both
mechanical strain and fluilow, with the greatest responses arising under flow
induced shear stre¢®wan et al., 1997, You et al., 2000) vitro models such as
paralletplate flow chambers and 3D bioreactors have been develapérh aim to
recreate the fluid shear forces found within band enable the study dbwnstream
signalling eventslin vitro cell culture studies haveethonstrated that osteocytes and
osteoblasts respond to fluid flow and matrix strain by producing various biochemical
cues fitric oxide (NO), cyclooxygenas2 (COX-2), Wnts andprostaglandin k&
(PGE)), which are known to promote bone formation and inhibit osteoclast activity
in vivo (Bakker et al., 2003, Santos et al., 2009, Yavropoulou and Yovos, 2016, Chen
et al., 2017, Deepak et al., 201WMechanical loading can also affect esll
signalling betweenosteoblasts and osteocytesth each other and tosteoclasts.
Mechanically loaded osteocytes and obtasts dowrregulate RANKL and up

regulate OPG production, as well as regulating other factors (MEPH,dGdFIL-6),
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which results in inhibition of osteoclastogenesis and promotion of bone formation
(Kim et al., 2006a, Kim et al., 2006b, Reijnders et al., 2007, You et al., 2008, Kulkarni

et al., 2010, Bakker et al., 2014, Pathak et al., 2015)

1.3 The role of estrogen in bone mechanobiology

Estrogen plays an important role in regulating bone mass and strengihtbylling

the activity of bonéforming osteoblast and bomesabing osteoclast§imai et al.,

2009, Khosla et al., 2012Dsteoblasts, osteocytes and osteoclasts express estrogen
receptoldandb (ERUand ER )whichplay a role in regulatingoth cell survival and
mechanosensatiqihee et al., 2003, Krum et al., 2008, Saxon et al., 2012, Castillo et
al., 2014) Estrogen has been shown to inhibit osteoblast and osteappptosis
(Kousteni et al., 2001, Plotkin et al., 2005a, Yang et al., 2013, Flor&ilgim et al.,

2018) Conditioned medium (CM) from estrogéreated mouse osteoblasigs been
shown tainhibit osteoclast maturation and functi@@u et al., 1999)n \itro estrogen
supplemention decreased the RANKL/OPG expression in static M cells
(Geoghegan et al., 201Fstrogen has been shown to enhance osteogenic responses
in osteoblasts and osteocytes exposethézhanical loadingBakker et al., 2005,

Galea et al., 2013a, Kleidulend et al., 2015b, Deepak et al., 2017)

Postmenopausaisteoporosids associated witla dramatic reduction ithe
levels of circulating estrogen in the blood, whishwell understood to affect the
activity of bone resorbing osteoclasfBhere is also evidence that osteoblast and
osteocyte biology is altered during estrogen deficiency, but these have been less
widely studied. Primary osteoporotic bone cells and estrogen deficient¥ALElls
display deicient PGE andNO release in response to mechanical stimulatontro
and reduced expression of the mechanosedsgyfintegrin has been observed in

estrogen deficient osteocytéSterck et al., 1998, Bakker et al., 2005, Bakker et al.,
4
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2006, Voisin and McNamara, 2015, Deepak et al., 2017, Geoghegan et al., 2019)
Although these studieseveal changes insteoblast and osteocyteology during

estrogen deficiency, how these changes affect osteoclastogenesis is not fully
understood. Therefor e, tHsteogen deficencyditersp ot h e s
the mechanosensitivity of osteoblastic cells and thus exacerbates testemgpenesis

and matrix degradatioo. The second hypot hBblechasicallpf t hi
stimulated osteocytes induce osteoclastogenesis and bone resorption during

estrogen deficienay .

1.4  Sclerostin inhibition as a therapy for osteoporosis

Sclerostin is &Vnt antagonist produced by mature osteocytes that inhibits osteoblast
function and formatioSutherland et al., 2004, Poole et al., 2005, Tu et al., 201R)
promotes osteoclast formation, in a RANKL dependant manner. Sclenostimted

i nhi bi t i eacatenm fsignallimg redoces OPG expression in osteoblasts and
osteocyteglna Kramer et al., 2010, Wijenayaka et al., 20Ebjlowing mechanical
loading scleostin mRNAand protein expression are dowegulated bothin vivoin
mice(Robling et al., 2008ndin vitro in OCY454 cell{Xu et al., 2019) Neutralising
antibodies tosclerostin(SckAb) have shown significant pntial to induce bone
formation, increase strength and substatisddue fracture risk in animal studies
and clinical trials(Li et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al., 2015,
Cosman et al., 2016, Zhang et al., 2016, Matheny et al., 20brg¢over,inhibiting
sclerostin using &ctAb also decreases bone resorption in an indirect fashion, yet the
cellular changes underpinning this effect are not fully understagokrticular, it is

not known whether sclerostin inhibition can prevent osteeiogheced

osteoclatogenesis and resorption during estrogen deficiency and mechanical loading
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in vitro. Thu s, the third hy mobkthgesslarostin reduces hi s

osteocyténduced osteoclastogenesis in vifto

1.5 Bone porosity, perilacunar remodelling and oteoporosis

Cortical bone consists of a microporous network that enables movement of interstitial
fluid through the network, which confers mechanical stimulation to osteocytes and
enables transportation of nutrients/signalling molecules and removal ofpredtets

from the osteocytgdian et al., 2004, Wang et al., 2004, Wang et al., 2007, McNamara
et al., 2009) The three levels of porosities in bone are vascular porgsn(28dius),
which act as low pressure reservoirs, the lacgaaalicular network (&m radius) and

the tiny spaces betweenmaral hydroxyapatite and collagen fibres (uoiradius)
(Cooper et al., 2003, Cowin and Cardoso, 2015, van Oers et al., Z&5)imensions

and spatial orientation of these pores can affect bone strength and fract(Zebaste

et al., 2010, Sharma et al., 2018)

Microporosity influences fluid flow through the lacur@analicular network,
in particular an increase in vascular porosity has been shown to negatively affect
interstitial fluid flow around osteocytes(Gatti et al., 2018) Additionally,
nanostructural matrimineral level differences at the la@wtanalicular surface
observed in rats 6 weeks pastariectomy,havebeen shown to enhance interstitial
fluid flow by increasingoermeability to small molecules at the lacunanalicular
surface(Ciani et al., 2014)Microporosity changes arise as a result of intracortical
remodelling by either osteoclast resorption or perilacunar remodé¢liogd et al.,
2014, Zebaze et al., 2014, Langdahl et al., 20I®)e process operilacunar
remodelling is independent of osteoclast resorpaod,is characterised lmgteocyte

resorption of the organic ad mineral components of the perilacunar and
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pericanalicular extracellular matrix, using a combination of matrix metalloproteases,
ATPase proton pumps and other enzymes such as catheg&md<et al., 2012,
Hemmatian et al., 2018a, Tsourdt al., 2018, Yee et al., 2019Perilacunar
remodelling has been shown to be affected by immobilization, mechanical loading,
cancer metastases, hyperparathyroidism, glucocortindigced osteoporosis, and
calcium deficiencyLane et al., 2006, Sana al., 2015, Zimmermann et al., 2015,
Tsourdi et al., 2018, Gatti et al., 201Bgrilacunar remodelling has been hypothesized

to be altered during estrogen deficiency, on the basis of observations of increased
canalicular size, in addition to increased vascular porosity ire& pest ovariectomy

rats (compared to SHAM animalg¢pharma et al., 2012, Sharma et al., 2018)
However, no studies to date have directly stigated the changes in perilacunar
remodelling during estrogen deficiency. Temporal changes in the mechanical
environment of osteocytes have been observed during estrogen deficiency.
Specifically, in early estrogen deficiency, osteocytes experienceceigraakimum
strains compared to ageatched SHAM rats, whereas iong term estrogen
deficiency the strain experienced by osteocytes was greatly reduced, and similar to the
strain experienced in SHAM anima(¥erbruggen et al., 2015)Whether these
changes in strains experienced by osteocytes are at leadtypanésult of temporal
changes in cortical microporosity is unknown. Therefore, the final research hypothesis
of t hi s Estrdgen slaéfi@dency causés temporal changes to both vasculature

and lacunarcanalicular networks in cortical bone

1.6 Objectives andhypotheses
The global objective of this PhD thesis is to investigate the implications of
mechanobiological changes in bone cells during estrogen deficiency. The primary

objective of this thesis is to investigate whether the ability of mechanically stimulated

7
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osteoblats to induce osteoclastogenesis is altered during estrogen deficiency. The
second objective is to investigate whether mechanically stimulated osteocytes induce
osteoclastogenesis and bone resorption during estrogen deficiency. The third objective
is to investigate whether inhibrig sclerostin reduces osteocyteluced
osteoclastogenesis vitro. The final objective is taetermine the temporal changes

that occur in the cortical vasculature, the lactsmaralicular network and lacunar
occupancy during siband longer term estreg deficiency in an ovariectoneid rat

model of osteoporosis by mic@T analysis, backscatter electron imaging and
histological analysis Four hypotheses have been defined to address these four

objectives, each of which will undan the research of chapterd f this thesis.

Hypothesis t Estrogen deficiency alters the mechanosensitivity of osteoblastic cells
and thus exacerbates osteoclastogenesis and matrix degradation (Chapter 3).
Hypothesis 2: Mechanically stimulated ostegtes induce osteoclastogenesis and
bone resorption during estrogen deficie(Chapterd).

Hypothesis 3:Inhibiting sclerostin reduces osteocyteluced osteoclastogenesis

vitro (Chapter 4)

Hypothesis 4:Estrogen deficiency causes temporal changes to both vasculature and

lacunar canalicular network in cortical bone (Chapdgr

By testing each of these hypotheses, the research objectives aboveadainessed
and the proposed research will evolve curterderstanding of the effects of estrogen
deficiency on (a) osteoblasind osteocytinduced osteoclastogenesis and (b) the

vascular and lacunaranalicular system.
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1.7 Thesis structure

This thesis comprises the work completed for the duration of the candidas P h D
studies. A review of the current literature is presented in chapter 2 detailing bone
function, bone cells, modelling and remodelling, bone mechanobiology in health and
disease, and the known effects of estrogen withdrawal on bone biology. Chapter
investigates osteoblastduced osteoclastogenesis under estrogen deficiency and
mechanical loading, testing hypothesis 1 of this thesis. Chapter 4 tests hypothesis 2
and 3, to investigate (1) how altered paracrine signalling in estrogen deficienty effec
osteoclastogenesis and bone resorption and (2) determine whetherAlitec&akcan

reduce preosteoclastogenic cell signalling between osteocytes and osteoclasts and
decrease bone resorptionvitro. Chapter 5 investigates the effect of short and long
term estrogen deficiency on vascular and lacunar porosity in an animal model of
osteoporosis, testing hypothesisChapter 6 summarises the main findings of this
thesis, placing them in the context of current understandihgbone cell
mechanobiology andosteoclastogenic signallingn estrogen deficiency and

osteoporosisand outlines recommendations for future research in the field.



Chapter 2: Literature Review

2.1 Bone function and matrix composition

Bone is the main structural element in the baaty the skeleton making up 20% of

our body weight. The skeletgmovides protection for internal orgaasdattachment
sitesfor tendons to allow for muscle contraction and thereferables movement
(Yaszemski, 1996 Bone has a high mineral content and another of its many functions
is thatit acts as a reservoir for calcium. Bone is a dynamic structure due to its ability
to selfrenew and repair itself when damaged and its ability to adapt to changes in
mechanical loaqMetzger et al., 2015 However, this dynamic ability is impaired

during ageing and also diseases such as cancer and osteofdcd&Emara, 2010)

Bone comprises of 65% mineral hydroxyapatite crystals and 35% organic
moleculeqFratzl et al., 2004)The organic phase is composed of a collagen matrix,
water, lipids, cells and other nanol | agenous proteins ( NCP¢
accounts for 90% of the organic phase, is formed when tropocollagen faslacel
synthesised by osteoblasts. Tropocollagen is a structural unit consisting of a triple
helix molecule composed of three polypeptide strands (alpha ckajnsg 2-1, these
collagen fibres are organised in concentric layers known as lamellae. This matrix of
collagen acts as a scaffold to which other proteins and mineral crystals can be anchored
(Young,2003) NCPOGs compr i se Xthéseincfudetfibrenectn; g ani c
a glycoproteinwhich plays an essential role in type | collagen accumuldbatias
et al.,, 2005) and therefore impacts the quality and organisation of bone collagen
matrix (Singh et al., 20100steopontin (OPN), another glycoprotein hasrnb&hown

to have a regulatory effect on hydroxyapatite crystal gro{(@apirKoren and

10
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Livshits, 2011) mechanical loading has been shown to increase OPN expression in
ostecytes, osteoblasts and fibrobla@iorinobu et al., 2003, Jeon et al., 2000PN

has been implicated in bone remodelling, and has demonstrated chemotactic activity
on osteoclast precursiStandal et al., 2004as well as helping anchor osteoclasts to

the mineral matrix during bone resorptigeinholt et al., 1990shijima et al., 2001)
Osteocalm is the most abundant NCR is known to regulate the growth of bone
mineral crystal¢Poundarik et al., 2018pPsteonectin facilitates binding between bone
mineral and the collagen matifXermine etal.,1981) NCP&6s are t herefo
important to bone as they effect bone mdtrnation, matrix quality, and mechanical
properties and also mediate cell attachn{@yen and Ferguson, 2010)he mineral

phase is composed of hydroxyapatite crystals formed by osteoblast cells when calcium
and phosphate ions bind to one another in the presence of NCPs, in a gnooeds t
nucleation. Further calcium and phosphate ions are added and the hydroxyapatite
crystal gradually grows in siZelunter et al., 1996)The degree of bone mineral differs
between anatomical site, gender, age and ethni¢Weékin et al., 2010, Sezer et al.,

2015)

2.1.1 Hierarchical structure of bone

Bone is a complex hierarchical structuas,shown irFigure 2-1, and thisallows it to
function under a variety of loading conditiohg providing the material witlmigh
strength and stiffness but also lightweight propertigsich allow for efficient

moveament(Vaughan et al., 2012)
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Figure 2-1: Hierarchical organization of bone from nantw the macroscale. Three
polypeptide strands form tropocollagdmopocollagen andhon-collagenaseroteins

along with nanocrystals of hydroxyapatite (HA) form collagen fibrils. These fibres are
arranged in geometrical patterns tiorm lamella. The lamella structure forms
osteons, compact bone is composed of many osteons and Harversian canals, which

surround bbod vesselfWegst et al., 2015)

At the macrostructural level, bong comprised of two distinct tissue types,
cortical (compact bone) and trabecular (cancellous bone). Long bones are comprised
of a hollow diaphysis made up of mainly cortical bone, with epiphyseal bone at both
ends above the growth plates and metaphyswa below the growth platéigure
2-2A. Cortical bone constitutes approximately 80% of bone by weight and is highly
mineralised providing mechanical strength and ptaiecto organs(Augat and
Schorlemmer, 2006)ascular canals occupy around 30% of the cortical bone volume
(Ott, 2018)and the Harversian system or osteons, definedobgentric lamellae of
bone matrixsurrounding a vascular canatethe basic structural unit in cortical bone
(Wegst et al.,, 2015)Human osteons consist of two different types of lamellae,
compact acellular lamellae, which do not contain osteocytearamnith in collagen,
and loose lamellae, which have an abundance of osteocytes but has less collagen

(Cvetkovic et al., 2013)
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Trabecular bone is found predominantly in the epiphysis and metaphysis
Figure 2-2B andonly 20% of its volume is composed of bone, the remaining space is
filled with marrow and fat. Trabecular bone is comprised of a series of multidirectional
rod andplatelike struts knowras trabeculae. The majority of these struts are oriented
along the lines of regular mechanical str@dgyer Von, 1867, Fyhrie and Carter,
1986, Frost, 1990pnd therefore provide mechanical support whilst also being
lightweight(Wolff, 1986). The periosteum is a thin fibrous layer on the outer surface
of boneFigure 2-2C, which contains undifferentiated progenitor cells and thus, plays
an important role in bone growth and fracture healing. The endosteum lines the
marrow cavity and contains blood vessels, bone lining cells, Wasts and

osteoclastgClarke, 2008)
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Figure 2-2: : (A) Macrostructure of long bone illustratingd] micro-structure of the

epiphysis and®) macrostructure of the diaphygislarieb and Hoehn, 2006)
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2.1.2 Cortical microporosity

Cortical bone bears a substantial amount of the load that is applied tGMeideil

and Boyd, 2007)Tissue mineal density and cortical porosity contribute to the overall
mechanical properties of bor{8chaffler and Burr, 1988, McCalden et al., 1993)
There are five levels of porosity in bone; (1) timarrow cavity, (2) channels for
arteries that traverse the cortex, (3) vascular pores within cortical bone, (4)-lacuno
canalicul ar porosity and (4) Ananopor os
mineral hydroxyapatite and collagen fib{€urrey and Shahar, 201¥)steocytes are
distributed throughout bone matrix, creating a thidieensional network of lacunae,
which house the osteocytes, and small canals known as canaliculi that contain
osteocyte cytoplasmic processes, thetwork makes up the lacureanalicular
porosity (Buenzli and Sims, 2015)Osteocytes are optinhal located to sense
mechanical loads and transduce these loads into biochemical signals, which are
communicated to neighbouring osteocytes, osteoblasts, osteoclasts and bone lining
cels resulting in bone formation and resorpti@urger and KleiaNulend, 1999,
Bonewald, 2007, Hemmatian et al., 20IMe movement of interstitial fluid through

the lacunaicanalicular network during loading affects osteocytes in two ways; (1)
interstitial fluid flow over the cell processes of osteocytes creatksdadrag and

shear stress on the cell membrane and also on transmembrane proteins that connect
the cytoskeleton to extracellular matrix proteins at the canalicular(i¥ai et al.,

2004, Wang et al., 2007, McNamara et al., 2@08) (2) allows for theransportation

of nutrients and signalling molecules whilst also removing waste products from the
osteocytegWang et al., 2000, Wang et al., 200Fhe interstitial fluid flow around

the osteocyte in the lacureanalicular porosity can drain into or out of the vascular

pores which are larger pores that surround blood vessels and nerveghathone

14
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(Cowin and Cardoso, 2015 he relaxation of fluid pressure surrounding ostezgy
is dependent on vascular canals, which act as low pressure res@iVairg et al.,

1999, Goulet et al., 2008)

Microporosity changes are due to intracortical remodelling either by osteoclast
resorption or by perilacunar remodelling, which will be expldiire more detail in
section2.2.4.1(Lloyd et al., 2014, Zebaze et al., 2014, Langdahl et al., 201&)
expansion of existing vascularanals occurs with advancing age in humans,
particularly at the endosteal surface, and this process dominates bone loss. The
progressive reduction in bone formation during ageing can result in merging of large
pores that no longer resemble cylindrical dares they trabecularize and thin the
cortex,seeFigure 2-3 (Cooper et al.2007) The lacunacanalicular network (LCN)
is also affected by ageirag thdacunar volume haseenshown to decrease in femoral
cortical bone in women during agei@arter et al., 2013, Ashique et al., 20aAyla
decrease in lacunar density and canalicular area habedsseen(Vashishth et al.,

2000, Busse et al., 2010, Kobayashi et al., 2015, Ashique et al., 201 7L €igieet

al., 2017, Hemmatian et al., 2018Bnother study founcho significant interaction
between lacunar density and age, but found that lacunae were more spherical and
smaller on samples from older adults compared to younger cortical bone samples
(Carter et al., 2013)High cortical porosity is negatively associated with bone

elasticity, toughness and elastic modyl@arrey, 1988, Schaffler and Burr, 1988)
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Figure 2-3: Micrographs of the subtrochanteric region of the femoral midshaft in
postmortem speciens from three women of different ages, illustrating changes in
cortical microporosity with ageA) 29 year old woman, pores are regular in shape
and evenly distributed in the corteR)(67 year old woman, poseare larger, more
irregular in shape and have come together with the cortex adjacent to the marrow
producing cortical remnants andC) 90 year old woman, most of the cortex has
trabecularzed by large pores and pores that have joined togefBebaze et al.,

2010)

2.2 Bonecells

There are five distinct bone cell phenotypes that deriom feither osteogenic or
hematopoietic linages, which are osteocytes, osteoblasts, osteoclastsibgreells
and osteoprogenitofkee et al. 2008hat together are responsible for bone formation

and maintenance from the earliest embryo and throughout life.
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2.2.1 Mesenchymalktem cells

MSCs were first discovered in bone marrow by German pathologist Julius Friedrich
Cohnheim and colleagues in 1867, and were described as fibroblastoid, adherent and
extravasated at sites of tissue injgGohnheim, 1867)MSCs are multipotent, and

have the ability to differentiate into many cell types including osteoblasts,
chondroblasts and adipocyté3ominici et al., 2006, NombelArrieta et al., 2011)

Figure 2-4. MSCs are commonly isolated from bone marrow, however thersaarg

other cell types that also reside in the bone marrow such as hematopoietic stem cells,
adipocytes, T cells and macrophages, which makes isolation and purification
challenging(Sims and Walsh, 2012 here are 3 main criteria which defiMSCs

from other cell types, (1) ability to adhere to tissudure plastic in standard culture
conditions, (2) the cell population must have the ability felineage mesenchymal
differentiation (differentiation into osteoblasts, adipocytes and chbladts) and (3)

the cell population must express specific antig€8s% of the MSC population must
express CD105, CD73 and CD90) and must lack the expression of Gfére{ the
population must express CD45, CD34, CD14/CD11b, GBFP19 and HLA class

II) as measured by flow cytometarry and Murphy, 2004, Dominici et al., 2006)
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Figure 2-4. Mesenchymal cell linages, MSCs differentiate by committing,

differentiating and maturing in a lineage specific mangkerth and Yuan, 2012)

2.2.2 Osteoblasts and bone lining cells

Osteoprogenitor cells reside in the bone marrow, periosteum and endosteum, where
they can be recruited to differentiate into osteoblast cells when exposed to appropriate
mechanical or chemical stimy©kazaki et al., 2002, Brady et al., 2016steoblast
precursorswhich are derived from multipotent mesenchymal stems gqeltidiferate

and line the bone surfad&akhry et al., 2013, Matic et al., 201@)hey secrete
unmineralised bone matrix known as osteoid as they differentiatpre osteoblasts
andfinally mature into osteoblas{gubin, 2001) Osteoblasts areuboidalin shape

havea central nucleys$-igure 2-5, andcommunicate with neighbouring cells via gap
junctions (Steinberg et al., 1994, Jiang et al., 20@J%teoblasthave an average
lifespan of approximately 3 monthafter which theycan either become osteocytes
(30%), bone lining cell§5%) andor die viaapoptosis iemaining 65% (Weinstein
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and Manolagas, 2000psteoblasts produce a variety of faci@g. cytokines and
growth factors which are important in osteoblast functidsut also regulde
differentiation and function of other bone cell tygBaylink et al., 1993, Dapunt et

al., 2016) Osteoblast signalling will be discussed in detail in se@idr2

A Osteoclast Mesenchyme Newly formed B
Os!e?blast \ Osle?cyle Bone\ matrix malri)‘< (osteoid)

G

Figure 2-5: Osteoblasd, osteocytes and osteoclasts in boAg $chematicshowing
the relationship of osteoblasts to the newly formed osteoid, osteocytes embedded in
the trabecular bone and finally osteoblasts and osteoclasts lining the endosteum of the
trabecular bone.R) H&E staining, showing osteoblasts (ODb) lining the bsudace,

newly formed osteoid (Os) and osteocytes (Oc) embedded in thg\esoher, 2016)

Bone lining cells are quiescent osteoblasts that line the endosteal surfaces and
underlie the péosteum on the mineralised surface. They have a long, flat fibreblast
like morphology, and are distinct in their expression of the immunoglobulin protein
intercellular adhesion molecule 1 that is not expressed by osteoblasts, but do not
express the neoollagenous protein osteocalcin, whereas mature osteoblasts do
(Everts et al., 2002Bone lining cells anchor hematopoietic stem cells via adhesion
molecules such as Ncadherinb-catenin and provide a stem cell niche so that the

hematopoietic cells can remain in an undifferentiated gkaabet et al., 2006, Yin
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and Li, 2006) They also are involved in bone remoatg]| by signalling to osteocytes
through gap junctions and promoting the differentiation of hematopoietic stem cells

into osteoclast&ollet et al., 2006, Matsuo and Irie, 2008)

2.2.3 Osteoclasts

Mononuclearmacrophages and monocytes, residing in the bone vasculature and
marrow, have the abilityotmerge and form multinucleated cells known as osteoclasts
(Udagawa et al., 1990and are responsible for the resorption of bone. Mature
osteoclasts can have up to 100 nuclei and usually have a diameter100 20n
(Roodman, 1996)Osteoclasts form a sealing zone with the underlying substrate by
cytoskeletal and integrin rearrangemant the integrirlibs is essential for normal
osteoclast functigras U,bs -/- knockout mice fail to form sealing zon@dcHugh et

al., 20000 Fol | owi n g /bantegrin reeeptoran mtracefular$ignalling
cascade is activated which leads to the formation of podos(@a#sl et al., 2008)
Podosomes are actiith adhesive structures that are essential for osteoclast adhesion,
spreading and migration. Podosomes start clustering centrally in the cell before
migrating outwards to form actin rings, belts and finally sealing z(@esrgess et

al., 2014, Touaitahuata et al., 201@steoclasts are polarised and form a ruffled
border which contains large numbers of ATPase a proton pump involved in the
acidificationprocess. HandCl ions are pumped into the sealing zone leading to a
fall in pH, degrading the inorganic mineral component of the bone n{&titixet al.,

2012) The pH level at the ruffled border can be as low &s(Bee, 2010) The
resorbing osteoclés release tartratesistant acid phosphatase (TRAP),

metalloproteinase 9 (MMB) and cathepsin Kwhich aids in the digestion of the

organicmatriandr esul t s i n a circul larkes20Bp ed Ho ws
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2.2.4 Osteocytes

Osteocytes make up between®®% of cells in mature bon@oukhechba et al.,
2009) They are located throughout the bone matrix and possess dendritic projections
which extend into the matrigdMcNamara et al., 2009, Burra et al., 2010Dhey are
formed when terminally differentiated osteoblasts become embeddea weinly
deposited bone matrikigure 2-6 (Shiflett et al., 2019)The cell then starts to form
dendrites and their cytoplasmic volume reduces, their dendrites extend towards the
vascular space or bone surfg§Palumbo et al., 2004The cell is polarized, both with
regards to the directionality of its dendrites andtly fact that mineral is being
deposited on one side of the embedding cell not all around théDadlas and
Bonewald, 2010) The O6éosteoid osteocyted has
mineralization and (2) to form connective dendritic proce@@agagarAdjemian et

al., 2006) Osteocytogenesis has been shown to be an active invasive process, in which
collagen is cleaved. MTMMP is a membrananchored proteinase that can cleave
collagens type I, Il and IlI, fibrin, fibronectin and other matrix molecules. {MP

null mice exhibit a significant reduction in the number and length of their dendritic
processe (Holmbeck et al., 2005)E11/gp38 is a marker for the embedding osteoid
osteocyte. Application of fluid flow to MLEY4 cellshas been observed ilacrease

the number and length of dendrites, however, this can be inhibited by small interfering
RNA against E1/gp38(Zhang et al., 2006)n addition to E11, expression of tubulin,
vimentin and actin in cell bodies and dendrites of osteocytes is crucial to maintain the
dendritic morphologyTanakaKamioka et al., 1998As osteoblasts transition further

into csteocytes, ALP expression is reduced and osteocalcin is elevated, PHEX, MEPE,

