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Abstract 
Osteoporosis, which predominantly occurs in females, affects 200 million women 

worldwide and is characterised by bone loss and microarchitectural degradation, 

which leads to fractures, pain and immobility. Conventional treatments for 

osteoporosis target bone loss by inhibiting osteoclast activity, but these only prevent 

osteoporotic fractures in 50% of sufferers. An advanced understanding of the 

underlying mechanisms and treatments for osteoporosis is required to avert the 

projected trend, whereby the worldwide economic burden of treatment will reach $132 

billion by 2050. 

Osteoblasts and osteocytes are known to regulate the differentiation, function 

and survival of osteoclasts, through expression of paracrine factors, which can be 

altered following mechanical loading and are affected by the presence of estrogen. 

Studies have recently revealed changes in osteoblast and osteocyte mechanobiology 

during estrogen deficiency, but, how these changes effect osteoclastogenesis is not 

fully understood. The 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 and co-culture experiments. 

MC3T3-E1 cells were cultured with pre-menopausal levels of estrogen which was 

then withdrawn from the media and the osteoblast like-cells were exposed to 

oscillatory fluid flow. These studies found that conditioned media from estrogen-

treated MC3T3-E1 cells inhibited the differentiation of RAW264.7 cells and inhibited 

podosome belt formation. Estrogen deficient osteoblasts down-regulated 

osteoprotegerin (OPG) expression in response to fluid flow when compared to 

estrogen-treated osteoblasts, leading to a significant increase in the ratio of 
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RANKL/OPG gene expression. Subsequently, an increase in osteoclast number and 

an up-regulation in nuclear factor of activated T cells cytoplasmic 1 (NFATc1) and 

Cathepsin K expression was observed in RAW264.7 cells. In addition, estrogen 

deficient osteoblasts co-cultured with RAW264.7 cells resulted in an increase in 

osteoclastogenesis and matrix degradation compared to co-cultures with estrogen-

treated osteoblasts. Additionally, it was found that Rho-ROCK inhibition in 

osteoblasts, exacerbated the increase in osteoblast-induced osteoclastogenesis that 

arose under estrogen deficiency. It is proposed that the reduction in OPG production 

by mechanically stimulated osteoblasts during estrogen deficiency may 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 whether mechanically stimulated 

osteocytes induce osteoclastogenesis and bone resorption during estrogen deficiency. 

This study built upon the post-menopausal model and co-culture methods established 

in the first study. The findings revealed that under postmenopausal conditions 

RANKL/OPG gene expression is increased in mechanically stimulated osteocytes 

(OCY454 cells) compared to estrogen-treated osteocytes and a significant increase in 

osteocyte-induced osteoclast formation (by bone marrow macrophage cells) occurs 

leading to increased resorption. Estrogen deficient osteocytes also up-regulated 

sclerostin expression following mechanical loading. Interestingly, Wnt antagonists 

WIF1 and FRZB were down-regulated in estrogen deficient osteocytes following 

loading. A second aim of this study was to investigate whether a neutralising antibody 

against sclerostin (Scl-Ab) could revert osteocyte-mediated osteoclastogenesis and 

resorption by attenuating RANKL/OPG gene expression. It was demonstrated that 
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administration of the Scl-Ab reduced pro-osteoclastogenic signalling (RANKL/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 lacunar-canalicular 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 this microporous 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 investigated early-stage 

estrogen deficiency, the long term effects 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 lacunar-canalicular network during short and longer 

term estrogen deficiency. This study quantified microporosity and lacunar occupancy 

in an ovariectomised rat model of osteoporosis by micro-CT analysis, backscatter 

electron imaging and histological analysis. It was shown that initial increases in 

canalicular diameter and vascular porosity arose during short term estrogen deficiency 

(week 4 OVX) compared to aged-matched controls, but that these were reduced along 

with a decrease in lacunar diameter and lacunar occupancy in long term estrogen 

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 mechanical 

environment in an attempt to restore tissue homeostasis. This study also demonstrated 

that administration of Scl-Ab to ovariectomised rats resulted in a significant decrease 
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in osteoclast number and prevented the occurrence of empty lacunae in long term 

estrogen deficiency (week 14 OVX) compared to untreated week 14 OVX animals. 

Together, the studies in this thesis found that the inhibitory effects 

mechanically loading has on pro-osteoclastogenic signalling in osteocytes and 

osteoblasts is attenuated during estrogen deficiency. Using 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 elucidated. Additionally, 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 during estrogen deficiency leading to 

bone loss. The information gained from this work may inform future 

mechanobiological treatments for osteoporosis.   
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Chapter 1: Introduction and 

Objectives 

1.1      Bone and osteoporosis  

Bone is a dynamic and adaptive tissue, which is constantly remodelled throughout life 

by bone-resorbing osteoclasts and bone-forming osteoblasts. Bone can actively 

remodel itself in response to mechanical demands, or in the absence of these, to 

maintain bone homeostasis. This 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 million women worldwide (Kanis, 2007). It 

is characterised by bone loss and microarchitectural degradation, leading to fractures, 

pain and immobility (Kanis, 2007, McNamara, 2010, Sozen et al., 2017). After the 

onset of menopause the 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 loss (Bell et al., 1996, Rosen, 2000b). Estrogen 

deficiency has been shown to alter the cellular function, mechanobiology and survival 

of bone cells (Sterck et al., 1998, Emerton et al., 2010, Brennan et al., 2014b), as well 

as altering their mechanical environment (Verbruggen et al., 2015). However, the 

mechanism of the disease progression is still not fully understood.  Therefore, the 

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

mechanobiological changes in bone cells during estrogen deficiency. 

The most commonly prescribed treatments for osteoporosis are antiresorptive 

therapies (bisphosphonates, estrogen, Denosumab, SERMs), which reduce bone 

turnover by inhibiting osteoclasts directly or via osteoblast-derived factors (e.g. IGF1, 
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TGF-β, TNF-α) (Drake et al., 2008, Mohammad et al., 2009, Kawai et al., 2011, 

Pavone et al., 2017). Hormone therapy (HT) and bisphosphonate drug treatments serve 

to reduce fracture susceptibility (Geusens, 2015). However, anti-resorptive therapies 

only reduce fracture susceptibility by up to 50%, (Compston and Rosen, 2002, Murad 

et al., 2012). In recent years there has been a drive to develop anabolic drugs, which 

target osteoblasts and osteocytes and promote bone formation, e.g. parathyroid 

hormone 1-34 (Teriparatide) and Romosozumab (monoclonal antibody against 

sclerostin) (Han and Wan, 2012, Pinkerton et al., 2013, Geusens, 2015, Cosman et al., 

2016, Esbrit et al., 2016). 

1.2      Bone mechanobiology 

The adaptive nature of bone can be attributed in part to osteocytes and osteoblasts, 

which are the main mechanosensitive cells in bone (Cowin, 1983, Cowin, 1990, Klein-

Nulend et al., 1995). In vivo, human long bones experience mechanical strains between 

200-1500 µε during walking, which has been assumed to be the homeostatic strain 

range within which no net changes in bone mass arise (Al Nazer et al., 2012). It is 

believed that bone resorption is initiated below 200µε and that vigorous exercise can 

generate strains up to 3000 µε, stimulating new bone formation (Burr, 1992, Frost, 

2003). However, strains more than 3500 µε result in damage and can thereby activate 

bone resorption (Carter et al., 1987).  

Osteocytes are found buried in spaces within the bone called lacunae, whereas 

their dendrites extend through canaliculi and form gap junctions with neighbouring 

osteocytes forming the lacunar-canalicular network. Fluid flow through this network 

supports osteocytes cellular functions (Cardoso et al., 2013, Buenzli and Sims, 2015, 

Cowin and Cardoso, 2015). Osteocytes are the most mechanosensitive bone cell type. 

They sense fluid shear stress, hydrostatic pressure and direct cellular deformation 
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using mechanosensitive proteins present on their dendritic processes and cell bodies, 

such as integrins, primary cilia and gap junctions (Kamioka et al., 2007, Malone et al., 

2007a, McNamara et al., 2009, Klein-Nulend et al., 2012). Osteocytes and osteoblasts 

regulate osteoclast differentiation. Osteocytes, osteoblasts and stromal cells produce 

receptor activator of nuclear factor kappa-Β ligand (RANKL), which binds to receptor 

activator of nuclear factor κ B (RANK) on osteoclast precursors leading to their 

differentiation. Osteoprotegerin (OPG) is also produced by osteoblasts and osteocytes. 

OPG binding to RANKL inhibits osteoclast differentiation (Atkins 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 

regions and this resulting pressure gradient drives interstitial fluid through the bone 

network (Duncan and Turner, 1995).  Bone cells have been shown to respond to both 

mechanical strain and fluid flow, with the greatest responses arising under flow-

induced shear stress (Owan et al., 1997, You et al., 2000). In vitro models such as 

parallel-plate flow chambers and 3D bioreactors have been developed, which aim to 

recreate the fluid shear forces found within bone and enable the study of downstream 

signalling events. In vitro cell culture studies have demonstrated that osteocytes and 

osteoblasts respond to fluid flow and matrix strain by producing various biochemical 

cues (nitric oxide (NO), cyclooxygenase-2 (COX-2), Wnts and prostaglandin E2 

(PGE2)), 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., 2017). Mechanical loading can also affect cell-cell 

signalling between osteoblasts and osteocytes with each other and to osteoclasts. 

Mechanically loaded osteocytes and osteoblasts down-regulate RANKL and up-

regulate OPG production, as well as regulating other factors (MEPE, IGF-I and IL-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 strength by controlling 

the activity of bone–forming osteoblast and bone-resorbing osteoclasts (Imai et al., 

2009, Khosla et al., 2012). Osteoblasts, osteocytes and osteoclasts express estrogen 

receptor α and β (ERα and ERβ), which play a role in regulating both cell survival and 

mechanosensation (Lee et al., 2003, Krum et al., 2008, Saxon et al., 2012, Castillo et 

al., 2014). Estrogen has been shown to inhibit osteoblast and osteocyte apoptosis 

(Kousteni et al., 2001, Plotkin et al., 2005a, Yang et al., 2013, Florencio-Silva et al., 

2018). Conditioned medium (CM) from estrogen-treated mouse osteoblasts has been 

shown to inhibit osteoclast maturation and function (Qu et al., 1999). In vitro estrogen 

supplementation decreased the RANKL/OPG expression in static MLO-Y4 cells 

(Geoghegan et al., 2019). Estrogen has been shown to enhance osteogenic responses 

in osteoblasts and osteocytes exposed to mechanical loading (Bakker et al., 2005, 

Galea et al., 2013a, Klein-Nulend et al., 2015b, Deepak et al., 2017).  

Postmenopausal osteoporosis is associated with a dramatic reduction in the 

levels of circulating estrogen in the blood, which is well understood to affect the 

activity of bone resorbing osteoclasts. There 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 MLO-Y4 cells 

display deficient PGE2 and NO release in response to mechanical stimulation in vitro 

and reduced expression of the mechanosensor αυβ3 integrin has been observed in 

estrogen deficient osteocytes (Sterck et al., 1998, Bakker et al., 2005, Bakker et al., 
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2006, Voisin and McNamara, 2015, Deepak et al., 2017, Geoghegan et al., 2019). 

Although these studies reveal changes in osteoblast and osteocyte biology during 

estrogen deficiency, how these changes affect osteoclastogenesis is not fully 

understood. Therefore, the first hypothesis of this thesis is “Estrogen deficiency alters 

the mechanosensitivity of osteoblastic cells and thus exacerbates osteoclastogenesis 

and matrix degradation”. The second hypothesis of this thesis is “Mechanically 

stimulated osteocytes induce osteoclastogenesis and bone resorption during 

estrogen deficiency”. 

1.4      Sclerostin inhibition as a therapy for osteoporosis 

Sclerostin is a Wnt antagonist produced by mature osteocytes that inhibits osteoblast 

function and formation (Sutherland et al., 2004, Poole et al., 2005, Tu et al., 2012) and 

promotes osteoclast formation, in a RANKL dependant manner. Sclerostin-mediated 

inhibition of Wnt/β- catenin signalling reduces OPG expression in osteoblasts and 

osteocytes (Ina Kramer et al., 2010, Wijenayaka et al., 2011). Following mechanical 

loading sclerostin mRNA and protein expression are down-regulated both in vivo in 

mice (Robling et al., 2008) and in vitro in OCY454 cells (Xu et al., 2019).  Neutralising 

antibodies to sclerostin (Scl-Ab) have shown significant potential to induce bone 

formation, increase strength and substantially reduce 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., 2017). Moreover, inhibiting 

sclerostin using a Scl-Ab also decreases bone resorption in an indirect fashion, yet the 

cellular changes underpinning this effect are not fully understood. In particular, it is 

not known whether sclerostin inhibition can prevent osteocyte-induced 

osteoclastogenesis and resorption during estrogen deficiency and mechanical loading 
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in vitro. Thus, the third hypothesis of this thesis is “Inhibiting sclerostin reduces 

osteocyte-induced osteoclastogenesis in vitro”.  

1.5      Bone porosity, perilacunar remodelling and osteoporosis 

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 of waste products 

from the osteocytes (Han et al., 2004, Wang et al., 2004, Wang et al., 2007, McNamara 

et al., 2009). The three levels of porosities in bone are vascular pores (20µm radius), 

which act as low pressure reservoirs, the lacunar-canalicular network (5µm radius) and 

the tiny spaces between mineral hydroxyapatite and collagen fibres (0.01µm radius) 

(Cooper et al., 2003, Cowin and Cardoso, 2015, van Oers et al., 2015). The dimensions 

and spatial orientation of these pores can affect bone strength and fracture risk (Zebaze 

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

Microporosity influences fluid flow through the lacunar-canalicular 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 matrix-mineral level differences at the lacunar-canalicular surface,  

observed in rats 6 weeks post-ovariectomy, have been shown to enhance interstitial 

fluid flow by increasing permeability to small molecules at the lacunar-canalicular 

surface (Ciani et al., 2014). Microporosity changes arise as a result of intracortical 

remodelling by either osteoclast resorption or perilacunar remodelling (Lloyd et al., 

2014, Zebaze et al., 2014, Langdahl et al., 2016). The process of perilacunar 

remodelling is independent of osteoclast resorption, and is characterised by osteocyte 

resorption of the organic and 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 cathepsin K (Qing et al., 2012, 

Hemmatian et al., 2018a, Tsourdi et al., 2018, Yee et al., 2019). Perilacunar 

remodelling has been shown to be affected by immobilization, mechanical loading, 

cancer metastases, hyperparathyroidism, glucocorticoid-induced osteoporosis, and 

calcium deficiency (Lane et al., 2006, Sano et al., 2015, Zimmermann et al., 2015, 

Tsourdi et al., 2018, Gatti et al., 2019). Perilacunar 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 in 6 week post ovariectomy 

rats (compared to SHAM animals) (Sharma et al., 2012, Sharma et al., 2018). 

However, no studies to date have directly investigated 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 experienced greater maximum 

strains compared to age-matched SHAM rats, whereas in long term estrogen 

deficiency the strain experienced by osteocytes was greatly reduced, and similar to the 

strain experienced in SHAM animals (Verbruggen et al., 2015). Whether these 

changes in strains experienced by osteocytes are at least partially a result of temporal 

changes in cortical microporosity is unknown. Therefore, the final research hypothesis 

of this thesis is “Estrogen deficiency causes temporal changes to both vasculature 

and lacunar-canalicular networks in cortical bone”. 

1.6      Objectives and hypotheses 

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 



Chapter 1 

8 

 

osteoblasts 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 inhibiting sclerostin reduces osteocyte-induced 

osteoclastogenesis in vitro. The final objective is to determine the temporal changes 

that occur in the cortical vasculature, the lacunar-canalicular network and lacunar 

occupancy during short and longer term estrogen deficiency in an ovariectomised rat 

model of osteoporosis by micro-CT analysis, backscatter electron imaging and 

histological analysis. Four hypotheses have been defined to address these four 

objectives, each of which will underpin the research of chapters 3-5 of this thesis.  

Hypothesis 1: Estrogen deficiency alters the mechanosensitivity of osteoblastic cells 

and thus exacerbates osteoclastogenesis and matrix degradation (Chapter 3). 

Hypothesis 2: Mechanically stimulated osteocytes induce osteoclastogenesis and 

bone resorption during estrogen deficiency (Chapter 4). 

Hypothesis 3: Inhibiting sclerostin reduces osteocyte-induced osteoclastogenesis in 

vitro (Chapter 4). 

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

lacunar- canalicular network in cortical bone (Chapter 5). 

 

By testing each of these hypotheses, the research objectives above can be addressed 

and the proposed research will evolve current understanding of the effects of estrogen 

deficiency on (a) osteoblast- and osteocyte-induced osteoclastogenesis and (b) the 

vascular and lacunar-canalicular system. 
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1.7      Thesis structure 

This thesis comprises the work completed for the duration of the candidate’s PhD 

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 3 

investigates osteoblast-induced 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 deficiency effects 

osteoclastogenesis and bone resorption and (2) determine whether the Scl-Ab can can 

reduce pro-osteoclastogenic cell signalling between osteocytes and osteoclasts and 

decrease bone resorption in vitro. Chapter 5 investigates the effect of short and long 

term estrogen deficiency on vascular and lacunar porosity in an animal model of 

osteoporosis, testing hypothesis 4. Chapter 6 summarises the main findings of this 

thesis, placing them in the context of current understanding of bone cell 

mechanobiology and osteoclastogenic signalling in estrogen deficiency and 

osteoporosis, and outlines recommendations for future research in the field.    
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Chapter 2: Literature Review 

2.1      Bone function and matrix composition  

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

our body weight. The skeleton provides protection for internal organs and attachment 

sites for tendons to allow for muscle contraction and therefore, enables movement 

(Yaszemski, 1996). Bone has a high mineral content and another of its many functions 

is that it acts as a reservoir for calcium. Bone is a dynamic structure due to its ability 

to self-renew and repair itself when damaged and its ability to adapt to changes in 

mechanical load (Metzger et al., 2015). However, this dynamic ability is impaired 

during ageing and also diseases such as cancer and osteoporosis (McNamara, 2010). 

Bone comprises of 65% mineral hydroxyapatite crystals and 35% organic 

molecules (Fratzl et al., 2004). The organic phase is composed of a collagen matrix, 

water, lipids, cells and other non-collagenous proteins (NCP’s). Collagen, which 

accounts for 90% of the organic phase, is formed when tropocollagen molecules are 

synthesised by osteoblasts. Tropocollagen is a structural unit consisting of a triple 

helix molecule composed of three polypeptide strands (alpha chains) Figure 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). NCP’s comprise 10% of the organic matrix these include, fibronectin, 

a glycoprotein, which plays an essential role in type I collagen accumulation (Dallas 

et al., 2005), and therefore impacts the quality and organisation of bone collagen 

matrix (Singh et al., 2010). Osteopontin (OPN), another glycoprotein has been shown 

to have a regulatory effect on hydroxyapatite crystal growth (Sapir-Koren and 
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Livshits, 2011), mechanical loading has been shown to increase OPN expression in 

osteocytes, osteoblasts and fibroblasts (Morinobu et al., 2003, Jeon et al., 2009). OPN 

has been implicated in bone remodelling, and has demonstrated chemotactic activity 

on osteoclast precursors (Standal et al., 2004), as well as helping anchor osteoclasts to 

the mineral matrix during bone resorption (Reinholt et al., 1990, Ishijima et al., 2001). 

Osteocalcin is the most abundant NCP; it is known to regulate the growth of bone 

mineral crystals (Poundarik et al., 2018). Osteonectin facilitates binding between bone 

mineral and the collagen matrix (Termine et al., 1981). NCP’s are therefore extremely 

important to bone as they effect bone matrix formation, matrix quality, and mechanical 

properties and also mediate cell attachment (Oyen and Ferguson, 2010). The 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 process termed 

nucleation. Further calcium and phosphate ions are added and the hydroxyapatite 

crystal gradually grows in size (Hunter et al., 1996). The degree of bone mineral differs 

between anatomical site, gender, age and ethnicities (Wilkin et al., 2010, Sezer et al., 

2015).  

2.1.1   Hierarchical structure of bone  

Bone is a complex hierarchical structure, as shown in Figure 2-1, and this allows it to 

function under a variety of loading conditions by providing the material with high 

strength and stiffness but also lightweight properties, which allow for efficient 

movement (Vaughan et al., 2012). 
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Figure 2-1: Hierarchical organization of bone from nano- to the macroscale. Three 

polypeptide strands form tropocollagen. Tropocollagen and non-collagenase proteins 

along with nanocrystals of hydroxyapatite (HA) form collagen fibrils. These fibres are 

arranged in geometrical patterns to form lamella. The lamella structure forms 

osteons, compact bone is composed of many osteons and Harversian canals, which 

surround blood vessels (Wegst et al., 2015). 

At the macrostructural level, bone is 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 metaphyseal bone below the growth plate Figure 

2-2A. Cortical bone constitutes approximately 80% of bone by weight and is highly 

mineralised providing mechanical strength and protection to organs (Augat and 

Schorlemmer, 2006). Vascular canals occupy around 30% of the cortical bone volume 

(Ott, 2018) and the Harversian system or osteons, defined by concentric lamellae of 

bone matrix surrounding a vascular canal, are the 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 osteocytes and are rich 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 and only 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 and plate-like struts known as trabeculae. The majority of these struts are oriented 

along the lines of regular mechanical stress (Meyer Von, 1867, Fyhrie and Carter, 

1986, Frost, 1990) and therefore provide mechanical support whilst also being 

lightweight (Wolff, 1986).  The periosteum is a thin fibrous layer on the outer surface 

of bone Figure 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, osteoblasts and 

osteoclasts (Clarke, 2008).    

 

Figure 2-2: : (A) Macrostructure of long bone illustrating (B) micro-structure of the 

epiphysis and (C) macrostructure of the diaphysis (Marieb and Hoehn, 2006). 
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2.1.2   Cortical microporosity  

Cortical bone bears a substantial amount of the load that is applied to bone (MacNeil 

and Boyd, 2007). Tissue mineral density and cortical porosity contribute to the overall 

mechanical properties of bone (Schaffler and Burr, 1988, McCalden et al., 1993). 

There are five levels of porosity in bone; (1) the marrow cavity, (2) channels for 

arteries that traverse the cortex, (3) vascular pores within cortical bone, (4) lacuno-

canalicular porosity and (4) “nanoporosity” which refers to the spaces between 

mineral hydroxyapatite and collagen fibres (Currey and Shahar, 2013). Osteocytes are 

distributed throughout bone matrix, creating a three-dimensional network of lacunae, 

which house the osteocytes, and small canals known as canaliculi that contain 

osteocyte cytoplasmic processes, this network makes up the lacunar-canalicular 

porosity (Buenzli and Sims, 2015). Osteocytes are optimally located to sense 

mechanical loads and transduce these loads into biochemical signals, which are 

communicated to neighbouring osteocytes, osteoblasts, osteoclasts and bone lining 

cells resulting in bone formation and resorption (Burger and Klein-Nulend, 1999, 

Bonewald, 2007, Hemmatian et al., 2017). The movement of interstitial fluid through 

the lacunar-canalicular network during loading affects osteocytes in two ways; (1) 

interstitial fluid flow over the cell processes of osteocytes creates a fluid drag and 

shear stress on the cell membrane and also on transmembrane proteins that connect 

the cytoskeleton to extracellular matrix proteins at the canalicular wall (Han et al., 

2004, Wang et al., 2007, McNamara et al., 2009) and (2) allows for the transportation 

of nutrients and signalling molecules whilst also removing waste products from the 

osteocytes (Wang et al., 2000, Wang et al., 2004). The interstitial fluid flow around 

the osteocyte in the lacunar-canalicular porosity can drain into or out of the vascular 

pores which are larger pores that surround blood vessels and nerves within the bone 
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(Cowin and Cardoso, 2015). The relaxation of fluid pressure surrounding osteocytes 

is dependent on vascular canals, which act as low pressure reservoirs (Wang 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 explained in more detail in 

section 2.2.4.1 (Lloyd et al., 2014, Zebaze et al., 2014, Langdahl et al., 2016). The 

expansion of existing vascular canals 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 canals as they trabecularize and thin the 

cortex, see Figure 2-3 (Cooper et al., 2007). The lacunar-canalicular network (LCN) 

is also affected by ageing as the lacunar volume has been shown to decrease in femoral 

cortical bone in women during ageing (Carter et al., 2013, Ashique et al., 2017) and a 

decrease in lacunar density and canalicular area has also been seen (Vashishth et al., 

2000, Busse et al., 2010, Kobayashi et al., 2015, Ashique et al., 2017, Tiede-Lewis et 

al., 2017, Hemmatian et al., 2018b). Another study found no 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 modulus (Currey, 1988, Schaffler and Burr, 1988).    
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Figure 2-3: Micrographs of the subtrochanteric region of the femoral midshaft in 

post-mortem specimens from three women of different ages, illustrating changes in 

cortical microporosity with age (A) 29 year old woman, pores are regular in shape 

and evenly distributed in the cortex (B) 67 year old woman, pores are larger, more 

irregular in shape and have come together with the cortex adjacent to the marrow 

producing cortical remnants and (C) 90 year old woman, most of the cortex has 

trabecularized by large pores and pores that have joined together (Zebaze et al., 

2010).  

 

2.2      Bone cells 

There are five distinct bone cell phenotypes that derive from either osteogenic or 

hematopoietic linages, which are osteocytes, osteoblasts, osteoclasts, bone-lining cells 

and osteoprogenitors (Lee et al. 2008) that together are responsible for bone formation 

and maintenance from the earliest embryo and throughout life.   
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2.2.1   Mesenchymal stem 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 injury (Cohnheim, 1867). MSCs are multipotent, and 

have the ability to differentiate into many cell types including osteoblasts, 

chondroblasts and adipocytes (Dominici et al., 2006, Nombela-Arrieta et al., 2011), 

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

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). There are 3 main criteria which define MSCs 

from other cell types, (1) ability to adhere to tissue-culture plastic in standard culture 

conditions, (2) the cell population must have the ability for tri-lineage mesenchymal 

differentiation (differentiation into osteoblasts, adipocytes and chondroblasts) and (3) 

the cell population must express specific antigens (≥95% of the MSC population must 

express CD105, CD73 and CD90) and must lack the expression of others (≤2% of the 

population must express CD45, CD34, CD14/CD11b, CD79α/CD19 and HLA class 

II) as measured by flow cytometry (Barry 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 manner (Firth 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 stimuli (Okazaki et al., 2002, Brady et al., 2015). Osteoblast 

precursors, which are derived from multipotent mesenchymal stems cells, proliferate 

and line the bone surface (Fakhry et al., 2013, Matic et al., 2016). They secrete 

unmineralised bone matrix known as osteoid as they differentiate into pre-osteoblasts 

and finally mature into osteoblasts (Aubin, 2001). Osteoblasts are cuboidal in shape 

have a central nucleus, Figure 2-5, and communicate with neighbouring cells via gap 

junctions (Steinberg et al., 1994, Jiang et al., 2007). Osteoblasts have an average 

lifespan of approximately 3 months, after which they can either become osteocytes 

(30%), bone lining cells (5%) and/or die via apoptosis (remaining 65%) (Weinstein 
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and Manolagas, 2000). Osteoblasts produce a variety of factors, e.g. cytokines and 

growth factors, which are important in osteoblast function but also regulate 

differentiation and function of other bone cell types (Baylink et al., 1993, Dapunt et 

al., 2016). Osteoblast signalling will be discussed in detail in section 2.4.2.    

 

Figure 2-5: Osteoblasts, osteocytes and osteoclasts in bone (A) Schematic showing 

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. (B) H&E staining, showing osteoblasts (Ob) lining the bone surface, 

newly formed osteoid (Os) and osteocytes (Oc) embedded in the bone (Mescher, 2016). 

Bone lining cells are quiescent osteoblasts that line the endosteal surfaces and 

underlie the periosteum on the mineralised surface. They have a long, flat fibroblast-

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 non-collagenous protein osteocalcin, whereas mature osteoblasts do 

(Everts et al., 2002). Bone lining cells anchor hematopoietic stem cells via adhesion 

molecules, such as N-cadherin/β-catenin, and provide a stem cell niche so that the 

hematopoietic cells can remain in an undifferentiated state (Kollet et al., 2006, Yin 
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and Li, 2006). They also are involved in bone remodelling, by signalling to osteocytes 

through gap junctions and promoting the differentiation of hematopoietic stem cells 

into osteoclasts (Kollet et al., 2006, Matsuo and Irie, 2008).     