FGF23 and SOST are also expredsegire 2-6 (Bonewald, 2011)
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Figure 2-6: Odgeoblast to eteocyte ontogeny, process of differentiation from
osteoblast precursorot matrix producing cells (osteoblast), to cells embedded in
osteoid (osteoid osteocyte), to cells embedded in mineralized matrix (osteocyte).
Markers expressedat each stage of the differentiation proceage included

(Bonewald, 2011)

2.2.4.1Perilacunar remodelling

A unique characteristic of osteocytes is their highly organized network of dendrites
within a mineralised matrix. Dendrites form gap junctions with dendrites from
neighbouring osteocytes, as well as with bone lining osteoblasts and osteoclasts and
vasculatire (Burra et al., 2010)The dendrites emanatingopin the osteocyte body
extend through canaliculi to form the lacurenalicular networkBonewald, 2011)

Fluid flow through the perilacunar and canalicular spaces supports osteocyte cellular
function, and how osteocytes sense arghoad to mechanical stimulation will be
discussed in detail in sectidh5. Osteocytes have the ability to directly resorb and
replace their local bone extracellular matrix in a process termed perilacunar
remodelling. Osteocytes are able to resorb thenosanding lacunar and canalicular

matrix, through a combination of MMPs, ATPase proton pumps and other esizym

22



Chapter 2

such as cathepsin Kjgure 2-7B (Tsourdi et al., 2018)Many stimuli that regulate
osteoblast and osteoclast function are known to also regulate PLR such as
glucocorticoids,parathyroidhormone (PTH) and calcium or phosphate deficiency
(Qing et al., 2012, Fowler et al., 2017, Jahn et al., 20&&,et al., 2019)Estrogen
deficiency has also been suggested to affect PLR, studies using an ovariectomised rat
model of postmenopausal osteoporosis, demonstrated a larger effective -lacunar
canalicular porosity in both cortical and trabecular bone from the proximal tibia
metaphysis. This increase in porosity was not due to changes in osteocyte lacunar
density, lacunar size or the number of canalicular per lacuna. Rather, it was an increase
in canalicular size, this was due to nanostructural matmeral level changesish

as loose collagen surrounding osteocyte canali@hiarma et al., 2012During
lactation in mice, lacunar porosity has been shown to increase, additionally osteocytes
have been shown to upgulate TRAP and Cathepsin K expressiamich is
dependent on PTHrP or PTH via PTH1R. However, TRAP and Cathepsin K
expression levels returned to normal following weankigure 2-7A (Qing et al.,

2012, Kaya et al., 2017These lactation studies demonstrate that healthy osteocytes
can both removeral replace their perilacunar matrix, thereby playing a role in mineral
homeostasis during calciudemanding conditions. Mechanical loading inhibits TGF

b and sclerostin expression in osteocyf@sbling et al., 2008, Nguyen et al., 2013)

both sclerostinand TGB have been s ho\ogawacetak, 2013nul at e
Dole et al., 2017, Kogawa et al., 2018)d sopasd on these findings, PLR may be

mechanosensitive.
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A Virgin Lactation Post-Lactation

PTH
PTHrP
TGFB
sclerostin

 calcitonin
Figure 2-7: Perilacunar remodellingA) BSEM images showing lacuman virgin,

lactation and postactation mice. Duringactation osteocyte lacueare enlarged
and have irregular boarders due to mineral removal (white arr(@is)g et al., 2012)
(B) PTH, PTHrP, TGFb and sclerostin induce osteolysperilacunar remodelling.
Up-regulation of carbonc anhydrase G@a2) and vacuolar ATPaseacidifies the
surrounding matrix and upegulation of matrix metalloproteasé3 (MMP13),

tartrate resistance acid phosphatas€éRAP and cathepsin K CTSK induces
proteolytic degradation, resulting in remodelling betpericellular matrix(Tsourdi

et al., 2018)

2.3 Bonedevelopment, modelling and remodelling

Bone is formed early in foetal development, through both intramembranous and
endochondral ossification. Bone is a dynamic material that adapts itself through
modelling and remodelling to accommodate changes in loading conditions.

Osteoblasts and osteockstave long been known to have the ability to model and
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remodel bone. The role of bone cells in bone development, modelling and remodelling

will be discussed in the following section.

2.3.1 Bone development

There a two specific mechanisms in which bone is fornmeddevelopment,
intramembranous and endochondral ossification. All flat bones such as the skull,
scapula and clavicle are formed embryonically through intramembranous ossification.
This process involves mesenchymal progenitor cells condensing to forttularce
aggregate, cells within the aggregate differentiate into osteoblasts and begin to
produce extracellular matrix (ECM) containing type | collagen. The initial production

of matrix by osteoblasts establishes a primary ossification centre. Osteohthsts w

the ossification centre produce more and more matrix, causing some osteoblasts to
become embedded, these cells differentiate and form interconnecting processes,
eventually becoming osteocyt@saraplis, 2008, Dallas and Bonewald, 2010, Allen

and Burr, 2014)The remainder of the bones in the skeleton are formed through
endochondr al ossification. Thi s process
chondroblasts, which secrete a matrix that comprises of collagen and proteoglycans.
Chondroblasts differentiate into chondrocytes, this leads to a cartilage aggregate
growing through chondrocyte proliferation and matrix produciibtackie et al.,

2008) Chondrocytes secrete biochemicals and growth factors which initiate mineral
deposition and proote vascularization e.g. ALP, VEGF. Promotion of
vascularization is essential, as blood vessels are a source of endothelial cells, which
produce essential factors that control recruitment, proliferation and differentiation of
osteoblastgCollin-Osdoby, 1994, Gerber and Ferrara, 2000, Sumpio et al.,.2002)
Bone formation through endochondral ossifimat occurs throughout childhood,

particularly in the epiphyseal plate of long bofi€sonenberg, 2003)New cartilage
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is continually produced at this location during youth, which is replaced by bone, and

thereby facilities leng#ning of bones.

2.3.2 Bonemodelling

The definition of bone modelling is either the formation of bone by osteoblasts or
resorption of bone by osteoclasts on a given surface. The activity of osteoblasts and
osteoclasts are not necessarily coupled anatomiocaligmporally as is the case for
bone remodelling. The function of modelling is to increase bone mass and to maintain
or alter bone shape, modelling occurs on the periosteal, endocortical and trabecular
surfaces. Tissue strain can dictate bone modeliinigcal strains exceed a certain
threshold then formation modelling is initiated to add new bone matrix to adapt to the
increase in local strain. However, if strain falls below a certain threshold, for example
in periods of disuse, then resorption modellis stimulated and bone is resorbed
(Frost, 2003)There are two stages to bone modelling; (1) activation and (2) formation
or resorption. Activation involves the recruitment pfecursor cells, and the
differentiation of these cells into mature osteoblasts or osteoclasts. Once activated,
osteoblasts form bone or osteoclasts resorb bone until sufficient bone mass is added
or removed to normalize local strains and maintain boneebstasis. Bone modelling
occurs mainly during growth and development and reshapes theHigune, 2-8, the

adult skeleton does undergo modelling but not to the sateateas in development.
Formation and resorption modelling play an essential role in maintaining bone shape
during growth. As bone lengthens, resorption removes bone on the periosteal surfaces,
whilst formation modelling adds new bone to the endocorsigdhce, this process is

very distinct from remodelling due to formation and resorption occurring on different

surfaces(Allen and Burr, 2014) Modellingbased bone formation contributes to
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periosteal expansion and remodellogsed resorption is responsible for meadylla

expansion seen in long bones and ribs during ag&uff and Hayes, 1982)
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Figure 2-8: Diagram showing skeletal growth and modelling (shaping of bone) in the
ends of long bone. Formation (+) and resorptienactivity during bone growth from

A to B. Resorption -} in the diaphysis enlarges the bone marrow cavity, whilst
formation (+)occurson the periosteal surface to maintain the mechanical competence
during bone elongation. In the lower metaphyseal region, resorpliaf the cortical

bone occurs narrowing the crossectional diameter of the metaphysis down to a
smaller diameter to create the diaphysis and to maintain the shape of the bone as it

grows(Gasser and Kneissel, 2017)

2.3.3 Boneremodelling

Bone remodelling involves osteoblast mediatashéb formation and osteoclast
mediated bone resorption at the same location. Bone remodelling occurs continuously
to repair skeletal damage and maintain tissue homeostasis, small regions of bone are
resorbed and replaced at a time, so that structuralitytegmaintained, which allows
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up to 10% of the skeleton to be replaced each {anolagas, 2000Remodelling
Is a process characterized by four phases; Activation Phase, Resorption Phase, Reverse

Phase and Formation Phd&sgure 2-9.

A

Quiescent
osteoblasts

Osteoclast Osteoblast

progenitors Progenitors
PR differentiate into (MSCs) “
Activation osteoclasts differentiate Termination
®® into
osteoblasts l

Mononuclear cells

differentiate into
macrophages

Resorption

Reversal

Figure 2-9: The stages of the bone remodelling cyck). Activation: Cytokines
stimulate the circulatingsteoclast progenitors to differentiate into osteocla®®$, (
Resorption: Osteoclast resorb the bone, Q) Reversal: Mononuclear cells
differentiate into macrophages and remove the remaining cell debris to initiate the
reversal process[)) Formation: Osteblast progenitors differentiate into osteoblasts

and form osteoid which is eventually mineralisdg€), Termination: when the same
amount of bone has been formed, that was previously resorbed, the cycle is terminated

(Kohli et al., 2018)

Activation phase occurs wherthangesd the bones micrenvironment such
as micrefractures or changes in mechanical loading are sensed by osteocytes. This

leads to paracrine factor releasdiich causes an increase in local angiogenesis and
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the recruitment of osteoclast precursors, this tyfpeemodelling is termed targeted
remodelling(Goldring, 215) Nontargeted remodelling can also occur when there

are systemic changes in hormones such as estrogen and PTH, this allows for access to
bone calcium storegStreicher et al., 2017Both types of remodelling activate bone

lining cells to release cytokines such as RANKL aneCBIF. These factors then

requit osteoclast precursors, trigger qm&eoclast fusion and the differentiation
towards multinucleated osteoclagtgyure 2-9A (Boyce, 2013)Theresorption phase

occurs for approximately two weekSsteoclasts attach to the bone surface and the
rearrangement of the osteoclastsdo cytosk
zone, and the generation of afted border which increases the secretory surface area
(Georgess et al., 2014Protons are pumped into the resorbing compartment to
dissolve the bone mineral, the leglenrich bone matrix is then degraded by proteases
such as cathepsin K and matrix metalloproteingSeswczyk et al., 2013)This

results in the formation of resorption lacunae on the bone surface that is being
remodelled, osteoclasts then migrate away andergo apoptosisigure 2-9B

(Teitelbaum, 2000)

The eversalstage is next anthgs approximately four to five week3he
reversal stage, when bone resorption switches to bone formation is still not fully
understood. During this phase mononuclear cells line the resorption lacunae and
differentiate into macrophages and remove cell ddbrinitiate the reversal process
(Rucci, 2008) Preparation of the bone surface is carried out by cells of the osteoblast
lineageunmineralisedcollagen matrix is removed and a raoilagenous mineralized
matri x oO0cement | ined is depdheuetae,d994) o0 enh:
It has been hypothesized that osteoclasts may be the source of the coupling factor,

either by secreting cytokines such as interleukin €5{lbor direct celcell signalling
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via Eph/ephrin signalling, osteoblastgeass EphB4 and osteoclasts express ephrin

B2 (Zhao et al., 2006, Kenkre and Bassett, 20A8pther mechanisms is the presence

of factors released from the bone matrix during resorption e.g-br&at BMR2,

which stimulate osteoblast migration and differentiation. The remodelling canopy is

a physical structurenade up of bone lining cells under which the remodelling unit
exists. This canopy may allow some factors to be exchanged between the remodelling
compartment and the outside environment (marrow space), maintaining appropriate
molecular concentrations withthe compartment, to attract osteoblast precursors to
the remodelling sit¢Matsuo and Otaki, 2012, Sims and Martin, 20Eigure 2-9C.

Finally, there is thdormation phasewhich has a duration of approximately four
months.Preosteoblasts are recruited and differentiate into mature osteoblasts. Then
they synthesize and secrete osteoid ma#imch is rich in type | collagen. The osteoid

is then mineralised by the incorporation of calcium and phosphate ions into the
collagen matrix(Blair et al., 2017)Figure 2-9D. Osteoblasts continue to deposit new
bone until they become quiescent bone lining cells, a small percentage will remain as
bone lining cells but the majority will either undergo apoptosis or are buried in the

newly formed matrix and become ostemsfWeinstein and Manolagas, 2000)

2.4  Bone cell signalling

2.4.1 Osteoclast signalling

Osteoclast formation is initiated when macrophage ceftimulating factor (M
CSF), which is produced by stromal cells and osteoblasts, binds to -sbliomyating
factor1l (cFms) receptors present on osteoclast precuniSigngre 2-11 (Ross, 2006)
This event induces an upgulation in expression of the receptor, RANK, which is
located on the plasma membrane of the mononuclear osteoclast pre@naasal.,
1999, Li et al., 2000RANKL is produced by osteocytes, osteoblasts andst cells
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(Atkins et al., 2003, Nakashima et al., 2011, Xiong et al., 2@md)is found, both
membranebound and in soluble forrfNakashima et al., 2000An up-regulation in
RANKL expression can be induced during estrogen deficiflkegla et al., 2001, Yan
and Ye, 2015, Allison and McNamara, 2019, Geoghegan et al., ,204:9%ds of
unloading(Pan et al., 2010, Xiong et al., 2011, Plotkin et al., 2@h8)in response to
increased systemic PT@Huang et al., 2004, Jilka al., 2010, Bellido et al., 2013)
RANKL binds to its receptor RANKwhich induces trimerization of the recepéord
leads to the recruitment of adaptor protein tumor necrosis factor reeestiated
factor 6 (TRAF6). Activated TRAF6 then activates th& Binase (IKK) complex,
which then stimulates transcription factauclear factokappalight-chainenhancer
of activated B cell{NF-¥ B activity, resulting in activation ohuclear factor of
activated T cells INFATc1) the master regulator of osteoclagaesis. Additionally,
activator proteirl (AP1) transcription factorsomprising of Jun, Fos and ATF family
members are also activated via the induction-6bs by adaptor proteingjgure

2-10A.
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Figure 2-10: The different stages of osteoclast differentiatidh RANKL signalling

is mediated by TRAF6, TRAF6 activates-NB . Acti v-ABi andoMARKs
leads toinduction of eFos at the initial stage of RANKL signalling8)( RANK

signalling cooperates with OSCAR and TREM2 receptors leading to the amplification

and translocation of NFATc1Cj Amplification of NFATc1 induces its target genes

to regulate osteoclasgtifferentiation, cell fusion and functiqiark et al., 2017)

The recruitment of adaptor proteins leads to activation of MAPKsifc INK,
p38 andAtk/PKB). RANK signalling works togethewith immunoglobulirlike
receptor/ITAM signals such as TRERMDAP12 and OSCAR/FcR resulting in the
amplification and translocation of NFATc1 to the nucldtigure 2-10B (Asagiri and

Takayanagi, 2007, Park et al., 201R)FATcl induces target genes such as-DC
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STAMP, which is involved in cell fusion andtp6v0d2 a vacuolar proton pump unit
that mediates extracellular acidification in boresorption(Kim et al., 2008) After
the fusion and formation of multinucleated osteocldlsese transcription factors also
regulate osteoclast function genes such as TRAP, cathepsinf3 amegrin, which
are needed for bone resorptidhgure 2-10C (Teitelbaum, 2000)There are other
cytokines such as TNFand interleukins e.g. IL-6 and 1l-8, which induce
osteoclastogenesis independent of the RANKL patiwBye ndr e et al
et al., 208). Osteoblasts, osteocytes and stromal efgesOPG a decoy receptor
of RANKL which prevents RANKL from binding to its ceptor RANK present on
osteoclast precursorsigure 2-11 (Han et al., 2018) OPG not only prevents
osteoclastogenesis but also reduces the survival -@xisang osteoclas{®oyce and
Xing, 2008) There are other factothat inhibit oseoclastogenesis such a BAP
calcitonin and estrogef@Qu et al., 1999, Vaadnanen, 200%he effect of estrogen on

bone cells will be discussed in neadetail in sectio2.6.
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Figure 2-11: Simplified shematic demonstrating osteoblast and osteeicyteced

osteoclastogenesis. Osteobtastoduce MCSF, RANKL and OPG. {@SF binds to

c-Fms receptors presemn osteoclast precursors. Osteosyd#so produce RANKL

and OPG, OPG inhibits RANKL actions by preventing RANKL from binding to its

receptor RANK present on osteoclast precursors. BindingG8%W and RANKL leads

to osteoclastogenesis and the formatibmature multinucleated osteoclasts.

2.4.2 Osteoblast signalling

There are many transcription factors that are vital to osteoblast differentiation, Runx2

and Osterix are two examples of transcription factors that are necessary for early stage

osteoblastogenesi Runx2 controls the eaHgsteoblast phenotype and is dewn

regulated when osteoblashature. RunxZ- deficient miceshow complete absence
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of both intramembranous and endochondral ossification tduthe absence of
osteoblast differentiatiofKomori et al., 1997, Otto et al., 1997, Komori, 2Q06)
Osterix deficient mice show a complete lack of osteobi@é&ashima et al., 2002)
b-Cateninis a signal transducer in the Wnt signalling pathwiaat is required for
osteoblast differentiation at the posteoblast stageWhen inactivated in
mesenchymaprogenitor cells it inhibits osteoblast differentiation anthstead
mesenchymal cells differentiate into chondrocy(Eemori, 2006) The enzyme
alkaline phosphatas@&P) is secreted byone lining cells an@steoblastswhich
regulate local phosphate concentrations and promote mineralisatigmoviding
attachment sites for mineral nucleatig®olub and BoeszBattgalia, 2007)
Osteoblasts produce a range of bone matrix proteins including Ostepaalcin
noncollaggnous proteirsynthesised and secreted estvely bymatureosteoblas
which is known toplay a role in controlling nucleation of hydroxyapatite crystals
(Sila-Asna et al., 2007¥steopontins associated with late stage osteoblast maturation

and is a cell binding proteii©®'Regan and Berman, 2000)

As well as producing bone matrix proteins, osteoblasts also pr@duvariety
of growth factors and cytokines, most notably transforming growth fadtbGFb )
insulinlike growth factors (IGFs) and members of the tumor necrosis factor
superfamily (TNFU, -CBF and RANKL). TGFb pl ays a rol e at ev
ostedlast life cycle byacting as a chemoattractant and stimulating the proliferation
of osteoprogenitor cell$feilschifter et al., 1990, Urano etal., 199BB6Fb r egul at e s
the synthesis of extracellular matrix proteins and proteases such as#éésalcin,
osteopontin and MMP1@®erynck et al., 2008)in the initial stages of the osteoblast
life cycle TGFb st i mul ates bone matrix synthesis

osteoblast differentiation by repressing Runx2 expression and fuétimton et al.,
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2001) TGFb al so i nhibits osteocyt(Bortamptalpt osi s
2001) Invitro TGFb i ncreases membrane ruffling in
isolated osteoclast precursors into b{Pikington et al., 2001and it later stimulates

osteoclast differentiation and proliferatipVang et al., 2017)TGFb  camaffect

osteoclast differentiation indirectly as it influences osteoblast expression of osteoclast
regulatory proteins e.g. MSF, RANKL and OPQKrast et al., 2004)The role of

these osteoclast regulatory proteins is discussed in s@cfidn

2.4.3 Osteocyte signalling

The Wnt pathway plays a key role in development and in main¢aadult tissue
homeostasigYang, 2012) The pathway promotes the commitment of MSCs to the
osteogenic lineage whilst inhibiting adipogenic actttondrogeniccommitment
(Lerner and Ohlsson, 2018}anonical Wnt signalling also decreases bone resorption
by increasing expregsi of Wnt target gene OPG, which, as previously mentioned,
acts as a decoy receptor for RANKGEIlass et al., 2005)n Canonical Wnt signalling,

Whnt ligands bind to cell surface receptors LRP5/6 and frizzled (FZD) to form a ternary
complex. The intracellular region of LRP5/6 is phosphorylated, and this leads to the
recruitment of AXIN causinghe translocation and disruption of the destruction
complex (which includes Axin, adenomatous polyposis coli (APC), dishevelled
(DVL), casein kinasd (CK1) and glycogen synthase kingfe(GSK3b ). This leads

to the accumulation of ngphosphorylated-caenin in the cytoplasm and tHe
catenin then translocates to the nucleus where it binds to TCF/LEF transcription
factors to initiate the transcription of Wnt target genes,Fgare 2-12A (Komiya

and Habas, 2008)

The Wnt antagonist sclerostiancoded by the gene SOST, is produced by

mature osteocytesnd inhibits osteoblast function and bone formaiiBoole et al.,

36



Chapter 2

2005, Lewiecki, 2011, Tu et al., 2012)Vhen sclerostin binds to LRP5t6revents

this receptor from interacting with Wnt ligandscatenin is phsphorylated by CK1

and GSK®, which target it for ubiquitination and $Bcatenin is destroyed by the
proteosomal machinery, transcription of Wnt target gene is therefore inhibited, see
Figure 2-12B (Komiya and Habas, 2008, Holdsworth et al., 201S¢lerostin
modulates the osteoprogenitor population and regulates osteoblast lineage fimction.
vitro sclerostin has been shown to decrease ALP activity and mineralisation, as well
as inhibiting cell proliferation and increasing apoptosis of mouse MSCs and human
primary osteoblast@Vinkler et al., 2003, Sutherland et al., 2004, Atkins et al., 2011)
Sclerostin plays an indirect role in regulating osteoclast differentiation, as it increases
RANKL synthesis in osteocyté$u et al., 2015and sclerostiimediated inhibition of

Whn t-¢atenin signalling reduces OPG expression in osteoblasts and ostéGtasss

et al., 2005, Kramer et al., 201&clerostin has also been shown to regulate osteocyte
apoptosisijn vivg loss of SOST in mice has been demonstrated to lead to decreased
apoptosis in osteocytékin et al., 2009) Additionally, sclerostin plays a role in the
maintenance of osteocyte morphology and connectivity, as deletion of the SOST gene
or SctAb treatment hasden shown to preserve osteocyte number, morphology and
orientation (Qin et al., 2015, Chandra et al.,, 201Dsteocytes are the main
mechanosensors in bone, mediating mechanically induced bone remodelling.
Mechanical signals are created by the flow of pericellular fluid through the lacunar
caralicular system or through direct strain via the integrin attachnférdasg et al.,

2007, McNamara et al., 2009psteocytes as mechanosensory dsldiscussed in

detail in sectior?2.5.1

37



Chapter 2

WNT OFF (Sclerostin inhibited)

2000000 oc'o
LRP4 LRP5/6

Figure 2-12: A simplified overviewf the canonical Wnt signalling pathwag)(\Wnt
signalling is activated through binding of the Wnt ligand to LRP5/6 receptor, this
leads to translocation and disruption of the destruction complegatenin
accumulates in the cytoplasm and translocateshie nucleus where it bisdo
TCF/LEF transcription factors and initiates transcription of Wnt target gersin(

the absence of Wnt ligands or wiseterostin is bound to LRP5/6 or LRP4 receptor,
cytosolicb-catenin is phosphorylated and tagged forquitination by the destruction
complex andb-catenin is degraded by proteasomes, transcription of Wnt tgeyets

is represseq@Holdsworth et al., 2019)
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2.5 Bonemechanobiology

Bone homeostasis is dependent on the mechanosensitivity of bone cells to sense
mechanical signals and their ability to transduce mechanical stimuli into biochemical
responsedrigure 2-13 (Robling et al., 2006b)As mentioned in sectio?.1, bone is

an adaptive material which remodels to support biochemical demands and
biomechanical loads, to prevent accumulation of fatigue damage, to repair
microfractures and maintain calcium homeostasis in the 8dwin, 1983) Bone

cells are exposed to a combination of fluid shear stress and extracellular matrix strain
(Coughlin and Niebur, 2012, KleiNulend et al., 2012, Birmingham et al., 201i8)

order to sense these forces the cells possess multiple mechanosensing mechanisms
including gap junctions, integrins and primary c{@ambaras et al., 1998, Malone et

al., 2007a, Malone et al., 2007b, Litzenberger et al., 208nulation of these
mechanosensors leads to a number of intracellular signalling cascades such as MAPK
and Wnt signalling, resulting in changes in proliferation, diffeegimin, matrix
production and cell deaffThompson et al., 2012Yhe resulting changes in matrix
production can alter the mechanical environment and thus change the mechanical
stimuli to which the cells are exposed. Mechanosensation, mechanotransdnctio

the mechanical environment of bone cells will be discussed in this section.
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Figure 2-13: The mechanical environment of bone is defined by the tissue
composition, the tissue microarchitectures, ane éxtrinsic loads applied during

daily activities. Fluid shear stress and matrix strain are the loads transmitted at the
cell level. Bone cells possess mechanosensors withn stimulated, leads to
activation of mechanotransduction pathways, resultinchemges in gene and matrix
production. These changes alter the tissue composition and structure of the bone. This
mechanobiological process continues until the material has adapted to the loading
conditions and has achieved a homeostatic mechanical emveot(\Verbruggen and

McNamara,2018)

2.5.1 Mechanosensation

Cells are able to detect mechanical forces because they have mechanosensors, which
are specific proteins or molecular complexes present on the surface of the cell. The
mechanosensors are broadly categorized into three types: (tekattachments,

suchas stretckactivated gap junctions and adhesion junctions; (2) structures on the
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cell membrane that can deform under fluid flow e.g. primary cilia; and (3) attachments
between the membrane and the ECM imggrins(Eyckmans et al., 2011l bone

cells are mechanosensitive in some capacity, however, osteocytes are thought to be
the primary mechanosensors in boAgrevious study, designed a transgenic mouse
model, whereby targeted expression of diphtheria toxin (DT) receptor wais wseaml

to achieve inducible and specifablation of osteocytes. MictGT, RT-PCR and
histological analysis of the osteocyte ablated mice observed fragile bone tissue with
an increase in intracortical porosity, microfractures, osteoblast dysfunction and
trabecular bone loss. Interestingly, osteodgts mice were resistant to unloading
induced bone loss by hind limb suspension. In addition, increases in RANKL and OPG
expression in response to unloading were not observed in ostattgted mice. This

study highlights the role of osteocytes in mechanotransduction and regulating bone
quality (Tatsumi et al., 2007)Regardless of which bone cell type, a mechanical
stimulus is transmitted from tha&hole bone level down to external cellular
mechanosenso@ndis then transmitted through the cytoskeleton or cytoplasm and
can initiate a biochemical cascadiegber, 2003, KleirNulend et al., 2005, Jacobs et

al., 2010, Guo et al., 2013, Uda et al., 2017)