2.2.3   Osteoclasts 

Mononuclear macrophages and monocytes, residing in the bone vasculature and 

marrow, have the ability to merge and form multinucleated cells known as osteoclasts 

(Udagawa et al., 1990) and are responsible for the resorption of bone. Mature 

osteoclasts can have up to 100 nuclei and usually have a diameter of 20-100 µm 

(Roodman, 1996). Osteoclasts form a sealing zone with the underlying substrate by 

cytoskeletal and integrin rearrangement and the integrin αvβ3 is essential for normal 

osteoclast function, as αvβ3 -/- knockout mice fail to form sealing zones (McHugh et 

al., 2000). Following activation of αvβ3 integrin receptor, an intracellular signalling 

cascade is activated which leads to the formation of podosomes (Saltel et al., 2008). 

Podosomes are actin-rich 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 zones (Georgess et 

al., 2014, Touaitahuata et al., 2014). Osteoclasts are polarised and form a ruffled 

border, which contains large numbers of H+-ATPase a proton pump involved in the 

acidification process. H+ and Cl- ions are pumped into the sealing zone leading to a 

fall in pH, degrading the inorganic mineral component of the bone matrix (Qin et al., 

2012). The pH level at the ruffled border can be as low as 3-4 (Lee, 2010). The 

resorbing osteoclasts release tartrate-resistant acid phosphatase (TRAP), 

metalloproteinase 9 (MMP-9) and cathepsin K, which aids in the digestion of the 

organic matrix and results in a circular shaped Howship’s lacunae (Clarke, 2008). 
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2.2.4   Osteocytes 

Osteocytes make up between 90-95% of cells in mature bone (Boukhechba et al., 

2009). They are located throughout the bone matrix and possess dendritic projections, 

which extend into the matrix (McNamara et al., 2009, Burra et al., 2010). They are 

formed when terminally differentiated osteoblasts become embedded within newly 

deposited bone matrix, Figure 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 surface (Palumbo et al., 2004). The cell is polarized, both with 

regards to the directionality of its dendrites and by the fact that mineral is being 

deposited on one side of the embedding cell not all around the cell (Dallas and 

Bonewald, 2010). The ‘osteoid osteocyte’ has two major roles, (1) to regulate 

mineralization and (2) to form connective dendritic processes (Barragan-Adjemian et 

al., 2006). Osteocytogenesis has been shown to be an active invasive process, in which 

collagen is cleaved. MT1-MMP is a membrane-anchored proteinase that can cleave 

collagens type I, II and III, fibrin, fibronectin and other matrix molecules. MT1-MMP 

null mice exhibit a significant reduction in the number and length of their dendritic 

processes (Holmbeck et al., 2005). E11/gp38 is a marker for the embedding osteoid 

osteocyte. Application of fluid flow to MLO-Y4 cells has been observed to increase 

the number and length of dendrites, however, this can be inhibited by small interfering 

RNA against E11/gp38 (Zhang et al., 2006). In addition to E11, expression of tubulin, 

vimentin and actin in cell bodies and dendrites of osteocytes is crucial to maintain the 

dendritic morphology (Tanaka-Kamioka et al., 1998). As osteoblasts transition further 

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

FGF23 and SOST are also expressed Figure 2-6 (Bonewald, 2011).  
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Figure 2-6: Osteoblast to osteocyte ontogeny, process of differentiation from 

osteoblast precursor to matrix producing cells (osteoblast), to cells embedded in 

osteoid (osteoid osteocyte), to cells embedded in mineralized matrix (osteocyte). 

Markers expressed at each stage of the differentiation process are included 

(Bonewald, 2011). 

2.2.4.1 Perilacunar 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 

vasculature (Burra et al., 2010). The dendrites emanating from the osteocyte body 

extend through canaliculi to form the lacuna-canalicular network (Bonewald, 2011). 

Fluid flow through the perilacunar and canalicular spaces supports osteocyte cellular 

function, and how osteocytes sense and respond to mechanical stimulation will be 

discussed in detail in section 2.5. 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 their surrounding lacunar and canalicular 

matrix, through a combination of MMPs, ATPase proton pumps and other enzymes 
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such as cathepsin K, Figure 2-7B (Tsourdi et al., 2018). Many stimuli that regulate 

osteoblast and osteoclast function are known to also regulate PLR such as 

glucocorticoids, parathyroid hormone (PTH) and calcium or phosphate deficiency 

(Qing et al., 2012, Fowler et al., 2017, Jähn et al., 2017, Yee 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 tibial 

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 matrix-mineral level changes such 

as loose collagen surrounding osteocyte canaliculi (Sharma et al., 2012). During 

lactation in mice, lacunar porosity has been shown to increase, additionally osteocytes 

have been shown to up-regulate TRAP and Cathepsin K expression, which is 

dependent on PTHrP or PTH via PTH1R. However, TRAP and Cathepsin K 

expression levels returned to normal following weaning, Figure 2-7A (Qing et al., 

2012, Kaya et al., 2017). These lactation studies demonstrate that healthy osteocytes 

can both remove and replace their perilacunar matrix, thereby playing a role in mineral 

homeostasis during calcium-demanding conditions. Mechanical loading inhibits TGF-

β and sclerostin expression in osteocytes (Robling et al., 2008, Nguyen et al., 2013), 

both sclerostin and TGF-β have been shown to stimulate PLR (Kogawa et al., 2013, 

Dole et al., 2017, Kogawa et al., 2018), and so, based on these findings, PLR may be 

mechanosensitive.  
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Figure 2-7: Perilacunar remodelling (A) BSEM images showing lacunae in virgin, 

lactation and post-lactation mice. During lactation osteocyte lacunae are enlarged 

and have irregular boarders due to mineral removal (white arrows)(Qing et al., 2012). 

(B) PTH, PTHrP, TGF-β and sclerostin induce osteolysis/perilacunar remodelling. 

Up-regulation of carbonic anhydrase (Ca2) and vacuolar ATPase acidifies the 

surrounding matrix and up-regulation of matrix metalloprotease-13 (MMP13), 

tartrate resistance acid phosphatase (TRAP) and cathepsin K (CTSK) induces 

proteolytic degradation, resulting in remodelling of the pericellular matrix (Tsourdi 

et al., 2018). 

2.3      Bone development, 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 osteoclasts have 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 formed in development, 

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 form a cellular 

aggregate, cells within the aggregate differentiate into osteoblasts and begin to 

produce extracellular matrix (ECM) containing type I collagen. The initial production 

of matrix by osteoblasts establishes a primary ossification centre. Osteoblasts within 

the ossification centre produce more and more matrix, causing some osteoblasts to 

become embedded, these cells differentiate and form interconnecting processes, 

eventually becoming osteocytes (Karaplis, 2008, Dallas and Bonewald, 2010, Allen 

and Burr, 2014). The remainder of the bones in the skeleton are formed through 

endochondral ossification. This process involves MSC’s differentiating into 

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 production (Mackie et al., 

2008). Chondrocytes secrete biochemicals and growth factors which initiate mineral 

deposition and promote 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 

osteoblasts (Collin-Osdoby, 1994, Gerber and Ferrara, 2000, Sumpio et al., 2002). 

Bone formation through endochondral ossification occurs throughout childhood, 

particularly in the epiphyseal plate of long bones (Kronenberg, 2003). New cartilage 
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is continually produced at this location during youth, which is replaced by bone, and 

thereby facilities lengthening of bones.   

2.3.2   Bone modelling  

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 anatomically or temporally 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 modelling; if local 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 modelling is 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 of precursor 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 bone homeostasis. Bone modelling 

occurs mainly during growth and development and reshapes the bone, Figure 2-8, the 

adult skeleton does undergo modelling but not to the same extent as 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 endocortical surface, this process is 

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

surfaces (Allen and Burr, 2014). Modelling-based bone formation contributes to 
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periosteal expansion and remodelling-based resorption is responsible for medullary 

expansion seen in long bones and ribs during ageing (Ruff and Hayes, 1982).      

 

Figure 2-8: Diagram showing skeletal growth and modelling (shaping of bone) in the 

ends of long bone. Formation (+) and resorption (-) activity during bone growth from 

A to B. Resorption (-) in the diaphysis enlarges the bone marrow cavity, whilst 

formation (+) occurs on the periosteal surface to maintain the mechanical competence 

during bone elongation. In the lower metaphyseal region, resorption (-) of the cortical 

bone occurs narrowing the cross-sectional 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   Bone remodelling  

Bone remodelling involves osteoblast mediated bone 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 structural integrity is maintained, which allows 



Chapter 2 

28 

 

up to 10% of the skeleton to be replaced each year (Manolagas, 2000). Remodelling 

is a process characterized by four phases; Activation Phase, Resorption Phase, Reverse 

Phase and Formation Phase Figure 2-9. 

 

Figure 2-9: The stages of the bone remodelling cycle. (A) Activation: Cytokines 

stimulate the circulating osteoclast progenitors to differentiate into osteoclasts, (B) 

Resorption: Osteoclasts resorb the bone, (C) Reversal: Mononuclear cells 

differentiate into macrophages and remove the remaining cell debris to initiate the 

reversal process, (D) Formation: Osteoblast progenitors differentiate into osteoblasts 

and form osteoid which is eventually mineralised, (E) 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 when changes to the bones micro-environment such 

as micro-fractures or changes in mechanical loading are sensed by osteocytes. This 

leads to paracrine factor release, which causes an increase in local angiogenesis and 
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the recruitment of osteoclast precursors, this type of remodelling is termed targeted 

remodelling (Goldring, 2015). Non-targeted remodelling can also occur when there 

are systemic changes in hormones such as estrogen and PTH, this allows for access to 

bone calcium stores (Streicher et al., 2017). Both types of remodelling activate bone 

lining cells to release cytokines such as RANKL and M-CSF. These factors then 

recruit osteoclast precursors, trigger pre-osteoclast fusion and the differentiation 

towards multinucleated osteoclasts, Figure 2-9A (Boyce, 2013). The resorption phase 

occurs for approximately two weeks. Osteoclasts attach to the bone surface and the 

rearrangement of the osteoclasts’ cytoskeleton results in the formation of a sealing 

zone, and the generation of a ruffled border which increases the secretory surface area 

(Georgess et al., 2014). Protons are pumped into the resorbing compartment to 

dissolve the bone mineral, the collagen-rich bone matrix is then degraded by proteases 

such as cathepsin K and matrix metalloproteinases (Szewczyk et al., 2013). This 

results in the formation of resorption lacunae on the bone surface that is being 

remodelled, osteoclasts then migrate away and undergo apoptosis Figure 2-9B 

(Teitelbaum, 2000).  

The reversal stage is next and lasts approximately four to five weeks. The 

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 debris to initiate the reversal process 

(Rucci, 2008). Preparation of the bone surface is carried out by cells of the osteoblast 

lineage, unmineralised  collagen matrix is removed and a non-collagenous mineralized 

matrix ‘cement line’ is deposited to enhance osteoblast adherence (Zhou et al., 1994). 

It has been hypothesized that osteoclasts may be the source of the coupling factor, 

either by secreting cytokines such as interleukin 6 (IL-6) or direct cell-cell signalling 
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via Eph/ephrin signalling, osteoblasts express EphB4 and osteoclasts express ephrin-

B2 (Zhao et al., 2006, Kenkre and Bassett, 2018). Another mechanisms is the presence 

of factors released from the bone matrix during resorption e.g. TGF-β and BMP-2, 

which stimulates osteoblast migration and differentiation. The remodelling canopy is 

a physical structure made 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 within the compartment, to attract osteoblast precursors to 

the remodelling site (Matsuo and Otaki, 2012, Sims and Martin, 2015) Figure 2-9C. 

Finally, there is the formation phase, which has a duration of approximately four 

months. Pre-osteoblasts are recruited and differentiate into mature osteoblasts. Then 

they synthesize and secrete osteoid matrix, which is rich in type I 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 osteocytes (Weinstein and Manolagas, 2000).   

2.4      Bone cell signalling  

2.4.1   Osteoclast signalling  

Osteoclast formation is initiated when macrophage colony-stimulating factor (M-

CSF), which is produced by stromal cells and osteoblasts, binds to colony-stimulating 

factor-1 (c-Fms) receptors present on osteoclast precursors, Figure 2-11 (Ross, 2006). 

This event induces an up-regulation in expression of the receptor, RANK, which is 

located on the plasma membrane of the mononuclear osteoclast precursors (Arai et al., 

1999, Li et al., 2000). RANKL is produced by osteocytes, osteoblasts and stromal cells 
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(Atkins et al., 2003, Nakashima et al., 2011, Xiong et al., 2011) and is found, both 

membrane-bound and in soluble form (Nakashima et al., 2000). An up-regulation in 

RANKL expression can be induced during estrogen deficiency (Ikeda et al., 2001, Yan 

and Ye, 2015, Allison and McNamara, 2019, Geoghegan et al., 2019), periods of 

unloading (Pan et al., 2010, Xiong et al., 2011, Plotkin et al., 2015) and in response to 

increased systemic PTH (Huang et al., 2004, Jilka et al., 2010, Bellido et al., 2013). 

RANKL binds to its receptor RANK, which induces trimerization of the receptor and 

leads to the recruitment of adaptor protein tumor necrosis factor receptor-associated 

factor 6 (TRAF6). Activated TRAF6 then activates the IΚB kinase (IKK) complex, 

which then stimulates transcription factor nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-ΚB) activity, resulting in activation of nuclear factor of 

activated T cells 1 (NFATc1) the master regulator of osteoclastogenesis. Additionally, 

activator protein-1 (AP1) transcription factors comprising of Jun, Fos and ATF family 

members are also activated via the induction of c-Fos by adaptor proteins, Figure 

2-10A.  
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Figure 2-10: The different stages of osteoclast differentiation (A) RANKL signalling 

is mediated by TRAF6, TRAF6 activates NF-ΚB. Activation of NF-ΚB and MAPKs 

leads to induction of c-Fos at the initial stage of RANKL signalling. (B) RANK 

signalling cooperates with OSCAR and TREM2 receptors leading to the amplification 

and translocation of NFATc1. (C) Amplification of NFATc1 induces its target genes 

to regulate osteoclast differentiation, cell fusion and function (Park et al., 2017). 

The recruitment of adaptor proteins leads to activation of MAPKs (c-Jun, JNK, 

p38 and Atk/PKB). RANK signalling works together with immunoglobulin-like 

receptor/ITAM signals such as TREM-2/DAP12 and OSCAR/FcRϒ, resulting in the 

amplification and translocation of NFATc1 to the nucleus, Figure 2-10B (Asagiri and 

Takayanagi, 2007, Park et al., 2017). NFATc1 induces target genes such as DC-
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STAMP, which is involved in cell fusion and Atp6v0d2, a vacuolar proton pump unit 

that mediates extracellular acidification in bone resorption (Kim et al., 2008). After 

the fusion and formation of multinucleated osteoclasts, these transcription factors also 

regulate osteoclast function genes such as TRAP, cathepsin K and β3 integrin, which 

are needed for bone resorption, Figure 2-10C (Teitelbaum, 2000). There are other 

cytokines such as TNFα and interleukins, e.g. IL-6 and IL-8, which induce 

osteoclastogenesis independent of the RANKL pathway (Bendre et al., 2005, O’Brien 

et al., 2016). Osteoblasts, osteocytes and stromal cells express OPG a decoy receptor 

of RANKL which prevents RANKL from binding to its receptor RANK present on 

osteoclast precursors, Figure 2-11 (Han et al., 2018). OPG not only prevents 

osteoclastogenesis but also reduces the survival of pre-existing osteoclasts (Boyce and 

Xing, 2008). There are other factors that inhibit osteoclastogenesis such a BMP-2, 

calcitonin and estrogen (Qu et al., 1999, Väänänen, 2005). The effect of estrogen on 

bone cells will be discussed in more detail in section 2.6.  
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Figure 2-11: Simplified schematic demonstrating osteoblast and osteocyte-induced 

osteoclastogenesis. Osteoblasts produce M-CSF, RANKL and OPG. M-CSF binds to 

c-Fms receptors present on osteoclast precursors. Osteocytes also produce RANKL 

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

receptor RANK present on osteoclast precursors. Binding of M-CSF and RANKL leads 

to osteoclastogenesis and the formation of mature 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 

osteoblastogenesis. Runx2 controls the early-osteoblast phenotype and is down-

regulated when osteoblasts mature. Runx2-/- deficient mice show complete absence 
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of both intramembranous and endochondral ossification due to the absence of 

osteoblast differentiation (Komori et al., 1997, Otto et al., 1997, Komori, 2006). 

Osterix deficient mice show a complete lack of osteoblasts (Nakashima et al., 2002). 

β-Catenin is a signal transducer in the Wnt signalling pathway that is required for 

osteoblast differentiation at the pre-osteoblast stage. When inactivated in 

mesenchymal progenitor cells, it inhibits osteoblast differentiation and instead 

mesenchymal cells differentiate into chondrocytes (Komori, 2006). The enzyme 

alkaline phosphatase (ALP) is secreted by bone lining cells and osteoblasts, which 

regulate local phosphate concentrations and promote mineralisation by providing 

attachment sites for mineral nucleation (Golub and Boesze-Battgalia, 2007). 

Osteoblasts produce a range of bone matrix proteins including Osteocalcin, a 

noncollagenous protein synthesised and secreted exclusively by mature osteoblasts, 

which is known to play a role in controlling nucleation of hydroxyapatite crystals 

(Sila-Asna et al., 2007). Osteopontin is associated with late stage osteoblast maturation 

and is a cell binding protein (O'Regan and Berman, 2000).   

As well as producing bone matrix proteins, osteoblasts also produce a variety 

of growth factors and cytokines, most notably transforming growth factor β (TGF-β), 

insulin-like growth factors (IGFs) and members of the tumor necrosis factor 

superfamily (TNF-α, M-CSF and RANKL). TGF-β plays a role at every stage of the 

osteoblast life cycle by acting as a chemoattractant and stimulating the proliferation 

of osteoprogenitor cells (Pfeilschifter et al., 1990, Urano et al., 1999). TGF-β regulates 

the synthesis of extracellular matrix proteins and proteases such as ALP, osteocalcin, 

osteopontin and MMP13 (Derynck et al., 2008). In the initial stages of the osteoblast 

life cycle TGF-β stimulates bone matrix synthesis, whereas later it inhibits terminal 

osteoblast differentiation by repressing Runx2 expression and function (Alliston et al., 
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2001). TGF-β also inhibits osteocyte apoptosis via the Smad3 pathway (Borton et al., 

2001). In vitro TGF-β increases membrane ruffling in osteoclasts and chemotaxis of 

isolated osteoclast precursors into bone (Pilkington et al., 2001) and it later stimulates 

osteoclast differentiation and proliferation (Wang et al., 2017). TGF-β can also affect 

osteoclast differentiation indirectly as it influences osteoblast expression of osteoclast 

regulatory proteins e.g. M-CSF, RANKL and OPG (Krast et al., 2004). The role of 

these osteoclast regulatory proteins is discussed in section 2.4.1.   

2.4.3   Osteocyte signalling 

The Wnt pathway plays a key role in development and in maintaining adult tissue 

homeostasis (Yang, 2012). The pathway promotes the commitment of MSCs to the 

osteogenic lineage whilst inhibiting adipogenic and chrondrogenic commitment 

(Lerner and Ohlsson, 2015). Canonical Wnt signalling also decreases bone resorption 

by increasing expression of Wnt target gene OPG, which, as previously mentioned, 

acts as a decoy receptor for RANKL (Glass et al., 2005). In Canonical Wnt signalling, 

Wnt 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 causing the translocation and disruption of the destruction 

complex (which includes Axin, adenomatous polyposis coli (APC), dishevelled 

(DVL), casein kinase-1 (CK1) and glycogen synthase kinase-3β (GSK3β)). This leads 

to the accumulation of non-phosphorylated β-catenin in the cytoplasm and the β-

catenin then translocates to the nucleus where it binds to TCF/LEF transcription 

factors to initiate the transcription of Wnt target genes, see Figure 2-12A (Komiya 

and Habas, 2008).  

The Wnt antagonist sclerostin, encoded by the gene SOST, is produced by 

mature osteocytes, and inhibits osteoblast function and bone formation (Poole et al., 
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2005, Lewiecki, 2011, Tu et al., 2012).  When sclerostin binds to LRP5/6 it prevents 

this receptor from interacting with Wnt ligands. β-catenin is phosphorylated by CK1 

and GSK3β, which target it for ubiquitination and so β-catenin 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., 2019). Sclerostin 

modulates the osteoprogenitor population and regulates osteoblast lineage function. In 

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 osteoblasts (Winkler 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 osteocytes (Tu et al., 2015) and sclerostin-mediated inhibition of 

Wnt/β-catenin signalling reduces OPG expression in osteoblasts and osteocytes (Glass 

et al., 2005, Kramer et al., 2010). Sclerostin has also been shown to regulate osteocyte 

apoptosis, in vivo, loss of SOST in mice has been demonstrated to lead to decreased 

apoptosis in osteocytes (Lin et al., 2009). Additionally, sclerostin plays a role in the 

maintenance of osteocyte morphology and connectivity, as deletion of the SOST gene 

or Scl-Ab treatment has been shown to preserve osteocyte number, morphology and 

orientation (Qin et al., 2015, Chandra et al., 2017). Osteocytes are the main 

mechanosensors in bone, mediating mechanically induced bone remodelling. 

Mechanical signals are created by the flow of pericellular fluid through the lacunar-

canalicular system or through direct strain via the integrin attachments (Wang et al., 

2007, McNamara et al., 2009). Osteocytes as mechanosensory cells is discussed in 

detail in section 2.5.1. 
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Figure 2-12: A simplified overview of the canonical Wnt signalling pathway. (A) Wnt 

signalling is activated through binding of the Wnt ligand to LRP5/6 receptor, this 

leads to translocation and disruption of the destruction complex, β-catenin 

accumulates in the cytoplasm and translocates to the nucleus where it binds to 

TCF/LEF transcription factors and initiates transcription of Wnt target genes. (B) In 

the absence of Wnt ligands or when sclerostin is bound to LRP5/6 or LRP4 receptor, 

cytosolic β-catenin is phosphorylated and tagged for ubiquitination by the destruction 

complex and β-catenin is degraded by proteasomes, transcription of Wnt target genes 

is repressed (Holdsworth et al., 2019). 
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2.5      Bone mechanobiology  

Bone homeostasis is dependent on the mechanosensitivity of bone cells to sense 

mechanical signals and their ability to transduce mechanical stimuli into biochemical 

responses, Figure 2-13 (Robling et al., 2006b). As mentioned in section 2.1, 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 body (Cowin, 1983). Bone 

cells are exposed to a combination of fluid shear stress and extracellular matrix strain 

(Coughlin and Niebur, 2012, Klein-Nulend et al., 2012, Birmingham et al., 2013), in 

order to sense these forces the cells possess multiple mechanosensing mechanisms 

including gap junctions, integrins and primary cilia (Ziambaras et al., 1998, Malone et 

al., 2007a, Malone et al., 2007b, Litzenberger et al., 2010). Stimulation of these 

mechanosensors leads to a number of intracellular signalling cascades such as MAPK 

and Wnt signalling, resulting in changes in proliferation, differentiation, matrix 

production and cell death (Thompson et al., 2012). The resulting changes in matrix 

production can alter the mechanical environment and thus change the mechanical 

stimuli to which the cells are exposed. Mechanosensation, mechanotransduction and 

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, and the extrinsic loads applied during 

daily activities. Fluid shear stress and matrix strain are the loads transmitted at the 

cell level. Bone cells possess mechanosensors which, when stimulated, leads to 

activation of mechanotransduction pathways, resulting in changes 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 environment (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: (1) cell-cell attachments, 

such as stretch-activated 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 e.g. integrins (Eyckmans et al., 2011). All bone 

cells are mechanosensitive in some capacity, however, osteocytes are thought to be 

the primary mechanosensors in bone. A previous study, designed a transgenic mouse 

model, whereby targeted expression of diphtheria toxin (DT) receptor was used in vivo 

to achieve inducible and specific ablation of osteocytes. Micro-CT, 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, osteocyte-less 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 osteocyte-ablated 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 the whole bone level down to external cellular 

mechanosensors and is then transmitted through the cytoskeleton or cytoplasm and 

can initiate a biochemical cascade (Ingber, 2003, Klein-Nulend et al., 2005, Jacobs et 

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

Integrins are heterodimeric transmembrane proteins which consist of a α and 

β subunits, they connect the extracellular matrix (ECM) with the cytoskeleton whilst 

also mediating cell-cell interactions and act as signalling receptors (Marie et al., 2014). 

In osteoblasts, the β1 subunit appears to be important for osteoblast signalling, as β1 

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 adhesion kinase (FAK) and Shc are recruited to αvβ3 and β1 on the 

surface of osteoblasts, leading to a cascade of signalling events resulting in up-
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regulation of bone formation-related genes such as COX-2, c-fos and OPN (Lee et al., 

2008, Lee et al., 2010). In osteocytes, expression of β1 has been reported in the cell 

body Figure 2-14C, whereas β3 is found primarily on the cell processes  Figure 2-14E 

(McNamara et al., 2009). In osteocytes it has also been observed that punctate integrin 

attachments spaced along the canalicular wall exist and they appear to co-localize with 

projections of the ECM into pericellular space Figure 2-14D (McNamara et al., 2009). 

It has been proposed that matrix strain and fluid-induced deformation is sensed by 

osteocytes via integrin-based (αvβ3) attachments between their cell processes and the 

ECM projections (Wang et al., 2007, McNamara et al., 2009). It has been hypothesised 

that another mechanism in which osteocytes sense fluid flow is via flow-induced drag 

force on tethering elements of the pericellular glycolcalyx, which attaches the cell to 

the lacunar-canalicular wall Figure 2-14B (You et al., 2004). This is supported by in 

vitro studies, that demonstrated that enzymatic removal of the glycolcalyx reduces the 

ability of osteocytes to respond to fluid flow via the PGE2 pathway (Reilly et al., 

2003). Blocking αvβ3 in MLO-Y4 cells, resulted in retraction of osteocyte cell 

processes, as well as disruption in COX-2 expression and PGE2 release in response to 

fluid shear stress. This suggests that αvβ3 is essential for the maintenance of osteocyte 

cell processes and also for mechanosensation and mechanotransduction by osteocytes 

(Haugh et al., 2015). αvβ3 is the major integrin expressed by osteoclasts and it localises 

to the podosome at the leading edge. Therefore, it has been suggested that αvβ3 plays 

a role in cell migration, which is essential for bone resorption (Holt and Marshall, 

1998, Nakamura et al., 1999). Like osteoclasts, macrophages interact with the 

underlying ECM exclusively through podosomes (Linder, 2007), alveolar 

macrophages were shown to adapt their morphology to substrate stiffness (Féréol et 

al., 2006). These findings suggest that osteoclasts and their precursors may sense the 
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physical environment using podosomes (high in αvβ3) as mechanosensors (Pawlak et 

al., 2011).   

 

Figure 2-14: Schematic highlighting key features of osteocytes implicated in 

mechanosensing from (Verbruggen and McNamara, 2018) (A) TEM image showing 

cross section of osteocyte process displaying F-actin bundle on cell processes (You et 

al., 2004); (B) TEM image of proteoglycan tethering elements (black arrows), 

bridging the osteocyte cell process to the canalicular wall; (C) Immunofluorescent 

staining showing the β1 integrin is localised only on the osteocytes cell bodies; (D) 

TEM image demonstrating the discrete protrusions of the canalicular wall that contact 

osteocyte processes; and (E) Immunofluorescent staining demonstrating that β3 

integrins (white arrows) are present in a punctate pattern along the osteocytes 

processes (McNamara et al., 2009).  
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Primary cilia are non-motile microtubule-based cellular organelles that project 

from the surface of many cell types in the body including osteoblasts, MSCs and 

osteocytes (Venkatesh, 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 extensively researched in the kidney (Schwartz et al., 1997). In 

vitro studies have identified primary cilia on osteoblast and osteocyte-like cell lines, 

as well as on primary osteocytes and osteoblasts (Xiao et al., 2006). It has been 

demonstrated that when the primary cilium are removed from MC3T3-E1 and MLO-

Y4 cells it results in the inhibition of mechanical induced increases in Cox2 mRNA 

expression which normally facilitates osteoblast proliferation (Malone 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 lineage (Chen 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 homeostasis (Coughlin et al., 2016). The removal of primary cilia in bone 

cells in vivo resulted in a reduction in loading induced bone formation (Temiyasathit 

et al., 2010). Mechanosensitive ion channels TRPV4 and polycystin-1/2 (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 murine osteoblast-like cells 

and murine MSCs are exposed to mechanical stress (Abed et al., 2009, Corrigan et al., 

2018).  