I ntegrins are heterodimeric transmemb
b subunits, t he yarmatrir (EEM) tvith tha @toskeketom vehitste | | u
also mediating celtell interactions and act as signalling recep{biarie et al., 2014)
In osteoblasts, thil subunit appears to be important for osteoblast signallirfgfl. as
knockout mice show a decrease in bone mass and an increase in cortical porosity
(Zimmerman et al., 2000)Following oscillatory shear stress, integrin associated

proteins; focal adhesi on kivase onbifeA K) a
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regulation of bone formatierelated genes such as CQxXcfos and OPNLee et al.,

2008, Leeetal.,,2010) I n ost eocyti:has peerergpprdeie thescellon o f
bodyFigure 2-14C, wherea$z is found primarily on the cell processEgyure 2-14E
(McNamara et al., 20090 osteocytes it has also been observed that punctate integrin
attachments spaced along the canalicular wall exist and they &ppedocalize with
projections of the ECM into pericellular spadeigure 2-14D (McNamara et al., 2009)

It has been proposed that mratstrain and fluidinduced deformation is sensed by
osteocytes via integrih a s e/fu) attadhments between theiell processes and the

ECM projectiongWang et al., 2007, McNamara et al., 2009 as been hypothesised

that another mechanism in which osteocytes sense fluid flow is viarithweed drag

force on tethering elements of the pericellularcglcalyx, which attaches the cell to

the lacunaicanalicular wallFigure 2-14B (You et al., 2004)This is supported b

vitro studies, that demonstrated that enzymatic removal of the glycolcalyx reduces the
ability of osteocytes to respond to fluid flow via the PGQiathway(Reilly et al.,

2003) Blocking Ubs in MLO-Y4 cells, resulted in retraction of osteocyte cell
processes, as well as disruption in GOXxpression and PGEelease in response to
fluid shear st r gbsisesseniidl forshmainiegapee sfiosteocytd at U
cell processes and also for mechanosensation and mechanotransduction by osteocytes
(Haugh et al., 2015)1bsis the major integrin expressed by osteoclastiit localises

to the podosome at the leadingedfiee r ef or e, It hadsplbysen s uc
a role in cell migrationwhich is essential for bone resorptifHolt and Marshall,

1998, Nakamura et al., 1999)ike osteoclasts, macrophages interact with the
underlying ECM exclusively through podosomdginder, 2007) alveolar
macrophages were shown to adapt their morphology to substrate st{ffeessl et

al., 2006) These findings suggest that osteoclasts and their precursors may sense the
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physical environment bt asimecharsersa{Pamaket s

al., 2011)

F-actin bundle Matrix “hillock”
on cell processes

g 2R

(E) Bsintegrin on
cell processes

(B) Tethering elements
along cell process

(C) B integrin on
cell bodies

Figure 2-14: Schematic highlighting key features of osteesytmplicaéd in
mechanosensing frofverbruggen and McNamara, 2018)\) TEM image showing
cross section of osteocyte process displayhagtin bundle on cell process@sou et

al., 2009; (B) TEM image of proteoglycan tethering elements (black arrows),
bridging the osteocyte cell process to the canalicular wa&l); Inmunofluorescent
staining showing th&; integrin is localised only on the osteocytzll bodies; D)

TEM image demomsting the discrete protrusions of the canalicular wall that contact
osteocyte processes; an&)(Immunofluorescent staining demonstrating tifat
integrins (white arrows) are present in a punctate pattern along the ostsocyte

processegMcNamara et al., 2009)
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Primary cilia are nommotile microtubulebased cellular organelles that project
from the surface of many cell types in the body including osteoblasts, MSCs and
osteocytegVenkatesh, 2017)The cilia is comprised of an axoneme of microtubule
doublets that attach to a basal body, these structures have been implicated as fluid flow
sensors and have been egi®ely researched in the kidngychwartz et al., 1997
vitro studies have identified primary cilia on osteoblast and ostetkgteell lines,
as well as on primary osteocytes and osteoblg&eo et al., 2006) It has been
demonstrated that when the primary cilium are removed from ME3IT8nd MLO
Y4 cells it results in the inhibition of mechanical induced increases in Cox2 mRNA
expression which normally fditates osteoblast proliferatiofMalone et al., 2007a)
Primary cilia have been found to play a role in the recruitment of MSCs, as well as
promoting their differentiation to the osteogenic lineé@keen et al., 2016, Labour et
al., 2016) Additionally, knockdown of primary cilia in bone marrow resulted in a
decrease in the MSC population, demonstrating that their presence is necessary to
maintain homeostasi€oughlin et al., 2016)The removal of primary cilia in bone
cellsin vivoresulted in a reductioim loading induced bone formatigmemiyasathit
et al., 2010) Mechanosensitive ion channels TRPV4 and polycyis@2(Malone et
al., 2007a)have also been identified on primary cilium of osteoblasts and osteocytes.
TRPV4 has been shown to be activated when human and murinblastéke cells
and murine MSCs are exposed to mechanical stpdwes] et al., 2009, Cagan et al.,

2018)

Estrogen receptors are also involved in bone cells adaptive response to
mechanical straifDamien et al., 1998, Damien et al., 2008)vivo, the osteogenic
response to mechanical loading in estrogen recéptork n o ¢ k qERUU)mwasc e

less, compared to WT or ER mice (Lee et al., 2003)Estrogen receptds (ER-b)
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seemgto modulate and inhibit the effects of &R; bone ceERW kpwtsses
lackingER-b, show a higher response to mechani
isoforms(Saxon and Turner, 2008 R-b has also demonstrated the ability to regulate

other mechanotransduction pathways that are important in mechanical signalling in
osteoblasts, such as ERK phosphorylation, €2&pression, PGkEelease and ER

Ulocalisation(Castillo et al., 2014)

In addition to the mechanosry organelles mentioned above, the
cytoskeleton, which is composed of many organized filaments (microtubules, actin
microfilaments, and intermediate filaments), alsosaas a mechanoreceptor.
Rearrangement athe cytoskeleton, as well as-vpgulation n COX-2 and efos
expression, was observed when osteoblasts were exposed to stea®aflaiio et
al., 1998) When the actin cytoskeleton was disrupted in mesenchymal progenitor cells
using the ROCK 1/2 inhibitor Y27632, flomduced expression oRunx2 was
attenuated(Arnsdorf et al., 2009b)Gap junctions are another mechanogmes
cellular channeléormed by two hemichannels composed of 6 connexin proteins each
(Alberts et al., 2002)They are also known as stretch activatechobls as they open
in response to mechanical loading and allow the movement of small molecules
between adjacent celiBurra et al., 2010)They exist between osteoblasts and
osteocytes, adjacent osteoblast cells as well as adjacent osté¥ejl@sley et al.,

2000, Taylor et al., 2007, Batra dt,&2012) Previous studiebave demonstrated
enhanced bone loss in connexin 43 deficient mice, due to an increase in bone
resorption and osteoclastogenesis as a results of increases in the RANKL/OPG ratio
(Zhang et al., 2011)nterestingly, it was also observed that connexin 43 deficient mice
displayed an increased anabolic response to mechanical loading, therefore showing

that gap junctions have an important role in mechanosens@lang et al., 2011)
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2.5.2 Mechanotransduction

Mechanotransduction is the process in which mechanical staneitranslated into
biochemical signals thereby allowing cells to adapt to their surrounBiggse 2-15
(Jaalouk and Lammerding, 2009Dsteoblasts and osteocytes can transduce
mechanical signals into biochemical cues for osteogengtag et al., 199Q)
Osteoblasts have demonstrated the ability to respond with biochemical cues to both
direct matrix strain(You et al., 2000knd fluid shear stresa vitro (Bakker et al.,

2001, McGarry et al., 2005, Allison and McNamara, 20F8)lowing mechanical
stimulatian, early response biochemical cues (egacellular calcium signalling) are
initiated and then late cues (e.g. PGElease and CO® expression), which can

orchestrate bone remodellifgavropoulou and Yovos, 2016)

It has beendemonstrated thatalcium is necessary for the expression of
osteopontin as well asther bone matrix protein&ou et al., 2001)There a two
different mechanisms in which mechanically induced intracellular calcium signalling
can occur, one is by the activation of plasma membrane receptors via ATP which
causes the release of calcium from intracellular st@@giensen et al., 2002, Lu et
al., 2012, Burnstock and Knight, 2017he second is ethanical strain cacause
deformation of the membranehich can lead to the activatiaf stretch activated
channelsThe influx of cations altesthemembrangotential(depolarizes membrane)
leading to activation of voltage gatediciumchannelqYou et al., 2001, Jing et al.,
2014) Osteoblasts can also promote intercellular calcium signalling by direct
communication using gap junctions which then causes intracellular calcium release
(Huo et al., 2008)This release of calcium then recruits and activates molecules such

as Phospholipase C (PLC) and Protein Kinase A (PKA) which thes lkeathe
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induction of NFe B, € é@nd CREBexpresion Figure 2-15 (Chen et al., 2003,

Liu et al., 2008)

Transcription of genes implicated in osteoblastic proliferation, differentiation and cell surviva
(osteocalcin, osteonectin, CollA, osterixps, RUNX2, SOST, COX, etc.)

Figure 2-15: Schematic diagram of the various signalling pathways that are activated
as a result of mechanical stimulation. These include’* Ghannels, Gorotein
(GPCRs)jntegrins, and Wnt receptors. Activation of these signallatgyways leads

to transcription of genes involved in osteoblastic proliferation and cell survival e.g.

osteocalcinpsterix, e¢fos, Runx2, SOST, C@Xetc.(Papachristou et al., 2009)

As mentioned irsection2.4.3 thecanonical Wnt signalling pathway plays an
important role in the maintenance and development of bone by facilitating multiple
important cell functions, including proliferation, differentiation and cell motjiiyn
et al.,, 2013) The Wnt antagonist sclerostin, inhibits osteoblast function and bone
formation(Poole et al., 2005)ollowing mechanical loading, sclerostin mRNA and
protein exression is repressed in osteocytBebling et al., 2008)This lead to

activation of canonical Wnt signalling, which mediates C®©Xnd Runx2 gene
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expression and osteoblast mineralisatidorvell et al., 2004, Rodda and McMahon,
2006, Arnsdorf et al., 2009d)p-regulation of the canonical Wnt signalling pathway
encourages MSCs to differentiate into osteoblasts, whereas, -régwiation
encourages MSC renewg@Bennett et al.,, 2005, @gory et al., 2005)A detailed

overview of the canonical Wnt signallipgithway can be found in secti@.3

Mechanical strain and fluid flow can activate mitogen activated protein kinase
(MAPK, originally called ERK) pathways in bone cells. MAPKSs are serine/threonine
protein kinasesyhichplay a fundamental role in differentiation, proliferation and cell
survival of bone cell¢Bonni et al., 1999, Pearson et al., 200h)bone cells both
cyclic strain and fluid flow, leads to phosphorylation of ERK1/2 and to proliferation
and enhanced matrix mineralization by osteoblasts and Ni&S@snons et al., 2003,
Kapur et al., 2004)as well as preventing osteocyte apopt(Bistkin et al., 2005b)

The phosphorylation of ERKs in response to mechanical stimulation, has also been
observed to regulate RANKL expressi@ubin et al., 2002)NO productionRubin
et al., 2003) expression of MMP18Yang et al., 2004and appears to be modulated

by both calcium and ATRLiu et al., 2008)

The Rho family of GTPases are signalling G proteins that regulate the actin
cytoskeleton(Hall, 2012)and are important in osteoclast differentiation and fusion
(Brazier et al., 2006, Lee et al., 2006, Ito et al., 20RBp GTPases are also important
in osteoblast function and in particular it has been shown that mechatioggri
osteoblastic cells (MC3FB1) is regulated by P2Y2 receptors through downstream
activation of the Rh&ROCK pathway in response to fluid shear sti(€ardinier et
al., 2014) Mechanical stimulation is known to activate G proté@isirk et al., 2002)
leading to activation of PKA resulting in expression of G@>and PGE release

Figure 2-15 (Reich et al., 1997)
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2.6  Osteoporosis and the role of estrogen in bone

Estrogen plays an important role in the growth and maturation of bone, as well as in
the regulatia of bone turnover. During puberty, estrogen induces the stimulation of
growth hormone (GH) and insullike growth factofl (IGF-I) which are the main
stimulators of longitudinal bone growfRuan et al., 1995} ack of estrogen, leads to
delayed closure of the epiphyseal growth plates, resulting in long extref@iied et

al., 2004)

Osteoporosis is a common disorder of
low bone mas and structural deterioration of bone, and leads to bone fragility and
increased propensity for fractu(®alle Carbonare and Giannini, 2004, Feng and
McDonald, 2011) Postmenopausal osteoporosis is a common form of osteoporosis
which is caused primarily by the loss of circulating estrogen in the bolbying
menopause. Osteoporosis results in reduced bone volume fraction, due to depletion of
the trabecular network. These changes in bone microarchitecture, have a significant
role in reducing bone strength, which is seen in osteopdidsidamara, 2010)In
addition to changes in trabecular microarchitecture, there are also important changes
in tissue compositiofBrennan et al., 2011an human bone and animal models of
osteoporosis, t distribution of tissuéevel mineral has been shown to be altered
(Busse et al., 2009, Brennan et al., 2011a, Brennan et al., 20d4particular,
longitudinal micro-CT analysis in ovariectomesl (OVX) rat models, revealed that in
the first 4 weeks of estrogen deficiency there is a rapid depletion of trabecular bone
volume and microarchitecture, with no chasgemineral distribution in these weeks
(Boyd et al., 2006, Waarsing et al., 2006, Brouwers et al., 2008, Perilli et al., 2010,
O'Sullivan et al., 2019)However, the rate of bone loss in the OVX animals reduced

between week 4 and 14, this coincided with increases in trabecular thickness
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(Waarsing et al., 2006, Brouwers et al., 2008, Perilli et2810, O'Sullivan et al.,
2019)Figure 2-16. More recently, an increase in bone mineral density and mineral
heterogeneity, along with an increase in trabecular thickness, have been reported in
long term estrogen deficient rgtd'Sullivan et al., 2019) Increases in mean mineral
density and mineral heterogeneity in trabecular bone, have been demonstrated through
mechanical testing to render the tissue more brittle and therefore increase the

propensity to fractur@Busse et al., 2009)

As mentioned in sectioR.1.2 estrogen deficient rats demonstrated increased
lacunarcanalicular porosity surrounding osteocytes in both cortical and trabecular
bone from the proximal tibial metaphysis. The increase gy was not due to
changes in lacunar density, lacunar size or the amount of canaliculi per lacuna. Rather,
the effective canalicular size was larger in OVX rats compared to SHAM animals, due
to alterations in collagen surrounding the osteocyte cana{shérma et al., 2012)
Further research found that these changes in collagen increased the permeability to
small molecules at the lacureatnalicular surface. A tracer solution of FF&belled
bovine serum abumin was used to trackuid movement through the lacurar
canalicular system, and found that there was enhanced interstitial fluid flow in the
proximal tibia of OVX rats compared to SHAM animals. Solute transport was
increased in trabecular bone of OVX rats in response to pbhgsal mechanical
loading, however, in cortical bone solute transport was the same in OVX and SHAM
animals(Ciani et al., 2014)In cortrast, studies usingoth human oteoporotic bone
andOVX rats reported significantly higher lacunar density but reduced lacunar area
compared to controlMullender et al., 1996, Tommasini et al., 2012pwever, other
studies have ported a decrease in lacunar density in osteoporotic females compared

to healthy femaleiu et al., 2003, Mullender et al., 2006} no significant changes
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in lacunae area between women with or without osteoporotic fragMogxeadie et

al., 2004) The initial bone loss orchestrated by increased osteoclastogenesis in the
first 4/5 weeks posDVX (Hughes et al., 1996, Waarsing et al., 2006, Voisin and
McNamara, 2015)has been shown to increase the stinutabf osteocytes in the
remaining bonéVerbruggen et al2015) Particularly, digital image correlation (DIC)
analysis of osteocytes during compressive loading of bone tissue from OVX and
SHAM rats, revealed that osteocytes in osteoporotic bone (5 week©OYWx3t
experience osteogenieca larger proportson of thd 6ell 0 0 O
compared to cells in healthy bone. However, in long term estrogen deficiency (34
weeks posOVX), a decrease in the proportion of osteocytes exceeding the osteogenic
strain threshold was observed, resulting in the seauironment of osteocytes in 34
weeks posOVX tissue being restored to SHAM levéierbruggen et al., 2015)he
restored strain environment iong termestrogen deficiency mighte explained by
increased trabecular thickness and stiffness that has been observed to occur at 14 and
34 weeks posDVX (Waarsing et al., 2006, O'Sullivan et al., 2019%) addition to
changes in the lacunaanalicular system following ovariectomy, cortical vascular
porosity is also altered. gaular pores in cortical bone play an important role in-load
induced interstitial fluid flow as they allow relaxation of fluid pressure in the lacunar
canalicular system when bone is mechanically loa@@owin, 1999) Estrogen
deficiency has been demorated to cause an increase in cortical vascular porosity
and increased cortical vascular diameter in the rat proximal tibia, as a result of matrix
loss surrounding the vascular pdqf@harma et al.2018) The increase in vascular
porosity due to estrogen deficiency could decrease bone str@uitheider et al.,
2013)and decrease the mechanical stimulus that nearby osteocytes would be exposed

to (Wang et al., 1999, Gatti et al., 2018Jhe importance of estrogen in regulating
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mechanosensation, morphology, and function of each of the main bone cell types will

be discussed in this section.

SHAM

OovX

Figure 2-16: 3D reconstructions of mice€T images of metaphyseal trabecular bone
in the proximal tibia ofone SHAM and one OVX animal, showing progressive bone

loss in OVX animadluring long term estrogen deficien@®'Sullivan et al., 2019)

2.6.1 Osteocytes

Estrogen plays a role in osteocyte mechanosensatioitro estrogen has been shown

to increase the mechanosensitivity of osteocytes to oscillatory fluid flow by inducing
an increase in DMR, SOST ALP, OCN and mRNAxpression as well as increas

in NOS activity, NO and PGHelease. However, when estrogen was withdrawn or
the estrogen receptor chemical inhibited, the downstream responses to fluid flow were
reducedDeepak et al., 2017)n addition, intracellular calcium [€§; oscillationsin
response to fluid flow were enhanced in the presence of estrogen but this effect was
impaired in estrogen deficient conditions. This suggests that the primary response to
mechanical stimulation in the form of increased calcium signalling is reguigted
estrogen, and in the absence of estrogen, calcium oscillations may be disrupted,
leading to altered mechanosensitiv{fyeepak et al., 2017)Supporting this,bs-
integrin positive osteocytes were found to be reduced in the cortical bone of OVX rats
compared to SHAM animals, which suggests that ¢id in bz expression in
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osteocytes might impair the mechanosensation of osteocytes during estrogen
deficiency and lead to the diminished downstream signalling mentioned previously

(Voisin and McNamara, 2015)

Figure 2-17:. The effect of estrogeik) and estrogen withdrawaEW) on MLOY4

cell morphology under static conditions. Immunocytochemistry images shovapg
row- actin fibres and vinculin staining, reduction in focal adhesion size was seen in
estrogen withdrawal group compared to estrogen treated group. BottomUawb 3
and vinculin stining, in estrogen withdrawal group there was reduced localisation of

Uvb3 at the f @eogHegametdl.e26109)0n sit es

In vitro experiments performed on ML®4 cells that hadundergone an
estrogen withdrawal regi me reveal ed smal
localisation at the focal adhesion sit€sgure 2-17. This was shown to result in

increased RANKL/OPG expression and defective €Kesponse to fluid flow.
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Bl ocking Uvb3 resulted in similar effect:
and COX2 expression, suggesting that there is a relationship betweegerstr
withdrawal and def ec t(GeogheganetaB 20b®sttdgent e d s i
also affects how osteocytes regulate bone remodelisfgogen has been shown to
induce osteodgs expression of Sema3A, which acts in an autoregulatory manner to
promote the survival of osteocytdslayashi et al., 2019)Sema3A plays an
osteoprotective role by supresgbone resorption and stimulates bone formation. The
way in which Sema3A exerts these effects is by inhibiting RANKduced
osteoclastogenesis through inhibiting ITAM and RhoA signalling pathways and by
stimulating osteoblasts and inhibiting adipocyiéfedentiation through canonical
wnt/b- signalling pathwayqHayashi et al., 2012)Estrogen is known to effect
expression of the Wnt antagonist sclerostin, which influences synthesis of RANKL
(Tu et al., 2015)In vivo estrogen negatively affects sclerostin expression in human
postmenopausal boa@dOVX mice(Kim et al.,2012, Fujita et al., 2014)n contrast,

a reduction in sclestin expression has been reported in one study of estrogen
deficient mice(Jastrzebski et al., 2013jowever,this study also concluded that
ovariectomy had variable effects on sclerostin mMRNA and protein expression in mice,
and was dependent on the bones examined and the time after surgery. In the calvarias
of OVX mice there was a decrease in SOST mMRNA levésaageks possurgery but

no expression change was seen at week 3. Conversely, SOST mRNA levels were
significantly lower in OVX femurs at 3 weeks pestrgery, but SOST expression was
equal to that of SHAM animals at weeKJastrzebski et al., 2013jinally, estrogen

has been implicated in the regulation of osteocyte apopt®X rodents and
osteoporotic humanggplay significant increases in apoptotic markers in osteocytes

(Tomkinson et al., 1997, Tomkinson et al., 1998, Emerton et al., 2010, Flo&ihvwao
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et al., 2018) Increased apoptosis in osteocytes due to estrogen deficiency has also
been suggested to result in hyjp@neralisation or micropetrosis of the lacunar space
and surrounding bone tissierost, 1960, Boyde, 2003, Busse et al., 204
changes in the organisation of the osteocyte net@mkthe et al., 2004, Sharma et

al., 2012)

2.6.2 Osteoblasts

Estrogen has been shown to play a protective role in osteoblast survival by inhibiting
osteoblast apoptosis and increasing the lifespan of osteoblasts. Estrogen exerts these
effects due to activain of the Src/Shc/ERK signalling pathway and deegulating

JNK, which alter the activity of transcription factors such as CREB ahthfcFos
(Kousteni et al., 2001, Kousteni et al., 2Q03%teoblasts treated with estrogen exert

an important influence on osteoclasts; whereby they attenuate RANKiced
osteoclast formatio(Qu et al., 1999up-regulate OPG expressifBord et al., 2003)

leading to a decrease in RANKL to OPG raialison and McNamara, 2019)
Production of interleukins known to induce osteoclastogenesis suth@sand IL-1

are downregulated(Qu et al.,, 1999)Osteoblasinduced osteoclast apoptosis is
increasedWang et al., 2015due to estrogen uregulating TGFb and s ol ubl e
ligand (sFASL) in osteoblasts which leads to the apoptosis of osteoclast precursors
and osteoclasts respectivéiughes et al., 1996, Krum et al., 2008jterestingly,
estrogen deficiency leads to an increasesteoblastogenesis, albeit that the rate of
resorption exceeds that of formatigRosen, 2000b, Krassas and Papadopoulou,
2001) Estrogen withdrawal from osteoblasts leads to changes in mineral deposition
under static conditionand an increase in osteocyte apopt{Brennan et al., 2012,
Brennan et al., 2014byloreover, surgically induced estrogen deficiency and naturally

occurring menopause result in an excess production -6f IL-1 and TNFU by
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osteoblasts and bone marrol\erived stromal cell@Girasole et al., 1992, Zheng et al.,
1997, Weitzmann and Pacifici, 20Q06Wwhich are factors that also govern

osteoclastogenesis.

Interestingly, primary osteoporotic bone cells display deficient long term PGE
release in response to mechanical stinrulvitro (Sterck et al., 1998)0steoblasts
respond to mechanical stimulation by C@Xupregulation(Wadhwa et al., 2002)
when estrogen receptors expressed by osteoblasts are chemically inhibited, a
significantly higher level of COX expression is seen in response to stimulation,
indicating that under estrogen deficient conditions osteoblasts may become hyper
mechanosensitive. The increase in G@Xxpression along with an increase in the
cytokine MCSF in estrogen deficient osteoblasts may indicate a heightened
inflammatory response to mechanical stimulat{@Hfison and McNamara, 2019)
Typically, when osteoblasts are mechanically stimulated they respond -by up
regulating the RANKL inhibitor OPGLi et al., 2013) however, estrogen deficient
osteoblastsn vitro were shown to downegulate OPG in response to mechanical
stimulation(Allison and McNamara, 2019This further supports the idea that the lack
of estrogen causes alteratianghe mechanoresponsivesg of osteoblasts, resulting

in deficient preosteogenic and antisteoclastic responses to mechanical stimulation.