Estrogen receptors are also involved in bone cells adaptive response to 

mechanical strain (Damien et al., 1998, Damien et al., 2000). In vivo, the osteogenic 

response to mechanical loading in estrogen receptor-α knockout mice  (ER-α -/-) was 

less, compared to WT or ERα+/-  mice (Lee et al., 2003). Estrogen receptor-β (ER-β) 
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seems to modulate and inhibit the effects of  ER-α; bone cells possessing ER-α but 

lacking ER-β, show a higher response to mechanical strain than cells that possess both 

isoforms (Saxon and Turner, 2005). ER-β has also demonstrated the ability to regulate 

other mechanotransduction pathways that are important in mechanical signalling in 

osteoblasts, such as ERK phosphorylation, COX-2 expression, PGE2 release and ER-

α localisation (Castillo et al., 2014).      

In addition to the mechanosensory organelles mentioned above, the 

cytoskeleton, which is composed of many organized filaments (microtubules, actin 

microfilaments, and intermediate filaments), also acts as a mechanoreceptor. 

Rearrangement of the cytoskeleton, as well as up-regulation in COX-2 and c-fos 

expression, was observed when osteoblasts were exposed to steady flow (Pavalko et 

al., 1998). When the actin cytoskeleton was disrupted in mesenchymal progenitor cells 

using the ROCK 1/2 inhibitor Y27632, flow-induced expression of Runx2 was 

attenuated (Arnsdorf et al., 2009b). Gap junctions are another mechanosensitive 

cellular channels formed by two hemichannels composed of 6 connexin proteins each 

(Alberts et al., 2002). They are also known as stretch activated channels as they open 

in response to mechanical loading and allow the movement of small molecules 

between adjacent cells (Burra et al., 2010). They exist between osteoblasts and 

osteocytes, adjacent osteoblast cells as well as adjacent osteocytes (Yellowley et al., 

2000, Taylor et al., 2007, Batra et al., 2012). Previous studies have 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). Interestingly, 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 mechanosensation (Zhang et al., 2011). 
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2.5.2   Mechanotransduction 

Mechanotransduction is the process in which mechanical stimuli are translated into 

biochemical signals thereby allowing cells to adapt to their surroundings Figure 2-15 

(Jaalouk and Lammerding, 2009). Osteoblasts and osteocytes can transduce 

mechanical signals into biochemical cues for osteogenesis (Haj et al., 1990). 

Osteoblasts have demonstrated the ability to respond with biochemical cues to both 

direct matrix strain (You et al., 2000) and fluid shear stress in vitro (Bakker et al., 

2001, McGarry et al., 2005, Allison and McNamara, 2019). Following mechanical 

stimulation, early response biochemical cues (e.g. intracellular calcium signalling) are 

initiated and then late cues (e.g. PGE2 release and COX-2 expression), which can 

orchestrate bone remodelling (Yavropoulou and Yovos, 2016).  

It has been demonstrated that calcium is necessary for the expression of 

osteopontin as well as other bone matrix proteins (You et al., 2001). There are 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 stores (Jorgensen et al., 2002, Lu et 

al., 2012, Burnstock and Knight, 2017). The second is mechanical strain can cause 

deformation of the membrane, which can lead to the activation of stretch activated 

channels. The influx of cations alters the membrane potential (depolarizes membrane) 

leading to activation of voltage gated calcium channels (You 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 then leads to the 
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induction of NF-κB, COX-2 and CREB expression Figure 2-15 (Chen et al., 2003, 

Liu et al., 2008).  

 

Figure 2-15: Schematic diagram of the various signalling pathways that are activated 

as a result of mechanical stimulation. These include, Ca2+ channels, G-protein 

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

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

osteocalcin, osterix, c-fos, Runx2, SOST, COX-2 etc. (Papachristou et al., 2009). 

As mentioned in section 2.4.3, the canonical 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 motility (Kim 

et al., 2013).  The Wnt antagonist sclerostin, inhibits osteoblast function and bone 

formation (Poole et al., 2005). Following mechanical loading, sclerostin mRNA and 

protein expression is repressed in osteocytes (Robling et al., 2008). This leads to 

activation of canonical Wnt signalling, which mediates COX-2 and Runx2 gene 

Transcription of genes implicated in osteoblastic proliferation, differentiation and cell survival 

(osteocalcin, osteonectin, Col1A, osterix, c-fos, RUNX2, SOST, COX-2, etc.) 
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expression and osteoblast mineralisation (Norvell et al., 2004, Rodda and McMahon, 

2006, Arnsdorf et al., 2009a). Up-regulation of the canonical Wnt signalling pathway 

encourages MSCs to differentiate into osteoblasts, whereas, down-regulation 

encourages MSC renewal (Bennett et al., 2005, Gregory et al., 2005). A detailed 

overview of the canonical Wnt signalling pathway can be found in section 2.4.3.  

Mechanical strain and fluid flow can activate mitogen activated protein kinase 

(MAPK, originally called ERK) pathways in bone cells. MAPKs are serine/threonine 

protein kinases, which play a fundamental role in differentiation, proliferation and cell 

survival of bone cells (Bonni et al., 1999, Pearson et al., 2001). In bone cells both 

cyclic strain and fluid flow, leads to phosphorylation of ERK1/2 and to proliferation 

and enhanced matrix mineralization by osteoblasts and MSCs (Simmons et al., 2003, 

Kapur et al., 2004), as well as preventing osteocyte apoptosis (Plotkin et al., 2005b). 

The phosphorylation of ERKs in response to mechanical stimulation, has also been 

observed to regulate RANKL expression (Rubin et al., 2002), NO production (Rubin 

et al., 2003), expression of MMP13 (Yang et al., 2004) and appears to be modulated 

by both calcium and ATP (Liu 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., 2010). Rho GTPases are also important 

in osteoblast function and in particular it has been shown that mechanosensitivity of 

osteoblastic cells (MC3T3-E1) is regulated by P2Y2 receptors through downstream 

activation of the Rho-ROCK pathway in response to fluid shear stress (Gardinier et 

al., 2014).  Mechanical stimulation is known to activate G proteins (Clark et al., 2002), 

leading to activation of PKA resulting in expression of COX-2 and PGE2 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 regulation of bone turnover. During puberty, estrogen induces the stimulation of 

growth hormone (GH) and insulin-like growth factor-I (IGF-I) which are the main 

stimulators of longitudinal bone growth (Ruan et al., 1995). Lack of estrogen, leads to 

delayed closure of the epiphyseal growth plates, resulting in long extremities (Carel et 

al., 2004). 

 Osteoporosis is a common disorder of bone remodelling, it’s characterized by 

low bone mass and structural deterioration of bone, and leads to bone fragility and 

increased propensity for fracture (Dalle 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 body following 

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 osteoporosis (McNamara, 2010). In 

addition to changes in trabecular microarchitecture, there are also important changes 

in tissue composition (Brennan et al., 2011a). In human bone and animal models of 

osteoporosis, the distribution of tissue-level mineral has been shown to be altered 

(Busse et al., 2009, Brennan et al., 2011a, Brennan et al., 2014a). In particular, 

longitudinal micro-CT analysis in ovariectomised (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 changes in mineral 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 et al., 2010, 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 rats (O'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 fracture (Busse et al., 2009).  

As mentioned in section 2.1.2, estrogen deficient rats demonstrated increased 

lacunar-canalicular porosity surrounding osteocytes in both cortical and trabecular 

bone from the proximal tibial metaphysis. The increase in porosity 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 canaliculi (Sharma et al., 2012). 

Further research found that these changes in collagen increased the permeability to 

small molecules at the lacunar-canalicular surface. A tracer solution of FITC-labelled 

bovine serum albumin was used to track fluid movement through the lacunar-

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 physiological mechanical 

loading, however, in cortical bone solute transport was the same in OVX and SHAM 

animals (Ciani et al., 2014). In contrast, studies using both human osteoporotic bone 

and OVX rats reported significantly higher lacunar density but reduced lacunar area 

compared to controls (Mullender et al., 1996, Tommasini et al., 2012). However, other 

studies have reported a decrease in lacunar density in osteoporotic females compared 

to healthy females (Qiu et al., 2003, Mullender et al., 2005), or no significant changes 
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in lacunae area between women with or without osteoporotic fractures (McCreadie et 

al., 2004). The initial bone loss orchestrated by increased osteoclastogenesis in the 

first 4/5 weeks post-OVX (Hughes et al., 1996, Waarsing et al., 2006, Voisin and 

McNamara, 2015), has been shown to increase the stimulation of osteocytes in the 

remaining bone (Verbruggen et al., 2015). 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 weeks post-OVX) 

experience osteogenic strains (>10,000 µε) over a larger proportion of the cell 

compared to cells in healthy bone. However, in long term estrogen deficiency (34 

weeks post-OVX), a decrease in the proportion of osteocytes exceeding the osteogenic 

strain threshold was observed, resulting in the strain environment of osteocytes in 34 

weeks post-OVX tissue being restored to SHAM levels (Verbruggen et al., 2015). The 

restored strain environment in long term estrogen deficiency might be explained by 

increased trabecular thickness and stiffness that has been observed to occur at 14 and 

34 weeks post-OVX (Waarsing et al., 2006, O'Sullivan et al., 2019).  In addition to 

changes in the lacunar-canalicular system following ovariectomy, cortical vascular 

porosity is also altered. Vascular 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 loaded (Cowin, 1999). Estrogen 

deficiency has been demonstrated 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 pore (Sharma et al., 2018). The increase in vascular 

porosity due to estrogen deficiency could decrease bone strength (Schneider et al., 

2013) and decrease the mechanical stimulus that nearby osteocytes would be exposed 

to (Wang et al., 1999, Gatti et al., 2018).  The 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.  

 

Figure 2-16: 3D reconstructions of micro-CT 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 deficiency (O'Sullivan et al., 2019). 

2.6.1   Osteocytes 

Estrogen plays a role in osteocyte mechanosensation; in vitro estrogen has been shown 

to increase the mechanosensitivity of osteocytes to oscillatory fluid flow by inducing 

an increase in DMP-1, SOST ALP, OCN and mRNA expression as well as increases 

in NOS activity, NO and PGE2 release. However, when estrogen was withdrawn or 

the estrogen receptor chemical inhibited, the downstream responses to fluid flow were 

reduced (Deepak et al., 2017). In addition, intracellular calcium [Ca2+]i oscillations in 

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 regulated by 

estrogen, and in the absence of estrogen, calcium oscillations may be disrupted, 

leading to altered mechanosensitivity (Deepak et al., 2017). Supporting this, β3-

integrin positive osteocytes were found to be reduced in the cortical bone of OVX rats 

compared to SHAM animals, which suggests that reduction in β3 expression in 



Chapter 2 

53 

 

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 estrogen (E) and estrogen withdrawal (EW) on MLO-Y4 

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: αvβ3 

and vinculin staining, in estrogen withdrawal group there was reduced localisation of 

αvβ3 at the focal adhesion sites (Geoghegan et al., 2019). 

In vitro experiments performed on MLO-Y4 cells that had undergone an 

estrogen withdrawal regime revealed smaller focal adhesion area with reduced αvβ3 

localisation at the focal adhesion sites, Figure 2-17. This was shown to result in 

increased RANKL/OPG expression and defective COX-2 response to fluid flow. 
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Blocking αvβ3 resulted in similar effects to focal adhesion assemblies, RANKL/OPG 

and COX-2 expression, suggesting that there is a relationship between estrogen 

withdrawal and defective αvβ3 mediated signalling (Geoghegan et al., 2019). Estrogen 

also affects how osteocytes regulate bone remodelling. Estrogen has been shown to 

induce osteocytes expression of Sema3A, which acts in an autoregulatory manner to 

promote the survival of osteocytes (Hayashi et al., 2019). Sema3A plays an 

osteoprotective role by supressing bone resorption and stimulates bone formation. The 

way in which Sema3A exerts these effects is by inhibiting RANKL-induced 

osteoclastogenesis through inhibiting ITAM and RhoA signalling pathways and by 

stimulating osteoblasts and inhibiting adipocyte differentiation through canonical 

Wnt/β- signalling pathways (Hayashi 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 bone and OVX mice (Kim et al., 2012, Fujita et al., 2014). In contrast, 

a reduction in sclerostin expression has been reported in one study of estrogen 

deficient mice (Jastrzebski et al., 2013). However, this study also concluded that 

ovariectomy had variable effects on sclerostin mRNA 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 mRNA levels at 6 weeks post-surgery but 

no expression change was seen at week 3. Conversely, SOST mRNA levels were 

significantly lower in OVX femurs at 3 weeks post-surgery, but SOST expression was 

equal to that of SHAM animals at week 6 (Jastrzebski et al., 2013). Finally, estrogen 

has been implicated in the regulation of osteocyte apoptosis. OVX rodents and 

osteoporotic humans display significant increases in apoptotic markers in osteocytes 

(Tomkinson et al., 1997, Tomkinson et al., 1998, Emerton et al., 2010, Florencio-Silva 
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et al., 2018). Increased apoptosis in osteocytes due to estrogen deficiency has also 

been suggested to result in hyper-mineralisation or micropetrosis of the lacunar space 

and surrounding bone tissue (Frost, 1960, Boyde, 2003, Busse et al., 2010) and 

changes in the organisation of the osteocyte network (Knothe 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 activation of the Src/Shc/ERK signalling pathway and down-regulating 

JNK, which alter the activity of transcription factors such as CREB and c-Jun/cFos 

(Kousteni et al., 2001, Kousteni et al., 2003). Osteoblasts treated with estrogen exert 

an important influence on osteoclasts; whereby they attenuate RANKL-induced 

osteoclast formation (Qu et al., 1999), up-regulate OPG expression (Bord et al., 2003), 

leading to a decrease in RANKL to OPG ratio (Allison and McNamara, 2019). 

Production of interleukins known to induce osteoclastogenesis such as  IL-6 and IL-1 

are down-regulated (Qu et al., 1999). Osteoblast-induced osteoclast apoptosis is 

increased (Wang et al., 2015), due to estrogen up-regulating TGF-β and soluble FAS 

ligand (sFASL) in osteoblasts which leads to the apoptosis of osteoclast precursors 

and osteoclasts respectively (Hughes et al., 1996, Krum et al., 2008). Interestingly, 

estrogen deficiency leads to an increase in osteoblastogenesis, albeit that the rate of 

resorption exceeds that of formation (Rosen, 2000b, Krassas and Papadopoulou, 

2001). Estrogen withdrawal from osteoblasts leads to changes in mineral deposition 

under static conditions and an increase in osteocyte apoptosis (Brennan et al., 2012, 

Brennan et al., 2014b). Moreover, surgically induced estrogen deficiency and naturally 

occurring menopause result in an excess production of IL-6, IL-1 and TNF-α by 
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osteoblasts and bone marrow-derived stromal cells (Girasole et al., 1992, Zheng et al., 

1997, Weitzmann and Pacifici, 2006), which are factors that also govern 

osteoclastogenesis.  

Interestingly, primary osteoporotic bone cells display deficient long term PGE2 

release in response to mechanical stimuli in vitro (Sterck et al., 1998). Osteoblasts 

respond to mechanical stimulation by COX-2 up-regulation (Wadhwa et al., 2002), 

when estrogen receptors expressed by osteoblasts are chemically inhibited, a 

significantly higher level of COX-2 expression is seen in response to stimulation, 

indicating that under estrogen deficient conditions osteoblasts may become hyper-

mechanosensitive. The increase in COX-2 expression along with an increase in the 

cytokine M-CSF in estrogen deficient osteoblasts may indicate a heightened 

inflammatory response to mechanical stimulation (Allison and McNamara, 2019).     

Typically, when osteoblasts are mechanically stimulated they respond by up-

regulating the RANKL inhibitor OPG (Li et al., 2013), however, estrogen deficient 

osteoblasts in vitro were shown to down-regulate OPG in response to mechanical 

stimulation (Allison and McNamara, 2019). This further supports the idea that the lack 

of estrogen causes alterations in the mechanoresponsiveness of osteoblasts, resulting 

in deficient pro-osteogenic and anti-osteoclastic responses to mechanical stimulation. 

2.6.3   Osteoclasts 

Estrogen is known to have indirect effects on osteoclasts, by regulating production of 

osteoclastogenic factors such as RANKL, IL-1, and OPG in both osteoblasts and 

osteocytes Figure 2-18A. Estrogen also has a direct effect on osteoclast function, 

differentiation and survival Figure 2-18B. Deletion of the gene Esr1 that encodes for 

ERα in mature osteoclasts resulted in increased osteoclast number in mice trabecular 

bone and reduced bone mass (Nakamura et al., 2007). Increased osteoclast number 
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was due to a down-regulation in FASL expression in osteoclasts resulting in reduced 

osteoclast apoptosis. The addition of estrogen to osteoclasts isolated from ERα+/+ mice 

(wild type mice) showed an increase in FASL mRNA expression, however estrogen 

had no effect on FASL expression in osteoclasts from ERα-/- deficient mice.  It should 

be noted however, that decreased bone mass as a result of ERα deletion was only 

observed in female mice. Male mice showed no change in bone mass (Nakamura et 

al., 2007). Deletion of ERα from the entire monocyte-macrophage cell linage has no 

effect on cortical bone mass, suggesting that indirect actions of estrogen on osteoclasts 

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

2010). 

 

Figure 2-18: Indirect and direct effects of estrogen on osteoclasts. (A) Low estrogen 

levels cause osteoblasts (OB) to increase production of tumour necrosis factors 

(TNFs) e.g. TNF-α and  interleukins e.g. IL-7  as well as increases in RANKL 

production. Osteoblasts also promote the proliferation of T-cells and their sectretion 

of TNFs and RANKL, this leads to increases in osteoclastogeneis. (B) Estrogen binds 

to ERα on 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 dominant (Novack, 2007). 

Estrogen can supress RANKL and M-CSF induced osteoclastogenesis in both 

mouse bone marrow macrophages (BMMs) and the cell line RAW264.7, by 

supressing JNK1 activity and down-regulating c-Jun expression which results in 

suppression of AP-1 activity which is known to be essential for osteoclast formation 

(Shevde et al., 2000, Huber et al., 2001, Srivastava et al., 2001). In human monocytes, 

estrogen was shown to inhibit RANKL induced osteoclastogenesis by inducing ERα 

binding to the scaffold protein BCAR1. The ERα/BCAR1 complex sequesters TRAF6 

receptor, which impairs RANKL-induced osteoclastogenesis by decreasing NFΚB 

activation (Robinson et al., 2009). Osteoclasts 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 

necessary for bone resorption (Kremer et al., 1995, Mano et al., 1996).  Estrogen 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 to reductions 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., 1998) (described in section 2.6) and the ensuing reduction in bone 

mass leads to an increased propensity for fracture (Dalle Carbonare and Giannini, 

2004). For this reason, a variety of anti-resorptive therapies have been developed 

whose primary mode of action is to inhibit osteoclasts, either directly or via osteoblast-

derived factors (e.g. IGF1, TGF-β, TNF-α), including bisphosphonates, estrogen, 
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Denosumab and SERM Raloxifene (Pavone et al., 2017). Such therapies prevent 

proliferation, maturation of osteoclast precursors and/or promote apoptosis of mature, 

multinucleated osteoclasts. However, even with drug treatment, 50% of sufferers 

experience disability and 75% never regain good health (Compston and Rosen, 2002), 

and more importantly drugs only reduce fracture susceptibility by 50% (Randell et al., 

2002, Murad et al., 2012). This may be because the mechanisms initiating osteoporosis 

are poorly understood. It is anticipated that osteoporotic fractures will double and the 

worldwide cost will reach $132 billion by 2050 if current prevention and treatment 

methods are not evolved (Wood, 2004). In recent years, there has been an interest in 

the development of anabolic therapies, which target the stimulation of bone formation 

and therefore improve bone strength. Two anabolic therapies are now FDA approved, 

Teriparatide and, as of April 2019, Romozumab (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 expression (Carter and Schipani, 2006). Teriparatide (an analog of 

PTH), was the first anabolic therapy to be approved, it was shown to increase 

osteoblast number and bone formation activity (Carter and Schipani, 2006), as well as 

down-regulating sclerostin in osteocytes (Bellido et al., 2013). However, the use of 

Teriparatide is limited to 2 years and the drug is associated with a potential risk of 

osteosarcoma (Subbiah et al., 2010, Shah et al., 2015).  

Another potential target is sclerostin, which is produced by mature osteocytes 

and inhibits osteoblast function and bone formation (Lewiecki, 2011, Tu et al., 2012). 

Sclerostin-mediated inhibition of Wnt/β- catenin signalling, has also been shown to 

reduce OPG expression in osteoblasts and osteocytes (Kramer et al., 2010). Antibodies 
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that neutralise sclerostin have gained therapeutic attention in recent years as they have 

been shown to increase bone mass and strength in osteoporosis in both animal studies 

and human clinical trials (Li et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al., 

2015, Zhang et al., 2016, Ominsky et al., 2017).  

2.8      Summary 

This chapter has presented a detailed review of bone physiology, 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 to maintain 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 stimulation are 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 mechanosensors at the 

cellular level during estrogen deficiency, it has been suggested 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 

osteoblasts regulate osteoclastogenesis and resorption during estrogen deficiency. 

Chapter 3 also examines whether ROCK1/2, which is involved in 

mechanotransduction, plays a role in osteoblast-induced osteoclastogenesis. Chapter 

4 investigates whether altered mechanosensation in estrogen deficient osteocytes 

affects osteoclastogenesis and bone resorption. In addition, the hypothesis that 

administration of a sclerostin antibody in vitro can reduce osteocyte-induced 

osteoclastogenesis and resorption is also investigated. Finally, in chapter 5, cortical 
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microporosity will 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. Chapter 5 will 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 blood, and this has 

been shown to directly increase the number and resorption activity of osteoclasts, 

ultimately leading to bone loss (Rosen, 2000b), fractures, pain and immobility 

(McNamara, 2010). Bone loss due to estrogen deficiency has been attributed to an 

increase in osteoclast activity (Lane et al., 1998) and the ensuing reduction in bone 

mass leads to an increased propensity for fracture (Dalle Carbonare and Giannini, 

2004). For this reason, a variety of anti-resorptive therapies have been developed 

whose primary mode of action is to inhibit osteoclasts, either directly or via osteoblast-

derived factors (e.g. IGF1, TGF-β, TNF-α), including bisphosphonates, estrogen, 

Denosumab and SERM Raloxifene (Pavone et al., 2017). Such therapies prevent 

proliferation, maturation of osteoclast precursors and/or promote apoptosis of mature, 

multinucleated osteoclasts. However, although such treatments prevent further bone 

loss and have been widely used for many years, it remains that antiresorptive therapies 

only reduce chance of fracture by ~ 50% (Compston and Rosen, 2002). While anabolic 

therapies such as Teriparatide and Romozumab have been developed (Esbrit et al., 

2016, Zhang et al., 2016), they 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 prevention and treatment methods are not evolved (Pisani et al., 

2016). This represents a significant healthcare and economic burden, because 

osteoporosis affects 200 million women worldwide and 1 in 3 women over the age of 

50 will experience osteoporotic fractures (Kanis, 2007, Melton et al., 2009). 

Osteoblasts act as mechanosensors of physiological loading (Lee et al., 2008) 

by producing nitric oxide, synthesise prostaglandin and activate intracellular calcium 

signalling (Sterck et al., 1998), which govern biochemical signalling and changes in 

gene expression (Huo et al., 2008). In particular, mechanical stimulation of osteoblasts 

leads to increased OPG release whereas the cytokine RANKL decreases. Together 

these play an essential role in regulating osteoclast maturation and resorption (Kim et 

al., 2006a, Kim et al., 2006b, Matsuo and Irie, 2008, Lee et al., 2010). Osteoclast 

differentiation is dependent on RANKL produced by osteoblasts and osteocytes 

(Asagiri and Takayanagi, 2007, Boyce and Xing, 2008), which binds to RANK 

receptors on osteoclast progenitors and activates signalling cascades, resulting in 

NFATc1 activation (Asagiri and Takayanagi, 2007) and expression of genes that 

govern osteoclast activity, including TRAP and CTSK (Kim and Kim, 2014). OPG is 

a decoy receptor that binds to RANKL to prevent RANK-RANKL binding and inhibit 

osteoclastogenesis (Gillespie et al., 2000).  

Estrogen governs osteoclast activation, turnover rate, apoptosis and resorption 

capacity (Hughes et al., 1996, Eriksen et al., 1999, Wang et al., 2015). Osteoblasts 

treated with estrogen exert an important influence on osteoclasts; whereby they 

attenuate RANKL-induced osteoclast formation (Qu et al., 1999), up-regulate OPG 

expression (Bord et al., 2003), whereas IL-6 and IL-1 production is down-regulated 
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(Qu et al., 1999) and osteoblast-induced osteoclast apoptosis is increased (Wang et al., 

2015). Interestingly, estrogen deficiency leads to an increase in osteoblastogenesis, 

albeit that the rate of resorption exceeds that of formation (Rosen, 2000a, Krassas and 

Papadopoulou, 2001). Estrogen withdrawal from osteoblasts leads to changes in 

mineral deposition under static conditions (Brennan et al., 2012, Brennan et al., 

2014b). Interestingly, primary osteoporotic bone cells display deficient long term 

PGE2 release in response to mechanical stimuli in vitro (Sterck et al., 1998). 

Moreover, surgically induced estrogen deficiency and naturally occurring menopause 

result in an excess production of IL-6, IL-1 and TNF-α by osteoblasts and bone 

marrow-derived stromal cells (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 understood. 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., 2010). Exposing osteoclastic cells and 

macrophages to Rho-inhibiting C3 toxin results in disruption of the sealing zone and 

inhibits resorption (Zhang et al., 1995, Gačanin et al., 2017). Rho GTPases are also 

important in osteoblast function and in particular it has been shown that 

mechanosensitivity of osteoblastic cells (MC3T3-E1) is regulated by P2Y2 receptors 

through downstream activation of the Rho-ROCK pathway in response to fluid shear 

stress (Gardinier et al., 2014). However, how the Rho-ROCK pathway regulates 
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osteoblast-induced 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 degradation was tested. These studies use osteoblast conditioned medium and 

co-culture (osteoblast-osteoclast) mechanobiology experiments to investigate (1)  

osteoblast-induced osteoclastogenesis following loading and estrogen deficiency, (2) 

changes in gene and protein expression in response to loading of osteoblastic cells 

under estrogen deficiency and (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 MC3T3-E1 osteoblast-like cells 

were purchased from the American Type Culture Collection (ATCC, Manassas, VA, 

USA). RAW264.7 cells were grown in Dulbecco’s modified Eagle’s medium with 1% 

antibiotics, 1% L-Glutamine, and 10% heat-inactivated FBS (HyClone). MC3T3-E1 

cells were maintained in α-MEM supplemented with 1% L-glutamine, 2% penicillin/ 

streptomycin, and 10% FBS. Media was changed every 2-3 days. Cells were cultured 

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

3.2.2   Estrogen and estrogen deficiency 

For 6 days, MC3T3-E1 cells were treated with estrogen (E: 10 nM 17β-estradiol) or 

under simulated menopausal conditions using either (1) a selective estrogen receptor 

degrader Fulvestrant (FE: 10 nM 17β-estradiol plus 100 nM Fulvestrant) or (2) by 

withdrawing the estrogen from the culture media, after cells had become accustomed 
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to estrogen for 3 days (EW). This estrogen withdrawal 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 

withdrawal Figure 3-5, which supports increases in osteoclast number observed in 1 

week post-OVX rats (Hughes et al., 1996). 10 nM 17β-estradiol was chosen based on 

previous studies performed on MC3T3-E1 cells and primary osteoblasts (Krum et al., 

2008, Brennan et al., 2014b). The estrogen dosage used is within the normal 

physiological circulating serum range seen in mice (Haisenleder et al., 2011). These 

treated cells (E, FE and EW) were compared to “No Estrogen groups” (Stat: Static- no 

mechanical stimulation and OFF: Oscillatory fluid flow for 1 hour), which cultured in 

α-MEM medium for the same durations and were never treated with 17β-estradiol.  

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 seeded at 1012 cells/cm2 (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, where 17-β 

estradiol administration was discontinued after 3 days, to mimic the onset of estrogen 

deficiency in postmenopausal osteoporosis (EW), or (d) continued expansion media 

ɑ-MEM (No E treatment) (OFF). Laminar oscillatory fluid flow was applied to 

MC3T3-E1 cells using a custom- designed parallel plate system as described in our 

previous study (Haugh et al. 2015), which comprised of a syringe pump (NE-1600, 

New Era Pump Systems, Farmingdale, NY, USA), 50 mL syringes (BD Plastics Ltd, 

Sunderland, UK), parallel plate chambers and individual media reservoirs connected 

through gas-permeable silicone tubing (Cole-Parmer, 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 Pa (Weinbaum et al., 1994, Cowin et al., 1995). Therefore, an 

OFF loading regime of 1 Pa was used, using a 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 and cells were 

then cultured for 24 hours before conditioned media was collected for further 

experiments (described below). Cells referred to as ‘Stat’ in this study were cultured 

under identical treatment conditions but under static conditions and were not exposed 

to mechanical stimulation. 

3.2.4   Conditioned media experiments 

Conditioned media from all cell treatment groups (Stat, OFF, E-Stat, E-OFF, EW-Stat, 

EW-OFF, FE-Stat and FE-OFF) was centrifuged at 1500 rpm and then frozen at -80°C 

in 1 mL aliquots, see Table 1. RAW264.7 cells were seeded at 15,625 cells/cm2 in a 

96 well plate and then treated with 50% conditioned media and 50% expansion media 

(DMEM) for 7 days, see Figure 3-1 .For immunofluorescent work, RAW264.7 cells 

were cultured on glass bottom 96 well plates. In all conditioned media experiments, 

cells were cultured in the presence of 15ng/mL of RANKL for the 7 days. 

 

Figure 3-1: Schematic showing conditioned media experimental set up, conditioned 

media is taken from MC3T3-E1 24 hours post stimulation. The conditioned media is 

centrifuged and frozen at -80°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 

group 

Conditioned media source (50% concentration) 15 ng/ml 

RANKL 

Ctrl X X 

RANKL X ✓ 

Stat (No E 

treatment) 

Static MC3T3-E1 cells ✓ 

OFF (NO E 

treatment) 

Mechanically loaded MC3T3-E1 cells ✓ 

E stat Estrogen pre-treated MC3T3-E1 cells ✓ 

E OFF Estrogen pre-treatment + mechanical loading MC3T3-E1 cells ✓ 

EW stat Estrogen withdrawal regime MC3T3-E1 cells ✓ 

EW OFF Estrogen withdrawal regime + mechanical loading MC3T3-E1  

cells 

✓ 

FE stat Fulvestrant + estrogen MC3T3-E1 cells ✓ 

FE OFF Fulvestrant + estrogen + mechanical loading  MC3T3-E1 cells ✓ 

 

3.2.5   Tartrate-resistant acid phosphatase (TRAP) staining  

At the end of the co-culture and conditioned media experiments RAW 264.7 cells were 

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

deionised water and stained for tartrate-resistant acid phosphatase (TRAP) activity 

with a commercial kit (Sigma Aldrich, St. Louis, MO). Then, nuclear counterstained 

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

microscope (Leica DMi1, Leica Biosystems, Wetzlar, Germany) and quantified using 
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ImageJ software, in which images were colour thresholded and the percentage area 

covered by osteoclasts was quantified. TRAP-positive cells with 3 or more nuclei were 

considered to be osteoclasts. 

3.2.6   TRAP activity assay 

At the end of the conditioned media experiments, 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 of p-

nitrophenylphosphate (20 nM) to p-nitrophenol in the presence of 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 MC3T3-E1 cells from each group (Stat, OFF, E-

Stat, E-OFF, EW-Stat, EW-OFF, FE-Stat and FE-OFF) were seeded at 13636 

cells/cm2 in a 48 well plate. After 24 hours RAW264.7 cells were seeded on top of 

MC3T3-E1 cells at 9090 cells/cm2 per well, see Figure 3-2. Cells were co-cultured in 

the presence of 15ng/mL of RANKL for a further 7 days.  
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Figure 3-2: (A) Schematic of co-culture experimental set up (B) RAW264.7 cells- 

circular cells indicated by the black arrow, seeded on top of MC3T3-E1- spread 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 media experiments, RAW 264.7 cells were rinsed in 

PBS and fixed with 4% paraformaldehyde. The cells were then rinsed with PBS and 

permeabilized using 0.2% Triton X-100 for 5 minutes and exposed to TRITC solution 

(1:1000) for 1 hour, before then being washed with PBS and stained with DAPI 

(200ng/ml). Images were acquired using an Olympus IX51 microscope (Olympus, 

Tokyo, Japan) and percentage of osteoclasts, were quantified in ImageJ software. 

3.2.9   Matrix degradation assay 

Following fluid flow MC3T3-E1 cells from each treatment group were seeded at 

45,000 cells per well in a 24 well bone-mimetic Osteo assay surface plate (Corning 

Inc, Corning, NY, USA). The following day RAW264.7 cells were seeded directly on 

top of MC3T3-E1 cells at 25,000 per well. After 7 days of co-culture, 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 
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surface. This was repeated three times before the wells were then rinsed with deionised 

water and left to dry before imaging under a light microscope (Leica DMi1) and 

quantification by ImageJ software, in which images were colour thresholded and 

matrix degradation area was quantified. 

3.2.10   Enzyme-Linked Immunosorbent Assay (ELISA) 

The amount of RANKL and OPG in the conditioned media from MC3T3-E1 cells was 

determined using a commercially available ELISA kit (Sigma Aldrich, St. Louis, 

MO), according to the manufacturer’s instructions. Triplicate assays were performed 

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

3.2.11   qRT-PCR 

RAW264.7 cells were exposed to 50% CM (as seen in Conditioned media section) 

and cultured for 7 days. At day 7, 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.  qRT-PCR was performed on resultant cDNA 

template on a StepOne plus real-time 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 T-cells cytoplasmic 1 

(NFATc1), and cathepsin K (CTSK) (Primer sequences are shown in Table 2).  

mRNA from MC3T3-E1 cells was isolated 24hrs after exposure to flow or 

static conditions and transcribed to cDNA using the same protocol as described above. 

Expression of the following genes were assessed cyclooxygenase-2 (COX-2), 

osteoprotegerin (OPG), Macrophage colony-stimulating factor (M-CSF) (Primer 

sequences are shown in Table 2). The normalised relative quantities (NRQ) of each 
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sample (both RAW264.7 and MC3T3-E1 samples) was calculated with reference to 

RPLP0. Data was analysed using the pfaffl method. 

 

Table 2: Primer sequence for qRT-PCR. 

 

 

3.2.12   ROCK inhibition  

In order to assess whether ROCK 1/2 plays a role in the changes in osteoblast-induced 

osteoclast differentiation reported here, a second set of experiments were conducted. 

For 7 days, MC3T3-E1 cells were treated with estrogen (E: 10 nM 17β-estradiol). In 

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 days in media deficient of 17β-estradiol. After seeding onto slides, 

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 inhibitor Y-27632 (10 

µM) for 1 hour before being subjected to oscillatory fluid flow (+ Y27632) or no 

inhibitor. The concentration of ROCK1/2 inhibitor Y-27632 (10 µM) was based on 

previous studies (Arnsdorf 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 cell types were as described above in section 3.2.7, 

however cells were co-cultured 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 to day 7 data 

described in sections 3.3.5 and 3.3.6. TRAP staining, TRAP activity assay and qRT-

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

3.2.13   Statistical Analysis  

Data are representative of 3 independent experiments performed in triplicate and are 

presented as box plots and whiskers which display the following: whiskers extend 

between min and max values of data set, 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. Statistical analysis was performed by one-way ANOVA or a two-

way ANOVA (when indicated) followed by Tukey’s post hoc multiple comparison 

test. A value of P< 0.05 was regarded as statistically significant. Technical replicates 

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

3.3      Results 

3.3.1   Estrogen treated osteoblasts produce factors that inhibit RANKL-induced 

osteoclastogenesis and podosome belt formation 

In vitro it has been shown that osteoblasts treated with estrogen attenuated RANKL 

induced osteoclast formation under static culture conditions (Qu et al., 1999). 

However, it is not known whether such changes would arise under mechanical 

stimulation. To more closely mimic the in vivo pre-menopausal physiological and 

mechanical environment, the effect of supplementing in vitro culture media with 

estrogen (10 nM pre-menopausal levels) on the ability of MC3T3-E1 osteoblastic cells 

to regulate osteoclast differentiation under static and oscillatory fluid flow conditions 

was investigated. Paracrine signalling between osteoblastic cells and macrophages 

(osteoclast precursors) was assessed using conditioned media experiments Figure 

3-3A. 
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During osteoclast differentiation, cytoskeletal rearrangement occurs resulting 

in the formation of podosome belts (Destaing et al., 2003, Saltel et al., 2008, Georgess 

et al., 2014, Takito et al., 2015, Strzelecka-Kiliszek et al., 2017). Here, it is report that 

exposure to RANKL lead to cytoskeletal rearrangement and the formation of 

podosome belts in the differentiated osteoclasts derived from RAW264.7 

macrophages (Figure 3-3 B). However, mechanically stimulated and estrogen treated 

MC3T3-E1 cells produced a CM that inhibited podosome belt formation in 

RAW264.7 cells, when compared to belt formation observed in the RANKL treatment 

group (Figure 3-3 B). Specifically, the podosomes were identified as clusters near the 

centre of the cell, rather than forming distinct belts at the periphery (Figure 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 often had more broken boarders (Figure 3-3 B). 

As expected, RANKL administration lead to an increase in osteoclast 

formation and TRAP activity (p<0.0001) compared to cultures that received no 

RANKL supplementation (Figure 3-3 C and D). However, CM from estrogen treated 

MC3T3-E1 cells significantly reduced RANKL-induced osteoclast differentiation 

(p<0.05) (Figure 3-3C) and TRAP activity (p<0.0001) (Figure 3-3 D) when 

compared to CM from ‘no E treatment group’. Likewise, CM from mechanically 

stimulated MC3T3-E1 cells which received no estrogen pre-treatment significantly 

reduced RANKL-induced osteoclast differentiation and TRAP activity (p<0.0001) 

(Figure 3-3 C and D). Interestingly, osteoclast differentiation was lowest when 

estrogen treated MC3T3-E1 cells were exposed to mechanical stimulation compared 

to the static 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 estrogen-induced 

inhibition and mechanical stimulation-induced inhibition (p= 0.0477) (Figure 3-3C).  

 

Figure 3-3: CM from estrogen treated MC3T3-E1 cells inhibits differentiation of 

RAW264.7 cells, and inhibits podosome belt formation. (A) RAW264.7 cells were 

cultured with CM taken from MC3T3-E1 cells 24hr post mechanical stimulation. 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 formation (B) DAPI (Nuclei) and TRITC-

phalloidin (Actin) staining of multinucleated RAW264.7 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 images (C) % area covered by multinucleated 

osteoclasts (≥3 nuclei) (N=3, n=9). (D) TRAP activity assay, using supernatant 

collected from multinucleated osteoclasts (N=3, n=9). Stat= CM from static MC3T3-

E1 cells, OFF= CM from mechanically stimulated MC3T3-E1 cells, Ctrl= no 

exposure to CM, RANKL= no exposure to CM received 15ng/ml of RANKL only, No 

E treatment= CM from MC3T3-E1 cells which received no estrogen and E= CM from 

MC3T3-E1 cells which have undergone an estrogen treatment. Statistical tests: (C) 

two-way ANOVA was performed to test for interactions between estrogen status and 

OFF, followed by Tukey’s post Hoc multiple comparison, (D) one way ANOVA with 

Tukey’s post hoc multiple comparison. Values are means±SD for 3 independent 

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

3.3.2   Estrogen deficient and mechanically stimulated osteoblasts up-regulate 

expression of CTSK and NFATc1 and exacerbate RANKL-induced osteoclast 

differentiation 

Next the role estrogen deficiency had on osteoblast-mediated osteoclast differentiation 

under both static and mechanical stimulated conditions was investigated. For this 

purpose two different approaches were used by either (1) incorporating Fulvestrant, a 

selective estrogen receptor degrader (SERD) and estrogen treatment or (2) by 

withdrawing estrogen from cells that had been 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 formation, the expression by RAW264.7 cells of cathepsin K (CTSK), 

which is known to play a role in bone resorption (Troen, 2004), and NFATc1, a master 

regulator of osteoclastogenesis (Takayanagi, 2007) was also analysed. 
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Under estrogen deficient conditions MC3T3-E1 cells produced a conditioned 

media that, when given to RAW264.7 cells, stimulated the RAW264.7 cells to form 

larger and more numerous podosome belts, when compared to those that received CM 

from continuous estrogen MC3T3-E1 cells (Figure 3-4 A). Moreover, RAW264.7 

cells receiving CM from estrogen deficient MC3T3-E1 cells were observed to exhibit 

dense actin belts (Figure 3-4  A) whereas those receiving CM from the continuous 

estrogen group had podosome clusters near the periphery (Figure 3-3B). 

CM from estrogen deficient MC3T3-E1 cells (EW and FE) promoted RANKL-

induced osteoclastogenesis compared to the estrogen treated group (p<0.0001 and 

p=0.1048) (Figure 3-4 B). Osteoclastogenesis was significantly higher in RAW264.7 

cells exposed to CM from Fulvestrant treated MC3T3-E1 cells when compared to CM 

from the estrogen withdrawal group (p<0.05) (Figure 3-4B). Similarly 

osteoclastogenesis and TRAP activity was significantly higher when RAW264.7 cells 

were treated with CM from estrogen deficient MC3T3-E1 and mechanically 

stimulated cells, when compared to the estrogen treated group (p<0.0001) (Figure 3-4 

A, C). There was also a significant higher TRAP activity when RAW264.7 cells were 

cultured with CM from Fulvestrant treatment group compared to RANKL 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 expression of NFATc1 (3.8 

fold, Figure 3-4 D, E). For the first time it was shown that following exposure to CM 

from estrogen deficient MC3T3-E1 cells (EW and FE) CTSK expression by 

RAW264.7 cells was up-regulated (6.6 fold and 11.8 fold respectively), when 

compared to RAW264.7 cells receiving CM from the estrogen supplemented group 

(Figure 3-4 D) (p<0.01 and p<0.0001 respectively). NFATc1 expression was also 
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higher following exposure to CM from estrogen deficient MC3T3-E1 cells (EW and 

FE) (7.5 and 9.3 fold respectively), when compared to the continued estrogen treated 

group (E-OFF CM) (Figure 3-4  E) (p<0.01).  
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Figure 3-4: CM from MC3T3-E1 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 CM in the presence of 15 ng/ml of RANKL for 7 days. The 

effect of CM on podosome belt formation (A) DAPI (Nuclei) and TRITC-phalloidin 

(Actin) staining of multinucleated RAW264.7 cells (N=3, n=9) Podosome belts are 

indicated by the green arrows in the magnified section of the images (B) % area 

covered by multinucleated osteoclasts (≥3 nuclei) (N=3, n=9). (C) TRAP activity 

assay, using supernatant collected from multinucleated osteoclasts (N=3, n=9). qRT-

PCR analysis looking at gene expression changes in RAW264.7 cells treated with 

various CM (Relative to Ctrl group) (D) 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 

MC3T3-E1 cells that received no estrogen; E, CM from MC3T3-E1 cells that received 

estrogen; EW, CM from MC3T3-E1 cells subjected to estrogen withdrawal; FE, CM 

from MC3T3-E1 cells exposed to fulvestrant + estrogen. Statistical tests: one way 

ANOVA with Tukey’s post hoc multiple comparison. *=p<0.05,**=p<0.01, 

***=p<0.001 and ****=p<0.0001. Primer sequences used can be found in Table 2. 

 

3.3.3   Estrogen deficient osteoblasts altered gene expression of RANKL/OPG 

under mechanical stimulation 

RANKL and OPG play an important role in regulating osteoclastogenesis (Boyce and 

Xing, 2008). To determine the changes in RANKL and OPG protein expression 

following estrogen withdrawal and mechanical stimulation, enzyme-linked 

immunosorbent assays (ELISAs) were performed on the CM from the MC3T3-E1 
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cells. As expected there was significantly higher OPG released by MC3T3-E1 cells in 

response to mechanical stimulation (p<0.01) when compared to static cells (Figure 

3-5A). Under static conditions, there was significantly higher OPG released by 

estrogen treated cells compared to MC3T3-E1 cells with no estrogen 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 estrogen 

treated cells (p<0.01) (Figure 3-5A, B). Taken together, the RANKL/OPG ratio in 

estrogen treated cells was lower compared to the static group (p <0.05) (Figure 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 was a higher RANKL/OPG ratio (Figure 3-5C) than in the 

continuous estrogen group (p= 0.1389 and p<0.0001 respectively). 

 

Figure 3-5: RANKL/OPG ratio increases in estrogen deficient MC3T3-E1 cell in 

response to mechanical stimulation. (A) OPG (N=3, n=9) and (B) RANKL (N=3, n=9) 
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ELISAs showing concentration of each protein found in conditioned media from 

MC3T3-E1 cells, conditioned media was collected 24 hrs after OFF. (C) RANKL to 

OPG ratio (N=3, n=9). Statistical tests: one way ANOVA with Tukey’s post hoc 

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

3.3.4   Estrogen deficiency down-regulates OPG expression in osteoblasts whilst 

also up-regulating COX-2, a gene associated with inflammation   

Osteoblasts express a range of genes that influence osteoclastogenesis; analysis was 

performed to investigate the expression of OPG, a decoy receptor for RANKL (Boyce 

and Xing, 2008), M-CSF, a cytokine that induces osteoclast differentiation (Yasuda et 

al., 1999) and COX-2, a primary inflammatory response gene that is responsible for 

the formation of prostaglandins, which are potent regulators of osteoclasts, bone 

marrow stromal cells and MSCs (Kojima et al., 2006, Coon et al., 2007).  

As expected OPG expression was up-regulated (2 fold) in MC3T3-E1 cells 

following exposure to mechanical stimulation compared to the static group (p<0.05) 

(Figure 3-6A, C). Under static conditions, OPG expression was up-regulated (2.3 

fold) by estrogen treated cells compared to MC3T3-E1 cells that have received no 

estrogen treatment (p<0.01). Supporting the ELISA data, see section 3.3.3 (Figure 

3-6A), there was down-regulation in OPG expression in the estrogen deficient cells 

(EW and FE) in response to mechanical stimulation compared to estrogen treated cells 

(3 and 3.47 fold, p<0.01 and p<0.001, respectively) (Figure 3-6A). There was a 

significant up-regulation in M-CSF expression in the estrogen withdrawal group when 

compared to the estrogen treated group (P<0.05) (Figure 3-6 B). 

There was a significant increase in COX-2 expression following mechanically 

stimulation compared to static control (3.7 fold, p<0.05) (Figure 3-6 C). A significant 
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down-regulation was seen in the estrogen treated group compared to MC3T3-E1 cells 

which had received 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 respectively) (Figure 3-6C). 

In summary, estrogen treated MC3T3-E1 produced soluble OPG that inhibits 

osteoclast differentiation and inhibited podosome belt formation. Mechanical 

stimulation enhanced these effects. However, MC3T3-E1 cells that had undergone 

estrogen withdrawal or Fulvestrant treatment produced soluble RANKL that promoted 

osteoclastogenesis (NFATc1 expression and TRAP activity) and down-regulated OPG 

expression and protein release. There was also an increase in podosome belt formation, 

which was accompanied by an increase in CTSK expression.  
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Figure 3-6: Increases in COX-2 and M-CSF gene expression in estrogen deficient 

MC3T3-E1 cells in response to mechanical stimulation. qRT-PCR analysis of gene 

expression (relative to Stat group) in MC3T3-E1 cells 24 hrs after mechanical 

stimulation (A) OPG (N=3, n=9), (B) M-CSF (N=3, n=9) and (C) COX-2 (N=3, n=9). 

Statistical tests: one way ANOVA with Tukey’s post hoc multiple 

comparison.*=p<0.05, **=p<0.01***=p<0.001 and ****=p<0.0001. Primer 

sequences used can be found in Table 2. 

3.3.5   Estrogen treated osteoblastic cells have an reduced capacity to induce 

osteoclast differentiation in a co-culture system under static conditions 

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

also be found membrane bound in osteoblasts (Singh et al., 2012). To account for this, 

direct cell-cell signalling between RAW264.7 and MC3T3-E1 cells using co-cultures, 

in which pre-treated MC3T3-E1 were seeded on top of RAW264.7 cells were used. 

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

degrade matrix was evaluated using osteoassay plates. There was significantly less 

TRAP+ cells when RAW264.7 cells were co-cultured with static estrogen treated  

MC3T3-E1 cells compared to static MC3T3-E1 cells (p<0.05) (Figure 3-7B, D). 

Matrix degradation was also lower in co-cultures with estrogen treated MC3T3-E1 

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

stimulated MC3T3-E1 cells that had previously been treated with estrogen 

demonstrated a reduced capacity to induced osteoclast differentiation when co-

cultured with RAW264.7 cells, when compared to MC3T3-E1 cells that received 

mechanically stimulation only (p=0.1829) (Figure 3-7 B, D). As a result, a significant 

reduction in matrix degradation was observed in RAW264.7 cells that were co-

cultured with estrogen treated MC3T3-E1 cells compared to those co-cultured with 
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MC3T3-E1 cells which had received only mechanical stimulation (p<0.01) (Figure 

3-7 C, E). A two-way ANOVA was performed, which revealed that there was a 

significant interaction between estrogen-induced inhibition and mechanical 

stimulation-induced inhibition (p= 0.0371), this supports the results of the CM 

experiment (Figure 3-3C).  

 

Figure 3-7: Estrogen treated MC3T3-E1 cells inhibit osteoclast differentiation and 

matrix degradation (A) RAW264.7 cells were seeded directly on top of pre-treated 

MC3T3-E1 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 co-culture with MC3T3-E1 cells for 7 days. (N=3, n=9). (C) Matrix degradation 
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(Grey areas) formed by the differentiated RAW264.7 cells (N=3, n=12). 

Quantification of images showing (D) Percentage surface area covered by the 

multinucleated TRAP+ cells (N=3, n=9) and (E) Percentage area resorbed (N=3, 

n=9). Stat= co-culture with static MC3T3-E1 cells, OFF= co-culture with 

mechanically stimulated MC3T3-E1 cells, No E treatment= co-culture with MC3T3-

E1 cells which received no estrogen and E= co-culture with MC3T3-E1 cells which 

have undergone an estrogen treatment. Statistical tests: (D) two-way ANOVA was 

performed to test for interactions between estrogen status and OFF, followed by 

Tukey’s post Hoc multiple comparison, (E) one way ANOVA with Tukey’s post hoc 

multiple comparison. *=p<0.05 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 was significantly more osteoblast-induced 

osteoclastogenesis, when RAW264.7 cells were co-cultured with estrogen deficient 

MC3T3-E1 cells (EW and FE) compared to the estrogen treated control co-culture 

group (p<0.0001) (Figure 3-8A, C), which resulted in significantly higher matrix 

degradation by the RAW264.7 cells (p<0.0001) (Figure 3-8 B, D). Osteoclastogenesis 

was significantly lower in both the mechanically stimulated and estrogen deficient 

(EW and FE) co-culture groups compared to their static counterparts (p<0.001 and 

p<0.0001 respectively) (Figure 3-8C). However, a significantly greater pro-

osteoclastogenic effect was observed in RAW264.7 cells co-cultured with estrogen 

deficient MC3T3-E1 cells (EW and FE) (Figure 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 RAW264.7 cells co-cultured with 
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estrogen deficient MC3T3-E1 cells (EW and FE) when compared to those co-cultured 

with estrogen treated MC3T3-E1 cells (p<0.0001) (Figure 3-8 B, D).  

 

Figure 3-8: MC3T3-E1 cells that have undergone an estrogen withdrawal regime 

(EW) or a Fulvestrant and estrogen treatment (FE) have an increased ability to 

induced osteoclastogenesis (A) Images show Multinucleated TRAP+ RAW264.7 cells 

(Yellow arrows) after co-culture with MC3T3-E1 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 showing (C) Percentage surface area covered 

by the multinucleated TRAP+ cells (N=3, n=9) and (D) Percentage area resorbed 

(N=3, n=9). E= co-culture with MC3T3-E1 cells which have undergone an estrogen 

treatment, EW= co-culture with MC3T3-E1 cells which have undergone an estrogen 

withdrawal regime and FE= co-culture with MC3T3-E1 cells which have been 
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exposed to a Fulvestrant and estrogen treatment. Statistical tests: one way ANOVA 

with Tukey’s post hoc multiple comparison. ****=p<0.0001.   

3.3.7   Inhibiting ROCK 1/2 in osteoblasts, exacerbates osteoblast-induced 

osteoclastogenesis in a co-culture system under estrogen deficiency   

RhoA has been shown to regulate fluid flow-induced osteogenic differentiation 

(Arnsdorf et al., 2009b), and is important in podosome assembly, osteoclast motility 

and bone resorption (Chellaiah et al., 2000, Ory et al., 2008). Co-cultures were 

conducted to investigate whether the Rho-ROCK pathway played a mechanistic role 

in the altered osteoblast-induced osteoclastogenesis that was observed during estrogen 

deficiency by inhibiting ROCK 1/2 in osteoblasts, and then examining 

osteoclastogenesis of RAW264.7 cells following co-culture with MC3T3-E1 cells.  

It was reported that estrogen treated MC3T3-E1 cells which received the 

ROCK inhibitor had a higher capacity to induce osteoclastogenesis, as indicated by a 

significant increase in TRAP+ cells (Figure 3-9A, C) (p<0.001) and TRAP activity 

(Figure 3-9 D) (p<0.0001) when compared to estrogen treated MC3T3-E1 cells that 

received no ROCK inhibitor. This was supported by a down-regulation in OPG 

expression compared to MC3T3-E1 cells that received no inhibitor (2.15 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 TRAP activity (p<0.0001) (Figure 3-9A, D).  
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Figure 3-9: Inhibiting ROCK 1/2 fails to reduce the increase in osteoblast-induced 

osteoclastogenesis seen under estrogen deficient conditions (A) Images show 

Multinucleated TRAP+ RAW264.7 cells (Yellow arrows) after co-culture with ROCK 

inhibitor or no ROCK inhibitor treated MC3T3-E1 cells for 5 days (N=3, n=12). Scale 

bar =10 µm (B) qRT-PCR analysis looking at Osteoprotegerin (OPG) expression 

changes (relative to OFF group) in MC3T3-E1 cells (N=3, n=9). (C) Graph shows 

the percentage surface area covered by the multinucleated TRAP+ cells (N=3, n=12). 

(D) TRAP activity assay, for supernatant collected from MC3T3-E1- RAW264.7 co-

cultures after 5 days (N=3, n=12). OFF= oscillatory fluid flow, No E treatment= co-

culture with MC3T3-E1 cells which received no estrogen OFF +Y27632= co-culture 

with MC3T3-E1 cells exposed to ROCK 1/2 inhibitor prior to oscillatory fluid flow, 

E= co-culture with estrogen treated MC3T3-E1 and EW= co-culture with MC3T3-E1 

cells which have undergone an estrogen withdrawal regime Statistical tests: one way 
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ANOVA with Tukey’s post hoc multiple comparison. *=p<0.05, 

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

3.4      Discussion 

In this study, it was reported for the first time that under combined mechanical loading 

and postmenopausal conditions, simulated by either the withdrawal of estrogen or 

inhibiting the estrogen receptor, a significant increase in osteoblast-induced osteoclast 

differentiation and matrix degradation occurs. Interestingly, a down-regulation in 

OPG and an up-regulation in M-CSF and COX-2 in response to mechanical 

stimulation in the estrogen deficient osteoblasts was reported. These findings are 

contrary to our results for osteoblasts subjected to estrogen treatment and mechanical 

stimulation, which were shown to inhibit osteoclast differentiation in RAW264.7 cells. 