2.6.3 Osteoclasts

Estrogen is known to have indirect effects on osteoclasts, by regulating production of
osteoclastogenifactors such as RANKL, HL, and OPG in both osteoblasts and
osteocytedrigure 2-18A. Estrogen also has a direct effect on osteoclast function,
differentiation and swival Figure 2-18B. Deletion of the gene Esrl that encodes for

ERU in mature osteoclasts resulted in inc

bone and reduced bermasgNakamura et al., 2007)ncreased osteoclast number
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was due to a dowregulation in FASL expression in osteoclasts resulting in reduced
osteoclast apoptosis. The additiomceof est
(wild type mice) showed an increase in FASL mMRNA expressionever estrogen

had no effect on FASL e x'jefieietmiceo hshould ost e
be noted however, that decreased bone mass as a reERUof del et i on was
observed in female mice. Male mice showed no change in bone(Nesamura et

al., 2007) DeletionofERU f r om t h e -neaoraphageecellirmage hasyd e

effect on cortical bone massjggestinghat indirect actions of estrogen on osteoclasts

are responsible for the suppression of resorption in cortical(beréin-Millan et al.,

2010)
B
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Figure 2-18: Indirect and direct effects of estrogen on osteoclasisLéw estrogen
levels causeosteoblass (OB) to increase production of tumour necrosaetobrs
(TNFs) e.g. TNRU  a rnnterleukins e.g. It7 as well as increases in RANKL
production. Osteoblastlso promote the proliferation of-Gells and their sectretion

of TNFs and RANKL, this leads to increases in osteoclastogeBgEstfogen binds

to ERJon osteoclasts (OC) and increases FASL expression in osteoclasts leading to

osteoclast apoptosis. In the absence of estogen, FASL expression is reduced and
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osteoclast life span is prolonged. Suriving osteoclasts stimulate osteoblasts to form

bone but the resorptive effect is dominghtovack, 2007)

Estrogen can supress RANKL and@®&F induced osteoclastogenesis in both
mouse bone marrow macrophages (BMMs) and the cell line RAW264.7, by
supressing JNK1 activity and dowegulating eJun expression which results in
suppression of AR activity which is known to be essential for osteoclast formation
(Shevde et al., 2000, Huber et al., 2001, Srivastava et al.,.200iL)man monocytes,
estrogen was shown to inhibit RANKL induced osteoclastogenesis by induclig ER
binding to the scaffold protein BCAR1. TheBR BCAR1 compl ex seques
receptor,which impairs RANKLinduced osteoclastogenesis by decreasingBNF
activation (Robinson et al., 2009)0steoclasts resorptive capabilities can also be
affected by estrogen; osteoclasts treated with estrogen showed a decrease in secretion
of cathepsin B, cathepsin L, cathepsin K and TRAP, which are lysosomal enzymes
necessy for bone resorptiofKremer et al., 1995, Mano et al., 199@strogen has
been shown to reduce resorption pit depths but not the area resorbed, pits left by
estrogen treated osteoclasts were shallower and contained a dense collagen network,
indicating there was incomplete collagen degradation due tatreds in cathepsin

K (Parikka et al., 2001)

2.7 Treatments for osteoporosis

Bone loss due to estrogen deficiency has been attributed to an increase in osteoclast
activity (Lane et al., 1998described in sectio?.6) andthe ensuing reduction in bone

mass leads to an increased propensity for fradiDedle Carbonare and Giannini,
2004) For this reason, a variety of antisorptive therapies have been developed
whose primary mode of action is to inhibit osteoclasts, either directly or via osteoblast

derived factors (e.g. IGF1, T&G¥F ,TNF-U) , i n c | asphonatgs, ebtiogem h
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Denosumab an@®ERM Rdoxifene (Pavone et al., 20175uch therapies prevent
proliferation, maturation of osteoclast precursors and/or promote apoptosis of mature,
multinucleated osteoclastslowever, even with drug treatment, 50% of sufferers
experience disability antb% never regain good hea(tbompston and Rosen, 2002)

and more importantly drugs only reducadiure susceptibility by 50¢Randell et al.,

2002, Murad et al., 2012) his may béecaus¢he mechanisms initiatingsteoporosis

are poorly understood. It is anticipated that osteoporotic fractures will double and the
worldwide cost will reach $132 billion by 2050 if current prevention andrresat
methods are navolved(Wood, 2004)In recent years, there has been an interest in
the development ainabolic therapiesvhich target the stimulation of bone formation
and therefore improve bone strengdiino anabolic therapies are now FDA approved,
Teriparatide ad, as of April 2019, Romozumal(Esbrit et al., 2016, Zhang et al.,

2016)

Parathyroid hormone (PTH) increases bone turnover by activating osteoblasts
resulting in bone formation and also indirectly affects bone resorption by regulating
RANKL and OPG expressidiCarter and Schipani, 2006)eriparatide (an analog of
PTH), was the first anabolic therapy to be approved, it wlaswn to increase
osteoblast number and bone fatmon activity(Carter and Schipani, 20Q&)s well as
downregulating sclerostin in osteocyt@B3ellido et al., 2013)However, the use of
Teriparatide is limited to 2 years and the drug is associated with a potential risk of

osteosarcoméSubbah et al., 2010, Shah et al., 2015)

Another potential target i<kerostin which isproduced by mature osteocytes
and inhibits osteoblast function and bone formaflawiecki, 2011, Tu et al., 2012)
Sclerostirme di at ed i n h4chténin signallingo Haslst\bedn /stipwn to

reduce OPG expression in osteoblasts and ostedq&ytaser et al., 2010Antibodies
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that neutralise sclerostin hagained therapeutic attention in recent yeerthey have
been shown to increase bone mass and strength in osteopohlugisanimal studies
and human clinical trialéLi et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al.,

2015, Zhang et al., 2018®minsky et al., 2017)

2.8 Summary

This chapter has presented a detailed review of pbgsiology, the functions and
mechanobiology of the main bone cells, and how they are affected by estrogen or the
lack of it. In summary, bone is a highly dynamic material that is capable of adapting
itself in response to mechanical loading in order tintaa bone homeostasis. This
adaptive behaviour is orchestrated by osteocytes, which communicate with bone
forming osteoblasts and bone resorbing osteoclasts, to replace old, damaged bone.
Whilst the basic mechanobiological responses to mechanical sionuae known in
osteoblasts and osteocytes, how these responses change during estrogen deficiency,
and in particular what effect these changes have on osteoclastogenesis and resorption,
is poorly understood. In addition to changes to osteocyte mechapnoseat the
cellular level during estrogen deficiency, it hasrbseggested that the osteocytes

surrounding matrix may be altered, exactly how and what is altered remains unclear.

Chapter 3 of this PhD thesis investigates how mechanically stimulated
osteblasts regulate osteoclastogenesis and resorption during estrogen deficiency.
Chapter 3 also examines whether ROCK1/2, which is involved in
mechanotransduction, plays a role in osteohtatiiced osteoclastogenesis. Chapter
4 investigates whether alteredechanosensation in estrogen deficient osteocytes
affects osteoclastogenesis and bone resorption. In addition, the hypothesis that
administration of asclerostin antibodyin vitro can reduce osteocyteduced

osteoclastogenesis and resorption is also tigaed. Finally, in chapter 5, cortical
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microporositywill be assessed in week 4 and week 14 OVX and SHAM rats, to
determine whether there are differences in the osteocytes microenvironment in the
form of changes in lacunar and vascular porosity. Ch&ptéli also examine whether

some of these alterations are due to micropetrosis or perilacunar remodelling.
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Chapter 3: Inhibition of
osteoclastogenesis by mechanically
stimulated osteoblasts is attenuated

during estrogen deficiency

3.1 Introduction

In healthy individuals bone homeostasis is maintained by a fine balance between
osteoclast and osteoblast activity. At the onset of postmenopausal osteoporosis there
is a dramatic reduction in the levels of circulating estrogen in the bladdhe has

been shown to directly increase the number and resorption activity of osteoclasts,
ultimately leading to bone los@Rosen, 2000b)fractures, pain and immobility
(McNamara, 2010)Bone loss due to estrogen deficiency has been attributed to an
increase in osteoclast activifiyane et al., 1998and the ensuing reduction in bone
mass leads to an increased propensity for fradiDedle Carbonare and Giannini,
2004) For this reason, a variety of antisorptive therapies have been developed
whose primary mode of action is to inhibit osteoclasts, either directly or via osteoblas
derived factors (e.g. IGF1, TGH, TN E i ncluding bisphosplt
Denosumaband SERM Raloxifene(Pavone et al.,, 2017Such therapies prevent
proliferation, maturation of osteoclast precursors and/or promote apoptosis of mature,
multinucleated osteoclasts. However, although such treatments phestbat bone

loss and have been widely used for many years, it remains that antiresorptive therapies
only reduce chance of fracture by ~ 502 mpston and Rosen, 200%Yhile anabolic
therapies such as Teriparatide and Romozumab have been dev@&spgatet al.,

2016, Zhang et al., 2016hey are not yet widely prescribed due to various factors
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including lack of long term efficacy data and potential side effects. It is anticipated
that osteoporotic fractures will double and the European cost will reach $76.7 billion
by 2050 if current gvention and treatment methods are not evo(fsani et al.,

2016) This represents a significant healthcare and economic burden, because
osteoporosis affects 200 million women worldwide and 1 in 3 womentbgege of

50 will experience osteoporotic fracturgsanis, 2007, Mion et al., 2009)

Osteoblasts act as mechanosensors of physiological logdiaget al., 2008)
by producing nitric oxide, synthesise prostaglandin and activate intracellular calcium
signalling(Sterck et al., 1998which govern biochemical signalling and changes in
gene expressiofiHuo et al., 2008)Iin particular, mechanical stimulation of osteoblasts
leads to increased OPG release whereas ttoking RANKL decreaseslogether
these play an essential role in regulating osteoclast maturation and res@fticat
al., 2006a, Kim et al., 2006b, Matsuo and Irie, 2008, Lee et al., 20H)oclast
differentiation is dependent on RANKL produced by osteoblasts and osteocytes
(Asagiri and Takayanagi, 2007, Boyce and Xing, 20@@)ich binds to RANK
receptors on osteoclast progenitors and activates signalling cascades)gresult
NFATcl activation(Asagiri and Takayanagi, 200@nd expression of genes that
govern osteoclast activity, including TRAP and CT@#m and Kim, 2014) OPG is
a decoy receptor that binds to RANKL to prevent RARKNKL binding and inhibit

osteoclastogenes&illespie et al., 2000)

Estrogen governs osteoclast activation, turnover rate, apoptosis and resorption
capacity(Hughes et al., 1996, Eriksen et al., 1999, Wang et al., 20QS)eoblasts
treated with estrogen exert an important influence on osteoclasts; whereby they
attenuate RANKEinduced osteoclast formatidQu et al., 1999)upregulate OPG

expression(Bord et al., 2003)whereas IL6 and IL-1 production is dowanegulated
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(Qu et al., 1999%nd osteoblashduced osteoclast apoptosis is increg¥édng et al.,

2015) Interestingly, estrogen deficiency leads to an increase in osteobtestzge
albeit that the rate of resorption exceeds that of formé@Rosen, 2000a, Krassas and
Papadopoulou, 2001Estrogen withdrawal from osteoblasts leads to changes in
mineral deposition under static conditio(Brennan et al., 2012, Brennan et al.,
2014b) Interestingly, primary osteoporotic bone cells display deficient long term
PGE2 release in response taechanical stimuliin vitro (Sterck et al., 1998)
Moreover, surgically induced estrogen deficiency and naturally occurring menopause
resut in an excess production of 8, IL-1 and TNFU by osteobl ast s
marrowderived stromal cell§Girasole et al., 1992, Zheng et al., 1997, Weitzmann
and Pacifici, 2006)which are factors that also govern osteoclastogenesis. Thus, there
is strong evidence for alterations in osteoblast biology in estrogen deficiency, but these
changes are not yet fully undeysd. In particular, it is not yet known how estrogen
deficient osteoblasts regulate osteoclast differentiation and matrix degradation under

mechanical loading.

The Rho family of GTPases are signalling G proteins that regulate the actin
cytoskeleton(Hall, 2012)and are important in osteoclast differentiation and fusion
(Brazier et al., 2006, Lee et al., 2006, Ito et al., 20E8posing osteoclastic cells and
macrophages to Rhahibiting C3 toxin results in disruption of the sealing zand
inhibits resorptiofl Zhang et al ., 1 9.RbBo GTRaseds armalsn et
important in osteoblast function and in particular it has been shown that
mechanosensitivity of osteoblastidls§ MC3T3-E1) is regulated by P2Y?2 receptors
through downstream activation of the RROCK pathway in response to fluid shear

stress(Gardinier et al., 2014)However, how the RRBROCK pathway regulates

64



Chapter 3

osteoblasinduced osteoclast differentiation in estrogen deficiency is not yet

understood.

In this study the hypothesis that estrogen deficiency alters the
mechanosensitivity of osteoblastic cells and thus exacerbates osteoclastogenesis and
matrix degradatiomvas testedThese studies use osteoblast conditioned medium and
co-culture (osteoblaststeoclast) mechanobiology experiments to investigate (1)
osteoblasinduced osteoclastogenesis following loading and estrogen deficiency, (2)
changes in gene and protein expression in response to loading of osteoblastic cells
under estrogen deficiencyna (3) whether ROCK 1/2 plays a role in osteoblast

induced osteoclastogenesis.

3.2 Methods

3.2.1 Cell Culture

Murine monocyte/macrophage RAW264.7 cells and MGBI3steoblaslike cells

were purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). RAW264.7 cells were grown in Dul bec
antibiotics, 1% EGlutamine, and 10% heatactivated FBS (HyClone). MC3TB1

cell s wer e -NBM sopplememntes avithil¥%-glutamine, 2%penicillin/
streptomycinand 10%~BS. Media was changed everg2lays. Cells were cultured

in a humidified atmosphere at 37°C in 5% CO2.

3.2.2 Estrogen and estrogen deficiency

For6days, MC3TE1 <cel |l s were treat edestvadid)lor est r o
under simulated menopausal condigaising either (1) a selective estrogen receptor
degrader Ful v e s t-estaadidl plus EOB nM Ful@estmarit) orl(2) by

withdrawing the estrogen from the culture media, after cells had become accustomed
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to estrogen for 3 days (EWXhis estrogerwithdrawal regime and Fulvestrant
treatment aims to mimic the early stages of estrogen deficiency, as increased pro
osteoclastogenic protein production in osteoblasts was observed 4 days after estrogen
withdrawalFigure 3-5, which supports increases in osteoclast number observed in 1

week postOVX rats(Hughes et al., 1996) 0 n Mestiadid was chosen based on

previous studies performed on MC3E3 cells and primary osteoblagksum et al.,

2008, Brennan et al., 2014bJhe estrogen dosage used is within the normal
physiological circulating serum raageen in micéHaisenleder et al., 2011Jhese
treated cells (E, FE and EW) (State $taeieno o mp ar e
mechanical stimulation and OFF: Oscillatory fluid flow for 1 howf)ich cultured in

UMEM medium for t he same dur atestadiof and we

3.2.3 Mechanical stimulation

Prior to mechanical stimulation cells from each of the treatment groups (E, FE and
EW) and untreated cells (OFF) were seedeapcellstn? (slide-76 mm x 26 mm)

and were cultured for a further day either under (a) continued estrogen (E), (b)
Fulvestrant and estrogen (FE), (c) estrogen withdrawal conditions, whebe 17
estradiol administration was discontinued after 3 days, to ntireionset of estrogen
deficiency in postmenopausal osteoporosis (EW), or (d) continued expansion media
6-MEM (No E treatment) (OFF). Laminar oscillatory fluid flow was applied to
MC3T3-E1 cells using a custondesigned parallel plate system as describealim
previous studyHaugh et al. 2015which comprised of a syringe pump (NBOO,

New Era Pump Systems, Farmingdale, NY, USA), 50 mL syringes (BD Pladdics Lt
Sunderland, UK), parallel plate chambers and individual media reservoirs connected
through gagpermeable silicone tubing (CeRarmer, Vernon Hills, IL, USA)The

average shear stress that has been predicted to arise during physiologic skeletal loading
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(typical walking) is 1 PgWeinbaum et al., 1994, Cowin et al., 199B)erefore, an

OFF loading regime of 1 Pa was usadinga syringe pump to generate a sinusoidal

flow profile with a peak flow rate of 9.2mL/min, at a frequency of 0.5 Hz for one
loading bout of 1 hour duration. After flow, fresh media was applied altsl were

then cultured for 24 hours before conditioned media was collected for further
experiments (described bel ow). Cell s ref
under identical treatment conditions but under static conditions and were needxp

to mechanical stimulation.

3.2.4 Conditioned media experiments

Conditioned media from all cell treatment groups (Stat, OF&tdE, EOFF, EW Stat,
EW-OFF, FEStat and FEOFF) was centrifuged at 1500 rpm and then froze8Q&C

in 1 mL aliquots seeTable 1. RAW264.7 cells were seededl4,625cellsicn? in a

96 well plate and then treated with 50% conditioned media and 50% expansion media
(DMEM) for 7 days seeFigure 3-1 .For immunofluorescent work, RAW264.7 cells
were cultured on glass bottom 96 well platesall conditioned mediaxperiments

cells werecultured in the preence of 15ng/mL of RANKL fothe 7 days.

_ 50% Conditioned
media added _»=
meaTs-e1 BCEE B RAW264.7

Figure 3-1: Schematic showing conditioned media experimental set up, conditioned
media is taken from MC3TB1 24 hours post stimulatioithe conditioned media is
centrifuged and frozen at30°C until is it used on RAW264.7 cells at a 50%

concentration
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Table 1: Conditioned media treatment groups defined

Treatment Conditioned media sourcg50% concentration) 15 ng/ml
rou RANKL
Ctrl X X

RANKL X n

Stat (No E Static MC3T3EL1 cells n

treatment)

OFF (NO E Mechanically loaded MC3T&1 cells n

treatment)

E stat Estrogen prdreated MC3TZ&L1 cells n

E OFF Estrogen préreatment + mechanical loadiMC3T3-E1 cells n

EW stat Estrogerwithdrawal regime MC3TE1 cells n

EW OFF | Estrogen withdrawal regime + mechanical loading MGEIL3 n
cells

FE stat Fulvestrant + estrogen MC318l cells n

FE OFF | Fulvestrant + estrogen mechanical loadindC3T3-E1 cells n

3.2.5 Tartrate -resistant acidphosphatase (TRAP) staining

At the end of the caulture and conditioned media experiments RAW 264.7 cells were

rinsed with PBS and fixed with 4%araformaldehyde. They were then rinsed with

deionised water and stained for tartredsistant acid phospleste (TRAP) activity

with a commercial ki{Sigma Aldrich, St. Louis, MO)Then, nuclear counterstained

with Gill No. 3 hematoxylinfor 3 minutes. Images were acquired using a light

microscope (Leica DMil, Leica Biosystems, Wetzlar, Germany) and quanigied
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ImageJ software, in which images were colour thresholded and the percentage area
covered by osteoclasts was quantified. TR#ARItive cells with 3 or more nuclei were

considered to be osteoclasts.

3.2.6 TRAP activity assay

At the end of the conditioned miadexperiments, culture media was collected from

the RAW264.7 cells and secreted TRAP activity was detected. The TRAP activity
assay involved measuring enzyme activity by the conversion ef p
nitrophenylphosphate (20 nM) toritrophenol in the presence 80 mM sodium
tartrate and was expressed as optical density at 405nm using a microplate reader

(Synergy HT, Biotek Instruments Inc., Winooski, VT, USA).

3.2.7 Co-culture experiments

Mechanically stimulated and static MC3E2 cells from each group (Stat, OFF, E
Stat, EOFF, EWStat, EWOFF, FEStat and FEOFF) were seeded &t3636
cells/cnt in a 48 well plate. After 24 hours RAW264.7 cells were seeded on top of
MC3T3-E1 cells aB090 cells/criiper well seeFigure 3-2. Cells were ceculturedin

the presence of 15ng/mL of RANKL for a further 7 days.

69



Chapter 3

RAW264.7 ]
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Figure 3-2: (A) Schematic of caulture experimental saip B) RAW264.7 cells
circular cells indicated by the black arrow, seeded on top of MEBIF3pread cells

indicated by open triangles

3.2.8 Immunofluorescent staining of RAW 264.7 cells following conditioned
media experiments

At the end of the conditioned meadexperimentsRAW 264.7 cells were rinsed in
PBS and fixed with 4%araformaldehyde. The cells were then rinsed with PBS and
permeabilized using 0.2% Tritor+X00 for 5 minutesindexposed to TRITC solution
(1:2000) for 1 hourbefore then being washedittv PBS and stained with DAPI
(200ng/ml). Images were acquired using an Olympus IX51 microscope (Olympus,

Tokyo, Japan) angercentage of osteoclasts, wgtantified in ImageJ software.

3.2.9 Matrix degradation assay

Following fluid flow MC3T3E1 cells from each treatment group were seeded at
45,000 cells per well in a 24 well benametic Osteo assay surface plate (Corning

Inc, Corning, NY, USA). The following day RAW264.7 cells were seeded directly on
top of MC3T3E1 cells at 25,000 per well. After 7 days ofcolture, 3M cold sodium
hydroxide (NaOH) was added to each well and placed on a plate shaker (SSM5, Stuart

equipment, Stone, Staffordshire, UK) at high rpm for 2 minutes to remove cells from
70



Chapter 3

surface. This waepeated three times before the wells were then rinsed with deionised
water and left to dry before imaging under a light microscope (Leica DMil) and
quantification by ImageJ software, in which images were colour thresholded and

matrix degradation area wasantified.

3.2.10 Enzyme-Linked Immunosorbent Assay (ELISA)

The amount of RANKL and OPG in the conditioned médien MC3T3EL1 cellswas
determined using a commercially available ELISA (8igma Aldrich, St. Louis,

MO), according to t hes. Tiplicatefassays weregearformedi n s t

on each specimen, and the data was converted to ng/ml.

3.2.11 gRT-PCR

RAW264.7 cells were exposed to 50% CM (as seen in Conditioned media section)
and cultured for 7 days. At day MRNA was isolated using RNeasy Mini kit. RNA
concentration and quality was assessed with a Spectrophotometer/Fluorometer (DS
11 FX, DeNovix, Wilmington, DE, USA)). cDNA was generated using the
QuantiNova Reverse Transcription Kit. ¢glFCR was performed on resultant cDNA
template on a StepOne plesaktime PCR machine (Applied Biosystems, Foster City,
CA, USA) using a QuantiNova SYBR Green PCR Kit and custom designed primers
(IDT, Coralville, IA, USA) for nuclear factor of activated-gells cytoplasmic 1

(NFATc1), andcathepsin K (CTSK) (Primesequences are shownTiable 2).

MRNA from MC3T3EL1 cells was isolated 24hrs after exposure to flow or
static conditions and transcribed to cDNA using the same praeatdscribed above.
Expression of the following genes were assessgrlooxygenas® (COX-2),
osteoprotegerin (OPG), Macrophage col@tiynulating factor (MCSF) (Prime

sequences are shownTable 2). The normalised relative quantities (NRQ) of each
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sample (both RAW264.7 and MC3-EL samples) was calculated with reference to

RPLPO. Data was analysed using tifaffl method.

Table 2: Primer segence for gRTIPCR

Primer Sequence

Mus
musculus Sense (5°-37) Antisense (5°-37)
Gene
CTSK TGGATGAAATCTCTCGGCGTT TCTTCACTGGTCATGTCTCCC
NFATcl1 GAGCGGAGAAACTTTGCGG AGGGTCGAGGTGACACTAGG
OPG GCCACGCAAAAGTGTGGAAT TTTGGTCCCAGGCAAACTGT
COX-2 CTGGAACTGGAACATGGACTCACTCAGTTT AGGCCTTTGCCACTGCTTGTA
M-CSF CCCATATTGCGACACCGAA AAGCAGTAACTGAGCAACGGG
RPLPO AGATTCGGGATATGCTGTTGGC TCGGGTCCTAGACCAGTGTTC

3.2.12 ROCK inhibition

In order to assess whether ROCK 1/2 plays a role in the changes in ostieolhiest

osteoclast differentiation reported here, a second set of experiments were conducted.
For7days, MC3TE1 cel |l s were treat edestradid)in estr o
the estrogen withdrawal (EW) group, estrogen was withdrawn from the culture media,

after cells had been accustomed to estrogen for 7 days. These cells were allowed to
grow for a further 2 -edradjkAfterseeding antoalided,e f i c i
the 3 treatment groups (E, EW and OFF cells which have received no E treatment)
were further divided into 2 groups; those treated with ROCK1/2 inhibHpr&32 (10

puM) for 1 hour before being subjected to oscillatory fluid flow (+ Y27632) or no
inhibitor. The concentration of ROCK1/2 inhibitor-¥7632 (10 uM) was based on

previous studiegArnsdorf et al., 2009b, Santos et al., 2010, Gardinier et al., 2014)

Both groups were then mechanically stimulated by oscillatory fluid flow as described
above. Seeding densities for both ¢tgles were as described abavesection3.2.7,

however cells were eoultured in the presence of 15ng/mL of RANKL for 5 days,
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because the amount of osteoclast differentiation was found to be similar tala&y 7
described in sectior33.5and3.3.6 TRAP staining, TRAP activity assay and gRT

PCR analysis looking at OPG expression were conducted as described above.

3.2.13 Statistical Analysis

Data are representative of 3 independent experiments performrgaiaate and are
presented as box plots and whiskers which display the follomihgskersextend
between min and max values of data set, the box extend&%thnto 75th percentiles,
horizontal line across the box is theedian value and the black d@&presents the

mean of thalata Statistical analysis was performed by am@&y ANOVA or a twe

way ANOVA (when indicated) foll owed by
test. A value of P< 0.05 was regarded as statistically significant. Technical teplica

are represented as N, while biological replicates are represented as n.

3.3 Results

3.3.1 Estrogen treated osteoblasts produce factors that inhibit RANKEinduced
osteoclastogenesis and podosome belt formation

In vitro it has been shown that osteoblasts treatithl @strogen attenuated RANKL
induced osteoclast formation under static culture conditiéns et al., 1999)
However, it is not known whether such changes would arise under mechanical
stimulation. To more closely mimic then vivo premenopausal physiologal and
mechanical environmenthe effect of supplementinop vitro culture media with
estrogen (10 nM prenenopausal levels) on the ability of MC3E3 osteoblastic cells

to regulate osteoclast differentiation under static and oscillatory fluid flowitcmmsl

was investigatedParacrine signalling between osteoblastic cells and macrophages
(osteoclast precursors) was assessed using conditioned media expeFRigerds

3-3A.
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During osteoclast differentiation, cytoskeletal rearrangement occurs resulting
in the formation of podosome be(f3estaing et al., 2003, Saltel et al., 2008, Georgess
et al., 2014, Takito et al., 2015, Strzelet¢lddszek et al., 2017)Here,it is report that
exposure to RANKL lead to cytoskeletal rearrangement awed fohmation of
podosome belts in the differentiated osteoclasts derivexn fRAW264.7
macrophagedHgure 3-3 B). However, mechanically stimulated argfregen treated
MC3T3-E1 cells produced a CM that inhibited podosome belt formation in
RAW264.7 cells, when compared to belt formation observeateiRANKL treatment
group Figure 3-3 B). Specifically, the podosomes were identified as clusters near the
centre of the cell, rather than forming distihelts at the peripheryrigure 3-3B).
Additionally, podosome belts that were observed in RAW264.7 cells after
differentiation in both the mechanically stimulated and continuous estrogen groups

were smaller and oftemad more kwken boardersHigure 3-3 B).

As expected RANKL administration lead to an increase in osteoclast
formation and TRAP activity (p<0.0001) compared totun@s that reeived no
RANKL supplementatiorfFigure 3-3 C and D) However,CM from estrogen treated
MC3T3-E1l cells significantly reduced RANKInduced osteoclastifferentiation
(p<0.05 (Figure 3-3C) and TRA® activity (p<0.0001) Kigure 3-3 D) when
comparedto CM r om O6no E t.Likewisem@wh ftom mgeclaoiqalfy
stimulated MC3T2E1 cells which received no estrogen-peatment significantly
reduced RANKLinduced osteoclast differentiati and TRAP actity (p<0.0001)
(Figure 3-3 C and D). Interestingly, steoclast differentiation was lowest when
estrogen treated MC37B1 cells were exposed to mechanical stimulation compared

to thestatic control (p<0.001)Figure 3-3C). A two-way ANOVA was performed,
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which revealed that there was a significant interaction between esirajsed

inhibition and mechanical stimulationduced inhibition (p= 0.047{Figure 3-3C).