It is proposed that the reduction in OPG production by estrogen deficient and 

mechanically stimulated osteoblasts may leave osteoclast differentiation and 

resorption activity unchecked, and thereby play an important role in bone loss during 

osteoporosis (Rosen, 2000b). 

There are a number of limitations to this study, which must be addressed. 

Firstly, these experiments were carried using immortalised cell lines rather than 

primary cells, but it should be noted that the MC3T3-E1 and RAW264.7 cells are well 

established cell models widely used to study the effect of estrogen on osteoblast and 

osteoclast function (Matsumoto et al., 2013, Shang et al., 2014, Maggi et al., 2015, 

Zhuang et al., 2016), because of their similarities to primary cells in terms of 

proliferation and mineralization capability in MC3T3-E1 cells (Czekanska et al., 

2014) and gene expression in RAW264.7 cells (Cuetara et al., 2006). Secondly, the in 

vitro oscillatory fluid flow conditions generated by the custom-made parallel plate 

flow chambers is a simplification of the stresses experienced by osteoblasts in vivo. 
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However, the shear stresses are within the range that have been predicted to arise in 

vivo (Weinbaum et al., 1994, Cowin, 2002, Han et al., 2004), and have been widely 

used in parallel plate flow studies of osteoblast mechanobiology (Li et al., 2012, 

Kaneko et al., 2014, Riehl et al., 2017). 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. Finally, in 

vitro stimulation of pre- and post-menopausal conditions by the addition or 

withdrawing of estrogen results in a sudden decrease in circulating hormone levels, 

which would not arise in vivo because women undergoing menopause experience a 

slow decline in estrogen levels (Hankinson et al., 1995).  Nonetheless, our results show 

significant and important differences in the osteoblast-induced 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 been previously reported that mechanical stimulation leads to an increase 

in OPG mRNA in osteoblasts (Li 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 mechanosensitivity (Galea et al., 2013b), as well as regulating apoptosis of 

osteoblasts (Bradford et al., 2010). Here it also demonstrated that supplementation 

with estrogen lead to an up-regulation in OPG in response to mechanical stimulation 

resulting in a down-regulation in CTSK and NFATc1 expression in the differentiated 

osteoclasts. Two-way ANOVA analysis demonstrated that there is a significant 

interaction between estrogen and mechanical stimulation, and thus it is proposed that 

estrogen and mechanical stimulation synergistically inhibit osteoclastogenesis. 



Chapter 3 

91 

 

However, our study has shown for the first time that this OPG response to mechanical 

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 that the agonist blocks but also down-

regulates the estrogen receptor (Jones, 2003), whereas in our estrogen withdrawal 

conditions the receptors are still present and there may be residual estrogen present. 

Another potential reason is, that the degradation of estrogen receptors by Fulvestrant 

could affect RANKL suppression, as it has been previously reported that an increase 

in resorption in αER-KO mice was correlated to a lack of ERα-mediated suppression 

of RANKL expression in bone lining cells (Streicher 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 (NFATc1 

and CTSK). They were some subtle differences between CM and co-culture 

experiments, whereby CM had a more potent influence on osteoblast-induced 

osteoclastogenesis than co-cultures. This might be explained by the fact that soluble 

factors (OPG and sRANKL) and are predominately responsible for the attenuated 

osteoclastogenesis reported here, rather than membrane-bound RANKL. Additionally 

alterations in membrane bound cell-cell signalling may explain the reduced osteoclast 

numbers in the co-culture groups, in particular the FAS ligand/ FAS signalling 

pathway that governs osteoblast-induced osteoclast apoptosis (Nakamura et al., 2007, 

Wang et al., 2015).However, this would need to be investigated.  

It has been reported that estrogen plays a role in regulating the 

mechanoresponsiveness of bone cells in vivo (Joldersma et al., 2001). Primary 
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osteoporotic bone cells display deficient osteogenic responses to mechanical stimuli 

in vitro, by means of an impairment in their long-term PGE2 response to mechanical 

stimulation (Sterck et al., 1998). One explanation for the increase in osteoblast-

induced osteoclastogenesis under postmenopausal and mechanical stimulation that is 

reported here, is that estrogen deficiency alters the mechanoresponsiveness of 

osteoblasts by reducing biochemical signalling, resulting in deficient osteogenic 

responses and increases in pro-osteoclastogenic factors. Here, the study provides the 

first evidence in support of altered mechanobiological responses in estrogen 

deficiency, which are indicated by down-regulation of OPG mRNA, and up-regulation 

in M-CSF and COX2 expression, which are contrary to the established OPG response 

by osteoblasts in response to mechanical loading (Li et al., 2013). COX-2 expression 

also increases when MC3T3-E1 cells are exposed to OFF (Wadhwa et al., 2002). 

Likewise, our results show the same up-regulation in COX-2 expression in response 

to OFF. It was also shown that estrogen deficient MC3T3-E1 cells (FE-OFF) express 

significantly higher levels of COX-2, indicating that they may be hyper 

mechanosensitive compared to OFF only group. The increase in the primary response 

gene COX-2, as well as the cytokine M-CSF, in the estrogen deficient groups (EW-

OFF and FE-OFF) when compared to the E-OFF group, may also indicate a 

heightened inflammatory response in these cells (Weitzmann and Pacifici, 2006). This 

potential inflammatory response may explain the increase in osteoblast-induced 

osteoclastogenesis, because M-CSF stimulates proliferation and survival of osteoclast 

precursors and mature osteoclasts (Xu and Teitelbaum, 2013). The increase in 

RANKL activates transcription factors NF-ΚB and NFATc1 (Asagiri and Takayanagi, 

2007), and is accompanied by a reduction in OPG inhibition of RANKL, 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., 2009b), and is important in podosome assembly, osteoclast motility 

and bone resorption (Chellaiah et al., 2000, Ory et al., 2008). This study investigated 

whether the Rho-ROCK pathway played a mechanistic role in the altered osteoblast-

induced osteoclastogenesis during estrogen deficiency. It was found that exposing 

MC3T3-E1 cells to the ROCK 1/2 inhibitor for an hour prior to mechanical stimulation 

resulted in increase in osteoclastogenesis in both the estrogen treated group and the 

estrogen deficient group, accompanied by a significant down-regulation in OPG 

expression. This suggests that the Rho-ROCK pathway, specifically the kinases 

ROCK 1 and 2, does play a role in the osteoblast-induced osteoclast differentiation 

changes reported here, as it was shown that inhibiting ROCK 1/2 exacerbated the 

increase in osteoblast- induced osteoclastogenesis seen under estrogen deficiency. 

This implies that RhoA acts as a negative regulator of osteoclast formation and 

differentiation, which is in agreement with studies who have shown an impairment in 

osteoclastogenesis, RANKL expression and multi-nucleation following treatment 

with Rho activators or constitutively active RhoA expressing osteoblast (Wang and 

Stern, 2010, Takito et al., 2015). Ariyoshi 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 MC3T3-E1 cells 

are sensitive to shear stress beyond the initial period of sensitivity (Riehl et al., 2017), 

it has previously been reported that estrogen deficient MC3T3-E1 cells display hyper 

mechanosensitivity (Simfia and McNamara, 2018). A possible explanation as to why 



Chapter 3 

94 

 

a further increase in osteoclastogenesis was observed in the estrogen deficient group, 

is that the shear-sensitive window is being extended in the already hypersensitive 

MC3T3-E1 cells (Riehl et al., 2017), which maybe leading to increases in pro-

inflammatory and pro-osteoclastogenic factors. 

This study provides further insight into osteoblast-osteoclast signalling during 

estrogen deficiency and mechanical loading. Teriparatide (an analog of parathyroid 

hormone (PTH)) is currently the only widely used anabolic agent, has been shown to 

increase osteoblast number and bone formation activity (Carter and Schipani, 2006), 

as well as down-regulating sclerostin in osteocytes (Bellido et al., 2013). However, 

the use of Teriparatide is limited to 2 years and the drug is associated with a potential 

risk of osteosarcoma (Shah et al., 2015). An antibody to the Wnt antagonist Sclerostin 

(Romozosumab) has gained therapeutic attention in recent years and has recently 

gained FDA approval (Li et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al., 

2015, Zhang et al., 2016). Sclerostin is produced by mature osteocytes and inhibits 

osteoblast function and bone formation (Lewiecki, 2011, Tu et al., 2012). Sclerostin-

mediated inhibition of Wnt/β- catenin signalling, has been shown to reduce OPG 

expression in osteoblasts and osteocytes (Kramer et al., 2010). Future studies should 

further investigated whether either Teriparatide or the sclerostin antibody could 

prevent the undesirable osteoblast-induced osteoclast differentiation that arises during 

estrogen deficiency, which is reported here.  

3.5      Conclusion  

This study demonstrates that under postmenopausal conditions, alterations in 

osteoblast mechanosensitivity results in a down-regulation in OPG production by 

mechanically stimulated osteoblasts compared to estrogen-treated osteoblasts and a 

significant increase in osteoblast-induced osteoclast formation occurs leading to 
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increased matrix degradation. It is proposed that the reduction in OPG production by 

mechanically stimulated osteoblasts during estrogen deficiency 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 osteocytes in vitro 

can be reverted by administration of 

Scl-ab 

4.1      Introduction 

Bone loss during postmenopausal osteoporosis is primarily attributed to osteoclast 

resorption (Lane et al., 1998) and for this reason anti-resorptive therapies, such as 

bisphosphonates and Denosumab, are widely used to inhibit osteoclast function and 

prevent bone loss (Pavone et al., 2017). However, anti-resorptive therapies only 

reduce fracture susceptibility by up to 50% (Murad et al., 2012). Anabolic therapies 

have emerged, which promote new bone formation by targeting osteoblast and 

osteocyte activity (Carter and Schipani, 2006, Esbrit et al., 2016, Zhang et al., 2016). 

In particular, neutralising antibodies to sclerostin (Scl-Ab) have shown significant 

potential to induce new bone formation, increase bone mass and strength, and 

substantially reduce fracture risk in animal studies and clinical trials (Li et al., 2009, 

Li et al., 2011, Li et al., 2014, Recker et al., 2015, Zhang et al., 2016, Ominsky et al., 

2017). Moreover, the Scl-Ab also decreases bone resorption in an indirect fashion, yet 

the cellular changes underpinning this effect are not fully understood.  

Osteocytes are the primary 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 integrins (Xiao et al., 2006, Loiselle et al., 2013) and transduce 
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mechanical stimuli into biochemical responses (Haj et al., 1990, Jaalouk and 

Lammerding, 2009). Osteocytes regulate bone remodelling by signalling to both 

osteoblasts and osteoclasts via soluble paracrine factors, and direct cell-cell contact 

(Goldring, 2015). RANKL is a cytokine produced by osteocytes, osteoblasts and 

stromal cells, which induces osteoclastogenesis (Atkins et al., 2003, Nakashima et al., 

2011, Xiong et al., 2011). In vitro studies have demonstrated that mechanical 

stimulating MLO-Y4 cells leads to decreases in ratio of RANKL/OPG gene 

expression (You et al., 2008, Kulkarni et al., 2010, Geoghegan et al., 2019). Estrogen 

plays a role in osteocyte mechanosensation; in vitro estrogen treated MLO-Y4 cells 

have shown increased NOS activity, NO and PGE2 release, as well as increased 

intracellular calcium [Ca2+] oscillations in response to fluid flow. However, when 

estrogen was withdrawn or the estrogen receptor was chemically inhibited, 

intracellular [Ca2+] calcium oscillations and the downstream responses to fluid flow 

were reduced (Deepak et al., 2017). Moreover, the putative osteocyte integrin 

mechanosensor αυβ3 is affected in estrogen deficient conditions both in vivo and in 

vitro. In vivo the number of β3 integrin positive osteocytes were reduced in cortical 

bone of ovariectomised (OVX) rats compared to SHAM animals (Voisin and 

McNamara, 2015). In vitro estrogen deficient MLO-Y4 cells have smaller focal 

adhesions with reduced αυβ3 localisation (Geoghegan et al., 2019). Furthermore, the 

estrogen deficient MLO-Y4 cells displayed an increase in RANKL/OPG gene 

expression as well as defective COX-2 expression in response to fluid flow 

(Geoghegan et al., 2019). It was reported that similar changes arose when MLO-Y4 

cells were cultured under conditions that inhibited the αυβ3  integrin (Geoghegan et al., 

2019). Although changes in RANKL/OPG gene expression suggest that osteocyte 

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

osteoclast resorption has never been investigated.   

The Wnt antagonist sclerostin is produced by mature osteocytes and binds to 

LRP5/6 Wnt co-receptor to negatively regulate osteoblast proliferation and 

differentiation, via the Wnt/β-catenin signalling pathway, and also promotes osteocyte 

and osteoblast apoptosis (Holdsworth et al., 2019). Following mechanical loading 

sclerostin mRNA and protein expression are down-regulated both in vivo in mice 

(Robling et al., 2008) and in vitro in OCY454 cells (Xu et al., 2019). Estrogen 

negatively affected sclerostin expression in human postmenopausal bone and 

ovariectomised mice (Kim et al., 2012, Fujita et al., 2014). In contrast, to estrogen 

negatively regulating sclerostin expression, one study found that sclerostin (SOST) 

gene expression was reduced in estrogen deficient mice (Jastrzebski et al., 2013). 

Thus, the exact effect estrogen has on SOST expression is not yet fully understood. 

There are other antagonists of the Wnt signalling pathway, which include Wnt 

inhibitory factor 1 (WIF1), Frizzled-related protein (FRZB) and Secreted frizzled 

related protein 2 (SFRP2) (Kawano and Kypta, 2003, Cruciat and Niehrs, 2013). 

SFRP2 is rapidly down-regulated in uterine stromal cells from wild-type (WT) and 

estrogen receptor α deficient (ER-α -/-) mice when treated with the estrogen receptor 

antagonist Fulvestrant (Das et al., 2000). However, it is not known whether estrogen 

also affects other Wnt antagonist’s expression in bone cells. Moreover, although it is 

known that sclerostin induces RANKL synthesis and inhibits OPG in osteocytes 

(Kramer et al., 2010), it is not known whether sclerostin inhibition can reduce 

osteocyte-induced osteoclastogenesis and resorption during estrogen deficiency in 

vitro.  
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In addition to having indirect effects on pro-osteoclastogenic signalling, 

sclerostin has been implicated in regulating several proteins involved in perilacunar 

remodelling (PLR), which is an essential process for maintaining bone quality. 

Perilacunar 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., 2019). Primary osteocytes and MLO-Y4 cells treated 

with sclerostin have been shown to up-regulate cathepsin K (CTSK) and carbonic 

anhydrase 2 (Ca2), which are enzymes that play an important role in PLR (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 hypotheses that (1) mechanically stimulated osteocytes induce 

osteoclastogenesis and bone resorption during estrogen deficiency and (2) inhibiting 

sclerostin reduces osteocyte-induced osteoclastogenesis in vitro, were tested. These 

studies implement mechanobiology experiments on osteocytes, and their conditioned 

medium, and osteocytes with osteoclast-precursors in co-culture to investigate (1) In 

vitro osteocyte-induced osteoclastogenesis and resorption following loading and 

estrogen deficiency, (2) changes in osteocyte gene expression of Wnt antagonists and 

enzymes involved in perilacunar remodelling in estrogen and estrogen deficient 

conditions and (3) whether Scl-Ab administration reverts pro-osteoclastogenic 

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 in Dulbecco’s modified Eagle’s medium with 1% penicillin/streptomycin, 

1% L-Glutamine, and 10% heat-inactivated FBS (HyClone) and were cultured in a 

humidified atmosphere at 37°C in 5% CO2. 

Murine OCY454 osteocyte cells were purchased from the Centre for Skeletal 

Research Bone Cell Core, an NIH-funded program (P30AR075042), which is 

supported by NIAMS. OCY454 cells were expanded on type I collagen (0.15 mg/ml 

in 0.02 M acetic acid) coated T-175 flasks in α-MEM supplemented with 1% L-

glutamine, 2% penicillin/streptomycin, and 10% FBS. Media was changed every 2-3 

days. OCY454 cells were routinely cultured at the permissive temperature of 33°C, 

cells were then trypsinized and placed in non-collagen coated T-175 flasks. After 3 

days, cells were differentiated by being transferred to the semi-permissive temperature 

of 37°C for 15 days (Spatz et al., 2015) before being treated with 17β-estradiol, cells 

were maintained in a humidified environment at 5% CO2  . 

In addition to using the RAW264.7 cell line, primary bone marrow 

macrophages were used to investigate whether they exerted the same osteoclastogenic 

responses. Bone marrow macrophages (BMM) were isolated from 8 month old 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 out with α-MEM supplemented 

with 1% L-glutamine, 2% antibiotics, and 10% FBS using a 26 G needle. The bone 

marrow aspirate 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 5x106
 in 10 cm bacteriological petri dishes with 10 ml media 

supplemented with 20% L9292 CM, a further 10 ml of media was added a day later. 

Every 2-3 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 isolation), 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 colony-stimulating factor (M-CSF) (Hsu 

et al., 1999). However, BMM cells require M-CSF in order to differentiate into 

osteoclasts (Weischenfeldt and Porse, 2008). Conditioned media from the murine 

L929 fibroblast cell line was chosen as the source of M-CSF based on Figure 4-1. 

Briefly, L929 cells were plated in T-75 flasks (470,000 cells/per flask) and cultured in 

Dulbecco’s modified Eagle’s medium with Glutamax, 1% penicillin/streptomycin and 

10% FBS in a humidified incubator with 5% CO2 at 37°C for 7 days with no media 

changes. Conditioned media was collected and filtered using a Filtropur 0.2µm syringe 

filter and stored at -20°C, conditioned media was used at 20% concentration 

throughout the study.  
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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 

osteoclastogenesis compared to BMM treated with 25 ng/ml recombinant M-CSF +15 

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

4.2.2   Estrogen pre-treatment and estrogen deficiency  

In vitro studies of OCY454 and MLO-Y4 osteocyte biology commonly use α-MEM 

culture media without the addition of estrogen (Bakker et al., 2014, Haugh et al., 2015, 

Dole et al., 2017, Xu et al., 2019). However, in vivo estrogen is important for normal 

bone cell function (Bakker et al., 2005, Galea et al., 2013b, Klein-Nulend et al., 2015a) 

and so, to more closely mimic the physiological environment of osteocytes in vivo, the 

effect of supplementing culture media with pre-menopausal levels of estrogen (10 nM) 

on OCY454 osteocyte behaviour under oscillatory flow conditions in vitro was 

investigated. Following 15 days of expansion in α-MEM culture media at 37°C, 

OCY454 cells were treated with estrogen (E: 10 nM 17β-estradiol) for 6 days. 

To simulate postmenopausal conditions, a model was implemented that first 

accustomed osteocytes to estrogen, before a subsequent period where estrogen 

supplementation was discontinued, known as estrogen withdrawal, based on our 
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previous established postmenopausal model using MC3T3-E1 and MLO-Y4 cells 

(Allison and McNamara, 2019, Geoghegan et al., 2019). OCY454 cells were treated 

with 17β-estradiol (10 nM) for 3 days before it was withdrawn from the media for a 

further 3 days. In total OCY454 cells were cultured at differentiated 37°C for 21 days 

before being exposed to oscillatory fluid flow.  

4.2.3   Sclerostin antibody 

Sclerostin antibody (Scl-Ab) was kindly provided by UCB pharma (UCB pharma/ 

Amgen Inc, Slough, UK) and was stored as 5 mg/ml aliquots at -80°C. In order to 

obtain sufficient neutralisation of sclerostin, the osteocyte-like cells were treated with 

≥30x higher concentration than the amount of sclerostin produced by OCY454 cells. 

A previous study reported that OCY454 cells cultured at 37°C for 14 days produce 

approximately 75 pg/ml of Sclerostin (Spatz et al., 2015), based on this, a 

concentration of 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 osteocytes during physiological 

activity in vivo (Weinbaum et al., 1994, Han et al., 2004, Wang et al., 2007, 

Verbruggen et al., 2012), laminar oscillatory fluid flow was applied to monolayers of 

cells using a parallel plate flow chamber (Haugh et al., 2015, Deepak et al., 2017). 

Prior to mechanical stimulation OCY454 cells from each of the treatment groups (E 

and EW) were seeded at 1012 cells/cm2 on collagen coated glass slide (slide-76 mm x 

26 mm) and were cultured for a further day either under (a) continued estrogen (E) or 

(b) estrogen withdrawal conditions (EW). A subset of these groups, had been treated 

with 300 ng/ml Scl-Ab 24 hours before stimulation. Laminar oscillatory fluid flow 

was applied to OCY454 cells using a custom-designed parallel plate system as 
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described in our previous study (Haugh et al. 2015), which comprised of a syringe 

pump (NE-1600, New Era Pump Systems, Farmingdale, NY, USA), 50 mL syringes 

(BD Plastics Ltd, Sunderland, UK), parallel plate chambers and individual media 

reservoirs connected through gas-permeable silicone tubing (Cole-Parmer, 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 

media was collected for further experiments (described below). Cells treated with Scl-

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

CM was collected OCY454 cells had been exposed to 300ng/ml Scl-Ab for 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). In order to assess the effects of the soluble factors produced 

by osteocytes on osteoclastogenesis, conditioned media experiments were conducted. 

Conditioned media from all cell treatment groups (E, E+ Scl-Ab, EW and EW-Scl-

Ab) was centrifuged at 1500 rpm and then frozen at -80°C in 1 ml aliquots. RAW264.7 

cells and BMM were seeded at 15,625 cells/cm2 and 37,500 cells/cm2 respectively in 

a 96 well plate and then treated with 50% conditioned media and 50% expansion 

media (DMEM). Cells were then cultured in the presence of 15 ng/mL of RANKL for 

5 days. 

4.2.6   Bone resorption assessment  

In our previous study (Allison and McNamara, 2019), matrix degradation assays were 

performed using the Osteo Assay plate (Corning Inc, Corning, NY, USA). Whilst 

Osteo Assay plates are commonly used to assess osteoclast activity due to their 
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reproducibility (Krzeszinski et al., 2014, O’Brien et al., 2016), they do not completely 

capture osteoclast resorption due to their 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 and sectioned using a band saw (Mainca BC-2000, 

Barcelona, Spain). 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 saw (Buehler, IL, USA) to produce square sections 

with a thickness between 0.4-0.6 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 into 6 mm 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% ethanol at -20°C 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 discs at 43,750 cells/cm2 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 resorption (Orriss 

and Arnett, 2012). On day 10, the experiment was terminated and cells were removed 

by sonication in 0.25 M ammonium hydroxide for 5 minutes. Resorption pits were 

stained using 1% Toluidine blue in 1% sodium borate solution. Images were acquired 

using a light microscope (Olympus BX43, Olympus, Tokyo, Japan) and quantified 
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using ImageJ software, in which images were colour-thresholded and percentage area 

resorbed was quantified. 

4.2.7   Tartrate-resistant acid phosphatase (TRAP) staining 

At the end of the co-culture and conditioned media experiments RAW 264.7 cells and 

BMMs were rinsed with PBS and fixed with 4% Paraformaldehyde. They were then 

rinsed with PBS and stained for tartrate-resistant acid phosphatase (TRAP) activity 

with a commercial kit (Sigma Aldrich, St. Louis, MO) and counterstained with Gill 

No. 3 hematoxylin for 3 minutes. Images were acquired using a light microscope 

(Leica DMi1, Leica Biosystems, Wetzlar, Germany) and quantified using ImageJ 

software, in which images were colour thresholded and the percentage area covered 

by osteoclasts was quantified. TRAP-positive cells with 3 or more nuclei were 

considered to be osteoclasts. 

4.2.8   TRAP activity assay 

At the end of the conditioned media and co-culture experiments, culture media was 

collected from wells and secreted TRAP activity was detected. The TRAP activity 

assay involved measuring enzyme activity by the conversion of p-

nitrophenylphosphate (20 nM) to p-nitrophenol in the presence of 80 mM sodium 

tartrate and was expressed as optical density at 405 nm using a microplate reader 

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

4.2.9   Co-culture experiments  

RANKL is found in membrane-bound form on osteocytes dendritic processes (Honma 

et al., 2013), and to assess changes in direct cell-cell signalling between osteocytes 

and osteoclast precursors, co-culture experiments were conducted. Mechanically 

stimulated OCY454 cells from each group (E, E+ Scl-Ab, EW and EW+ Scl-Ab) were 
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seeded at 22,727 cells/cm2 in a 48 well plate. After 24 hours RAW264.7 cells were 

seeded on top of OCY454 cells at 9,090 cells/cm2 based on a previous study (Allison 

and McNamara, 2019). In the case of BMMs, a density titration was performed to 

determine the optimum density to seed at (Figure 4-2), it was determined that 30,909 

cells/cm2 BMMs was the optimum density to seed on top of the OCY454 cells. Both 

RAW264.7 and BMM cells were co-cultured in the presence of 15 ng/mL of RANKL 

for a further 6 days. To mimic systemic administration in humans, Scl-Ab treatment 

groups continued to receive 300 ng/ml Scl-Ab throughout the 6 days of co-culture (i.e. 

both osteocytes and osteoclast precursors were cultured in the presence of Scl-Ab). 

 

Figure 4-2: BMM cells were seeded at various densities on top of 2.5 x 104 OCY454 

cells and osteoclastogenesis was assessed via (A) TRAP activity and (B) number of 

TRAP positive cells, 3.4 x 104 BMMs was determined as the optimum density. 

4.2.10   qRT-PCR 

RAW264.7 and BMM cells were exposed to 50% CM, as described above, and 

cultured for 5 days. At day 5, mRNA was isolated using High pure RNA isolation kit 

(Roche Applied Science, Mannheim, Germany). 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. 
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qRT-PCR was performed on resultant cDNA template on a StepOne plus real-time 

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 T-Cells cytoplasmic 1 (NFATc1), and Cathepsin K 

(CTSK) (Primer sequences are shown in Table 3).  

mRNA from OCY454 cells was isolated 24hrs after exposure to oscillatory 

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

Expression of the following genes were assessed; Receptor activator of nuclear factor 

kappa-Β ligand (RANKL), Osteoprotegerin (OPG), Wnt inhibitory factor 1 (Wif1), 

Frizzled-related protein (FRZB), Secreted frizzled related protein 2 (SFRP2), 

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

Matrix Metallopeptidase 14 (MMP14) (Primer sequences are shown in Table 3). The 

normalised relative quantities (NRQ) of each sample (RAW264.7, BMM and OCY454 

samples) were calculated with reference to RPLP0. Data was analysed using the pfaffl 

method. 

Table 3: Primer sequences used in qRT-PCR. 
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4.2.11   Statistical analysis 

Data are representative of 3 independent experiments performed in triplicate and are 

presented as box plots and whiskers which display the following: whiskers extend 

between min and max values of data set, 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. Statistical analysis was performed by an unpaired two-tailed 

Student’s t-test. A value of p< 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 produce soluble factors following mechanical 

loading which induce osteoclastogenesis 

In Vitro estrogen deficient osteocytes have been reported to exhibit impaired 

mechanosensation (Geoghegan et al., 2019)  and alter pro-osteoclastogenic signalling 

(RANKL/OPG, COX-2). The direct effect of this impaired mechanosensation in 

estrogen deficiency on osteocyte-mediated osteoclastogenesis was assessed. For this 

purpose, a series of conditioned media (CM) experiments were conducted, in which 

both BMM cells and RAW264.7 cells were cultured with CM from mechanically 

stimulated OCY454 cells. There was significantly higher TRAP+ cells when BMMs 

were cultured with CM from estrogen deficient osteocytes (p<0.01) and also higher 

levels of TRAP activity (p<0.0001) compared to CM from estrogen-treated osteocytes 

(Figure 4-3A, B, C).  Similarly, CM from estrogen deficient osteocytes increased 

osteoclastogenesis (p<0.05) and TRAP activity (p<0.0001) in RAW264.7 cells 

compared to CM from estrogen-treated cells (Figure 4-4 A, B, C). 

 The effects osteocyte CM had on both NFATc1 and CTSK expression in 

BMMs and RAW264.7 cells was assessed. BMMs up-regulated 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 CM from estrogen-treated cells (Figure 

4-3D, E). RAW264.7 cells significantly up-regulated NFATc1 expression following 

5 days exposure to CM from estrogen deficient osteocytes compared to CM from 

estrogen-treated cells (p<0.05), but there was no significant difference in CTSK 

expression (Figure 4-4  D, E).  

After establishing that CM from estrogen deficient osteocytes increased 

osteoclastogenesis as well as NFATc1 and CTSK expression in BMM cells (Figure 

4-3 D, E) the effect these changes had on resorption was assessed. In order to do so, 

BMM cells were seeded onto bovine bone discs, with CM from mechanically 

stimulated osteocytes and 15ng/ml RANKL. 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 estrogen-treated osteocytes (Figure 4-5 A, 

B). In summary estrogen deficient osteocytes following mechanical loading produce 

soluble factors that increase osteoclastogenesis, TRAP activity and NFATc1 

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 by estrogen deficient osteocytes which have been mechanically 

loaded 

This study examined whether administration of the Scl-Ab to estrogen deficient 

osteocytes in vitro could reduce the increase in osteoclastogenesis observed when 

BMMs were exposed to CM from estrogen deficient osteocytes.  
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When estrogen-treated osteocytes were treated with the Scl-Ab, they produced 

a CM that decreased osteoclastogenesis (p<0.05) and TRAP activity (p<0.0001) in 

BMMs further, when compared to estrogen-treated cells that received no Scl-Ab 

(Figure 4-3A, B, C). This was supported by a down-regulation in CTSK (p<0.01) and 

NFATc1 expression (p=0.1021) in estrogen-treated osteocyte CM group that received 

Scl-Ab, when compared to the untreated CM group (Figure 4-3 D, E). However, no 

significant difference in osteoclastogenesis and CTSK expression was seen when 

RAW264.7 cells were treated with CM from estrogen-treated osteocytes treated with 

the Scl-Ab when compared to estrogen-treated osteocytes that received no Scl-Ab 

(Figure 4-4 B, C, D). A significant increase in NFATc1 expression was seen in 

RAW264.7 cells treated with CM from estrogen and Scl-Ab treated osteocytes, when 

compared to estrogen-treated osteocytes that received no Scl-Ab (p<0.05) (Figure 4-4 

E).  
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Figure 4-3: Estrogen deficient osteocytes produce CM that significantly increases 

osteoclastogenesis in bone marrow macrophages (BMMs), however, inhibiting 
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sclerostin reverses this effect. (A) 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=9). (B) Percentage surface area covered by 

TRAP+ multinucleated cells (N=3, n=9). (C) TRAP activity in supernatant collected 

from multinucleated cells (N=3, n=9). qRT-PCR gene expression in BMM cells 

treated with various CM (Relative to estrogen-treated osteocyte CM group). (D) CTSK 

expression (N=3, n=9). (E) NFATc1 expression (N=3, n=9); E= CM from estrogen 

treated OCY454 cells, EW= CM from OCY454 cells which had undergone and 

estrogen withdrawal regime, E+ Scl-Ab= CM from estrogen treated OCY454 cells 

which had been treated with 300ng/ml Scl-Ab for 48 hours before CM was collected 

and EW+ Scl-Ab= CM from estrogen deficient OCY454 cells which had been treated 

with 300ng/ml Scl-Ab for 48 hours before CM was collected. Statistical tests: 

Unpaired two-tailed student’s t-test. *=p<0.05, **=p<0.01 and ****=p<0.0001. 

There was a significant decrease in osteoclastogenesis (p<0.01) and TRAP 

activity (p<0.0001) when BMMs were treated with CM from estrogen deficient 

osteocytes treated with the Scl-Ab, when compared to CM from untreated estrogen 

deficient osteocytes (Figure 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 the Scl-Ab when compared to CM 

from untreated estrogen deficient osteocytes (Figure 4-3 D, E). In keeping with this, 

a decrease in TRAP activity was seen in RAW264.7 cells treated with CM from Scl-

Ab treated estrogen deficient osteocytes compared to untreated cells (p<0.05) (Figure 

4-4C). Conversely, an up-regulation in NFATc1 expression was seen in RAW264.7 

cells treated with CM from Scl-Ab treated estrogen deficient osteocytes compared to 
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untreated cells (p=0.1277), but no significant difference were seen in CTSK 

expression (Figure 4-4 D, E).  
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Figure 4-4: Estrogen deficient 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 macrophages. (A) Images show 

multinucleated TRAP+ osteoclasts (orange arrows) 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). (C) TRAP activity in supernatant collected from multinucleated cells 

(N=3, n=9). (D, E) qRT-PCR gene expression changes in RAW264.7 cells treated with 

various CM (Relative to estrogen-treated osteocyte CM group) (D) CTSK expression 

(N=3, n=9). (E) NFATc1 expression (N=3, n=9). *=p<0.05, **=P<0.01 and 

****=p<0.0001. 

Estrogen-treated osteocytes that were treated with the Scl-Ab produced a CM 

that significantly inhibited bone resorption (p<0.001,) when compared to CM from 

estrogen-treated osteocytes that received no antibody. Likewise, there was a decrease 

in bone resorption when BMM cells were cultured with CM from estrogen deficient 

osteocytes that were treated with the Scl-Ab (p<0.0001), compared to BMM cells 

which received CM from untreated estrogen deficient osteocytes (Figure 4-5).   

Thus osteoclastogenesis in BMMs and RAW264.7 cells is decreased when 

mechanically stimulated osteocytes have been treated with Scl-Ab for both estrogen-

treated and estrogen deficient groups in BMMs and is accompanied by decreases in 

both CTSK and NFATc1 expression. However, a decrease in osteoclastogenesis in 

RAW264.7 cells is only seen in the Scl-Ab treated estrogen deficient CM groups but 

not in estrogen-treated groups.  Bone resorption is decreased when BMM cells are 

treated with CM from Scl-Ab treated osteocytes, from both estrogen-treated and 

estrogen deficient groups. 



Chapter 4 

116 

 

 

Figure 4-5: CM for Scl-Ab treated osteocytes induces less bone resorption than CM 

from untreated osteocytes. (A) 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 light microscope. (B) Quantification of 

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

****=p<0.0001. 
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4.3.3   Estrogen deficient osteocytes that were mechanically stimulated induce 

osteoclastogenesis in a direct cell-cell contact co-culture system   

Cell-cell co-culture 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., 2010). However, it is unknown what effect estrogen 

deficiency has on this process, and for this reason co-culture studies were 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 regime. Estrogen deficient osteocytes had an enhanced capacity to induce 

osteoclast differentiation following mechanical stimulation when compared to 

estrogen-treated cells (p<0.05) and an increased TRAP activity (p<0.0001) was also 

seen in the estrogen deficient osteocytes co-culture group compared to the estrogen-

treated co-culture group (Figure 4-6A, C, D). Co-cultures with RAW264.7 cells 

produced similar results; there was a significant increase in TRAP+ cells formed 

(p<0.001) as well as an increase in TRAP activity (p<0.05) when RAW264.7 cells 

were co-cultured with estrogen deficient osteocytes compared to estrogen-treated 

osteocytes (Figure 4-7A, B, C).   

In summary, mechanically stimulated and estrogen deficient osteocytes have 

an enhanced capacity to induce osteoclastogenesis in BMMs and RAW264.7 cells in 

a co-culture system, when compared to estrogen-treated osteocytes which have also 

received mechanical stimulation. 
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Figure 4-6: Scl-ab administration reduces osteoclastogenesis in BMMs induced by 

estrogen deficient osteocytes. (A) Images show TRAP+ osteoclasts (orange arrows) 

after co-culture with OCY454 cells for 6 days. (N=3, n=9). (B) Magnified image in 

which OCY454 cells have retracted from the side of the well, revealing multinucleated 

TRAP+ osteoclast which is seeded on top of the OCY454 cell monolayer. (C) 

Percentage area covered by the TRAP+ cells (N=3, n=9). (D) TRAP activity assay, 

for supernatant collected from OCY454-BMM co-cultures after 6 days (N=3, n=9). 

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

4.3.4   Scl-Ab administration to estrogen deficient osteocytes which were 

mechanically stimulated reduces osteoclastogenesis and TRAP activity in a co-

culture system 

The effects of inhibiting sclerostin on osteocyte-osteoclast direct cell-cell 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 no significant 

effect on TRAP activity compared to estrogen treated cells that received no Scl-Ab 

(Figure 4-6A, C, D). Likewise, a significant decrease in TRAP+ cell formation 

(p<0.0001) and TRAP activity (p<0.001) was seen in RAW264.7 cells co-cultured 

with estrogen-treated osteocytes in the presence of the Scl-Ab compared to in the 

absence of Scl-Ab (Figure 4-7A, B, C). Administration of the Scl-Ab 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 estrogen-treated co-cultures (Figure 4-6 C, D). However, Scl-Ab had 

no noticeable effect on reducing osteoclastogenesis and TRAP activity when 

RAW264.7 cells were co-cultured with estrogen deficient osteocytes (Figure 4-7 B, 

C).  

 

Figure 4-7: Scl-ab administration reduces osteoclastogenesis in RAW264.7 cells 

induced by estrogen-treated osteocytes but not estrogen deficient cells. (A) 

Multinucleated TRAP+ osteoclasts (orange arrows) after co-culture 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 co-cultures after 6 days (N=3, n=9).  *=p<0.05, ***=p<0.001 and 

****=p<0.0001. 

4.3.5   RANKL/OPG ratio is increased in estrogen deficient osteocytes following 

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 assessed, whether the increases in osteoclastogenesis when 

BMMs and RAW264.7 cells were co-cultured with estrogen deficient osteocytes, or 

it’s CM, could be explained by changes in RANKL or OPG expression levels. There 

was a significant increase in RANKL/OPG ratio in estrogen deficient cells following 

mechanical loading compared to estrogen treated osteocytes (p<0.01) (Figure 4-8C). 

There was no statistical significant difference in RANKL expression levels between 

estrogen deficient and estrogen-treated osteocytes in response to loading (Figure 

4-8A). OPG expression was reduced in estrogen deficient osteocytes compared to 

estrogen-treated osteocyte, however this was not statistically significant (p=0.0866) 

(Figure 4-8 B).  

When estrogen-treated osteocytes were administrated Scl-Ab there was a 

significant down-regulation in RANKL expression (p<0.01) and an up-regulation in 

OPG expression (p<0.01), resulting in a decrease in RANKL/OPG ratio in response 

to loading (p<0.0001) compared to estrogen-treated 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 Scl-Ab was 

administered (Figure 4-8 A, B). However, the RANKL/OPG ratio was decreased in 
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estrogen deficient osteocytes treated with Scl-Ab compared estrogen deficient 

osteocytes who received no Scl-Ab treatment, however not significantly (p=0.0842) 

(Figure 4-8C). Taken together, these results demonstrate that estrogen deficient 

osteocytes have altered responses to mechanical stimulation leading to increases in 

RANKL/OPG ratio. The Scl-Ab administration is able to reduce this response to a 

certain extent.   

 

Figure 4-8: RANKL/OPG ratio increases in estrogen deficient osteocytes but is 

reduced following Scl-Ab administration. qRT-PCR analysis of gene expression 

(relative to estrogen treated group) in OCY454 cells 24 hrs after mechanical 

stimulation (A) RANKL expression (N=3, 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   Estrogen deficiency causes down-regulation in the Wnt antagonists FRZB, 

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 Wnt co-receptor LRP5/6 (Kawano and 

Kypta, 2003, Cruciat and Niehrs, 2013). mRNA expression of a number of Wnt 

antagonists including those belonging to the soluble frizzled-related protein family; 

SFRP2, WIF1 and FRZB, as well the gene that encodes for Sclerostin; SOST were 

analysed in OCY454 cells. Under estrogen deficient conditions there was a down-

regulation in WIF1 (p<0.05), SFRP2 (p=0.1238) and FRZB (p<0.05) expression 

following mechanical loading compared to estrogen treated osteocytes (Figure 4-9A, 

B C). SOST expression was up-regulated in estrogen deficient osteocytes in response 

to loading compared to estrogen treated osteocytes (p<0.05) (Figure 4-9 D). 

Administration of Scl-Ab to estrogen-treated osteocytes down-regulated expression of 

WIF1 (p<0.05) and SFRP2 (p<0.05) but had no effect on FRZB or SOST expression 

compared estrogen-treated osteocytes that received no Scl-Ab (Figure 4-9). However, 

Scl-Ab had no significant effect of Wnt antagonist expression when administered to 

estrogen deficient osteocytes (Figure 4-9).  
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Figure 4-9: Estrogen deficiency causes down-regulation Wnt antagonists FRZB, 

SFRP2 and WIF1 that bind to Wnt ligands but up-regulates SOST which binds to the 

Wnt co-receptor LRP5/6. qRT-PCR analysis of gene expression (relative to estrogen 

treated group) in OCY454 cells 24 hrs after mechanical stimulation. (A) WIF1 

expression (N=3, n=9), (B) SFRP2 expression (N=3, n=9), (C) 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, Scl-Ab administration reduces CTSK expression back down 

to estrogen-treated 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 pumps and enzymes 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 investigated. Although there was a trend towards increases in 

MMP14 (p=0.1394) and CTSK (p=0.1780) expression in estrogen deficient osteocytes 

compared to estrogen-treated osteocytes, these differences were not significant 

(Figure 4-10B, C). Administration of the Scl-Ab to estrogen-treated osteocytes had 

no effect on MMP13, MMP14 or CTSK expression compared to estrogen-treated 

osteocytes which received no Scl-Ab (Figure 4-10 A, B, C). Estrogen deficient 

osteocytes treated with Scl-Ab 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 not statistically significant (Figure 4-10 A, C).    

 

Figure 4-10: MMP14 and CTSK expression is elevated in estrogen deficient 

osteocytes, Scl-Ab administration reduces CTSK expression back down to estrogen-



Chapter 4 

125 

 

treated levels. qRT-PCR analysis of gene expression (relative to estrogen treated 

group) in OCY454 cells 24 hrs after mechanical stimulation (A) MMP13 expression 

(N=3, n=9), (B) MMP14 expression (N=3, n=9) and (C) CTSK expression (N=3, 

n=9).   

4.4      Discussion 

In this study, it was reported for the first time that under combined estrogen deficiency 

and mechanical loading, a significant increase in osteocyte-induced osteoclastogenesis 

and resorption occurs compared to estrogen-treated groups. Interestingly, 

administration of Scl-Ab reduces the RANKL/OPG ratio in estrogen deficient 

osteocytes and this is associated with a reduction in osteoclastogenesis by osteoclast 

precursors in co-culture. Scl-Ab exerts similar effects on estrogen-treated osteocytes, 

decreasing osteoclastogenesis and resorption, and down-regulating both CTSK and 

NFATc1 expression in BMM cells. This study provides an enhanced understanding of 

the biological changes underpinning increases in bone mass and strength following 

Scl-Ab treatment by revealing that the Scl-Ab can reduce pro-osteoclastogenic cell 

signalling between osteocytes and osteoclasts.  

There are a number of limitations to this study, which must be addressed. 

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 differentiated (Spatz et al., 2015). They are also mechanosensitive 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 study in vitro effects of sclerostin and mechanical stimulation, 

and their effects on osteocyte-induced osteoclastogenesis, compared to other osteocyte 
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cell lines, such as MLO-Y4 cells, which express very low levels of sclerostin (Spatz 

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 by osteocytes in vivo. However, parallel plate flow chambers 

have been widely used to study osteocyte mechanobiology as they allow downstream 

chemical events to be easily studied (Kulkarni et al., 2010, Haugh et al., 2015, 

Geoghegan et al., 2019, Xu et al., 2019). Administration of the Scl-Ab in humans is 

given systemically, which is why Scl-Ab administration in vitro was given to both 

OCY454 and BMM cells. However, deletion of β-catenin in osteoclast precursors has 

been shown to result in an increase in osteoclast number and enhanced resorption. This 

suggests that sclerostin might have a direct role in osteoclast differentiation, which is 

independent of RANKL and OPG (Wei et al., 2011). This potentially means that 

reductions in osteoclastogenesis following Scl-Ab administration reported here, may 

not solely be osteocyte dependent and the Scl-Ab may have direct effects on 

osteoclasts, but this would require further investigation. Nevertheless, qRT-PCR 

analysis in the current study confirmed that administration of Scl-Ab down-regulated 

pro-osteoclastogenic factors (RANKL/OPG) in estrogen deficient osteocytes. Finally, 

in vitro stimulation of pre- and post-menopausal conditions by the addition or 

withdrawal of estrogen results in a sudden decrease in estrogen levels, whereas in 

humans, serum estradiol levels deplete over a four year period (Sowers et al., 2008). 

Nonetheless, the results show significant and important difference in osteocyte-

induced osteoclastogenesis between the continued estrogen administrated and the 

estrogen deficient groups and 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 MLO-Y4 cells increase 

RANKL/OPG expression (Geoghegan et al., 2019), and our study supports this as an 

increase in RANKL/OPG ratio in OCY454 cells was also seen. Importantly, it was 

reported for the first time here, that this increase in RANKL/OPG ratio resulted in 

increased osteocyte-induced osteoclastogenesis and NFATc1 expression, which is a 

master regulator of osteoclastogenesis (Kim and Kim, 2014). It was shown that 

estrogen deficient osteocytes induce an up-regulation in CTSK in BMM cells, a gene 

that encodes for the cathepsin K protease involved in bone resorption (Saftig et al., 

2000). Increases in osteocyte-induced osteoclastogenesis in estrogen deficiency 

occurred through paracrine signalling and through cell-cell contact signalling to 

similar effects in BMM cells. Although membrane-bound RANKL has been shown to 

be more potent than soluble RANKL (Nakashima et al., 2000), the results presented 

here suggests that under estrogen deficient conditions this may not be the case. In vitro 

osteoblast-osteoclast studies previously reported an increase in matrix degradation in 

estrogen deficient groups compared to estrogen treated group (Allison and McNamara, 

2019). Here a significant increase in bone resorption was reported through use of 

bovine bone disc assays, in estrogen deficient groups compared to estrogen treated 

groups.  

 Mechanical loading has been shown to down-regulate sclerostin expression by 

TGF-β dependant mechanisms (Robling et al., 2006a, Robling et al., 2008, Nguyen et 

al., 2013, Xu et al., 2019). However, in the current study, it was demonstrated that 

estrogen deficient osteocytes failed to down-regulate SOST expression following 

mechanical loading. This supports the increase in sclerostin expression seen in human 

postmenopausal bone and OVX mice (Kim et al., 2012, Fujita et al., 2014). 

Interestingly, the Wnt antagonists (WIF1, SFRP2 and FRZB) were down-regulated in 
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estrogen deficiency. Estrogen receptor alpha (ERα) is involved in bone cells adaptive 

response to mechanical strain (Damien et al., 1998, Damien et al., 2000, Zaman et al., 

2006, Galea et al., 2013b) and estrogen receptor signalling has been shown to work 

synergistically with Wnt3A to promote osteogenic differentiation (Gao et al., 2013). 

Additionally, activation of β-catenin and its translocation to the nucleus has been 

shown to be facilitated by ERα (Armstrong et al., 2007). It has been reported that when 

estrogen levels are low, or an estrogen receptor antagonist (Fulvestrant) is present, the 

amount of functional ERα available is reduced, and so there is an insufficient amount 

of receptors to transduce mechanical strain to biochemical responses (Pinzone et al., 

2004, Chow et al., 2016). This has been shown to result in reduced accumulation of β-

catenin and therefore a reduction in the transcription of Wnt target genes, leading to a 

decrease in bone formation (Armstrong et al., 2007). The decrease in Wnt antagonists 

(WIF1, SFRP2 and FRZB) may act to compensate for the alteration in 

mechanotransduction seen in estrogen deficiency (Armstrong et al., 2007), to promote 

Wnt signalling and therefore increase activation β-catenin leading to increased 

osteogenic responses. Supporting this, MC3T3-E1 cells have been reported to up-

regulate SFRP1 following mechanical loading (Robinson et al., 2006). Future studies 

should investigate whether this response in osteoblastic cells is abrogated in estrogen 

deficient conditions, similar to what is reported here in osteocytes. Scl-Ab 

administration down-regulated both WIF1 and SFRP2 expression in estrogen-treated 

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 of Scl-Ab treatment, whereas an in vivo 

study showed an up-regulation in Wnt antagonist expression after 1 week of Scl-Ab 

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 trials (Li et al., 2009, Li et al., 2011, Li et al., 2014, Recker et al., 2015, 

Zhang et al., 2016). Interestingly Scl-Ab has shown to decrease RANKL/OPG ratio in 

osteoblasts and decrease osteoclastogenesis in BMM cultures from spinal cord injury 

rat models that undergo bone loss (Qin et al., 2015).Scl-Ab administration to estrogen 

deficient osteocytes resulted in a decrease in osteoclastogenesis and resorption, as 

determined by 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 with Scl-Ab. A microarray study 

of osteocyte-enriched trabecular bone from Scl-Ab treated rats, revealed a decrease in 

RANKL/OPG ratio in osteocytes from Scl-Ab treated rats (Taylor et al., 2016). In 

addition to this, the study reported that the Scl-Ab up-regulated WISP1 expression, a 

known negative regulator of osteoclastogenesis (Maeda et al., 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 

reported here. In this study, differences in osteocyte-mediated 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 ease of 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 RAW264.7 cells (Levenson et al., 2018, Kong et 

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

by the fact that RAW264.7 cells were isolated from Abelson leukaemia virus-induced 

tumor from adult male BALB/c mice, whereas the BMMs cells were isolated from the 
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bone marrow of long bones from aged 8 month old healthy adult female C57BL/6 

mice. As it has been reported that ERα inactivation in female mice resulted in a 

reduction in load induced bone formation, but no effect was observed in male mice 

(Callewaert et al., 2010), the sex specific differences may be a potential reason why 

differences were observed. Nonetheless, the differences reported here were subtle and 

were characterised by dampened responses 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 quality (Yee et 

al., 2019). A study has shown that primary osteocytes and MLO-Y4 cells treated with 

sclerostin up-regulate cathepsin K (CTSK) and carbonic anhydrase 2 (Ca2), which are 

enzymes that play an important role in PLR. The study also observed an increase in 

lacunar size in ex vivo human trabecular bone explants when they were treated with 

sclerostin, (Kogawa et al., 2013). Similarly, in estrogen deficient conditions, in which 

an increase in SOST expression was reported, an up-regulation in CTSK was 

observed. Supporting this, inhibiting sclerostin in OCY454 cells resulted in modest 

decreases in MMP13 and CTSK expression in estrogen deficient osteocyte in vitro. 

On the basis of this preliminary data, future studies should investigate intracellular 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 study reports that under postmenopausal conditions, an increase in RANKL/OPG 

ratio is expressed by mechanically stimulated osteocytes compared to estrogen-treated 

osteocytes and a significant increase in osteocyte-induced osteoclast formation occurs 
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leading to increased bone resorption. These observations support the first hypothesis 

of chapter 4 that “mechanically stimulated osteocytes induce osteoclastogenesis and 

bone resorption during estrogen deficiency”. This study demonstrates that in estrogen 

deficient conditions there is an up-regulation of SOST expression but a down-

regulation in other Wnt antagonists e.g. WIF1, FRZB, which may indicate a 

compensatory mechanism for alteration in mechanosensation and 

mechanotransduction seen in osteocytes. In addition, the expression of enzymes 

involved in perilacunar remodelling e.g. CTSK and MMP14 are up-regulated in 

estrogen deficient osteocytes, whereas inhibiting sclerostin can reduce their 

expression. Therefore, sclerostin may play an important role in the enhanced pro-

osteoclastogenic signalling between osteocytes-osteoclasts in estrogen deficient 

conditions. Supporting the second hypothesis of chapter 4, this study shows for the 

first time that administration of Scl-Ab reduces pro-osteoclastogenic signalling 

between osteocytes and osteoclasts, which leads to reduced bone resorption. This 

study provides an enhanced understanding of the biological changes underpinning 

reductions in bone resorption seen in animal and clinical studies following Scl-Ab 

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 remodelling (Kenkre and Bassett, 2018). The results from chapter 

3 and 4 of this PhD thesis demonstrated that under estrogen deficient conditions 

mechanically stimulated osteoblasts and osteocytes alter pro-osteoclastogenic 

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 deficiency is not only characterised 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 tissue-level mineral in trabecular bone is altered in human osteoporotic 

bone and in an ovine model of osteoporosis (Busse et al., 2009, Brennan et al., 2011a, 

Brennan et al., 2014a), and the mechanical properties are altered in a time-dependant 

fashion (Brennan et al., 2011b). In vivo micro-CT studies have been implemented to 

study the progression of bone loss in OVX rats, and these have revealed that trabecular 

bone volume and microarchitecture are rapidly depleted within the first month of 

estrogen deficiency (Boyd et al., 2006, Waarsing et al., 2006, Brouwers et al., 2008, 

Perilli et al., 2010, O'Sullivan et al., 2019), whereas trabecular thickening occurs in 

long term estrogen deficiency (Waarsing et al., 2006, Brouwers et al., 2008, Perilli et 
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al., 2010, O'Sullivan et al., 2019). Most recently it has been reported that bone 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 in cortical bone during different stages of estrogen deficiency are 

not fully understood.   

Tissue mineral density and porosity contribute to the overall mechanical 

properties of bone (Schaffler and Burr, 1988, McCalden et al., 1993). Cortical porosity 

is characterised by vascular pores and the lacunar-canalicular network, which houses 

osteocytes and their dendritic processes. Interstitial fluid, flows through the lacunar-

canalicular network, deflecting the tethering elements that attach the cell process to 

the canalicular wall, activating focal adhesion complexes and integrins present on the 

osteocytes cell processes leading to mechanotransduction and the production of 

biochemicals (Burger and Klein-Nulend, 1999, Wang et 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 observed in OVX rats, which has been 

postulated to reduce bone strength as well as alter bone mechanotransduction, by 

affecting interstitial fluid flow (Sharma et al., 2018). It has previously been reported 

that the mechanical environment of osteoblasts and osteocytes is altered in the initial 

phase of estrogen deficiency (5 weeks post-OVX), with osteocytes from estrogen 

deficient animals experiencing greater maximum strains in a larger proportion of cells 

compared to control SHAM animals. However, the cellular strains that osteocytes 

from OVX animals experienced was significantly reduced in long-term estrogen 

deficiency (34 weeks post-OVX), as they experience strains similar to that of 

osteocytes from SHAM animals (Verbruggen et al., 2015). Whether these alterations 
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in strains experienced by osteocytes are at least 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 

process called ‘perilacunar remodelling’, which has been reported to arise in calcium 

demanding conditions such as lactation (Qing et al., 2012, Kaya et al., 2017), or by 

mineral infilling by micropetrosis. Perilacunar remodelling occurs when osteocytes 

release enzymes (cathepsin K (CTSK) and matrix metalloproteases (MMPs)), which 

are also known to facilitate bone resorption by osteoclasts (Qing et al., 2012, Kogawa 

et al., 2013, Yee et al., 2019). Alterations in perilacunar remodelling have been 

proposed as a mechanism by which the lacunar-canalicular surface is altered in OVX 

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

Micropetrosis is a process in which perilacunar bone becomes hyper-

mineralized due to mineral infilling of empty lacunae and canaliculae after osteocyte 

apoptosis (Frost, 1960, Tomkinson et al., 1998, Busse et al., 2010). Osteocyte 

apoptosis has been reported to increase in osteoporotic bone (Tomkinson et al., 1998, 

Almeida et al., 2007, van Essen et al., 2007, Emerton et al., 2010), which may reduce 

communication between neighbouring osteocytes, as well as osteoblasts and 

osteoclasts. Such changes might explain the temporal mineralisation changes reported 

in estrogen deficiency (O'Sullivan et al., 2019), whereby 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 

effective lacunar 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 number of canaliculi per lacunar (Sharma et al., 2012). Changes in the lacunar-

canalicular surface mineral and matrix environment were shown to enhance interstitial 

fluid flow due to increased permeability to small molecules at the lacunar-canalicular 

surface (Ciani et al., 2014). In contrast, a study on human osteoporotic bone and 

ovariectomised rats reported a significantly higher lacunar density but a reduced 

lacunar area compared to controls (Mullender et al., 1996, Tommasini et al., 2012), 

whilst others have reported that lacunar density decreases in osteoporotic females 

compared to healthy females (Qiu et al., 2003, Mullender et al., 2005) or no significant 

changes in lacunar area between women with or without osteoporotic fractures 

(McCreadie et al., 2004). 