A
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media added _»=
MC3T3-E1 [B = L=c=>c=>c= RAW2647
B Control
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Figure 3-3: CM from estrogen treated MC3TEL cells inhibits differentiation of
RAW264.7 cells, and inhibits podosome belt format{éhn.RAW264.7 cells were
cultured with CM taken from MC3TBL1 cells 24hr post mechanical stimulatidine
RAW?264.7 cells were cultured in the presence of the CM and 15 ng/ml of RANKL for
7 days. The effect of CM on podosome belt form@BmAPI (Nuclei) andTRITG
phalloidin (Actin) staining of multinucleated RAW?264.7 cells after being treated with

50% CM (N=3, n=9). Podosome belts and clusters are indicated by the green arrows
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in the magnified section of the imagéS) % area covered by multinucleated

osteot asts ( O3 nuc(DeTRAP attiNty a8ssay, msing supernatant
collected from multinucleated osteoclasts (N=3, n=8&at=CM from gatic MC3T3

E1l cells OFF= CM from mechanically stimulated MC3El cells Ctrl= no

exposure to CM, RANKL#ro expasure to CM received5ng/ml of RANKL only, No

E treatment= CM from MC3TF&1 cells which received no estrogen and E= CM from
MC3T3EL1 cells which have undergone an estrogen treatment. Statistical tests: (C)
two-way ANOVA was performed to test for interactidoetween estrogen status and

OFF, foll owed by Tukeyb6s post Hoc mul tip
Tukeyds post hoc multiple comparison. \%

replicates. *=p<0.05, ***=p<0.001 and ****=p<0.0001.

3.3.2 Estrogen deficient and mechanically stimulated osteoblasts upegulate
expression of CTSK and NFATc1 and exacerbate RANKiinduced osteoclast
differentiation

Nexttherole estrogen deficiency had on osteobtastiated osteoclast differentiation
under both static and mectieal stimulated conditionsvas investigatedFor this
purposewo different approachesere usedy either (1) incorporating Fulvestrant, a
selective estrogen receptor degrader (SERD) and estrogen treatment or (2) by
withdrawing estrogen from cells thaadhbeen accustomed to estrogen for 3 days and
investigated paracrine signalling between osteoblastic cells and osteoclast precursors
using conditioned media experiments. In addition to quantifying TRAP activity and
podosome belt formatiotheexpression g RAW264.7 cells of athepsin K (CTSK),

which is known to play a role in bone resorptf@noen, 2004)and NFATc1, a master

regulator of osteoclastogeneflakayanagi, 200Avasalso analysed
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Under estrogen deficient conditions MC3E2 cells produced a conditioned
media that, when given to RAW264.7 cells, stimedhthe RAW264.7 cells to form
larger and more numerous podosome belts, when compared to those that received CM
from contnuous estrogen MC3TB1 cells Figure 3-4 A). Moreover, RAW264.7
cells receiving CM from estrogen deficient MC3E2 cells were observed to exhibit
denseactin belts Figure 3-4 A) whereas those receiving CM frometlcontinuous

estrogen group had podosomestéss near the peripheryigure 3-3B).

CM from estrogen deficient MC3TB1 cells (EW and FE) promoted RANKL
inducedosteoclastogenesis compared to the estrogen treated @od®001 and
p=0.1048) Figure 3-4 B). Osteoclastogenesis was significantly higher in RAW264.7
cells exposetb CM from Fulvestrant treated MC39E8L cells when compared to CM
from the estrogen withdrawal group (p<0.05Figure 3-4B). Similarly
osteoclastogenesis and TRAP aityiwas significantlyhigher when RAW264.7 cells
were treated with CM from estrogen deficient MC3HB and mechanically
stimulated cells, when compared to the estrogen treated groupdpp@igure 3-4
A, C). There was also a significant higher TRAP activity when RAW264.7 cells were
cultured withCM from Fulvestrant treatment group compatedRANKL alone

(p<0.01) Figure 3-4 C).

As expected, when RAW264.7 cells were exposed to RANKL there was an
increase in CTSK expression (4.8 fold), and an increase in sigpred NFATc1 (3.8
fold, Figure 3-4 D, E). For the first timé wasshown that following exposure to CM
from estrogen deficient MC3TB1 cells (EW and FE) CTSK expression by
RAW?264.7 cells was upegulated (6.6 fold and 118 fold respectively), when
compared to RAW?264.7 cells receiving CM from theagtn supplemented group

(Figure 3-4 D) (p<0.01 and p<0.0001 respectively). NFATcl egsion was also
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higher following exposure to CM from estrogen deficient MGEl3cells (EW and
FE) (7.5 and 9.3 fold respectively), when compared to the continued estreafeal

group (EOFF CM) Figure 3-4 E) (p<0.01).
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Figure 3-4: CM from MC3T2EL1 cells which received either an estrogen withdrawal
regime (EW) or a Fulvestrant and estrogen treatment (FE) fails to inhibit RANKL
induced osteoclastogenesis and results in more podosome belts forming. RAW264.7
cells were cultured with Chh the presence of 15 ng/ml of RANKL for 7 days. The
effect of CM on podosome belt formati@) DAPI (Nuclei) and TRIThalloidin

(Actin) staining of multinucleated RAW264.7 cells (N=3, n=9) Podosome belts are
indicated by the green arrows in the magedfisection of the imagdB) % area
covered by multinucleated ¢@ TRAB activityst s ( C
assay, using supernatant collected from multinucleated osteoclasts (N=3, n=9). gRT
PCR analysis looking at gene expression changes in RAWZ26Hs treated with
various CM (Relative to Ctrl grouppP() CTSK expression (N=3, n=9)E) NFATc1
expression (N=3, n=9). Stat, static culture; OFF, oscillatory fluid flow; Ctrl, no
exposure to CM; RANKL, exposure to RANKL only; No E treatment, CM from
MC3T3EL cells that received no estrogen; E, CM from MGELZXells that received
estrogen; EW, CM from MC37TB1 cells subjected to estrogen withdrawal; FE, CM
from MC3T3EL1 cells exposed to fulvestrant + estrogen. Statistical tests: one way
ANOVA with Tuke 0 s p o sntltipleh @omparison. *=p<0.05¥=p<0.01,

***=p<0.001 and ****=p<0.0001. Primer sequences used can be found a@ble 2.

3.3.3 Estrogen deficient osteoblastsaltered gene expression of RANKL/OPG
under mechanical stimulation

RANKL and OPG play an important role in regulating osteoclastogefisyse and
Xing, 2008) To determine the changes in RANKL and OPG protein expression
following estrogen withdrawal and mechanical stimulgtioenzymelinked

immunosorbent assayELISAs) were performed on the CM from the MC3E3

79



Chapter 3

cells. As expected there was significantly higher OPG released by MEBTaIls in
response to mechanical stimulation (p<0.01) wbempared to static cell§igure
3-5A). Under static conditions, there was significantly higher OPG released by
estrogen treated cells compared to MCHI3 cells with no esbgen treatment
(p<0.01) Figure 3-5A). In mechanically stimulated cells OPG release was lower and
RANKL release was higher in the Fulvestrant treated cells compared to astroge
treated cells (p<0.01)F{gure 3-5A, B). Taken together, the RANKL/OPG ratio in
estrogen treated cells was lower compareddatatic group (p <0.05k{gure 3-5C).
Mechanically stimulated cells had a lower RANKL/OPG ratio compared to the static
group (p=0.1839). However, in estrogen deficient cells (EW and FE) after mechanical
stimulation there wasa higher RANKL/OPG ratio Kigure 3-5C) than in the

continuous estrogen group (p= 0.1389 and p<0.0001 respectively).
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Figure 3-5: RANKL/OPG ratio increases in estrogen deficient MGEIL3cell in
response to mechanical stimulatigh) OPG (N=3, n=9) andB) RANKL (N=3, n=9)
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ELISAs showing concentration of each protein found in conditioned media from
MC3T3EL1 cells, conditioned mediaas collected 24 hrs after OFFC) RANKL to
OPG ratio (N=3, n=9). Statistical tests:

multiple comparison.*=p<0.05, **=p<0.01 and ***=p<0.001.

3.3.4 Estrogendeficiency downregulates OPG expression in osteoblasts whilst
alsoup-regulating COX-2, a gene associated with inflammation

Osteoblasts express a range of genes that influence osteoclastogeradgsss was
performed to investigatiie expression of OPG, a decoy receptor for RANBayce

and Xing, 2008)M-CSF, a cytokine that induces osteoclast differentigtf@suda et

al., 1999)and COX2, a primary inflammatory response gene that is responsible for
the formation of prstaglandins, which are potent regulators of osteoclasts, bone

marrow stromal cells and MS@Kojima et al., 2006, Coon et al., 2007)

As expected OPG expression wasragulated (2 fold) in MC3TE1 cells
following exposure to mechanical stimulation qmared to e static group (p<0.05)
(Figure 3-6A, C). Under static conditions, OPG expression wasegplated (2.3
fold) by estrogen treated cells compared to MGEL3lls that have received no
estrogen treatment (p<0.01)uporting the ELISA datasee sectior3.3.3 (Figure
3-6A), there was dowanegulation in OPG expression in the estrogen deficient cells
(EW and FE) in response to mechanical stimulation compaestrimgen treated cells
(3 and 3.47 fold, p<0.01 dnp<0.001, respectively)F{gure 3-6A). There was a
significant upregulation in MCSF expression in the estrogen withdrawal group when

compared to the estrogéreated group (P<0.05figure 3-6 B).

Therewas a significant increase in C&expression following mechanically

stimulation compared to staticraool (3.7 fold, p<0.05)Kigure 3-6 C). A significant
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downregulation was seen in the estrogen treated group compared to ME133eIs

which had rece®d mechanical stimulation only (3.8 fold, p<0.05). An increase in
COX-2 expression was seen in the estrogen deficient cells (EW and FE) following
mechanical stimulation compared to estrogen treated cells (3.9 and 7.2 fold, p<0.01

and p<0.0001 respectivelyFigure 3-6C).

In summary, estrogen treated MC3E2 produced soluble OPG that inhibits
osteoclast differentiation and inhibited podosome belt formation. Mechanical
stimulation enhanced these effects. However, MCBI Xells that had undergone
estrogerwithdrawal or Fulvestrant treatment produced soluble RANKL that promoted
osteoclastogenesis (NFATc1 expression and TRAP activity) and-ceyatated OPG
expression and protein release. There was also an increase in podosome belt formation,

which was acconmgmied by an increase in CTSK expression.

>

OPG

(v}

M-CSF

IS
]
*

X 3 OFF

Normalized Expression Level (NRQ)
B
{1H
Normalized Expression Level (NRQ)
)
|_

No E E EW FE No E E EW FE
treatment treatment
COX-2
15+

10+ —k

-H

Nommalized Expression Level (NRQ)
o
*
L
i
%
|_

No E E EW FE
treatment

82



Chapter 3

Figure 3-6: Increases in CO2 and MCSF geneexpression in estrogen deficient
MC3T3EL cells in response to mechanical stimulation. /R analysis of gene
expression (relative to Stat group) in MC3ER cells 24 hrs after mechanical
stimulation(A) OPG (N=3, n=9),(B) M-CSF (N=3, n=9) andC) COX-2 (N=3, n=9).
Statistical tests: one way ANOVA
comparison.*=p<0.05, **=p<0.01***=p<0.001 and ****=p<0.0001. Primer

sequenes used can be foundTiable 2.

3.3.5 Estrogen treated osteoblastic cells have an reduced capacity to induce

osteoclast differentiation in a ceculture system under static conditions

It is known that factors that influence osteoclastogenesis, in particular RANKL, can

also be 6und membrane bound in osteoblgdSimngh et al., 2012)To account for this,
directcell-cell signalling between RAW?264.7 and MC3E3 cells using ceultures,

in which pretreated MC3T&1 were seeded on top of RAW264.7 cellsre used

Osteoclastogenesis was assessed via TRAP staining and the ability of osteoclasts to

degrade matrix waevaluated using osteoassay plafgsere was significantly less
TRAP+ cells when RAVZ64.7 cells were cecultured withstatic estrogen treated
MC3T3-E1l cells compared to statdC3T3-E1 cells (p<0.05) Kigure 3-7B, D).
Matrix degradation was also lower in-caltures with estrogen treated MC3E3

cells, when compared the static group (p<0.01)igure 3-7 C, E). Mechanically

stimulated MC3T3E1 cells that had previously been treated with estrogen

demonstrated a reduced capacity to induced osteoclast differentiation when co

cultured with RAW?264.7 cells, when compared to MCHB cels that received
mechanically sthulation only (p=0.1829)igure 3-7 B, D). As a result, a significant
reduction in matrix degradation was observed in RAW264.7 cells were ce

cultured with estrogen treated MC3E3 cells compared to those-cuoltured with
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MC3T3-E1 cells which had received only mechatistimulation (p<0.01)Rigure

3-7 C, E). A twoway ANOVA was performed, which revealed that there was a
significant interaction between estrogeduced inhibition and mechanical
stimulationinduaed inhibition (p= 0.0371)this supports the results of the CM

experimen{(Figure 3-3C).
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Figure 3-7: Estrogen treated MC3TFB1 cells inhibit osteoclast differentiation and
matrix degradation(A) RAW264.7 cells were seeded directly on top ofty@ated
MC3T3E1 which had been exposed to mechanical stimulation or not, and cultured
for 7 days(B) Images show Multinucleated TRAP+ RAW264.7 cells (Yellow arrows)

after coculture with MC3T2EL1 cells 6r 7 days. (N=3, n=9)(C) Matrix degradation
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(Grey areas) formed by the differentiated RAWZ264.7 cells (N=3, n=12).
Quantification of images showin{®) Percentage surface area covered by the
multinucleated TRAP+ cells (N=3, n=9) ar{&&) Percentage area sorbed (N=3,

n=9). Stat= co-culture with static MC3TE1l cells OFF= co-culture with
mechanically stimulated MC37B1 cells No E treatment=o-culture with MC3T3

E1 cells which received no estrogen and é=culture with MC3T3E1 cells which
haveundergone an estrogen treatment. Statistical te®%:t@vo-way ANOVA was

performed to test for interactions between estrogen status and OFF, followed by
Tukeyds post Hoc Enulomiep lweayc AAMia/rAi swd rt ,h (T L

multiple comparison. *=g0.05 and **=p<0.01.

3.3.6 Osteoblasts cultured under estrogen deficient conditions promote
osteoclastogenesis and matrix degradation more than estrogen treated cells,
despite the inhibitory effects of mechanical stimulation

Under static conditions, there wasignificantly more osteoblastduced
osteoclastogenesis, when RAW?264.7 cells wereuttured with estrogen deficient
MC3T3-E1 cells (EW and FE) compared to the estrogen treated contmlltcoe
group (p<0.0001)Rigure 3-8A, C), which resulted in significantly higher matrix
degradation by the RAW264.7 cells (p<0.00(Hiy(re 3-8 B, D). Osteoclastogenesis
was significantly lower in both the mechanically stimulated and estrogen deficient
(EW and FE) ceculture groups compared to their static counterparts (p<0.001 and
p<0.0001 respectively) F{gure 3-8C). However, a significantly greater pro
osteoclastogenic effect was observed in RAW264.7 cellsuttared with estrogen
deficient MC3T3EL cells (EW and FE)Higure 3-8 A, C) when compared to those
that continued estrogen treatment (p=0.053 and p<0.0001 respectively). This resulted

in significantly higher matrix degradation by RAM4.7 cells cocultured with
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estrogerdeficient MC3T3EL1 cells (EW and FE) when compared to thoseudtured

with estrogen treated MC31BL1 cells (p<0.0001)Higure 3-8 B, D).
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Figure 3-8: MC3T3E1 cells that have undergone an estrogen withdrawal regime
(EW) or a Fulvestrant and estrogen treatment (FE) havanareased ability to
induced osteoclastogene$fs) Images show Multinucleated TRAP+ RAW264.7 cells
(Yellow arrows) after caulture with MC3TZEL cells for 7 days. (N=3, n=9)B)
Matrix degradation pits (Grey areas) formed by the differentiated RAW2@s/
(N=3, n=12). Quantification of images showi(@) Percentage surface area covered
by the multinucleated TRAP+ cells (N=3, n=9) afid) Percentage area resorbed
(N=3, n=9). E=co-culture with MC3T3E1 cells which have undergone an estrogen
treatment EW= co-culture with MC3TZEL1 cells which have undergone an estrogen
withdrawal regime and FE=co-culture with MC3T3ELl cells which have been
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exposed to a Fulvestrant and estrogeratment.Statistical tests: one way ANOVA

with Tukey©6s opngarison i*t=p<0@oLl.t i pl e ¢

3.3.7 Inhibiting ROCK 1/2 in osteoblasts, exacerbates osteoblastiuced
osteoclastogenesis in a erulture system under estrogen deficiency

RhoA has been shown to regulate fluid flowduced osteogenic differentiation
(Arnsdorf et al., 2009h)and is important in podosome assembly, osteoclast motility
and bone resorptiofChellaiah et al., 2000, Ory et al., 200&o-cultures were
conducted to investigatevhether the RhdROCK pathway played a mechanistic role
in the altered osteoblastduced osteoclastogenethat wasobserved during estrogen
deficiency by inhibiting ROCK 1/2 in osteoblasts, and then examining

osteoclastogenesis of R64.7 cells following caculture with MC3T3E1 cells.

It was repored that estrogen treated MC3'L cells wlch received the
ROCK inhibitorhad a higher capacity to induce osteoclastogenesis, as indicated by a
significant increase in TRAP+ csllFigure 3-9A, C) (p<0.001) and TRAP activity
(Figure 3-9 D) (p<0.0001) when compared to estrogen treated MEET 8els that
received no ROCK inhibito This was supported by a dowegulation in OPG
expression compared to MC3EL cells that received no inhibitq2.15 fold,
p<0.0001) Figure 3-9 B). This same increase in osteoclastogenesis was seen in the
estrogen deficient group following exposure to the ROCK inhibitor, when compared
to the untreated group, this was confirmed by an increase in TRAP+ staining (p<0.05)

and higher TRARactivity (p<0.0001)Figure 3-9A, D).

87



Chapter 3

RAW264.7 L s s
[ B X s 58 MC3T3-E1
RANKL-OFF RANKL-E OFF RANKL-EW OFF OPG
g Aoy = g A B"' ~; TR 3

SN

:

B OFF

OFF
! B3 L v27e32
T . ~x
E EW

p T Bt No E
RANKL-E OFF + treatment

w
1

-
1

o

Normalized Expression Level (NRQ)
N

Y27632 Y27632 Y27632 RANKL
¢ 80 D o3
i == > ek
. Jock b
2% 604 ok ® 0.6-
° 3 o
3 = + g rrrr———
> k] 3
0 g 40 é «w 0.44 é
O = o
g8 s | e wme =
:,:E: 20 S 0.2-
E 6
0 . : . 0.0 . . T
No E E EW No E E EW
treatment treatment
RANKL RANKL

Figure 3-9: Inhibiting ROCK 1/2 fails to reduce the increase in osteohtadticed
osteoclastogenesis seen under estrogen deficient condif®ndmages show
Multinucleated TRAP+ RAW264.7 cells (Yellow arrows) aftecaiture with ROCK
inhibitor or no ROCK inhibitotreated MC3T2E1 cells for 5 days (N=3, n=12). Scale
bar =10 um(B) gRT-PCR analysis looking at Osteoprotegerin (OPG) expression
changes (relative to OFF group) in MC3E3 cells (N=3, n=9),(C) Graph shows
the percentage surface area covered by the nudieated TRAP+ cells (N=3, n=12).
(D) TRAP activity assay, for supernatant collected from MCBIT3RAW264.7 co
cultures after 5 days (N=3, n=12). OFF= oscillatory fluid flow, No E treatmeat=
culture with MC3T2EL1 cells which received no estrogen OFF¥27632=co-culture
with MC3T3EL1 cells exposed to ROCK 1/2 inhibitor priordscillatory fluid flow,
E= co-culture with estrogen treated MC3'E3L and EW=co-culture with MC3T3E1

cells which have undergone an estrogen withdrawal regime Statisticaldastsvay
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ANOVA wi t h Tukeyos post hoc mul tip

**=p<0.01***=p<0.001 and ****=p<0.0001.

3.4 Discussion

In this studyjt wasreporedfor the first time that under combined mechanical loading
and postmenopausal conditiossnulatedby eithe the withdrawal of estrogen or
inhibiting the estrogen receptor, a significant increase in osteoithgied osteoclast
differentiation and matrix degradation occurs. Interestingly, a degulation in

OPG and an upegulation in MCSF and COX2 in respnse to mechaaoal
stimulation in the estrogedeficient osteoblastavas reported These findings are
contrary to our results for osteoblasts subjected to estrogen treatment and mechanical
stimulation, whichwereshown to inhibit osteoclast differentiation in RAW264.7 cells.

It is proposd that the reduction in OPG production by estrogen deficient and
mechanically stimulated osteoblasts may leave osteoclast differentiation and
resorption activity unchecked, andeteby play an important role in bone loss during

osteoporosigRosen, 2000b)

There area numberof limitations to this sidy, which must be addressed.
Firstly, these experiments were carried using immortalised cell lines rather than
primary cells, but it should be noted that the MCEHI3and RAW264.7 cells are well
established cell models widely used to study the effecstodgen on osteoblast and
osteoclast functioffMatsumoto et al., 2013, Shang et aD14, Maggi et al., 2015,
Zhuang et al., 2016)because of their similarities to primary cells in terms of
proliferation and mineralization capability in MC37B1 cells (Czekanska et al.,
2014)and gene expression in RAW264.7 célsietara et al., 20065econdly, then
vitro oscillatory fluid flow conditions generated by the custorade parallel plate

flow chambers is a simplification of the stresses experienced bghdastan vivo.
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However, the shear stresses are within the range that have been predictedno arise
vivo (Weinbaum et al., 1994, Cowin, 2002, Han et al., 20843 have been widely
used in parallel plate flow studies of osteoblast mechanobidloggt al., 2012,
Kaneko et al., 2014, Riehl et a2017) Moreover, the parallel plate flow chamber
allows the downstream biochemical events to be easily studied and reduces other
experimental variables that arise using 3D bioreactors or animal models. Rimally,
vitro stimulation of pre and posimenopausal conditions by the addition or
withdrawing of estroge results in a sudden decrease in circulating hormone levels,
which would not arisén vivo because women undergoing menopause experience a
slow decline in estrogen leveldankinson et al., 1995Nonetheless, our results show
significant and importat differences in the osteoblastuced osteoclast
differentiation between the continued estrogen administrated and the estrogen
deficient groups and thus provide an advanced understanding of the role of the

estrogen status for bone biology.

It has beempreviously reported that mechanical stimulation leads to an increase
in OPG mRNA in osteoblas(ki et al.,2013) and our OPG mRNA and ELISA results
for control cells confirm that the mechanical stimulation regime implemented here
increases OPG expression and protein release. Estrogen plays an important role in
osteoblast mechanosensitiv(tgalea et al., 2013bas well as regulating apoptosis of
osteoblast¢Bradford et al., 2010)Hereit also demonstratethat supplementation
with estrogen lead to an upgulation in OPG in response to mechanical stimulation
resulting in a dowsregulation in CTSK and NFATc1 expression in the differentiated
osteoclasts. Twavay ANOVA analysis demonstrated that there is gnificant
interaction between estrogen and mechanical stimulation, and thus it is proposed that

estrogen and mechanical stimulation synergistically inhibit osteoclastogenesis.
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However, our study has shown for the first time that this OPG response to makthan
stimulation is diminished during estrogen deficiency. It is interesting that our results
demonstrate that the antagonist Fulvestrant had a more potent effect on osteoblast
induced osteoclast differentiation compared to EW under both static and flow
conditions. This could be due to the fact thaé tagonist blocks but also down

regulates the estrogen recepfdones, 2003)whereas in our estrogen withdrawal
conditions the receptors are still present and there may be residual estrogen present.
Another paential reason is, that the degradation of estrogen receptors by Fulvestrant
could affect RANKL suppression, as it has been previously reported that an increase

in resor pkO ommi cien WhESR c or r e-inediiteddsuppression | a c k

of RANKL expression in bone lining cellStreicher et al., 2017)

Osteoclastogenesis is inhibited by mechanical stimulation in estrogen treated
cells, but this effect was reduced under estrogen deficient conditions, as confirmed by
TRAP staining, matrix degradation, and osteoclastogenic gene expression (NFATcl
and CTSK). They were somesubtle differences between CM and -calture
experiments, whereby CM had a more potent influence on osteoidased
osteoclastogenesis than-caltures. This might be explained by the fact that soluble
factors (OPG and sRANKL) and areepominately responsible for the attenuated
osteoclastogenesis reported here, rather than merdboane RANKL.Additionally
alterations in membrane bound eedlll signalling may explain the reduced osteoclast
numbers in the coulture groups, in particulathe FAS ligand/ FAS signalling
pathway that governs osteoblastiuced osteoclast apoptofidakamura et al., 2007,

Wang etal., 2015)However, this would neet be investigated.

It has been reported that estrogghays a role in regulating the

mechanoresponsiveness of bone céllsvivo (Joldersma et al., 2001 Primary
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osteoporotic bone cells displagfttient osteogenic responses to mechanical stimuli
in vitro, by means of an impairment in their letegm PGE2 response to mechanical
stimulation (Sterck et al., 1998)One explanation for the increase in osteoblast
induced osteoclastogenesis under postmenopausal and mechanical stirthdaion
reported here, is that estrogen dgéncy alters the mechanoresponsiveness of
osteoblasts by reducing biochemical signalling, resulting in deficient osteogenic
responses and increases in-psbeoclastogenic factors. Hetke studyprovides the

first evidence in support of altered mechbiotogical responses in estrogen
deficiency, which are indicated by dowegulation of OPG mRNA, and tnegulation

in M-CSF and COX2 expression, which are contrary to the established OPG response
by osteoblasts in response to mechanical loadinegt al., 2013) COX-2 expression

also increases when MC3EL cells are exposed to OKWadhwa et al., 2002)
Likewise, our results show the samenggulation in COX2 expression in regpmse

to OFF.It was also showthat estrogen deficient MC37B1 cells (FEOFF) express
significantly higher levels of CO®, indicating that they may be hyper
mechanosensitive compared to OFF only group. The increase in the primary response
gene COX2, aswell as the cytokine MCSF, in the estrogen deficient groups (EW
OFF and FEOFF) when compared to the-®&F group, may also indicate a
heightened inflammatory response in these ¢@llsitzmann and Pacifici, 20060 his
potential inflammatory response may explain the increase in osteotased
osteoclastogenesis, becaus€C®8F stimulates proliferation and survival of oslest
precursors and mature osteoclaftai and Teitelbaum, 2013)The increase in
RANKL activates transcription factors NFB  a n d  KABadifi and Takayanagi,

2007) and is accompanied by a reduction in OPG inhibitiborRANKL, which
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together explain the increase in osteoclast differentiation and function observed in this

study.

RhoA has been shown to regulate fluid flow induced osteogenic differentiation
(Arnsdorf et al., 2009h)and is important in podosome assembly, osteoclast motility
and bone resorptiofChellaiah et al., 2000, Ory et al., 2008his studyinvestigated
whether the RhdROCK pathway @yed a mechanistic role in the altered osteoblast
induced osteoclastogenesis during estrogen deficidheyas found that exposing
MC3T3-E1 cells to the ROCK 1/2 inhibitor for an hour prior to mechanical stimulation
resulted in increase in osteoclastogenén both the estrogen treated group and the
estrogen deficient group, accompanied by a significant degulation in OPG
expression. This suggests that the RR@CK pathway, specifically the kinases
ROCK 1 and 2, does play a role in the osteoblahiced ostedast differentiation
changegepored here, ast was shown that inhibiting ROCK 1/2 exacerbated the
increase in osteoblasinduced osteoclastogenesis seen under estrogen deficiency.
This implies that RhoA acts as a negative regulator of osteto&brmation and
differentiation, which is in agreement with studies who have shown an impairment in
osteoclastogenesis, RANKL expression and mmutleation following treatment
with Rho activators or constitutively active RhoA expressing osteofMéshg and
Stern, 2010, Takito et al., 201riyoshi et al., also showed that inhibiting the ROCK
1/2 in stromal cells, prevented a decrease in RANKL expression following exposure
to high-molecular weight Hyaluronic acid(Ariyoshi et al., 2014) Interestingly,
silencing ROCK has been shown to increase the duration in which MEBTells
are sensitive to shear stress beyond the initial period of sengjiietyl et al, 2017)
it has previously beereported that estrogen deficient MC3E2 cells display hyper

mechanosensitivitySimfia and McNamara, 2018, possible explanation as to why

93



Chapter 3

a further increase in osteoclastogeness observeth the estrogen deficient group,
is that the sheasensitive window is being extended in the already hypersensitive
MC3T3-E1l cells (Riehl et al., 2017)which maybe leading to increases in -pro

inflammatory and prapsteochstogenic factors.

This study provides further insight into osteoblasteoclast signalling during
estrogen deficiency and mechanical loading. Teriparatide (an analog of parathyroid
hormone(PTH)) is currently the only widely used anabolic agent, has Sleawn to
increase osteoblast number and bone formation ac{®@#yter and Schipani, 20Q6)
as well as dowanegulating sclerogti in osteocyte¢Bellido et al., 2013)However,
the use of Teriparatide is limited to 2 years and the drug is associated with a potential
risk of osteosarcom@hah et al., 2015An antibody to the Wnt antagonist Sclerostin
(Romozosumab) has gained therapeutic attention in recent years and has recently
gained FDA approvalLi et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al.
2015, Zhang et al., 2016%clerostin is produced by mature osteocytes and inhibits
osteoblast funan and bone formatio(Lewiecki, 2011, Tu et al., 2012%clerostin
medi at ed i nht dateriinisignalling, has Wéert shdwn to reduce OPG
expression in osteoblasts and osteocfieamer et al., 2010)Future studies should
further investigated whether either Teriparatide or the sclerostin antibody could
prevent the undesirable osteoblastuced osteoclast differentiation that arises during

estrogn deficiency, whiclis reported here.

3.5 Conclusion

This study demonstratethat under postmenopausal conditioradterations in
osteoblast mechanosensitivity resultsairdownregulation in OPG production by
mechanically stimulated osteoblastsmpared taestrogerreated osteoblasend a

significant increase in osteoblastiuced osteoclast formation occurs leading to
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increased matrix degradatidhis proposé that the reduction in OPG productibg
mechanically stimulated osteoblasts during estrogdicidncy may leave osteoclast
differentiation and matrix degradation activity unchecked, and thereby play an

important role in bone loss during osteoporosis.
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Chapter 4. Exacerbated
osteoclastogenesis induced by
altered paracrine signaling from
estrogen deficient osteocytas vitro
can be reverted by adminstration of
Sclab

4.1 Introduction

Bone loss during postmenopausal osteoporosis is primarily attributed to osteoclast
resorption(Lane et al., 1998and for this reason antesorptive therapies, such as
bisphosphonates ardkenosumapare widely used to inhibit osteoclast function and
prevent bone los¢Pavone et al., 201.7However, antiresorptivetherapies only
reduce fracture susceptibility by up to 5@Murad et al., 2012)Anabolic therapies

have emerged, which promote new bone formation by targeting osteoblast and
osteocyte activityCarter and Schipani, 2006, Esbrit et al., 2016, Zhang et al.,.2016)
In particular,neutralising antibodies to sclerostin (8d) have shown significant
potential to induce new bone formation, incred®me mass and strength, and
substantially reduce fracture risk in animal studies and clinical {tiakst al., 2009,

Li et al., 2011, Li et al., 2014, Recker et al., 2015, Zhang et al., 2016, Ominsky et al.,
2017) Moreover, the SeAb also decreases bone resorption in an indirect fashion, yet

the cellular changes underpinning this effect are not fully understood

Osteocytes are theimary mechanosensors in bone, and it is thought that they
are able to detect mechanical stimuli using mechanosensitive proteins, such as primary
cilia, gap junctions and integri@Xiao et al., 2006, Loiselle et al., 2018)d transduce
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mechanical stimuli into biochemical responsg$aj et al.,, 1990, Jaalouk and
Lammerding, 2009) Osteocytes regulate bone remodelling by &igrg to both
osteoblasts and osteoclasts via soluble paracrine factors, and direet|ostintact
(Goldring, 2015) RANKL is a cytokine produced by osteocytes, osteoblasts and
stromal cells, which induces osteoclastogen@didans et al., 2003, Nakashima et al.,
2011, Xiong et al.,, 2011)In vitro studies have demonstea that mechanical
stimulating MLOY4 cells leads to decreases in ratio of RANKL/OPG gene
expressior{You et al., 2008, Kulkarni et al., 2010, Geoghegan et al., 2&E&ogen
plays a role in osteocyte mechanosensatownjtro estrogen treated MLQ4 cells
have shown increased NOS activity, NO and P@Hease, asvell as increased
intracellular calcium [C#] oscillations in response to fluid flow. However, when
estrogen was withdrawn or the estrogen receptor was chemically inhibited,
intracellular [C&"] calcium oscillations and the downstream responses to flid f
were reducedDeepak et al., 2017)Moreower, the putative osteocytantegrin
mechanosensdips is affected in estrogen deficient conditions bisthvivo andin

vitro. In vivo the number obs integrin positive osteocytes were reduced in cortical
bone of ovariectomised (OVX) rats compared to SHAM anin{&sisin and
McNamara, 2015)In vitro estrogen deficient MLE&Y4 cells have smaller focal
adhesions with reducddybs localisation(Geoghegan et al., 201%urthermorgthe
estrogen deficient ML&Y4 cells displayed an increase in RANKL/OPG gene
expression as well as defective CQ@Xexpression in response to fluid flow
(Geoghegan et al., 2019) wasreported that similar changes arose when MO
cells were cultured un dbeintegen(Geapgheganetal.s t hat
2019) Although changes in RANKL/OPG gene expiea suggest that osteocyte

regulation of osteoclasts should arise in estrogen deficiency, the direct effect of altered
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paracrine signallingin estrogen deficient osteocytes on osteoclastogenesis and

osteoclast resorption has never been investigated.

The Wnt antagonist sclerostin is produced by mature osteocyteliaas to
LRP5/6 Wnt cereceptor to negatively regulate osteoblast proliferation and
differentiation, via the Wnlitcatenin signalling pathway, and also promotes osteocyte
and osteoblast apoptodisloldsworth et al., 2019)Following mechanical loading
sclerostin mRNAand protein expression are dowagulated bothn vivo in mice
(Robling et al., 2008and in vitro in OCY454 cells(Xu et al., 2019) Estrogen
negatively affected sclerostin expression in human postmenopausal bone and
ovariectomised mic€Kim et al., 2012, Fujita et al., 2014p contrast, to estrogen
negatively regulating sclerostin expression, one study found that sclerostin (SOST)
geneexpression was reduced in estrogen deficient rdastrzebski et al., 2013)
Thus, the exact effect estrogen has on SOST expression is not yet fully understood.
There ae daher antagonists of the Wnt signalling pathwayhich include Wnt
inhibitory factor 1 (WIF1), Frizzledelated protein (FRZB) and Secreted frizzled
related protein 2 (SFRPZKawano and Kypta, 2003, Cruciat and Niehr812)
SFRP2 is rapidly dowanegulated in uterine stromal cells from wilgpe (WT) and
estrogen receptdydeficient (ERU-/-) mice when treated with the estrogen receptor
antagonist FulvestraiiDas et al., 2000However, it is not known whether estrogen
al so affects other Wnt anMoreayer, altheughGtss ex pr
known thatsclerostin induces RANKL synthesis and inhibits OPG in osteocytes
(Kramer et al., 2010Q)it is not known whether sclerostin inhibition caeduce
osteocyteinduced osteoclastogenesis and resorption during estrogen dsfiaien

vitro.
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In addition to having indirect effects on posteoclastogenic signalling,
sclerostin has been implicated in regulating several proteins involved in perilacunar
remodelling (PLR), which is an essential process for maintaining bone quality.
Peilacunar remodelling is a process by which osteocytes resorb and replace their
surrounding perilacunar and pericanalicular matrix, using a combination of matrix
metalloproteases (MMPs), ATPase proton pumps and other enzymes such as cathepsin
K (Qing et al., 2012, Yee et al., 201Pyimary osteocytes and ML-¥4 cells treated
with sclerostin have been shown to-nggulate cathepsin K (CTSK) and carbonic
anhydrase 2 (CaZ2), which are enzymes that play an important RI&Ri(Kogawa et
al., 2013) However, it is unknown whether changes in sclerostin expression induced
by estrogen deficient conditions, affect osteocyte expression of enzymes involved in

PLR.

In this study the hypothes that(1) mechanically stimulated osteocytes induce
osteoclastogenesis and bone resorption during estrogen defiaieth¢f)inhibiting
sclerostin reduces osteocyteluced osteoclastogenesisvitro, were testedThese
studiesmplementmechanobiologgxperiments owsteocytes, and their conditioned
medum, andoste@ytes withosteoclasprecursorsn co-cultureto investigate (1)n
vitro osteayte-induced osteoclastogenesasid resorptionfollowing loading and
estrogen deficiency, (2) changessteocytegene expressioof Wnt antagonists and
enzymes involved in perilacunar remodelling in estrogen and estrogen deficient
conditions and(3) whether SckAb administration reverts prosteoclastogenic

paracrine signalling in estrogen deficient osteocytes.
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4.2 Methods

4.2.1 Cell culture

Murine monocyte/macrophage RAW264.7 cells were purchased from the American

Type Culture Collection (ATCC, Manassas, VA, USA). RAW264.7 cells were
expanded n Dul beccods modi f i epdniciirgsgeptenydn me di u
1% L-Glutamine, and 1% heatinactivated FBS (HyCloneand werecultured in a

humidified atmosphere at 37°C in 5% £0

Murine OCY454 osteocyte cells were purchased ftioenCentre for Skeletal
Research Bone Cell Core, an Nithded program (P30AR075042yvhich is
supported by MMMS. OCY454 cellsvereexpandedn type | collagen (0.15 mg/ml
in 0.02 M acetic acid) coated-T75 flasksi n-MHEM supplemented with 1%-L
glutamine, 2%penicillin/streptomycinand 10% FBS. Media was changed evefy 2
days.OCY454 @lls wereroutinely culturedat the permissive temperature of’G3
cells were then trypsinized and placed in4tolagen coated -L75 flasks. After 3
days, cells were differentiated by being transferred to the gemiissive temperature
of 37°Cfor 15 dayqSpatz et al., 201F)efore being treated with 7-éstradio] cells

weremaintainedn a humidified environment &% CQ .

In addition to using the RAW264.7 cell line, primary bone marrow
macrophagewere used to investigate whether tleegrted the same osteoclastogenic
responsesBone marrow macrophages (BMM) were isolated from 8 molat female
C57BL/6 mice. The hind limbs were removed of muscle and tissue, each end of the
bone was sectioned, and bone marrow was flushed outUmtEM supplemented
with 1% L-glutamine, 2% antibiotics, and 10% FBSing a 26 G needle. The bone
marrow &pirate was passed through gradually smaller gauge needles in order to break

up larger clumps and aggregates and then centrifuged at 300 x g for 5 minutes. Cells
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were then plated at 5x401 10 cm bacteriological petri dishes with 10 ml media
supplementeavith 20% L9292 CM, a further 10 ml of media was added a day later.
Every 23 days 10 ml of media was replaced with fresh media (in order to not remove
all autocrine signalling compounds). Once macrophages were confluent
(approximately 1 week after isolatijy cells were trypsinized and scraped, and frozen

down or used straight away. BMM cells were used at passage 3 or below.

RAW264.7 cells have the ability to differentiate into osteoclasts in response to
RANKL, even in the absence of macrophage colstityulating factor (MCSF)(Hsu
et al.,, 1999) However, BMM cells require MCSF in order to differentiate into
osteoclast{Weischenfeldt and Porse, 200&onditioned media from the murine
L929 fibroblast cell line was chosen as the source €23F based ofrigure 4-1.
Briefly, L929 cells werglated in F75 flasks (470,000 cells/per flask) and cultured in
Dul beccods modi fwitheGtutarax,Pdpeniikin/streptdmyairand
10% FBSin a humidified incubator with 590, at 37°Cfor 7 days with no media
changes. Conditioned media was collected and filtered using a Filtropor 8y2inge
filter and stored at20°C, conditioned media was used at 20% concentration

throughout the study.
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Figure 4-1. TRAP activity assay performed bone marrow macrophage8NIM)
isolated from two different mice after 7 days of cult@enditioned medié@CM) from
20% L1929 cells + 15 ng/ml RANKL induced a significanincrease in
osteoclastogenesis compared to BMM treated withgZtl recombinant MCSF +15

ng/ml RANKL*=p<0.05. (N=2, n=3).

4.2.2 Estrogen pretreatment and estrogen deficiency

In vitro studies ofOCY454 and MLOGY4ost eocyt e bi ol eMEM c¢c o mmo
culturemedia without the addition of estrog@uakker et al., 2014, Haugh et al., 2015,

Dole et al., 2017, Xu et al., 201%owever,n vivo estrogen is important for normal

bone cell functior{Bakker et al., 2005, Galea et al., 2013b, Kidinend et al., 2015a)

and so, to more closely mimic the physiological environment of osteanys®, the

effect of supplementing culture media with{pnenopausal levels of estrogen (10 nM)

on OCY454 osteocyte behaviour under oscillatory flow conditiansvitro was
investigated Following 15 days of expansion idMEM culture media at 3T,

OCY454 cellsvere treated with ¢sr o g e n ( E-estradifl) far 8dayls.7 b

To simulate postmenopausal conditions, a mede implementedhat first
accustomed osteocytes to estrogen, before a subsequent period where estrogen
supplementation was discontinued, known as estragérdrawal based on our
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previous established postmenopausal model using ME&ETand MLOY4 cells
(Allison and McNamara, 2019, Geoghegan et al., 200Q)Y454 cells were treated
wi t h-esttadi@®(10 nM)for 3 days before it was withdrawn from the media for a
further 3 dayslin total OCY454 cells were cultured at differentiated@ior 21 days

before being exposed to oscillatory fluid flow.

4.2.3 Sclerostin antibody

Sclerostin antibody (S@\b) was kindly provided by UCB pharma (UCB pharma/
Amgen Inc, Slough, UK) and was stored as 5 mg/ml aliquot8GAC. In order to
obtain sufficient neualisation of sclerostirthe osteocytdike cells werdreated with

CBOx higher concentration than the amount of sclerostin produced by OCY454 cells.
A previous study reported that OCY454 cells cultured 84C3or 14 days produce
approximately 75 pg/ml fo Sclerostin (Spatz et al., 2015)based on this, a
concentratiomf 300ng/ml was chosen to ensure sufficient antibody and given that this

dose was not toxic to the cells.

4.2.4 Mechanical stimulation

In order to mimic shear stresses experienced by osteodyteésy physiological
activity in vivo (Weinbaum et al.,, 13, Han et al., 2004, Wang et al., 2007,
Verbruggen et al., 2012laminar oscillatory fluid flowwas appliedo monolayers of
cells using a parallel plate flow chamlétaugh et al., 2015, Deepak et al., 2017)
Prior to mechanical stimulatioDCY454cells from @ch of the treatment groups (E
andEW) were seeded 4012 cells/crhon collagen coated glastide @lide-76 mm x

26 mm) and were cultured for a further day either undesq@ainued estrogen (Y

(b) estrogen withdrawal conditiorfEW). A subset of these groups, had been treated
with 300 ng/ml SclAb 24 hours before stimulatiohaminar oscillatory fluid flow

was applied toOCY454 cellsusing a custordesigned parallel pla system as
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described in our previous studdaugh et al. 2015which comprised of a syringe
pump (NE1600, New Era Pump Systems, Farmingdale, NY, USA), 5Gyninges

(BD Plastics Ltd, Sunderland, UK), parallel plate chambers and individual media
reservoirs connected through gsermeable silicone tubing (CeRarmer, Vernon

Hills, IL, USA). The OFF loading regime applied a peak shear stress of 1 Pa, using
the syringe pump to generate a sinusoidal flow profile with a peak flow rate of 9.2
ml/min, at a frequency of 0.5 Hz for one loading bout of 1 hour duration. After flow,
fresh media was applied and cells were then cultured for 24 hours before conditioned
meda was collected for further experiments (described below). Cedited with Sel

Ab 24 hours prior to flow continued to be treated with 300 ng/miABc(i.e. when

CM was collected OCY454 cells had been exposed to 300ng/miSidr 48 hours).

4.2.5 Conditioned media

RANKL is produced as a membrane protein that can be cleaved to produce a soluble
form (Lacey et al., 1998)n order to assess the effects of the soluble factors produced
by osteocytes on osteoclastogenesis, conditioned media experiments were conducted.
Conditioned media from all celfeatment groupse E+ SctAb, EW and EWSc}h

Ab) was centrifuged at 1500 rpm and then frozeB@C in 1 nhaliquots. RAW264.7
cellsand BMMwere seeded 415,625 cells/crhand37,500 cells/crhrespectivelyin

a 96 well plate and then treated with 5@¥#nditioned media and 50% expansion
media (DMEM) Cells were then cultured in thegsence of 15 ng/mL of RANKL for

5 days.

4.2.6 Bone resorption assessment
In our previous studgAllison and McNamara, 2019jnatrix degradation assays were
performed using the Osteo Assay plaB®rning Inc, Corning, NY, USA Whilst

Osteo Assay ptas are commonly used to assess osteoclast activity due to their
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reproducibility( Kr zes zi ns ki et al .,they2dnbt4ompl@adyBr i e n
capture osteoclast resorption dueheit simplified composition consisting of a thin
synthetic coating of inorganic crystalline calcium phosphate. Herein, bone discs were
chosen over Osteo Assay plates to assess resorption. In order to create bone discs,
bovine metatarsals were cleaned aectisned using a band saw (Mainca-Ba0Q
BarcelonaSpain). Bone sections were thoroughly washed by multiple Hanks buffered
salt solution (HBSS) and 70% ethanol rinses. These bone sections were cut further
using a diamond blade low speed s8udhler IL, USA) to produce square sections

with a thickness between 6046 mm. These sheets were then rinsed with 70% ethanol
three times before being incubated overnight in 70% ethanol. The sheets were then
washed for several hours in HBSS, before being cut@ntam discs using a paper
punch. Discs were then repeatedly soaked in 70% ethanol before being placed in an
ultrasonic bath (VWR, Dublin, Ireland) at room temperature for 15 minutes using
multiple changes of deionised water. Discs were stored in 70% e#ta@0tC until

use.

Bone discs were removed and rinsed three time in HBSS, the HBSS soaked
discs were placed in 96 well plates and exposed to UV light for 60 minutes each side,
24 hours prior to seeding. BMM cells were seeded on dist¢3,350cellgcn? per
disc. Cells were cultured with 50% CM and 15 ng/ml RANKL for 10 days. On day 7
concentrated hydrochloric acid (HCL) was added to the culture media to achieve pH
6.9 to induce the more acidic environment necessary for osteoclast res(@pties
and Arnett, 2012)On day 10, the experiment was terminated and cells were removed
by saication in 0.25 M ammonium hydroxide for 5 minutes. Resorption pits were
stained using 1% Toluidine blue in 1% sodium borate solultivages were acquired

using a light microscopeQlympus BX43, OlympusTokyo, Japanand quantified
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using ImageJ softwayen which images were colotihresholded and percentage area

resorbed was quantified.

4.2.7 Tartrate -resistant acid phosphatase (TRAP) staining

At the end of the caulture and conditioned media experiments RAW 264.7 aalls

BMMs were rinsed with PBS and fidewith 4% Paraformaldehyde. They were then
rinsed withPBS and stained for tartratesistant acid phosphatase (TRAP) activity
with a commercial ki{Sigma Aldrich, St. Louis, MO) andounterstained witlill

No. 3 hematoxylin for 3 minutes. Images weregaited using a light microscope
(Leica DMil, Leica Biosystems, Wetzlar, Germany) and quantified using ImageJ
software, in which images were colour thresholded and the percentage area covered
by osteoclasts was quantified. TRABsitive cells with 3 or morauclei were

considered to be osteoclasts.

4.2.8 TRAP activity assay

At the end of the conditioned medaad ceculture experiments, culture media was
collected fromwells and secreted TRAP activity was detected. The TRAP activity
assay involved measuring enzyme activity by the conversion eof p
nitrophenylphosphate (20 nM) toergtrophenol in the presence of 80 mM sodium
tartrate and was expressed as optical density and0bising a microplate reader

(Synergy HT, Biotek Instruments Inc., Winooski, VT, USA).

4.2.9 Co-culture experiments

RANKL is found in membran®&ound form on osteocytes dendritic procegslesima
et al., 2013)and to assess changes in direct-celll signalling between osteocytes
and osteoclast precursors,-adture experiments were conductddechanically

stimulatedOCY454cells from eaclgroup €, E+ SctAb, EW and EW4SclAb) were
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seeded a22,727cellgcn? in a 48 well plate. After 24 hours RAW264.7 cells were
seeded on top @CY454cells at9,090 cells/cribased on a previous studlison

and McNamara, 2019)n the case of BMMs, a density titration was performed to
determine the optimum density to segdrigure 4-2), it was determined th&0,909
cells/cnt BMMs was the optimum density to seed on top of the OCY454 cells. Both
RAW264.7 and BMM cellsvere cecultured in the presence ©% ng/mL of RANKL

for a further 6days To mimic systemic administration in humans,-80l treatment
groups continued to receive 300 ng/ml-8bl throughout the 6 days of @ulture (i.e.

both osteocytes and osteoclast precursors were cultured in the preseneg&b)f Scl
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Figure 4-2: BMM cells were seeded at various densities on top of 2.3 @ C¥ 454
cells and osteoclastogenesis was assessed®yiaRAP activity andg) number of

TRAP positive cell.4 x 18 BMMs was determined as the optimum density.

4.2.10 gqRT-PCR

RAW264.7 and BMM cells were exposed to 50% CMs described above, and
cultured for 5 days. At day B,RNA was isolated usingigh pure RNA isolation kit
(RocheApplied Science, Mannheim, GermaniRNA concentration and quality was
assessed with a Spectrophotometer/Fluorometer1(DBEX, DeNovix, Wilmington,

DE, USA)). cDNA was generated using the Qudatia Reverse Transcription Kit.
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gRT-PCR was performed on resultant cDNA template on a StepOne plusmeal

PCR machine (Applied Biosystems, Foster City, CA, USA) using a QuantiNova

SYBR Green PCR Kit and custom designed primers (IDT, Coralville, IA, USA) for

Nuclear factor of activated -Tells cytoplasmic 1 (NFATcl), and Cathepsin K

(CTSK) (Primer sequenes are shown iable 3).

MRNA from OCY454 cells was isolad 24hrs after exposure to oscillatory

fluid flow, and transcribed to cDNA using the same protocol as described above.

Expression of the following genes were assedRedeptor activator of nucletactor

kappacd

| i (RANKM), Osteoprotegerin (OPGWnt inhibitory factor 1 (Wifl),

Frizzledrelated protein (FRZB), Secreted frizzled related protein 2 (SFRP2),

Sclerostin (SOST)Cathepsin K (CTSK)Matrix Metallopeptidase 13 (MMP13) and

Matrix Metallopeptidase 14 (MMP14Primea sequences are shownTiable 3). The

normalised relative quantities (NRQ) of each sample (RAW2&NMM and OCY454

samples) werealculated with reference to RPLPO. Data waslysed using the pfaffl

method.

Table 3: Primer sequences used in ¢gRTR

Mus musculus Gene

Primer Sequence

Sense (5°-37)

Antisense (5-37)

CTSK
NFATc1
RANKL

OPG

WIF1

FRZB

SFRP2

SOST
MMP13
MMP14

RPLPO

TGGATGAAATCTCTCGGCGTT
GAGCGGAGAAACTTTGCGG
CCCATCGGGTTCCCATAAAG
GCCACGCAAAAGTGTGGAAT
TGCCAGCCATTCCTGTCAAT
ACGGAGCGGATTTITCCTATGG
GAAGCTCCCAAGGTGTGTGA
CTTCAGGAATGATGCCACAGAGGT
CGGGAATCCTGAAGAAGTCTACA
AGGAGACGGAGGTGATCATCATTG
AGATTCGGGATATGCTGTTGGC

TCTTCACTGGTCATGTCTCCC
AGGGTCGAGGTGACACTAGG
AGCAAATGTTGGCGTACAGG
TTITGGTCCCAGGCAAACTGT
GAAGTATTCTGCCTGCCCCG
CACAACGGCGGTCACATCA
CACTTTGATTTTCAGTGCGAAGT
ATCTTTGGCGTCATAGGGATGGTG
CTAAGCCAAAGAAAGATTGCATTTC
GTCCCATGGCGTCTGAAGA
TCGGGTCCTAGACCAGTGTTC
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4.2.11 Statistical analysis

Data are representative of 3 independent experiments performed in triplicate and are
presented abox plots and whiskers which disgl the following:whiskersextend
between min and max values of data set, the box extend2%thrnto 75th percentiles,
horizontal line across the box is theedian value and the black dot represents the
mean of thedata Statistical analysis waperformed byan unpaired twetailed

St u d etest Advaluebfp< 0.05 was regarded as statistically significant. Technical

replicates are represented as N, while biological replicates are represented as n

4.3 Results

4.3.1 Estrogen deficient osteocytes producehible factorsfollowing mechanical
loading which induce osteoclastogenesis

In Vitro estrogen deficient osteocytes have been reported to exhibit impaired
mechanosensatiqGeoghegan et a019) and alter preosteoclastogenisignalling
(RANKL/OPG, COX2). The direct effect of this impaired mechanosensation in
estrogen deficiency on osteocyteediated osteoclastogenesias assesseéor this
purpose, a series of conditioned media (@&Mperimentavere conductedn which

both BMM cellsand RAW264.7 cedl were culturedwith CM from mechanically
stimulatedOCY454 cells. There was significantly higher TRA&ells when BMMs
were cultured with CM from estrogen deficient osteocype®.01) and also higher
levels of TRAP activity (p<0.0001) compared to CM from estrelgeated osteocytes
(Figure 4-3A, B, C). Similarly, CM from estrogen deficient osteocyiesreased
osteoclastogenesis (p<0.05) and TRAP activity (p<0.0001) in RAW264.7 cells

compared to CM from estrogareated cellsKigure 4-4 A, B, C).