The Wnt antagonist, sclerostin has been shown to regulate perilacunar 

remodelling (Kogawa et al., 2013, Holdsworth et al., 2019). An in vitro study on 

primary osteocytes and MLO-Y4 cells demonstrated that sclerostin can up-regulate 

expression of perilacunar enzymes CTSK and carbonic anhydrase 2 (Ca2). It was also 

revealed that an increase in lacunar size was observed when ex vivo human trabecular 

bone explants were treated with sclerostin (Kogawa et al., 2013, Kogawa et al., 2018). 

In addition, an increase in sclerostin expression has been observed in human 

postmenopausal bone and ovariectomised mice (Kim et al., 2012, Fujita et al., 2014). 

In chapter 4, in vitro studies revealed that estrogen deficient OCY454 cells modestly 

up-regulated MMP14 expression, and this was reduced slightly following sclerostin 

antibody (Scl-Ab) administration. It is unknown whether osteocytes in ovariectomised 

rats display alterations in MMP14 expression and whether administration of Scl-Ab 

alters MMP14 expression in vivo.  
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In this study the hypothesis that estrogen deficiency causes temporal changes 

to both the vasculature and lacunar-canalicular network in cortical bone was 

investigated. These studies use (1) micro-CT 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, (3) Sclerostin antibody (Scl-

Ab) administration in vivo to 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 mineral infilling. 

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=8) (body weight, OVX: 420 ± 66g, SHAM: 438 ± 29g, 

mean ± standard deviation). Successful ovariectomy was confirmed in necropsy by 

the absence of ovaries and determining atrophy of the uterine horns. All animal work 

was carried out under license from the Animal Care and Research Ethics Committee 

(ACREC) of the National University of Ireland, Galway and the Health Products 

Regulatory Authority (HPRA), the national authority for scientific animal protection 

in Ireland. These OVX and SHAM animals were sacrificed by CO2 asphyxiation at 

(1) 4 weeks post-ovariectomy (short term estrogen deficiency) (OVX: n=4, SHAM: 

n=4) or (2) 14 weeks post-ovariectomy (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, histology and backscatter electron imaging.  
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In addition to these animals, a second batch of female retired Wister rats 

received bilateral ovariectomy (OVX: n=8) (body weight: 417g ±36g, mean ± standard 

deviation), as described above. Half of the animals received monthly subcutaneous 

injections of sclerostin antibody (Scl-Ab) at 2 mg/kg (n=4) (UCB pharma, Slough, 

UK) and the other half received no systemic Scl-Ab treatment (n=4), starting 3 weeks 

after ovariectomy and continuing until 14 weeks post-ovariectomy, at which time they 

were sacrificed for histological staining. A Scl-Ab treatment regime, involving weekly 

subcutaneous injection of 3mg/kg Scl-Ab, has been reported to provide Scl-Ab 

exposure in animal models equivalent to the clinical exposure experienced by humans 

receiving monthly 210mg doses of Romosozumab (Taylor et al., 2016). 

5.2.2   In vitro micro-CT scanning  

The right distal femur (OVX, week 4 n=4, week 14 n=4 and SHAM week 4 n=4, week 

14 n=4) were scanned at an isotropic resolution of 2 µm, using an in vitro micro-CT 

system (µCT 100, Scanco Medical AG, Basserdorf Switzerland). The following scan 

setting were used: x-ray tube potential of 70 kVp, current 57 µA, integration time 1500 

ms, 1500 projections per 180° and a 0.5 mm thick aluminium filter was used to reduce 

beam hardening artefacts. A region of interest was chosen, which comprised of a 1 

mm section of metaphyseal trabecular bone, 0.5 mm away from the growth 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 medial side of the distal femur in a series of DICOMs taken from 

each scan (Figure 5-1A), the middle third of the cortical bone was then outlined by 

the software and used as a template for the segmentation process (Figure 5-1 B, C). 

The VOIs were defined using a semi-automated segmentation process whereby the 

user defined 2D borders around the 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 software (Figure 5-1 D). Bone 

was separated from the other components present in the micro-CT scans (i.e Vascular 

canals, lacunae and air) using a global threshold of 780 mg/HA ccm (Figure 5-1 E). 

A Gaussian filter was applied (σ= 0.8; support = 1) to reduce noise and ring artefacts 

(Bouxsein et al., 2010).  

 

Figure 5-1: Stages of Micro-CT analysis from DICOMS to 3D reconstructions of 

cortical micro-architecture (A-F). (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 ImageJ, (C) ImageJ script defines middle third of the cortical 

bone (two yellow lines), (D) middle third outlined in ImageJ is then used as a template 

for the segmentation process, (E) Bone is segmented from other components using a 

global threshold of 780 mg/ HA ccm and (F) Intracortical porosity is segmented by 

inverting the image. 
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5.2.2.1 Microporosity analysis  

A series of microporosity parameters were quantified from the three-dimensional 

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 canals were segmented by inverting the image (Figure 5-1F). Objects 

with a volume less than 100 µm3 were considered to be noise, elements with a volume 

in the range between 100 and 1500 µm3 were assumed to be osteocyte lacunae (Figure 

5-2A). Objects with a volume greater than 1500 µm3 were considered to be vascular 

canals (Figure 5-2B). These volume limits were used in previous nano-CT and 

synchrotron-based studies  (Carriero et al., 2014, Javaheri et al., 2015, Mosey et al., 

2017) and were based on confocal microscopy measurements that indicated that 

osteocyte size was between 28-1713 µm3, with only 0.32% of the lacunae analysed 

under 100 µm3  and 99% of all lacunar volumes were within 100-600 µm3 (McCreadie 

et al., 2004, Tommasini et al., 2012). These parameters allow for detailed comparison 

between cortical microporosity of the estrogen deficient (OVX) and healthy (SHAM) 

animals at week 4 and 14. Lacunar porosity (Lacunar volume/ total volume) and 

lacunar density (N. Lacunae/ total volume) were quantified to characterise lacunae 

present in the cortical bone. Vascular canal diameter (µm), vascular canal porosity 

(Canal volume/total volume) and vascular canal density (N. Canals/total volume) were 

quantified to characterise vasculature in the bone.  
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Figure 5-2: 3D reconstruction of µCT-derived cortical bone microporosity in distal 

femur of a week 14 SHAM animal. Volume filtering removed noise (<100 µm3) and 

pores were classified as (A) Lacunae (100-1500 µm3), (B) vascular canals (>1500 

µm3) and (C) Combined image containing both the lacunae and vascular canals. Scale 

bar= 100 µm. 

5.2.2.2 Bone 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 various stages of 

mineralisation, allowing for a detailed description of bone quality. Raw micro-CT data 

files were quantitatively processed to create bone mineral density distribution 

(BMDD) measurements for each of the cortical data sets. Grey level histograms were 

produced from the micro-CT images to show the frequency of occurrence of voxels at 

a certain grey level or tissue mineral density (mg HA/ccm). To prevent partial volume 

effects from causing an underestimation of the cortical bone mineral density, the 

surface voxels (two layers) from each cortical section are excluded from these 

histograms. A custom Python script was used to characterise specific characteristics 

of each distribution: weighted mean tissue mineral density (mean mineral density, 

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

heterogeneity, mg HA/ccm). 

5.2.3   Histology 

1.5 mm sections of metaphyseal bone were cut from the fixed distal femurs, using a 

diamond blade low speed saw (Isomet™, Buehler, IL, USA). These sections were 

incubated in 10% di- and tetra-sodium Ethylenediaminetetraacetic acid (EDTA) for 

14 days until fully decalcified. The decalcification endpoint was determined using an 

oxalate test and a physical probing test. After decalcification, samples were rinsed in 

PBS overnight. Afterwards samples were processed using a tissue processor (Leica 

ASP300) following a routine protocol (formalin, ascending grades of ethanol, xylenes 

and paraffin immersion) and then embedded in paraffin (Leica EG1150H). Paraffin 

sections (8 µm thick) were generated using a microtome (Leica RM2235). Slices were 

collected on SuperFrost® Plus slides (Menzel Glaser), and stored at room temperature, 

until staining. 

5.2.3.1 MMP14 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 retrieval was performed using proteinase K in TE (Tris-EDTA) buffer. Slides 

were incubated in the retrieval solution for 20 minutes at 37°C in a humidified 

chamber. Slides were then cooled down for 10 minutes before being rinsed twice with 

PBS-Tween 0.5% v/v (Sigma Aldrich). Blocking solution was made using normal goat 

serum (NGS) 10% w/v and bovine serum albumin (BSA) 1% w/v in PBS. Slides were 

blocked for 1 hour at room temperature. After blocking, slides were incubated with 

the primary antibody anti-MMP14 (1:100; Abcam, ab38971) overnight at 4°C. Slides 
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were then rinsed with TBS (Tris-buffered saline) 0.025% TritonX-100, and 

endogenous peroxide activity was quenched using 0.3% H2O2 in TBS for 15 minutes. 

Slides were then washed three times with 1% BSA solution, before being incubated 

with the secondary antibody (Goat Anti-Rabbit 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) and incubated for 5 

minutes. Slides were washed with deionised water and dehydrated using ascending 

ethanol series, mounting was performed using Organo/Limonene Mount™ (Sigma 

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 (Olympus BX43, Olympus, Tokyo, Japan). The prevalence of 

positively stained osteocytes, normalised to total bone area, was assessed using 

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

5.2.4   Hematoxylin and Eosin staining 

Slides were deparaffinised using xylene, then rehydrated using descending grades of 

ethanol (100, 90, 70 %) and then rinsed in tap water. Slides were subsequently 

immersed in Mayer’s Hematoxylin (Sigma Aldrich), 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 Eosin (Thermo scientific) for 3 minutes. Slides were 

then washed again with several deionised water rinses before being dehydrated with 

ascending ethanol series, mounting was performed using Organo/Limonene Mount™ 

(Sigma Aldrich). Slides were imaged on a light microscope (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 descending grades of 

ethanol and then rinsed in tap water. Slides were then incubated in pre-warmed TRAP 

staining solution (containing Sodium acetate anhydrous, L-(+) Tartaric acid, Glacial 

Acetic acid, Napthol AS-MX Phosphate, Ethylene Glycol Monoethyl Ether and Fast 

Red Violet LB salt) for 30 minutes at 37°C. Slides were then rinsed with deionised 

water before being counter-stained with 0.02% Fast Green Solution for 30 seconds. 

Slides were rinsed and then dehydrated with graded ethanol, after which mounting was 

performed using Organo/Limonene Mount™ (Sigma Aldrich). Slides were imaged on 

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 ImageJ (Sawyer et al., 2003). 

5.2.6   Backscatter scanning electron microscopy  

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

low speed saw (Isomet™, Buehler, IL, USA).  Bone marrow was removed using PBS, 

via syringe and needle, to ensure epoxy infiltration. Bone sections were then 

dehydrated using ascending grades of ethanol and then incubated in 

hexamethyldisilazane (HMDS) (Sigma Aldrich) for 30 minutes and left to air dry. The 

samples were then suspended in moulds (Buehler, IL, USA) and embedded 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 

temperature for 3 days. Embedded samples were then cut at either end to create a 

parallel surface using a diamond blade low speed saw and placed in an ultrasonic bath 

(VWR, Dublin, Ireland) at room temperature for 5 minutes. Samples were polished 

using the MetaServ 250 polishing system (Buehler, IL, USA), with diamond powder 
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suspensions of decreasing particle size (9, 3, 1 µm)  ending with a final size of 0.05 

µm, samples were sonicated in between each polishing step for 5 minutes. 

Backscattered electron imaging was performed on a Hitachi S-2600 system with a 4-

segment solid state BSE detector (Hitachi, Tokyo, Japan). Images were taken at 20 kV 

accelerating voltage, and a beam current of 80 pA under a vacuum pressure of 50 Pa. 

Then ≥15 lacunae per specimen were randomly 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 to assess cortical thickness, 200x to assess percentage 

area taken up by lacunae and vascular pores, and 6000x to measure canalicular 

diameter. Hitachi built-in software was used to measure the length of the minor and 

major lacunae diameters, canalicular diameter and 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 and histological analysis was performed on 4 

rats per group.  Data is presented as box plots and whiskers which display the 

following: whiskers extend between min and max values of data set, 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. Statistical analysis was performed by 

unpaired two-tailed Student’s t-test. A value of p< 0.05 was regarded as statistically 

significant.  
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5.3      Results 

5.3.1   Osteoclast number is increased in OVX rats, but osteoclast number is 

reduced in OVX animals treated with sclerostin antibody (Scl-Ab). 

TRAP staining was performed to assess temporal changes in osteoclast number and 

the effect of Scl-Ab administration in OVX rats compared to SHAM animals. 

Increased TRAP staining was seen in week 4 OVX animals compared to controls 

(week 4 SHAM) (p<0.01) (Figure 5-3A, B, C, K). There was an increase in TRAP+ 

cells in week 14 SHAM animals compared to week 4 SHAM animals (p<0.05) (Figure 

5-3 A, D, G, K).  Additionally, increased TRAP staining was observed in long term 

estrogen deficient 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 had received monthly injection of Scl-Ab compared to week 

14 OVX animals which had received no Scl-Ab treatment (Figure 5-3 E, 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 (Scl-Ab). Representative image showing TRAP 

staining and fast green counterstain of cortical bone from (A) week 4 SHAM animals, 

(B) week 4 OVX animals, (C) magnified image (red box) of week 4 OVX animals, (D) 

week 14 SHAM animals, (E) untreated week 14 OVX animals, (F) 14 week post-

ovariectomy rat which received monthly 2 mg/kg SC injection of Scl-Ab starting from 

week 3 post-ovariectomy, (G) magnified image (red box) of week 14 SHAM animals, 

(H) magnified image (red box) of week 14 OVX animals, (I) magnified image (red 
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box) of week 14 OVX animals which received monthly 2 mg/kg SC injection of Scl-Ab, 

(J) Negative control= counterstain only and (K) ImageJ analysis was performed to 

quantify number of TRAP+ cells per mm, . n= 4 rats / group Scale bar= 20µm.   

5.3.2   Lacunar porosity and density, vascular density are reduced in long term 

estrogen deficiency  

Through micro-CT 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 term estrogen deficiency (week 14 OVX) there was 

a significant decrease in both lacunar porosity and density, compared to OVX week 4 

animals (p<0.05) (Figure 5-4A, B). Both lacunar porosity and density increased at 4 

weeks post-OVX, compared to week 4 SHAM animals, although this was not 

significant (p=0.2654 and p= 0.2248 respectively) (Figure 5-4A, B). There was no 

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

compared to week 14 SHAM animals (Figure 5-4A, B).  
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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 deficiency. (A) Lacunar porosity, Lc.V/TV (%), (B) 

Lacunar density, N.LC/mm3, (C) Vascular diameter, Ca.Dm (µm), (D) Vascular 

porosity, Ca.V/TV (%) and (E) Vascular density, N.Ca/mm.3. Lc=lacunar, V 

Ca=vascular canal, TV=total volume, N.=number. Boxplots and whiskers display the 

following: whiskers extend between min. and max. values 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 per group. 

Week 14 OVX animals demonstrated a decrease in vascular density compared 

to week 4 OVX animals (p=0.07). There was a decreasing trend in vascular density in 

week 14 SHAM when compared to week 4 SHAM animals, but this was not significant 

(Figure 5-4E). There was no significant difference in vascular diameter or vascular 

porosity between OVX or SHAM animals for both week 4 animals and week 14 

animals (Figure 5-4C, D) (Figure 5-5). 
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Figure 5-5: Representative 3D reconstruction of SHAM and OVX week 4 and week 

14 animals. Scale bar= 100 µm. 

5.3.3   Mineral density is reduced in cortical bone of OVX animals by week 14 

In addition to changes in the microstructural properties of cortical bone during short 

term estrogen deficiency, region specific changes in mineral content have also been 

observed (Sharma et al., 2018). Analysis of bone mineral density distribution plots 

(Figure 5-6A), revealed a decrease in mean mineral density in week 14 OVX animals 

compared to week 14 SHAM animals (p=0.0562) (Figure 5-6B). Similarly, a 

significant decrease in mode mineral density was also seen in week 14 OVX animals 

compared to week 14 SHAM animals (p<0.05) (Figure 5-6D). However, there was no 

significant difference in mean mineral density and mode mineral density between 
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week 4 SHAM and week 4 OVX (Figure 5-6B, D). There was also no significant 

differences in mineral heterogeneity between any of the four groups (Figure 5-6C).  

 

Figure 5-6: Bone mineral density distribution (BMDD) parameters in week 4 and 

week 14 SHAM and OVX animals. (A) Averaged bone mineral density distribution 

(BMDD) plot, (B) mean mineral density (mg HA/ccm), (C) mineral heterogeneity (mg 

HA/ ccm) and (D) mode mineral density (mg/HA ccm). *=p<0.05.    

5.3.4   Canalicular diameter is increased in OVX animals during short term 

estrogen deficiency 

Backscatter electron imaging (Figure 5-7A) was performed to analyse changes in 

lacunar and canalicular diameter in both short and long term estrogen deficiency, to 
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observe whether mineral infilling or perilacunar remodelling played a role in the 

microporosity changes observed in estrogen deficiency. A significant decrease in 

lacunar diameter (long axis) in week 14 OVX animals compared to week 14 SHAM 

animals was observed (p<0.05) (Figure 5-7 B). Lacunae in week 14 OVX animal were 

more circular and less elliptical in shape, with more lacunae exhibiting a more 

mineralised boarder around the lacunar space (Figure 5-7E). Canalicular 

measurements revealed an increase in canalicular diameter in week 4 OVX animals 

compared to week 4 SHAM animals (p=0.0911). However, there was a decrease in 

canalicular diameter in week 14 OVX animals compared to week 4 OVX animals 

(p=0.1124) (Figure 5-7 D). There was no significant difference in lacunar diameter 

(long axis) between SHAM and OVX animals at week 4 (Figure 5-7B). Similarly, no 

differences were seen in lacunar diameter (short axis) between any of the four groups 

(Figure 5-7 C).   
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Figure 5-7: Backscatter electron imaging revealed an increase in canalicular 

diameter in week 4 OVX animals compared to week 4 SHAM animals. (A) 

Representative images of lacunae from week 4 and week 14 SHAM and OVX animals, 

(B) Lacunar diameter at the long axis (µm), (C) Lacunar diameter at the short axis 
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(µm), (D) Canalicular diameter (nm). (E) Additional representative images from week 

14 OVX rats, white arrows indicate mineralised borders. Scale bar = 10µm. 

*=p<0.05. 

5.3.5   Early estrogen deficiency causes an increase in vascular canal diameter 

compared to healthy controls 

In short term estrogen deficiency (week 4 OVX), cortical bone was observed to be 

more porous (Figure 5-8A) and a significant increase in vascular canal diameter was 

seen, when compared to healthy controls (week 4 SHAM) (p<0.0001) (Figure 5-8 E). 

This was accompanied by an increase in the percentage area occupied by vascular 

canals in week 4 OVX animals when compared to week 4 SHAM animals, although 

this difference was not statistically significant (p=0.0855) (Figure 5-8 D). In week 14 

animals, there was a decrease in vascular canal diameter in both SHAM and OVX 

animals compared to week 4 counterparts (p<0.0001) (Figure 5-8 E). There was a 

decrease in percentage area occupied by vascular canals in week 14 OVX rats 

compared to week 4 OVX animals but this was not significant (p=0.1461) (Figure 

5-8D). The percentage area occupied by lacunae significantly decreased in week 14 

OVX animals when compared to week 14 SHAM (p<0.0001) and this decrease was 

also significantly different from week 4 OVX animals (p<0.001) (Figure 5-8 B). 

There were no significant differences in cortical thickness between SHAM and OVX 

animals at week 4. However, a significant decrease in cortical thickness was observed 

in week 14 OVX animals compared to SHAM week 14 animals  (p<0.001). There was 

a decrease in cortical thickness in week 14 OVX rats compared to week 4 OVX 

animals (p=0.0778) (Figure 5-8 C).   
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Figure 5-8: An increase in vascular canal diameter occurs in week 4 OVX animals 

compared to week 4 SHAM animals. (A) Representative images of cortical bone from 
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the medial region of the distal femur metaphysis for SHAM and OVX groups at early 

(week 4) and late (week 14) estrogen deficiency, (B) Percentage area taken up by 

lacunae in a given area, Lc.area / total area (%), (C) average cortical thickness (µm), 

(D) percentage area taken up by vascular canals in a given area (%) and (E) average 

vascular canal diameter (µm). Lc= lacunar, V Ca=vascular canal, Dm=diameter. 

Scale bar= 200 µm. ***=p<0.001 and ****=p<0.0001.  

5.3.6   Long-term estrogen deficiency results in an increase in unoccupied lacunae 

and increased incidence of MMP14+ osteocytes. 

After establishing that estrogen deficiency affected lacunar parameters in a temporal 

manner, the effects of estrogen deficiency on lacunar occupancy was then assessed. 

Hematoxylin and Eosin (H&E) staining revealed a significant increase in the amount 

of empty lacunae in long term estrogen deficiency (week 14 OVX) compared to week 

14 SHAM animals (p<0.001) (Figure 5-9C, D, E). There also was a significantly 

higher incidence of empty lacunae in week 14 OVX compared to short term estrogen 

deficient animals (week 4 OVX) (p<0.001) (Figure 5-9 B, C, E). There was no 

significant difference in lacunar occupancy in week 4 SHAM and OVX animals 

(Figure 5-9 A, B). 

The Wnt-antagonist sclerostin, which is produced by mature osteocytes, is 

known to negatively regulate bone formation by negatively regulating osteoblast 

proliferation and differentiation, as well as promoting osteocyte and osteoblast 

apoptosis (Poole et al., 2005, Holdsworth et al., 2019). This study sought to examine 

whether administration of monthly Scl-Ab injection (2 mg/kg) reduced the incidence 

of empty lacunae, when compared to week 14 OVX animals which received no 

treatment. A significant decrease in the percentage of empty lacunae was seen in week 
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14 OVX-animals treated with Scl-Ab compared to untreated week 14 OVX animals 

(p<0.05) (Figure 5-9 C, E, F).       

 

Figure 5-9: Long-term estrogen deficiency (week 14 OVX) results in an increase in 

unoccupied lacunae, which was attenuated by Scl-Ab administration. Representative 

image showing Hematoxylin and Eosin (H&E) staining of cortical bone from (A) week 

4 SHAM animals, (B) week 4 ovariectomised (OVX) animals, (C) ImageJ analysis was 

performed to quantify the percentage of empty lacunae in a given area for (D) week 

14 SHAM animals, (E) week 14 OVX animals and (F) week 14 OVX animals that 

received monthly injection of 2 mg/kg Sclerostin antibody (Scl-Ab) starting from 3 

weeks post-OVX. Black arrows indicate empty lacunae. n= 4 rats / group. Scale bar= 

20µm. *=p<0.05 and ***=p<0.001.    

Since most of the changes in lacunar parameters occurred during long term 

estrogen deficiency (week 14 OVX) and a reduction in mean mineral density was also 

observed, week 14 cortical bone was stained for MMP14, a matrix metalloprotease 

involved in perilacunar remodelling.   An significant increase in MMP14+ osteocytes 
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was observed in tissue from week 14 OVX animals compared to controls (week 14 

SHAM) (p<0.001) (Figure 5-10A, B C, D). Furthermore, when sclerostin was 

inhibited (Scl-Ab) there was a reduction in MMP14+ osteocytes compared to 

untreated week 14 OVX animals (p<0.01) (Figure 5-10 B, D, F, G). 

 

Figure 5-10: Week 14 OVX animals display an increase in MMP14+ osteocytes 

compared to week 14 SHAM animals, this is attenuated by Scl-Ab administration. 

Representative images showing representative MMP14+ staining in (A) week 14 

SHAM rat, (B) week 14 ovariectomised (OVX) rat (C) magnified image (red box) of 

OVX week 14 rat, (D) ImageJ analysis was performed to assess the  prevalence of 

positively stained osteocytes, normalised to total bone area, (E) negative control- 

antibody diluent instead of primary antibody was used with the secondary antibody, 

(F) 14 week ovariectomised rat which had received monthly 2 mg/kg SC Scl-Ab 

injections beginning 3-weeks post-OVX and (G) magnified image (red box) of OVX + 
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Scl-Ab week 14 . Black arrows= MMP14+ osteocytes, white triangle= osteocyte that 

is not positive for MMP14.  n= 4 rats / group Scale bar= 20µm. 

5.4      Discussion 

In this chapter, the temporal changes in lacunar and vascular porosity in estrogen 

deficiency are reported for the first time. Lacunar occupancy, MMP14 perilacunar 

enzyme staining as well as mineral analysis was performed to investigate the potential 

role of perilacunar remodelling and micropetrosis in these temporal changes. Here, a 

decrease in lacunar porosity and lacunar diameter in long term estrogen deficiency 

was reported compared to age-matched controls, which is accompanied by an increase 

in the amount of empty lacunae, both suggestive of the likelihood of occurrence of 

micropetrosis. Interestingly, it was observed that increases in vascular diameter in 

short term estrogen deficiency are reverted in long term estrogen deficiency. Inhibiting 

sclerostin through administration of the sclerostin antibody (Scl-Ab) reduced 

incidence of empty lacunae and decreased osteoclast number and MMP14 expression 

in osteocytes. This study provides an enhanced understanding of the temporal changes 

that occur in cortical microporosity and osteocyte survival during estrogen deficiency. 

There are a number of limitations to this study, which need to be considered. 

Firstly, the estrogen deficient rat model may differ from human osteoporosis since 

there are biological differences between rats and humans (Lelovas et al., 2008).  

However, the ovariectomised rat is a well-established model, due to similarities with 

respect to bone loss and calcium absorption (Kalu, 1991, Rosen, 2000b), which are a 

characteristic of human postmenopausal osteoporosis and also skeletal responses to 

drug treatments and exercise (Lin et al., 1994, Li et al., 2009, Recker et al., 2015, 

Sanudo et al., 2017). Secondly, the highest isotropic resolution achievable on the 

micro-CT system (µCT 100) used was 2 µm, a resolution that has demonstrated to be 



Chapter 5 

159 

 

effective in assessing vascular microarchitecture (Palacio-Mancheno et al., 2014). 

However, this micro-CT analysis (isotropic resolution of 2µm) which recognised 

lacunae as pores with volume of at least 100 µm3, may have underestimated the 

lacunar density and porosity in the cortical metaphysis of OVX and SHAM rats, 

compared to previous micro-CT analysis which used 1µm resolution and also defined 

minimum lacunar volume as 100µm3 in the cortical diaphysis (Palacio-Mancheno et 

al., 2014). Nonetheless, the lacunae which were not detected by a resolution of 2µm 

will be excluded from all groups in this study and therefore the comparison between 

SHAM and OVX is valid. Furthermore, the trends between groups seen in micro-CT 

analysis were similar to those seen in backscatter electron imaging analysis presented 

here, which operates at a higher resolution than the micro-CT and also similar to trends 

previously reported in human osteoporotic tissue (Mullender et al., 1996, Qiu et al., 

2003, Mullender et al., 2005). Two layers of surface voxels from segmented surfaces 

(i.e. endosteal, periosteal, vascular pores and lacunae surfaces in cortical bone VOI) 

were excluded from BMDD analysis, to reduce partial volume effects. This would 

remove 4 µm of the segmented surface (2 x 2 µm voxels), meaning subtle changes in 

mineral around lacunae, potentially due to micropetrosis or perilacunar remodelling, 

may not be detected. Nonetheless, despite the removal of these surface voxels, 

mineralisation changes were captured in long term estrogen deficient animals. 