The effectsosteocyte CM had on both NFATcl and CTSK expression in

BMMs and RAW264.7 cellsvas assesse@MMs upregulated their expression of
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both CTSK (p=0.09) and NFATc1 (p<0.05) following 5 days of culture with CM from
estrogen deficient osteocytes compared to f@dh estrogerireated cells Kigure
4-3D, E). RAW264.7 cells significantly upegulated NFATc1 expression following

5 days exposure to CM from estrogen deficient ostesccompared to CM from
estrogerreated cells (p<0.05), but there was no significant difference in CTSK

expressionKigure 4-4 D, E).

After establishing that CM fromestrogen deficient osteocytes increased
osteoclastogenesis as well as NFATcl and CTSK expression in 88 Figure
4-3 D, E) the effect these changes had on resorption was assksseder to do so,
BMM cells were seeded onto bovine bone discs, with CM fioechanically
stimulatedosteocytes and 15ng/ml RANK After 10 days of culture, cells were
removed by sonication and resorption was assessed. There was a significant increase
in bone resorption when BMM cells were treated with CM from estrogen deficient
osteocytes (p<0.0001) compared CM from estretgesmied osteocytedqgure 4-5 A,
B). In summary estrogen deficient osteocyt#®wing mechanical loadingroduce
soluble factors that increase osteoclastogenesis, TRARityacand NFATcl
expression in both BMMs and RAW264.7 cells compared to estrogen treated

osteocytes.

4.3.2 Inhibition of sclerostin can revert the exacerbated regulation of
osteoclastogenesis bysgogendeficient osteocytesvhich have been mechanically
loaded

This studyexamined whether administration of the -84 to estrogen deficient
osteocytesn vitro could reduce the increase in osteoclastogenesis observed when

BMMs were exposed to CM from estrogen deficient osteocytes.
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When estrogettreated osteocytegere treated with the Sélb, they produced
a CM that decreased osteoclastogenesis (p<0.05) and TRAP activity (p<0.0001) in
BMMs further, when compared to estrogeeated cells that received no 24
(Figure 4-3A, B, C). This was supported by a dowegulation in CTSK (p<0.01) and
NFATc1 expression (p=0.1021) in estrogesated osteocyte CM group that received
SctAb, when compared to the untreated CM grakigre 4-3 D, E). However, no
significant difference in osteoclastogenesis and CTSK expression was seen when
RAW264.7 cells were treated with CM from estrogezated osteocytdseated with
the SctAb when compared to estrog&éeated osteocytes that received no-Al
(Figure 4-4 B, C, D). A significant increase in NFATc1l expression was seen
RAW264.7 cells treatedith CM from estrogen and Sélb treated osteocytes, when
compared to estrogeneated osteocytes that received neAtlp<0.05) Figure 4-4

E).
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sclerostin reverses this effecd)(Imagesshow multinucleated TRAPosteoclasts
(orange arrows) after BMM were treated with CM from OCY454 cells in the presence
of 15ng/ml of RANKL for 5 days (N=3, n=9R)(Percentage surface area covered by
TRAP+ multinucleated cells (N=3, n=9)() TRAP activy in supernatant collected
from multinucleated cells (N=3, n39gRTFPCR gene expression in BMM cells
treated with various CM (Relative to estrogeeated osteocyte CM groupD) CTSK
expression (N=3, n=9).H) NFATc1 expression (N=3, n=9); E= CM fronsteogen
treated OCY454 cells, EW= CM from OCY454 cells which had undergone and
estrogen withdrawal regime, E+ S8b= CM from estrogen treated OCY454 cells
which had been treated with 300ng/ml-8bl for 48 hours before CM was collected
and EW+ SclAb= CMfrom estrogen deficient OCY454 cells which had been treated
with 300ng/ml SeAb for 48 hours before CM was collected. Statistical tests:

Unpairedtwet ai | e d -gedt.d=g<0.05 $=p<0.01 and ***=p<0.0001.

There was a significant decrease in osk@stogenesis (p<0.01) and TRAP
activity (p<0.0001) when BMMs were treated with CM from estrogen deficient
osteocytes treated with the Sdb, when compared to CM from untreated estrogen
deficient osteocytesF(gure 4-3 A, B, C). This was accompanied by a down
regulation in both CTSK (p<0.05) and NFATc1 (p<0.01) expression in BMMs treated
with CM from estrogen deficient osteocytes and theAkcivhen compared to CM
from untreated estrogen deficient osteocytagyre 4-3 D, E). In keeping with this,

a decrease in TRAP activity was seen in RAW264.7 cells treated with CM frem Scl
Ab treated estrogen deficient osteocytes compared to untreated cells (pRQOS (
4-4C). Conversely, an upegulation in NFATcl expression was seen in RAW264.7

cells treated with CM from S&b treated estrogen deficient osteocytes compared to
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untreated cells (p=0.1277), but no significant difference wer@ $eeCTSK

expressionKigure 4-4 D, E).

A

4

Y 1A S

NiAS =

—EW + Scl-Ab

=]
o
N
-
o0
1
*

ekekk —

3 Ctrl
—_— Il + Scl-Ab

% area covered by
2

TRAP+ osteoclasts
g &
OD Value of TRAP assay
o
(3]

=}
°
=)

CTSK

2.0+

N
o
1

N
o
1

-
o
1

-
o
1

o
o
1

°
o
1

Normalized Expression Level (NRQ)
Normalized Expression Level (NRQ)

114



Chapter 4

Figure 4-4: Estrogen deficient osteocyte produce CM that significainityeases
osteoclastogenesis in RAW264.7 cells, inhigitzierostin reduced this effect but not

to the same extent as seen in bone marrow macrophaggsimages show
multinucleated TRAP osteoclasts (orange arrows) after RAW264.7 cells were
treated withCM from OCY 454 cells in the presence of 15ng/ml of RANKL for 5 days
(N=3, n=9). B) Percentage surface area covered by TRARultinucleated cells
(N=3, n=9). C) TRAP activity in supernatant collected from multinucleated cells
(N=3, n=9). (D, E) gRTPCR gne expression changes in RAW264.7 cells treated with
various CM (Relative to estrogareated osteocyte CM groudp) CTSK expression
(N=3, n=9). E) NFATcl expression (N=3, n=9). *=p<0.05, *=P<0.01 and

week=1<0.0001 .

Estrogenrtreated osteocytes that weereated with the S@b produced a CM
that significantly inhibited bone resorption (p<0.001,) when compared to CM from
estrogerreated osteocytes that received no antibody. Likewise, there was a decrease
in bone resorption when BMM cells were cultureddmCM from estrogen deficient
osteocytes that were treated with the-Siol (p<0.0001), compared to BMM cells

which received CM from untreated estrogen deficient osteodyigsré 4-5).

Thus osteoclastogenesis in BMMs and RAW264.7 cells is decreased when
mechanically stimulatedsteocytes have been treated with-Slolfor both estrogen
treated and estrogen deficient groups in BMMs and is accompanied by decreases in
both CTSK and NFATcl expression. However, a decrease in osteoclastogenesis in
RAW264.7 cells is only seen in the b treated estrogen deficient CM groups but
not in estrogeftreated groups. Bone resorption is decreased when BMM cells are
treated with ® from SclAb treated osteocytes, from both estrogyeated and

estrogen deficient groups.
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Figure 4-5: CM for SctAb treated osteocytes induces less bone resorption than CM
from untreated osteocyte®\)(BMM cells were seeded on to bovine bone discs and
cultured with 50% osteocyte CM in the presence of 15ng/ml of RANKL for 10 days.
Cell were then detached via sonication, stained with toluidine blue and resorption
(orange arrows) was visualised under a lighicroscope. B) Quantification of

resorption images showing percentage area resorbed by osteoclasts (N=2, n=8).

*hkk=p<0,0001 .
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4.3.3 Estrogen deficient osteocyteshat were mechanically stimulatedinduce
osteoclastogenesis in a direct ceatkll contact coculture system

Cell-cell coculture studies have previously revealed that mechanically stimulated
MLO-Y4 cells inhibit osteoclastogenesis in both mouse BMMs and RAW264.7 cells
(You et al., 2008, Kulkarni et al., 201@jowever, it is unknown what effect estrogen
deficiency has on this pecess, and for this reason-colture studiesvere conducted,

in which BMMs or RAW264.7 cells were seeded on top of mechanically stimulated
osteocytes that had previously received either estrogen treatment or an estrogen
withdrawal regimeEstrogen deficiet osteocytes had an enhanced capacity to induce
osteoclast differentiation following mechanical stimulation when compared to
estrogertreated cells (p<0.05) and an increased TRAP activity (p<0.0001) was also
seen in the estrogen deficient osteosy@culture group compared to the estrogen
treated ceculture group Figure 4-6A, C, D). Cacultures with RAW264.7 cells
produced similar results; there was a significantaase in TRAP cells formed
(p<0.001) as well as an increase in TRAP activity (p<0.05) when RAW264.7 cells
were cocultured with estrogen deficient osteocytes compared to esttozprd

osteocytesKigure 4-7A, B, C).

In summary, mechanically stimulataddestrogen deficient osteocytes have
an enhanced capacity to induce osteoclastogenesis in BMMs and RAW264.7 cells in
a coculture systemwhencompared to estrogeneated osteocytes which have also

received mechanical stimulation.
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Figure 4-6. Sctab administration reduces osteoclastogenesis in BMMs induced by
estrogen deficient osteocyted) (mages show TRAPosteoclasts (orange arrows)
after coculture with OCY454 cells for 6 days. (N=3, n=9) Magnified image in
which OCY454 cells have retracted from the side of the well, revealing multinucleated
TRAP+ osteoclast which is seeded on toptbhé OCY454 cell monolayerCY
Percentage area covered by the TRAGlIs (N=3, n=9). D) TRAP activity assay,

for supernatant collected from OCY4BMM co-cultures after 6 days (N=3, n=9).

*=p<0.05 and ****=p<0.0001.

4.3.4 SctAb administration to estrogen defcient osteocyteswhich were
mechanically stimulatedreduces osteoclastogenesis and TRAP activity in a-co
culture system

The effects of inhibiting sclerostin on osteoegteoclast direct cetiell signalling

was assessed. It was observed that inhibiting sclerostin in estrogen treated osteocytes
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resulted in a decrease in osteoclastogenesis in BMMs (p<0.05) but had noasignif
effect on TRAP activity compared to estrogen treated cells that received-Ad Scl
(Figure 4-6A, C, D). Likewise, a significant decrease in TRARBell formation
(p<0.0001) and TRAP activity (p<0.001) was seen in RAW264.7 celsultared

with estrogertreated osteocytes in the presence of theABctompared to in the
absence of Sehb (Figure 4-7A, B, C). Administration of the SeéA\b reduced
osteoclastogenesis (p<0.05) and TRAP activity (p<0.0001) when BMMs were co
cultured with estrogen deficient osteocytes and indeed these reverted to levels
comparable with estrogdnreated cecultures Figure 4-6 C, D). However, SeAb had

no noticeable effect on reducing osteoclastogenesis and TRAP activity when
RAW264.7 cells were coultured with estroge deficient osteocytes-{gure 4-7 B,

C).
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Figure 4-7: Sclab administration reduces osteoclastogenesis in RAW2&IIS
induced by estrogetreated osteocytes but not estrogen deficient cely. (

Multinucleated TRAP osteoclasts (orange arrows) after-calture with OCY454
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cells for 6 days (N=3, n=9).B) Percentage area covered by the multinucleated
TRAP+ cells (N=3 n=9). (C) TRAP activity in supernatant collected from OCY454
RAW264.7 ceaultures after 6 days (N=3, n=9).*=p<0.05, ***=p<0.001 and

week=1<0.0001 .

4.3.5 RANKL/OPG ratio is increased in estrogen deficient osteocytésllowing
mechanical stimulation however, RANKL/OPG ratio is reduced following Scl-

Ab administration

Osteocytes are the main source of RANKL, a cytokine that induce osteoclastogenesis
(Xiong et al., 2015)It was assessedhether the increases in osteoclastogenesis when
BMMs and RAW264.7 cells were amultured with estrogen deficient osteocytes, or
ités CM, could be explained by changes
was a significant increase in RANKL/OPG ratio in estrogen deficient fodibsving
mechanical loadingompared to estrogen treatesteocytes (p<0.01){gure4-8C).

There was no statistical significant difference in RANKL expression levels between
estrogen deficient and estrogeeated osteocytesm response to loadin@Figure

4-8A). OPG expression was reduced in estrogen deficient osteocytes compared to
estrogerreated osteocgt however this was not statistically significant (p=0.0866)

(Figure4-8 B).

When estrogefireated osteocytes were administrated-Azlthere was a
significant downregulation in RANKL expression (p<0.01) and anregulation in
OPG expression (p<0.01), resulting in a decrease in RANKL/OPGimnat&sponse
to loading(p<0.0001) compared to estrogeaated osteocytes that received no Scl
Ab (Figure 4-8 A, B, C). In estrogen deficient osteocytes there was no significant
difference in RANKL and OPG expression individually when -8kl was

administeredKigure 4-8 A, B). However, the RANKL/OPG ratio was decreased in
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estrogen deficient osteocytes treated with-Azl compared estrogen deficient
osteocytes who received no 2db treatment, however not significayt{p=0.0842)
(Figure 4-8C). Taken together, these results demonstrate that estrogen deficient
osteocytes have altered responses to mechanical stimulation leadingeés@scin
RANKL/OPG ratio. The SeAb administration is able to reduce this response to a

certain extent.
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Figure 4-8: RANKL/OPG ratio increases in estrogen deficient osteocytes but is
reduced following SeAb administration. qR'PCR analysis of gene expression
(relative to estrogen treated group) in OCY454 cells 24 hrs after mechanical
stimulation A) RANKL expression (N&; n=9), B) OPG expression (N=3, n=9) and

(C) RANKL to OPG ratio (N=3, n=9). **=p<0.01 and ****=p<0.0001
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4.3.6 Estrogendeficiency causes dowanegulation in the Wnt antagonistsFRZB,
SFRP2 and WIF1 but up-regulates SOST expression in osteocytes following
mechanical loading

The canonical Wnt signalling pathway is an important regulator of bone homeostasis.
There are a number secreted Wnt antagonists, which can be categorised as those that
bind to Wnt ligands and those that bind to the Wntezxeptor LRP5/§Kawano and
Kypta, 2003, Cruciat and Niehrs, 2013)RNA expression of a number of Wnt
antagonists including those belonging to the soluble frizeéated protein family;
SFRP2, WIF1 and FRZB, as well the gene that encodeSderostin; SOST were
analysed in OCY454 cells. Under estrogen defiticonditions there was a down
regulation in WIF1 (p<0.05), SFRP2 (p=0.1238) and FRZB (p<0.05) expression
following mechanical loadingompared to estrogen treated osteocykegufe 4-9A,

B C). SOST expression was-upgulated in estrogen deficient osteocytesesponse

to loading compared to estrogen treated osteocytes (p<0.Bijure 4-9 D).
Administration of SclAb to estrogentreated osteocytes dowagulated expression of
WIF1 (p<0.05) and SFRP2 (p<0.05) but had no effect on FRZB or SOST expression
comparedestrogerreated osteocytes that received neAtFigure 4-9). However,
SclAb had no significant effect of Wnt antagonist expression when administered to

estrogen dficient osteocyte@~igure 4-9).
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Figure 4-9: Estrogen deficiency causes doevagulation Wnt antagonists FRZB,
SFRPZ2and WIF1 that bind to Wnt ligands but-tggulates SOST which binds to the
Wnt coreceptor LRP5/6. gRPCR analysis of gene expression (relative to estrogen
treated group) in OCY454 cells 24 hrs after mechanical stimulai&ah WIF1
expression (N=3, n=9)(B) SFRP2 expression (N=3, n=9)CY FRZB expression

(N=3, n=9) and D) SOST expression (N=3, n=9). *=p<0.05

4.3.7 MMP14 and CTSK expression is elevated in estrogen deficient osteocytes
following loading, SctAb administration reduces CTSK expression back down

to estrogentreated levels

Osteocytes have the ability to remodel their surrounding extracellular matrix through
a process termed perilacunar remodelling (PLR), whereby they produce a combination

of matrix metalloproteases (MMPs), ATPase proton pumpsesagmes such as
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Cathepsin K to resorb the organic and mineral components of the surrounding matrix
(Tsourdi et al., 2018)Whether estrogen deficiency altered the expression of genes
involved in PLR was investigatedlthough there was a trend towardsreases in
MMP14 (p=0.1394) and CTSK (p=0.1780) expression in estrogen deficient osteocytes
compared to estrogeneated osteocytes, these differences were not significant
(Figure 4-10B, C). Administration of the SeAb to estrogerireated osteocytes had

no effect on MMP13, MMP14 or CTSK expressioomparedto estrogerreated
osteocytes which received no @b (Figure 4-10 A, B, C). Estrogen deficient
osteocytes treated with S&b also had a trend towards decreased MMP13 (p=0.1935)
and CTSK (p=0.0930) expression, compared to untreated estrogen deficient

osteocytes, but this was reiatistically significantKigure 4-10A, C).
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Figure 4-10. MMP14 and CTSK expression is elevated in estrogen dd#ficie

osteocytes, S@b administration reduces CTSK expression back down to estrogen
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treated levels. gRPCR analysis of gene expression (relative to estrogen treated
group) in OCY454 cells 24 hrs after mechanical stimulatinMMP13 expression
(N=3, n=9), (B) MMP14 expression (N=3, n=9) andcC) CTSK expression (N=3,

n=9).

4.4  Discussion

In this study, it was repatifor the first time that under combined estrogen deficiency
and mechanical loading, a significant increase in ostedogteed osteoclastogenes

and resorption occurscompared to estrogerireated groups Interestingly,
administration of SeAb reduces the RANKL/OPG ratio in estrogen deficient
osteocytes and this is associated with a reduction in osteoclastogenesis by osteoclast
precursors in caulture. SclAb exerts similar effects on estrogerated osteocytes,
decreasing osteoclastogenesis and resorption, and-rgwlating both CTSK and
NFATc1 expression in BMM cells. This study provides an enhanced understanding of
the biological changesnderpinning increases in bone mass and strength following
SclAb treatment by revealing that the Sdb can reduce prosteoclastogenic cell

signalling between osteocytes and osteoclasts.

There are a number of limitations to this study, which must beessied.
Firstly, the osteocyte cell line OCY454 were used rather than primary osteocytes.
OCY454 cells are a relatively new cell line developed by Dr. Pajevic (Boston
University), which have been shown to secrete significant levels of soluble sclerostin
after they are differentiate(®patz et al., 2015)They are also méanosensitive and
have been shown to increase their expression of sclerostin in response to microgravity
in vitro (Spatz et al., 2015)Based on these characteristics, OCY454 cells are a
promising candidate to studly vitro effects of sclerostin and mechanical stimulation,

and their effects on osteocyitedluced osteockiogenesis, compared to other osteocyte
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cell lines, such as ML&'4 cells, which express very low levels of sclero¢Bpatz

et al., 2015)Secondly, here osteocytes were cultured in a monolayer and mechanically
stimulated using a parallel plate flow chamber, which is an oversimplification of the
stresses experienced bgteocytesn vivo. However, parallel plate flow chambers
have been widely used to study osteocyte mechanobiology as they allow downstream
chemical events to be easily studi@¢ulkarni et al., 2010, Haugh et al., 2015,
Geoghegan et al., 2019, Xu et @019) Administration of the SeAb in humans is

given systemically, which is why Sélb administrationin vitro was given to both
OCY454 and BMM c el | s-catehminosteoelast precusdrsehasi o n - «
been shown to result in an increase in osteoclast number and enhanced reJdnigtio
suggests that sclerostin might have a direct role in osteoclast differentiation, which is
independent of RANKL and OPQ@Nei et al.,, 2011)This potentially means that
reductions in osteoclastogenesis following-Abladministration reported e may

not solely be osteocyte dependent and theABcimay have direct effects on
osteoclasts, but this would require further investigation. NeverthelessPGRT
analysis in the current study confirmed that adstration of SclAb downregulated
pro-ogeoclastogenic factors (RANKL/OPG) @strogen deficient osteocyt&snally,

in vitro stimulation of pre and postmenopausal conditions by the addition or
withdrawal of estrogen results in a sudden decrease in estrogen levels, whereas in
humans, serum &adiol levels deplete over a four year per{&8dwers et al., 2008)
Nonetheless, the results show significant andontgmt difference in osteocyte
induced osteoclastogenedistween the continued estrogen administrated and the
estrogen deficient groupsnd thus provide an advanced understanding of role of

estrogen status on osteocyte signalling.
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It has previously been reported that estrogen deficient MUQ@ells increase
RANKL/OPG expressioiiGeoghegan et al., 2019nd our study supports this as an
increase in RANKL/OPG raticmn OCY454 cells was also seen. Importantly, it was
repored for the first time hergthat this increase in RANKL/OPG ratio resulted in
increased osteocyiaduced osteoclastogenesis and NFATc1 expression, which is a
master regulator of osteoclastogeng$ism and Kim, 2014) It was shown that
estrogen deficient osteocytes induce afregulation in CTSK in BMM cells, a gene
that encodes for the cathepd{ protease involved in bone resorpti@aftig et al.,
2000) Increases in osteocyteduced osteoclastogenesis in estrogen deficiency
occurred through paracrine signalling and through-all contact signalling to
similar effecs in BMM cells. Although membrarAgound RANKL has been shown to
be more potent than soluble RANKNakashima et al., 2000he results presented
here suggests that under estrogen deficient tondithis may not be the casevitro
osteoblasbsteoclast studies previously reported an increase in matrix degradation in
estogen deficient groups compared to estrogen treated ¢Adligpn and McNanara,

2019) Herea significant increase in bone resorptas reportedhrough use of
bovine bone disc assays, in estrogen deficient groups compared to estrogen treated

groups

Mechanicaloading has been shown to dowagulate sclerostin expressibn
TGFb dependant mechanisr(iRobling et al., 2006a, Robling et al., 2008, Nguyen et
al., 2013, Xu et al., 2019However,in the current studyif was demonstrated that
estrogen deficient osteocytes failed to dewgulate SOF expression following
mechanical loading. This supports the increase in sclerostin expression seen in human
postmenopausal bone ar@VX mice (Kim et al., 2012, Fujita et al.,, 2014)

Interestingly, the Wnt antagonists (WIF1, SFRP2 and FRZB) were-degulated in
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estrogen deficiency. Estrogen receptor alphaljE&involved in bone cells agtive
response to mechanical str@idamien et al., 1998, Damien et al., 2000, Zaman et al.,
2006, Galea et al., 2013bnd estrogen receptor signalling has been shown to work
synergistically with Wnt3A to promote osteogenic differentiatiGao et al., 2013)
Additionally, activation ofb-catenin and its translocation to the nucleus has been
shown to be facilitated by ERArmstrong et al., 2007)t has been reported that when
estrogen levels are low, or an estrogen receptor antagonist (Fulvestrant) is present, the
amount of functional EBavailable is reduced, and so there is aoffigent amount

of receptors to transduce mechanical strain to biochemical resg&nsesne et a.
2004, Chow et al., 20167 his has been shown to result in reduced accumulation of
catenin and therefore a reduction in the trapton of Wnt target genes, leading to a
decrease in bone formatigArmstrong et al., 2007)T'he decrease in Wnt antagonists
(WIF1, SFRP2 and FRZB) may act to compensate for the alteration in
mechanotransduction seen in estrogen deficiehoystrong et al., 2007jo promote

Wnt signalling and therefore increase activatioatenin leading to increased
osteogenic responses. Supporting this, MGEL3cells have been reported to- up
regulate SFRP1 following mechanicaatbng(Robinson et al., 2006)-uture studies
should investigate whether this response in osteoblastic callsdgatedn estrogen
deficient conditions, similar to what is repeut here in osteocytes. SAb
administration dowsregulated both WIF1 and SFRP2 exgsion in estrogetreated
cells, however it appeared to have no significant influence on estrogen deficient cells.
This may be a result of our experimental timelines, in which WNT antagonist
expression was analysed after only 2 days ofABctreatmentwhereas arn vivo
study showedn up-regulationin Wnt antagonist expression after 1 week of/Atl

administration(Holdsworth et al., 2018)
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Antibodies against sclerostin have demonstrated the ability to promote bone
formation leading to increases in bone mass and bone strength in both animal studies
and clinical trialgLi et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al., 2015,
Zhang et al., 2016)nterestingly SelAb has shown to decrease RANKL/OPG ratio in
osteoblasts and decrease osteoclastogemeBMM cultures from spinal cord injury
rat models that undergo bone I¢&sn et al., 20155 ctAb administration to estrogen
deficient osteocytes resulted in a decrease in osteoclastogenesis and resorption, as
determinedoy TRAP staining, TRAP activity, resorption assays and NFATc1 and
CTSK expression. This was at least in part due to a decrease in RANKL/OPG
expression in estrogen deficient osteocytes treated witAlSoh microarray study
of osteocyteenriched trabeculdyone from SclAb treated rats, revealed a decrease in
RANKL/OPG ratio in osteocytes from SAb treated ratgTaylor et al., 2016)In
addition to this, the study reported that the-Slelup-regulated WISP1 expression, a
known negative regulator of osteoclastogenésiaeda et b, 2015, Taylor et al.,

2016) This suggests that both a decrease in RANKL/OPG ratio and an increase in
WISP1 expression may contribute to the decrease in osteoclastogenesis and resorption
repoted here. In this study, differences in osteoeytetliated differentiation and gene
expression of RAW264.7 cells and primary BMM cells were reported. Whilst
RAW264.7 cells have been used to study osteoclastogenesis for more than 20 years,
due to their easef culture and wide availability, there are differences between the
cellular programming of these cells, and BMM cells have been report to have a
superior ability to resorb bone than RAW?264.7 c@lisvenson et al., 2018, Kgret

al., 2019) The differences between RAW264.7 and BMM cells might be explained

by the fact that RAW264.7 cells were isolated from Abelson leukaemiaiatused

tumor from adult male BALB/c mice, whereas the BMMs cells were isolated from the
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bone marrow blong bones from aged 8 month old healthy adult female C57BL/6
mice. As it has been reported that ERU
reduction in load induced bone formation, but no effect was observed in male mice
(Callewaert et al., 2010)he sex specific differences may be a potential reason why
differences were observadonetheless, the differences reported here were subtle and
were characterised by dampelresponses in the RAW264.7 cells when compared to

BMM cells.

Sclerostin has been implemented in regulating several protein involved in
perilacunar remodelling (PLR), a process essential in maintain bone diaéyet
al., 2019) A study has shown that primary osteocytes and M4Zells treated with
sclerostin upregulate cathepsin K (CTSK) and carbonic anhydrase 2 (CaZ2), which are
enzymes that play an important ralePLR. The study also observed an increase in
lacunar size irex vivohuman trabecular bone explants when they were treated with
sclerostin{Kogawa et al., 2013Bimilarly, in estrogen deficient conditions, in which
an increase in SOST expression was reported, aregipation in CTSK was
observed. Supporting this, inhibiting sclerostin in OCY454 cells resulted in modest
decreases in MMP13 and CTSK expression in estrogen deficient osteoeitte.
On the basis of this preliminary datuture studies should invégateintracellular pH
changes that occur in the OCY454 cells during estrogen deficiency, to gain a better
understanding of the changes that occur in perilacunar remodelling during estrogen

deficiency(Dole et al., 2017, Yee et al., 2019)

4.5 Conclusion
This studyreportsthat under postmenopausal conditionananease in RANKL/OPG
ratiois expressetly mechanically stimulatensteocytesompared to estrogdreated

osteocytesind a significant increase asteocyteinduced osteoclast formation occurs
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leading to increasellone resorptionThese observations support the first hypothesis
of chapter 4 that #d@dAmechanically stimul at
bone resmption during estrogen deficienayT his study demonstrates that in estrogen
deficient conditions there is an upgulation of SOST expression but a down
regulation in other Wnt antagonists e.g. WIF1, FRZB, which may indicate a
compensatory mechanism  for Itemation in  mechanosensation and
mechanotransduction seen in osteocytes. In addition, the expression of enzymes
involved in perilacunar remodelling e.g. CTSK and MMP14 aregegplated in
estrogen deficient osteocytes, whereas inhibiting sclerostin cdaceaetheir
expression. Therefore, sclerostin may play an important role in the enhaneed pro
osteoclastogenic signalling between osteoegstsoclasts in estrogen deficient
conditions.Supporting the second hypothesis of chapter 4, this study shows for the
first time that administration of Sélb reduces prmsteoclastogenic signalling
between osteocytes and osteoclasts, which leads to reduced bone resdpsion
study provides an enhanced understanding of the biological changes underpinning
reductions inbone resorptiorseen in animal and clinical studies following -3di

treatment.
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Chapter 5: Microporosity in short
and long term estrogen deficiency

5.1 Introduction

Estrogen is important for skeletal health as it plays an important role in regulating the
action of bone cells that govern the growth and maturation of bone and those that
participate in bone remodellifgtenkre and Bassett, 2018)he results from chapter

3 and 4 of this PhD thesis demonstrated that under estrogen deficient conditions
mechanically stimulated osteoblasts and osteocytes alteiospg@lastogenic
paracrine signalling (RANK/OPG), which enhanced osteoclastogenesis and resorption

of osteoclast precursors exposed to these cells.

Recent studies have revealed that the skeletal phenotype at the onset of
estrogen deficiencis not only charaefrised by progressive bone loss, but also that
temporal changes in bone mineral distribution, mechanical properties of bone and the
micromechanical environment of osteoblasts and osteocytes occur. In particular, the
distribution of tissudevel mineral intrabecular bone is altered in human osteoporotic
bone and in an ovine model of osteopor¢Bissse et al., 2009, Brennan et al., 2011a,
Brennan et al., 2014aand the mechanical properties are altered in adiependant
fashion(Brennan et al., 2011bln vivo micro-CT studies have been implemented to
study the progression of bone los©¥W X rats, and these have revealed that trabecular
bone volume and microarchitecture are rapidly depleted within the first month of
estroge deficiency(Boyd et al., 2006, Waarsing et al., 2006, Brouwers et al., 2008,
Perilli et al., 20100'Sullivan et al., 2019)whereas trabecular thickening occurs in

long termestrogen deficiencfWaarsing et al., 2006, Brouwers et al., 2008, Perilli et
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al., 2010, Csullivan et al., 2019Most recently it has been reportedttbone mineral
density and mineral heterogeneity are also increased in long term estrogen deficiency
in OVX rats (O'Sullivan et al., 2019)However, the microstructural and mineral
changes that occur rortical bone during different stages of estrogen deficiency are

not fully understood.

Tissue mineral density and porosity contribute to the overall mechanical
properties of bongSchaffler and Burr, 1988, McCalden et al., 19@3)rtical porosity
is characterised by vascular pend thdacunarcanalicular network, which houses
osteocytes and their dendritic processes. Interstitial fluid, flows through the kacunar
canalicular network, deflecting the tethering elements that attach the cell process to
the canalicular wall, activeiag focal adhesion complexes aimiegrins present on the
osteocytes cell processes leading to mechanotransduction and the production of
biochemicalgBurger and KleirNulend, 1999, Wanet al., 1999, Bonewald, 2007,
Wang et al., 2007, Goulet et al., 2008, McNamara et al., 2009, Hemmatian et al.,
2017) Increases in vascular porosity have been obsen@d rats, which has been
postulated to reduceobe strength as well as alteone mechanotransduction, by
affecting interstitial fluid flow(Sharma et al., 2018Jt has previously been reported
that the mechanical environment of ostecdisland osteocytes is altered in the initial
phase of estrogen deficiency (5 weeks {f28), with osteocytes from estrogen
deficient animals experiencing greater maximum strains in a larger proportion of cells
compared to control SHAM animals. However, gelular strains that osteocytes
from OVX animals experienced was significantly reduced in {emgn estrogen
deficiency (34 weeks po€dVX), as they experience strains similar to that of

osteocytes from SHAM anima({¥erbruggen et al., 2015YVhether thesalterations
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in strains experienced by osteocytesarieast partially a result of temporal changes

in cortical vascular porosity is unknown.

Osteocytes can modify the mineral content of their local environment
(perilacunar, pericanalicular) by degrading their surrounding extracellular matrix in a
processal | ed o6perilacunar remodell ingdé, whic
demanding conditions such as lactat{@ing et al., 2012, Kaya et al., 2010y by
mineral infilling by micropetrosis. Perilacunar remodelling occurs when osteocytes
release enzymes (cathepsin K (CTSK) and matrix metalloproteases (MMPSs)), which
are also known to facilite bone resorption by osteocla€ng et al., 2012, Kogawa
et al.,, 2013, Yee et al.,, 201%ilterations in perilacunar remodelling have been
proposed as a mechami$y which the lacunagzanalicular surface is altered in OVX

rats(Sharma et al., 2012however, no studies to date have investigated this.

Micropetrosis is a process in which perilacunar bone becomes -hyper
mineralized due to mineralifilling of empty lacunae and canaliculae after osteocyte
apoptosis(Frost, 1960, Tomkinson et al., 1998, Busse et al., 2008}eocyte
ap@tosis has been reported to increase in osteoporotic(bonkinson et al., 1998,
Almeida et al., 2007, van Essen et al., 2007, Emerton et al.,, 2048 may reduce
communication between neighbouring osteocytes, as well as osteoblasts and
osteoclasts. Such changes might explagntemporal mineralisation changes reported
in estrogen deficiencfO'Sullivan et al., 2019Wwhereby micropetrosis after osteocyte
apoptosis leads to an alteration in mineral distribution. However, this has never been

investigated.

Microporosity of cortical bone is affected in estrogen deficiency, larger

effectivelacunar porosity has been observed in OVX rats compared to SHAM animals,
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which was shown to be due to increased canalicular size and nanostructural matrix
mineral differences but was not associated with osteocyte lacunar density, lacunar size
or the numbeof canaliculi per lacungiSharma et al., 2012Fhanges in the lacunar
canalicular surface mineral and matrix environment were shown to enhance interstitial
fluid flow due to increas permeability to small molecules at the lacucanalicular
surface(Ciani et al., 2014)In contrast, a study on human osteoporobaeband
ovariectomised rats reported a significantly higher lacunar density but a reduced
lacunar area compared to contr(l4ullender et al., 1996, Tommasini et al., 2012)
whilst others have reported that lacunar density decreasesteoporotic females
compared to healthy femal@Qiu et al., 2003, Mullender et al., 20@%)no significant
changes in lacunaarea between women with or without osteoporotic fractures

(McCreadie et al., 2004)

The Wnt antagonist, sclerostinas been shown to regulate perilacunar
remodelling(Kogawa et al., 2013, Holdsworth et al., 2018 in vitro study on
primary osteocytes and ML@4 cells demonstrated that sclerostin canregulate
expression of perilacunar enzymes CTSK and carbonic anhydrase 2 (Ca2). It was also
revealed that an increase in lacunar size was observedexiverohuman trabecular
bone explants were treated with scleroffiogawa et al., 2013, Kogawa et al., 2018)

In addition, an increase in sclerostin expression has been observed in human
postmenopausal bone and ovariectomised (koe et al., 2012, Fujita et al., 20)

In chapter 4in vitro studies revealed that estrogenicieht OCY454 cells modestly
up-regulated MMP14 expression, and this was reduced slightly following sclerostin
antibody (SclAb) administration. It is unknown whether osteocytes in ovariectomised
rats display alterations in MMP14 expression and whethermastnation of SclAb

alters MMP14 expressian vivo.
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In this study the hypothesis thetrogen deficiency causes temporal changes
to both the vasculature and lacucanalicular network in cortical boneras
investigated These studies use (1) mie@X to investigate lacunar and vascular
porosity, density and also mean mineral content of cortical bone, (2) histological
staining to assess lacunae occupancy and MMP14 expression, to investigate
micropetrosis and perilacunar remodelling respectively, (3r&slin antibody (Sel
Ab) administrationn vivoto assess the role of sclerostin in perilacunar remodelling
and osteocyte survival, and (4) backscattered scanning electron microscopy (BSEM)

to determine lacunar and canalicular diameter changes, and inmifiénag.

5.2 Methods

5.2.1 Animal model

Female retired breeder Wistar rats (6 month old, Charles River, Ireland) were
randomly assigned to groups for either (a) bilateral ovariectomy (OVX, n=8) or (b) a
sham operation (SHAM, n=8p¢dy weight, OVX: 420 + 66g5HAM: 438 + 29q,
mean + standard deviatioruccessful ovariectomy was confirmed in necropsy by
the absence of ovaries and determining atrophy of the uterine Atirasimal work

was carried out under license from the Animal Care and Research Ethicsit@am
(ACREC) of the National University of Ireland, Galway and tliiealth Products
Regulatory AuthoritfHPRA), the national authority for scientific animal protection

in Ireland These OVX and SHAM animals were sacrificed by.@8phyxiation at

(1) 4 weeks postovariectomy (short term estrogen deficiency) (OVX: n=4, SHAM:
n=4) or (2) 14 weeks postwvariectomy (long term estrogen deficiency) (OVX: n=4,
SHAM: n=4). The right femurs were harvested, and fixed in 10% formalin and used

for micro-CT analysis, Istology and backscatter electron imaging.
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In addition to these animals, a second batch of femetleed Wister rats
received bilateral ovariectomy (OVX: n=8) (body weight: 417g +36g, mean + standard
deviation), as described abowalf of the animals @eived monthlysubcutaneous
injections of sclerostin antibody (S8b) at 2 mg/kg (h=4) YCB pharma, Slough,

UK) and the other half received no systemicSkltreatment (n=4), starting 3 weeks
after ovariectomy and continuing until 14 weeks pmstriectany, at which time they
were sacrificed for histological staininy Scl-Ab treatment regime, involving weekly
subcutaneous injection of 3mg/kg &d, has been reported to provide -3dd
exposure in animal models equivalent to the clinical exposure erpedidy humans

receiving monthly 210mg doses of Romosozuifiaylor et al., 2016)

5.2.2 In vitro micro-CT scanning

Theright distal femur (OVX, week 4 n=4, weé&k n=4 and SHAM week 4 n=4, week

14 n=4) were scanned at an isotropic resolution pfrig using arin vitro micro-CT
system (UCT 100Scanco Medical AG, Basserdorf Switzerlari)e following scan
setting were used-ray tube potential of 7KVp, current 57 pAintegration time 1500

ms, 1500 projections per 180° and amrh thick aluminium filter was used to reduce
beam hardening artefacts. A region of interest was chosen, which comprised of a 1
mm section of metghyseal trabecular bone, 0im away from the @wth plate in

the distal femur, the medial region of cortical bone was selected as the VOI. An ImageJ
script was developed, which enabled the user to define the anterior and posterior
growth plate on the medliside of the distal femur in a series of DICOMs taken from
each scanHjgure 5-1A), the middle third of the cortical bone was then outlined by
the software and used agemplate for the segmentation procésgure 5-1 B, C).

The VOIs were definedisinga semiautomated segmentation process whereby the

user defined 2D borders aroutte medial cortical bone region from the image series,
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which were then extrapolated across all intervening images using a dynamic
interpolation algorithm in the Scanco segmentation soft{figure 5-1 D). Bone
wasseparated from the other components present in the-@iCikcans (i.&/ascular
canals, lacunae and air) using a global threshold of 780 mg/HARigore 5-1 E).

A Gaussian filter was applied = ;Gup@rt= 1) to reducenoiseand ring artefacts

(Bouxsein et al., 2010)

Figure 5-1: Stages of MicreCT analysis from DICOMS to 3D reconstructions of
cortical microc-architecture (AF). (A) A series of DICOMS&re taken from each scan,
(B) Anterior and posterior growth plate on the medial side of the cortical bone is
defined (yellow line) in ImageJC) ImageJ script defines middle third of the cortical
bone (two yellow lines)[X) middle third outlined in Imagkis then used as a template
for the segmentation proceskg) Bone is segmented from other components using a
global threshold of 780 mg/ HA ccm arfel) (Intracortical porosity is segmented by

inverting the image.

138



Chapter 5

5.2.2.1Microporosity analysis

A series of micrporosity parameters were quantified from the thimeensional
reconstruction of the cortical volume of interest (VOI), using evaluation scripts in the
Scanco Image Processing language (IPL). Intracortical porosity comprising of lacunae
and vascular canalsere segmented by inverting the imggégure 5-1F). Objects

with a volumdess than 10im? were considered to be noise, elements with a volume

in the range between 100 and 1506 were assumed to be osteocyte lacu(fégure

5-2A). Objects with a volume greater than 1500° were considered to be vascular
canals(Figure 5-2B). These volume limits were used in previous n&foand
synchrotrorbased studiegCarriero et al., 2014, Javahetia., 2015, Mosey et al.,
2017) and were based on confocal microscopy measurements that indicated that
osteocyte size was between-PBL3um?, with only 0.32% of the lacunae analysed
under 10Qum® and 99% of all lacunar volumes were within M pm? (McCreadie

et al., 2004, Tommasini et al., 201Zhese parameters allow for detailed comparison
between cortical microporosity of the estrogen deficient (OVX) and healthy (SHAM)
animals at week 4 and 14. Lacunar porosity (Lacwwdume/ toal volume)and
lacunar density (N. Lacunae/ total volume) were quantifiechtracteriséacunae
present in the cortical bone. Vascular canal diameter (um), vascular canal porosity
(Canal volume/total volume) and vascular canal density (N. Canals/tatel@pwere

quantified tocharacteris@asculature in the bone.
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Figure 5-2: 3D reconstruction of uCHerived cortical bone microporosity in distal
femur of a week 14 SHAM animal. Volume filtering remawade (<100 ur#) and

pores were classified as (A) Lacunae (®DO0 pmd), (B) vascular canals (>1500
unr’) and(C) Combined image containing both the lacunae and vascular canals. Scale

bar= 100 um

5.2.2.2Bone Mineral Density Distribution Analysis

To assess changes in cortical bone composition during estrogen deficiency, which may
be a result of micropetrosis, bone mineral density distribution analysis was performed.
This analysis allows for assessment of the amount of bone volume at variousftages
mineralisation, allowing for a detailed description of bone quality. Raw riidrdata

files were quantitatively processed to create bone mineral density distribution
(BMDD) measurements for each of the cortical data &ty level histograms were
produced from thenicro-CT images to show the frequency of occurrence of voxels at

a certain grey level dissuemineraldensity(mg HA/ccm). To prevent partial volume
effects from causing an underestimation of the cortical bone mineral density, the
surfacevoxels (two layers) from each cortical section are excluded from these
histogramsA custom Python script was used to charactespmeific characteristics

of each distributionweighted mean tissue mineral densitye&n mineral density,

mgHA/ccm),the mos frequent mineratlensity(Mode Mineral Density, mgHA/ccn,
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the full width at half maximum of the mineral distribution curve (mineral

heterogeneity, mg HA/ccjn

5.2.3 Histology

1.5 mm sections of metaphyseal bone were cut from the fixed distal femurs, using a
diamond blade low speed saisomeE , Buehlet IL, USA). These sections were
incubated inl0% di and tetrasodiumEthylenediaminetetraacetic aciB¥TA) for

14 days until fully decalcifiedThe decalcification endpoint was determined using an
oxalate tesand a physical probing tegtfter decalcification, samples were rinsed
PBS overnight Afterwardssamples were processed usmg@ssue processor (Leica
ASP300)following a routine protocol (fenalin,ascendingyrades of ethanol, xylenes
and paraffin inmersion) andhenembedded in paraffin (Leica EG1150HParaffin
sections (§m thick) were generated using a microtafibeica RM2235) Slices were
collected on SuperFradtPlusslides (Menzel Glaser), and stored at room temperature,

until staining

5.2.3.1IMMP14 immunohistochemistry staining

To assess changes in perilacunar remodelling, changes in MMP14 osteocyte
expression were assessed in ovariectomised cortical bone. Slides were deparaffinised
in xylene, and rehydrated in descending grades of ethanol (100, 90, 70, 50 and 30.
Antigen retriexal was performed using proteinase K in TE (EBTA) buffer. Slides

were incubated in the retrieval solution for 20 minuas37°C in a humidified
chamber Slides were then cooled down for 10 minutes before being rinsed twice with
PBSTween0.5% v/v(Sigma Aldrich). Blocking solution was made usimgmalgoat

serum (NGS) 10% wi/v anbovineserumalbumin (BSA) 1% w/v in PBS. Slides were
blocked for 1 hour at room temperature. After blocking, slides were incubated with

the primary antibodant-MMP14 (1:1®; Abcam, ab38971gvernight at 4C. Slides
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were then rinsed with TBS (Trsuffered saline) 0.025% TritorX00, and
endogenous peroxide activity was quenched using 0.8%iH TBS for 15 minutes.

Slides were then washed three times with 1% BSA solutiefgre being incubated

with the secondary antibody (Goat ARRabbit IgG H&L (HRP); Abcam, ab6721) for

1 hour at room temperature. Slides were washed 3 times with 1% BSA solution before
being incubated with fresh DAB solution (Vector Laboratories) andoated for 5
minutes. Slides were washed with deionised water and dehydrated using ascending
ethanol series, mounting was performed using Organo/Limonene Eo(8igma
Aldrich). To evaluate specificity, controls containing antibody diluent instead of
primary antibodies were used with the secondary antibody. Slides were imaged on a
light microscope Qlympus BX43, Olympus Tokyo, Japan) The prevalence of
positively stained osteocytes, normalised to total bone area, was assessed using

ImageJ. Images were catked from n=4 femurs from each group.

5.2.4 Hematoxylin and Eosin staining

Slides were deparfafised using xylene, then rehydrated using descending grades of
ethanol (100, 90, 70 %) and then rinsed in tap water. Slides were subsequently
i mmer sed i natodingRigma Aldri¢thle before being dipped in deionised
water 3 times and immersed in tap water to remove excess stain. Slides were dipped
three times in HCL/ethanol solution (1% HCL in 70% ethanol) and immersed in tap
water before being stained with 0 (Thermo scientific) for 3 minutes. Slides were
then washed again with several deionised water rinses before being dehydrated with
ascending ethanol series, mounting was p
(Sigma Aldrich). Slides were imaged on ahligmicroscope (Olympus BX43,
Olympus, Tokyo, Japan), images were collected from n=4 femurs from each group

and the percentage of empty lacunae was analysed on ImageJ.
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5.2.5 TRAP staining

Slides were deparaffinised using xylene, then rehydrated using descgratieg of
ethanol and then rinsed in tap water. Slides were then incubatedvapred TRAP
staining solution (containing Sodium acetate anhydrot(s;) Tartaric acid, Glacial
Acetic acid, Napthol ASMX Phosphate, Ethylene Glycol Monoethyl Ether andtFa

Red Violet LB salt) for 30 minutes at 37°C. Slides were then rinsed with deionised
water before being countstained with 0.02% Fast Green Solution for 30 seconds.
Slides were rinsed and then dehydrated with graded ethanol, after which mounting was
pef or med using Organo/Li monene MountE ( Si
a light microscope (Olympus BX43, Olympus, Tokyo, Japan), images were collected
from n=4 femurs from each group and the number of TRAP+ cells/mm was quantified

on ImageJSawyer et al., 2003)

5.2.6 Backscatter scanning electron microscopy

Femoral distal metaphyseal bone (n=4 rats/per group) wassicigt a diamond blade

low speed sayl s o m&tekler IL, USA). Bone marrowwas removed using PBS,

via syringe and needleto ensure epoxy infiltration. Boneediors were then
dehydrated using ascending grades of ethaaold then incubated in
hexamethyldisilazane (HMDS) (Sigma Aldrich) for 30 minutes and left to aifthey
sampes were thersuspended in mould8uehler, IL, USA)Jandembedded in epoxy
resin (EpoThin 2, Buehler, IL, USA) and placed in a vacuum for 2 minutes to facilitate
epoxy infiltration into the marrow space, samples were then allowed to harden at room
temperatire for 3 days. Embedded samples were then cut at either end to create a
parallel surface using a diamond blade low speedas@placed in an ultrasonic bath
(VWR, Dublin, Ireland) at room temperature for 5 minutes. Samples padished

using theMetaServ 250 polishing systeBuehler IL, USA), with diamond powder
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suspensions of decreasing particle $&e3, 1um) ending with a final size of 0.05

pm, samples were sonicated in between each polishing step for 5 minutes.
Backscattered electron imiag was performed on a HitachiZ600 system with a-4
segment solid state BSE detector (Hitachi, Tokyapan). Images were taken @i/
accelerating voltage, and a beam current of 80 pA under a vacuum pressure of 50 Pa.
ThenQl5lacunae per specimen reerandomly selected in a similar area to the micro

CT work (i.e. medial cortical bone, middle third of the bone). Images were captured
at 3000x magnification to measure the length of minor and major lacunae diameters.
Images were also taken at 100x toegsscortical thickness, 200x to assess percentage
area taken up by lacunae and vascular pores, and 6000x to measure canalicular
diameter. Hitachi buitn software was used to measure the length of the minor and
major lacunae diameters, canalicular diameted cortical thickness. Image J was
used to quantify percentage area taken up by lacunae or vascular pores, in which

images were colour thresholded and percentage area was quantified.

5.2.7 Statistical Analysis

Micro-CT, backscatter electron imaging dnidtological analysis was performed on 4
rats per group. Data is presented as box plots and whiskers which display the
following: whiskersextend between min and max values of data set, the box extends
from 25th to 75th percentiles, horizontal line acrtes box is thenedian value and

the black dot represents theean of thedata Statistical analysis was performed by
unpairedtwet ai | e d -$ebtAdatua ofpx 9.05twas regarded as statistically

significant.
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5.3 Results

5.3.1 Osteoclast number is increasg in OVX rats, but osteoclast numberis
reduced inOVX animalstreated with sclerostin antibody (SclAb).

TRAP staining was performed to assess temporal changes in osteoclast number and
the effect of SeAb administration in OVX rats compared to SHARhimals.
Increased TRAP staining was seen in week 4 OVX animals compared to controls
(week 4 SHAM) (p<0.01)Rigure 5-3A, B, C, K). There was an increase in TRAP+
cellsin week 14 SHAM animals compared to week 4 SHAM animals (p<OFig)re

5-3 A, D, G, K). Additionally, increased TRAP staining was observed in long term
estrogen defient animals (week 14 OVX) compared to week 14 SHAM animals
(Figure 5-3D, E, H, K). There was a significant reduction in TRAP staining in week
14 OVX animals which l&received monthly injection of Sélb compared to week

14 OVX animals which had received no-3d treatmentFigure 5-3E, F, H, I, K).
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Figure 5-3: OVX rats display increased TRAP+ staining compared to SHAM animals,
however TRAP+ staining is reduced in week 14 OVX animals which received
subcutaneous (SC) sclerostin antibody {8lt). Representative image showinBAP
staining and fast green counterstaihcortical bone fronfA) week 4 SHAM animals

(B) wee&k 4 OVX animals(C) magnified image (red box) of week 4 OVX animé&l¥, (
week 14 SHAM animalsE) untreated week 14 OVX animal$,) (14 week post
ovariectomy rat Wich received monthly 2g/kg SC injection of Sélb starting from
week 3 posbvariectomy, G) magnified image (red box) of webk SHAManimals,

(H) magnified image (red box) of week 14 OVXnals, (I) magnified image (red
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box) of week 14 OVX animals it received monthly &g/kg SC injection of Sélb,
(J) Negative control= counterstain ongnd K) ImageJ analysis was performed to

quantifynumber of TRAP+ cells per mnn= 4 rats / group Scale bar=20um

5.3.2 Lacunar porosity and density, vasculardensity are reduced in long term
estrogendeficiency

Through micreCT analysis the temporal effects of estrogen deficiency on distal femur
microporosity in both short term (week 4) and longer term (week 14) estrogen
deficiency was assessed. In long testragen deficiency (week 14 OVX) there was

a significant decrease in both lacunar porosity and degsitypared to OVX week 4
animals (p<0.05)Kigure 5-4A, B). Bothlacunar porosity and density increased at 4
weeks posOVX, compared to week 4 SHAM animals, although this was not
significant (p=0.2654 and p= 0.2248 respectivehig(re 5-4A, B). There was no

significant difference in lacunar porosity or lacunar density in week 4 SHAM animals

compared to week 14 SHAM animalKdure 5-4A, B).
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