Backscatter electron imaging may not capture all the changes that occur in the lacunar-

canalicular network due to it being quantitative data from 2D images that does not take 

into consideration the orientation of the ellipsoidal osteocytes within the bone. 

Therefore, high resolution synchrotron micro-CT scanning or serial section SEM or 

TEM imaging should be considered in the future. The effect of monthly Scl-Ab 

injection on osteocytes and osteoclastogenesis was subtle, this could be due to the low 
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dose administered (2 mg/kg) compared to the average dose of 25 mg/kg administered 

in many other rat OVX studies and also the frequency of administration which is 

typically once/twice a week in other rat studies (Li et al., 2009, Li et al., 2011, Li et 

al., 2014, Zhang et al., 2016). Nevertheless, a 2 mg/kg dose of Scl-Ab once a month 

is sufficient to reduce the incidence of empty lacunae, MMP14 osteocyte expression 

and osteoclast number in ovariectomised rats.  

It has previously been reported that ovariectomised rats (6 week post 

ovariectomy) show an increase in lacunar porosity compared to SHAM animals and 

this was not due to osteocyte lacunar density, or lacunar size but due to an increase in 

canalicular size (Sharma et al., 2012). Similarly, an increase in canalicular diameter at 

4 weeks post ovariectomy was observed, but additionally it was reported, for the first 

time here, that canalicular diameter was reduced in long term estrogen deficiency (14 

week). In addition, no changes in lacunar density and size were observed at short term 

estrogen deficiency, which supports short term estrogen deficiency rat studies (Sharma 

et al., 2018). However, a decrease in lacunar porosity and density in long term estrogen 

deficiency compared to short term estrogen deficient animals was shown, and this was 

accompanied by a decrease in lacunar diameter (long axis). This is similar to other 

studies that reported a reduction in lacunar area (Mullender et al., 1996) and lacunar 

density (Qiu et al., 2003, Mullender et al., 2005) in female osteoporotic patients. 

Lacunar porosity obtained from micro-CT analysis herein was approximately 0.04% 

in femurs from early-stage SHAM rats, which is a lower than values reported 

previously for rat proximal tibiae (1.5% using 1 µm resolution) (Palacio-Mancheno et 

al., 2014, Sharma et al., 2018), mice mid-diaphysis femur (1.3% using 0.7 µm 

resolution)(Schneider et al., 2007) and rat mid-diaphysis femur (1.5% using 0.75 µm 

resolution) (Tommasini et al., 2012). This difference is likely due to the isotropic 
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resolution of 2 µm not being adequate to capture all lacunae. However, when high 

resolution backscatter electron imaging was performed it was found that lacunar 

porosity (lacunae percentage area/total) for short term SHAM animals to be 1.57 ± 

0.37% which is similar to what has previously been reported in rodents (Schneider et 

al., 2007, Sharma et al., 2012, Tommasini et al., 2012, Sharma et al., 2018). The 

decrease in canalicular and lacunar diameter may be due to the beginning of 

micropetrosis (Frost, 1960), as our backscatter electron imaging provided evidence of 

a higher incidence of mineralisation around the edge of the lacunae, although no  fully 

mineralized lacunae were identified, which is likely because of the duration of the 

study (14 weeks). Nonetheless, histologically, a reduction in lacunar occupancy was 

also observed, which has been shown to be one of the first events that occurs before 

hypermineralisation and mineral infilling (Frost, 1960). The reduction in lacunar 

diameter (long axis) resulted in more circular lacunae, if some osteocytes still 

remained in these altered lacunae, the shape of the osteocytes may be more rounded. 

An in vitro study revealed that round osteocytes were more mechanosensitive than flat 

osteocytes (Bacabac et al., 2008). In addition, the changes in lacunar shape may also 

impact the transfer of mechanical signals to the cells, through tethering elements and 

integrins (Wang et al., 2007, McNamara et al., 2009). Since round osteocytes are more 

mechanosensitive, it is proposed here that the reduction in lacunar diameter to produce 

a more circular lacunar, may be a mechanobiological response to restore the 

mechanosensitivity of the osteocytes, which has been reported to be impaired during 

estrogen deficiency (Deepak et al., 2017, Geoghegan et al., 2019). 

An increase in MMP14+ osteocytes was seen in ovariectomised rat cortical 

bone, which might suggest an increase in perilacunar remodelling in the long term 

estrogen deficient animals compared to long term SHAM animals.  However, it was 
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found that lacunar diameter was reduced in these OVX animals, it may be possible 

that a subset of osteocytes are undergoing apoptosis leading to micropetrosis whilst 

the remaining osteocytes are remodelling their surrounding matrix. Further analysis 

should be performed such as a microarray on the cortical tissue looking at expression 

of genes involved in perilacunar remodelling e.g. CTSK, carbonic anhydrase, 

MMP13, as well as further analysis looking at intracellular osteocyte acidification 

(Yee et al., 2019), in order to get a more detailed understanding of the changes that 

occur in perilacunar remodelling during estrogen deficiency.  

In chapter 4, it was reported that administration of Scl-Ab resulted in a 

decrease in osteocyte-induced osteoclastogenesis. Similarly, administration of 

monthly Scl-Ab injections to ovariectomised rats resulted in a decrease in osteoclast 

number, which supports pre-clinical trials that have shown that Scl-Ab administration 

prevented bone loss induced by mechanical unloading and ovariectomy in a rat model 

of osteoporosis (Zhang et al., 2016). Sclerostin has been observed to induce osteocyte 

expression of perilacunar enzymes and increase lacunar size (Kogawa et al., 2013, 

Kogawa et al., 2018). Similarly, in vivo it was observed that inhibiting sclerostin by 

administration of Scl-Ab reduced the amount of MMP14+ osteocytes in long term 

estrogen deficient animals. This also supports the in vitro results of chapter 4, in which 

the perilacunar enzyme MMP14 was up-regulated in estrogen deficient OCY454 cells, 

but slightly reduced following Scl-Ab administration. In addition, Scl-Ab 

administration reduced the amount of empty lacunae found in cortical bone of long 

term estrogen deficient animals. Future studies should investigate whether 

administration of Scl-Ab affected lacunar porosity and density in ovariectomised rats. 

However, a recent study revealed that SOST knock-out mice displayed no significant 

differences in any lacunar or vascular morphometric or geometric parameters 
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compared to wild-type mice (Mosey et al., 2017), which suggests that Scl-Ab actions 

are mainly targeted at inhibiting osteoblast and osteocyte apoptosis and promoting 

bone formation rather than affecting the osteocytes’ microenvironment. However, 

further cortical microporosity analysis would need to be performed to confirm this.   

An increase in vascular diameter and vascular porosity was observed in short 

term estrogen deficient animals, this supports previous studies which reported an 

increase in vascular porosity and diameter in week 6 post-ovariectomy animals 

compared to SHAM animals (Sharma et al., 2018). Vascular porosity in short term 

SHAM animals was 1.78 ± 0.52% as determined by micro-CT analysis, which falls in 

the range of values reported in literature for rats (1.7 ± 0.6- 2.76 ± 1.11 %) using 

micro-CT, synchrotron based micro and Nano-CT as well as histological analysis 

(Matsumoto et al., 2006, Schneider et al., 2007, Britz et al., 2010). The increase in 

vascular porosity and diameter, seen in short term estrogen deficiency has been shown 

through finite element analysis to have a negative impact on interstitial fluid flow 

through the lacunar-canalicular network in cortical bone (Gatti et al., 2018). Reduced 

fluid velocity through the lacunar canalicular system may affect transport of nutrients 

between osteocytes and the blood vessels, which can lead to osteocyte apoptosis and 

might induce up-regulation of osteoclastogenic factors and increase bone resorption 

(Cardoso et al., 2009, Kennedy et al., 2014). Previous computational work in our group 

revealed that osteocytes that were in close proximity to a Volkmann canal experience 

strains that exceed the strain stimulus for osteogenesis (>10,000 µε) due to both strain 

amplification and relieving effects of the vascular cavity (Vaughan et al., 2013). 

Additionally, another study from our group found that in short term estrogen 

deficiency (week 5 post-OVX), a greater proportion of the osteocyte (10%) 

experienced osteogenic strains (>10,000 µε) than those in control SHAM animals 
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(Verbruggen et al., 2015). This could at least be in part due to osteocytes being in 

closer in proximity to vascular canals due to increases in vascular porosity and also 

the increase in canalicular diameter seen in short term estrogen deficiency. In long 

term estrogen deficiency, the vascular canal density as well as vascular diameter 

decreased compared to week 4 OVX animals. This suggests that bone may have 

adapted to alter the mechanical environment, perhaps in an attempt to restore 

homeostasis. In keeping with this, our group previously reported that in long term 

estrogen deficient rats (34 weeks post-ovariectomy), cellular strains experienced by 

osteocytes decreased significantly compared to the strain experienced in short term 

estrogen deficiency (5 weeks post-ovariectomy) to levels comparable to control 

SHAM animals (Verbruggen et al., 2015). Increases in microporosity have been 

shown to decrease bone mineral density, bone stiffness and most importantly bone 

strength (Currey and Shahar, 2013, Osterhoff et al., 2016). In addition to changes in 

lacunar-canalicular porosity, a reduction in cortical thickness was observed, as well as 

a decrease in mean and mode mineral density in long term estrogen deficient rats, 

which is similar to what has been reported for human osteopenic and osteoporotic 

patients (Melton et al., 2007, Richards et al., 2010).  

5.5      Conclusion 

In this chapter, it is reported an increase in lacunar canalicular diameter and vascular 

porosity in short term estrogen deficiency compared to age-matched controls. 

Interestingly, it was reported for the first time, that lacunar diameter, canalicular 

diameter and vascular diameter decrease in long term estrogen deficiency. These 

changes could be explained by perilacunar remodelling, micropetrosis or a 

mechanobiological adaptive response which may have occurred in order to alter the 

mechanical environment in an attempt to restore tissue homeostasis. It was also found 
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that Scl-Ab administration reduced the amount of empty lacunae present in bone, 

whilst also reducing the number of osteoclasts. This study provides an enhanced 

understanding of the temporal changes that occur in cortical microporosity during 

estrogen deficiency in a rat model of osteoporosis.
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Chapter 6: Discussion and 

Conclusion    

6.1      Introduction 

This chapter summarises the main findings of this thesis, drawing together insight into 

the effects of estrogen deficiency and mechanical loading on osteoblast and osteocyte-

induced osteoclastogenesis and the effect of estrogen deficiency on the vascular and 

lacunar-canalicular network in cortical bone. The results of the individual chapters of 

this thesis are summarised in section 6.2 and graphically represented in section 6.3 and 

6.4. The relationship between the individual chapters of this thesis and previous 

relevant publications are graphically represented and discussed in more detail in 

section 6.3. Finally in section 6.5, recommendations for further work and future 

perspectives in the field are discussed.   

6.2      Main findings of the thesis 

The research discussed in this thesis has focussed on the mechanobiological changes 

that occur in osteoblasts and osteocytes during estrogen deficiency. In particular the 

results from this thesis sought to determine the effect of estrogen deficiency and 

mechanical loading on osteoblast and osteocyte-induced osteoclastogenesis. In vitro 

co-culture and conditioned media experiments were conducted to assess paracrine 

regulation of osteoclastogenesis, gene expression changes, resorption in estrogen 

deficiency and the effect of potential therapeutics on these. Ex-vivo micro-CT, 

backscatter electron imaging and histological analysis were also conducted on 

estrogen deficient bone to assess temporal changes that occur with regards to 
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microporosity, osteoclast number and lacunar occupancy. The key contributions with 

respect to each hypothesis are summarised below. 

Hypothesis 1: Estrogen deficiency alters the mechanosensitivity of osteoblastic cells 

and thus exacerbates osteoclastogenesis and matrix degradation    

The first study, presented in chapter 3 of this thesis, demonstrated that estrogen 

deficient osteoblasts fail to produce inhibitory osteoprotegerin (OPG) in response to 

mechanical loading, but up-regulate pro-osteoclastogenic factors, leaving osteoclast 

activity unconstrained. As such, the results provide evidence in support of hypothesis 

1. Estrogen treated osteoblasts produced paracrine factors that down-regulated 

cathepsin K and NFATc1 expression and inhibited podosome belt formation. 

However, estrogen deficient osteoblasts up-regulated RANKL production leading to 

an increase in the ratio of RANKL/OPG gene expression. When estrogen deficient 

osteoblasts were co-cultured with RAW264.7 cells, there was an increase in 

osteoclastogenesis and matrix degradation. Interestingly, inhibiting the Rho-ROCK 

pathway in estrogen deficient osteoblasts exacerbated pro-osteoclastogenic signalling. 

The results of this chapter reveal impaired mechanobiological responses to oscillatory 

fluid flow in estrogen deficient osteoblasts, leading to enhanced pro-osteoclastogenic 

signalling, which may leave osteoclast differentiation and matrix degradation activity 

unchecked and thereby play an important role in bone loss during osteoporosis. 

Hypothesis 2: Mechanically stimulated osteocytes induce osteoclastogenesis and 

bone resorption during estrogen deficiency 

The second study, presented in chapter 4, investigated the effect of altered paracrine 

and cell-cell signalling in estrogen deficient osteocytes (OCY454 cells) on 

osteoclastogenesis and bone resorption. It was found that estrogen deficient and 
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mechanically stimulated osteocytes increased the ratio of RANKL/OPG gene 

expression, and this resulted in an increase in osteocyte-induced osteoclastogenesis 

(by BMM and RAW264.7 cells) and bone resorption. Furthermore, estrogen deficient 

osteocytes demonstrated an increase in enzyme expression associated with perilacunar 

remodelling (MMP14, CTSK). In addition, an increase in sclerostin expression was 

reported in estrogen deficient osteocytes in response to mechanical loading. Together 

these results demonstrated that estrogen deficiency alters paracrine and cell-cell 

signalling by osteocytes in response to mechanical stimulation, which leads to 

increases in osteoclastogenesis and bone resorption, and as such, provided evidence in 

support of hypothesis 2. 

Hypothesis 3: Inhibiting sclerostin reduces osteocyte-induced osteoclastogenesis in 

vitro  

The second study of this thesis investigated whether administration of a neutralizing 

antibody against sclerostin (Scl-Ab) had the potential to revert osteocyte-mediated 

osteoclastogenesis during estrogen deficiency. It was found that sclerostin inhibition 

in both estrogen treated and estrogen deficient osteocytes reduced the RANKL/OPG 

ratio and decreased NFATc1 expression and osteoclastogenesis. In addition, a 

decrease in cathepsin K expression and bone resorption was observed when BMM 

cells were treated with conditioned media from Scl-Ab treated and estrogen deficient 

osteocytes. Moreover, perilacunar remodelling enzyme expression (MMP13, CTSK) 

was reduced in estrogen deficient osteocytes following Scl-Ab treatment. Thus, it was 

proposed that sclerostin plays an important role in the enhanced pro-osteoclastogenic 

signalling between osteocytes and osteoclasts under estrogen deficient conditions. The 

results of this study corroborated hypothesis 3 and provided an enhanced 
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understanding of the biological changes underpinning the reductions in bone 

resorption reported in animal and clinical studies following Scl-Ab treatment. 

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

lacunar- canalicular network in cortical bone 

The final study of this thesis, presented in chapter 5, assessed temporal changes in 

cortical bone porosity in early and later-stage estrogen deficiency using micro-CT, 

backscatter electron imaging and histological analysis. It was reported that increases 

in vascular porosity and lacunar canalicular diameter occur in short term estrogen 

deficiency, which are accompanied by an increase in the number of osteoclasts. 

However, in the long term estrogen deficiency, vascular porosity, lacunar porosity, 

lacunar diameter, and mean mineral density were all decreased compared to age-

matched controls. In addition an increase in empty lacunae and MMP14+ osteocytes 

were observed in long term estrogen deficient animals, and the number of osteoclasts 

remained significantly higher compared to age-matched controls. However, a monthly 

Scl-Ab treatment decreased the incidence of empty lacunae, the number of TRAP+ 

osteoclasts, and the amount of MMP14 expressing osteocytes compared to untreated 

estrogen deficient animals. The results of this study report for the first time the 

temporal changes that occur to cortical microporosity in estrogen deficient rats. These 

changes could be explained by perilacunar remodelling, micropetrosis or a 

mechanobiological adaptive response, which may have occurred in order to alter the 

mechanical environment in an attempt to restore tissue homeostasis, and as such 

corroborated hypothesis 4. These findings are further considered in the context of 

current understanding of bone cell mechanobiology and estrogen deficiency below. 
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6.3      Implications for the field of bone mechanobiology 

The findings of this thesis reveal increases in pro-osteoclastogenic signalling in 

response to mechanical loading in estrogen deficient osteocytes and osteoblasts, when 

compared to estrogen-treated groups and the implication these signalling responses 

have on osteoclastogenesis and resorption. The RANKL-RANK-OPG signalling 

pathway was originally discovered in the late 1990’s (Anderson et al., 1997, Wong et 

al., 1997, Lacey et al., 1998, Yasuda et al., 1998). RANKL is expressed in many cells 

including T lymphocytes, osteoblasts, osteocytes, stromal cells and cells in the lung, 

and more recently it has been shown that osteocytes are the main source of RANKL 

in bone (Wong et al., 1997, Lacey et al., 1998, Yasuda et al., 1998, Kartsogiannis et 

al., 1999, Zhao et al., 2002, Xiong et al., 2015). The RANKL-RANKL signalling 

pathway is an important driver of osteoclast differentiation in vitro (Lacey et al., 

1998). Large scale gene expression analysis and mice knock-out studies  discovered 

that activation of RANK induced activation of transcription factors, such as NFATc1, 

which are needed for osteoclast development and activate genes involved in osteoclast 

resorption, such as TRAP, cathepsin K and calcitonin receptors (Ishida et al., 2002, 

Takayanagi et al., 2002, Yamashita et al., 2007, Boyce, 2013). Expression of RANKL 

is highly inducible by many different factors including glucocorticoids, TNF-α, 

estrogen, TGF-β, Wnt ligands and mechanical loading (Gao et al., 1998, Murakami et 

al., 1998, Hofbauer et al., 1999, Bord et al., 2003, Deschner et al., 2006, Takahashi et 

al., 2011). In vitro 2D and 3D cell culture studies, using conditioned media 

experiments and co-cultures, have demonstrated that both mechanically stimulated 

osteoblasts and osteocytes inhibit osteoclastogenesis (Kim et al., 2006a, Kim et al., 

2006b, You et al., 2008, Kulkarni et al., 2010, Kulkarni et al., 2012, Li et al., 2013, 
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Guo et al., 2015, Pathak et al., 2015, Hao et al., 2017, Shen et al., 2017, Xu et al., 

2019). 

 

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

 

In addition, estrogen has been shown to negatively affect osteoclastogenesis 

both directly and indirectly (Hughes et al., 1996, Qu et al., 1999, Shevde et al., 2000, 

Srivastava et al., 2001, Heino et al., 2002, Palacios et al., 2005, Nakamura et al., 2007, 

Krum et al., 2008, Chen et al., 2009, Robinson et al., 2010, Streicher et al., 2017). The 

mechanosensitivity of bone cells both in vivo and in vitro has been shown to be altered 

during estrogen deficiency (Sterck et al., 1998, Bakker et al., 2005, Bakker et al., 2006, 

Klein-Nulend et al., 2015a, Verbruggen et al., 2015, Voisin and McNamara, 2015, 

Deepak et al., 2017, Geoghegan et al., 2019). All of these studies added new 

knowledge to the field of bone cell biology, shedding light on the effects of 

estrogen/estrogen deficiency and mechanical loading on osteoclastogenesis and how 

estrogen is important for bone cell mechanobiology. However, the combined effect of 

estrogen deficiency and mechanical loading on osteoclastogenesis had not been 

previously investigated. The in vitro studies performed in chapters 3 and 4 built upon 

previous studies to explore the combined effect of mechanical loading and estrogen 
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deficiency on osteoblast- and osteocyte-induced osteoclastogenesis. By revealing 

enhanced pro-osteoclastogenic paracrine signalling in estrogen deficient osteoblasts 

and osteocytes following mechanical loading, which result in increases in 

osteoclastogenesis and bone resorption (Figure 6-2), this study reveals a previously 

unrecognized aspect of bone loss in postmenopausal osteoporosis. 

 

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 section 6.3. 

6.4      Implications for treatment of osteoporosis 

Currently the most common medications prescribed for osteoporosis are 

bisphosphonates, which inhibit osteoclast function and prevent bone loss (Pavone et 

al., 2017). However, anti-resorptive therapies have been shown to only reduce fracture 

susceptibility by up to 50% (Murad et al., 2012). Anabolic therapies that promote new 

bone formation, by targeting osteoblast and osteocyte activity, have emerged in recent 

years. (Carter and Schipani, 2006, Esbrit et al., 2016, Zhang et al., 2016). Recent 
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findings have shown that the small GTPase RhoA and its effector protein Rho-

associated coiled kinases (ROCK-II) regulate fluid-induced osteogenic differentiation 

of murine mesenchymal stem cells (MSCs) (Arnsdorf et al., 2009b). Additionally, it 

has been shown that the mechanosensitivity of osteoblastic cells is regulated by P2Y2 

receptors through downstream activation of the Rho-ROCK pathway (Gardinier et al., 

2014). However, whether targeting the Rho-ROCK pathway could restore the altered 

mechanosensitivity and prevent enhanced osteoclastogenesis seen during estrogen 

deficiency, has not been previously explored (Sterck et al., 1998, Bakker et al., 2005, 

Bakker et al., 2006, Weitzmann and Pacifici, 2006, Klein-Nulend et al., 2015a, 

Verbruggen et al., 2015, Voisin and McNamara, 2015, Deepak et al., 2017, Geoghegan 

et al., 2019). In chapter 3 of this thesis, the results demonstrated increases in 

osteoclastogenesis when osteoblasts treated with the ROCK 1/2 inhibitor Y-27632 

were co-cultured with osteoclast precursors, suggesting that RhoA acts as negative 

regulator of osteoclast formation and differentiation. Therefore, the ROCK1/2 

inhibitor Y-27632 may not be a suitable compound to revert the increase in osteoblast-

induced osteoclastogenesis observed during estrogen deficiency. If the ROCK 

inhibitor were to be used it would need to be targeted to the osteoclasts only, to disrupt 

the sealing zone and therefore inhibit resorption (Zhang et al., 1995, Gačanin et al., 

2017), rather than systemic delivery that could harm the entire host. Targeted delivery 

could be achieved by combining the ROCK inhibitor with bisphosphonate 

functionalised nanoparticles, which have a high affinity to bone, and thereby reducing 

unwanted systemic effects. The nanoparticles could be packaged into a capsule and 

delivered orally like regular bisphosphonate treatment or administered via injection. 

This form of bone specific drug targeting has been investigated at the preclinical stage 

for many years, with particular interest in the treatment of bone cancer, osteomyelitis 
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and osteoporosis (Farrell et al., 2018). Targeted delivery of OPG, estradiol, calcitonin, 

PTH and EP4 receptor agonists have all been investigated for the treatment of 

osteoporosis and have shown positive results; reducing osteoclast activity (Doschak et 

al., 2009), increasing estrogenic activity in bones not the uterus (Morioka et al., 2010)  

and maintaining bone volume and density following ovariectomy (Bhandari et al., 

2012, Liu et al., 2015).     

The neutralizing antibody against the Wnt antagonist sclerostin has gained 

therapeutic attention in recent years. Animal studies and clinical trials have 

demonstrated the ability of the antibody to induce new bone formation, increase bone 

mass and strength as well as reduce bone loss (Li et al., 2009, Li et al., 2011, Li et al., 

2014, Recker et al., 2015, Zhang et al., 2016, Ominsky et al., 2017). However, the 

cellular changes underpinning the reductions in bone resorption are not fully 

understood. By revealing that administering Scl-Ab to estrogen deficient osteocytes 

decreased osteocyte-induced osteoclastogenesis and resorption, see Figure 6-3, this 

study reveals that sclerostin plays an important role in the enhanced pro-

osteoclastogenic signalling between osteocytes-osteoclasts during estrogen 

deficiency.      
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Figure 6-3: Schematic summarising the responses of mechanically stimulated 

osteoblasts to ROCK1/2 inhibitor Y-27632 or mechanically stimulated osteocytes to a 

neutralizing sclerostin antibody (Scl-Ab) and the effect these changes had on 

osteoclastogenesis, as determined in chapters 3 and 4 and discussed in section 6.4. 

Longitudinal studies have reported that temporal changes in bone mineral 

distribution, mechanical properties and the micromechanical environment of 

osteoblasts and osteocytes occur during estrogen deficiency. Specifically, in vivo 

micro-CT studies of ovariectomised rats have shown rapid depletion in trabecular 

microarchitecture and bone volume during the first 4 weeks of estrogen deficiency 
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(Boyd et al., 2006, Waarsing et al., 2006, Brouwers et al., 2008, Perilli et al., 2010, 

O'Sullivan et al., 2019). Trabecular thickening was observed at long term estrogen 

deficiency (Waarsing et al., 2006, Brouwers et al., 2008, Perilli et al., 2010, O'Sullivan 

et al., 2019) and interestingly it has recently been reported that increases in trabecular 

mean mineral density and mineral heterogeneity also occur, which continued to 

increase until week 34 in ovariectomised rats (O'Sullivan et al., 2019). An earlier study 

had revealed that the mechanical strain experienced by osteocytes increased in short 

term estrogen deficiency but returns to control levels by 34 weeks post-OVX 

(Verbruggen et al., 2015), and it was proposed that a compensatory mechanobiological 

response may have occurred to alter the mechanical environment, in attempt to restore 

tissue homeostasis. The results of (O'Sullivan et al., 2019) suggest that this 

compensation might be related to a secondary mineralisation response. Interestingly, 

the results of this thesis (chapter 5) report temporal changes in the microporosity, 

whereby vascular diameter and canalicular diameter increase in short term estrogen 

deficiency, whereas vascular and lacunar-canalicular porosity decrease in long term 

estrogen deficiency. These results shed further light on the temporal changes that occur 

during estrogen deficiency, which may have implications on the mechanical strains 

experienced by osteocytes, and the changes in bone tissue properties that occur during 

late stage osteoporosis.  

Previous theories have sought to propose the series of events initiated by 

estrogen deficiency to derive an understanding of the time sequence of changes in 

microarchitecture and tissue mineral properties (McNamara, 2010, Verbruggen and 

McNamara, 2018). In particular (Verbruggen and McNamara, 2018) proposed that the 

initial increase in osteoclast activity results in elevated mechanical stimulation to the 

osteocytes remaining in the bone, which elicits secondary adaptive mechanobiological 
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responses in osteoblasts and osteocytes to alter the local mineral composition of the 

remaining tissue in an attempt to compensate for this bone loss. Based on the findings 

from this thesis¸ an evolved sequence of events is proposed, Figure 6-4. The in vitro 

results from chapters 3 and 4 revealed that increased pro-osteoclastogenic paracrine 

signalling in estrogen deficient osteoblasts and osteocytes contributes to exacerbated 

osteoclastogenesis and resorption (Allison and McNamara, 2019). These changes in 

paracrine signalling are likely to occur early in estrogen deficiency, given that an 

increase in the ratio of RANKL/OPG gene expression was seen after 3 days of 

estrogen withdrawal in vitro. Altered paracrine signalling in osteocytes and 

osteoblasts, likely coincides with the direct effects of estrogen deficiency on osteoclast 

survival and function. In addition, estrogen deficient osteocytes and osteoblasts are 

possibly influencing other cellular processes such as perilacunar remodelling and 

mineralisation. An increase in osteoclast number has also been observed 1 week post-

OVX in rats, which is corroborated by significant trabecular bone loss detected as 

early as week 1 post–ovariectomy in a longitudinal study of estrogen deficiency in rats 

(Hughes et al., 1996, O'Sullivan et al., 2019). Cortical microporosity is also altered in 

ovariectomised rats (Sharma et al., 2012, Sharma et al., 2018), which this thesis 

(Chapter 5) reveals to arise as early as week 4 post-OVX. These studies report 

increases in canalicular diameter, and reveal their association with nanostructural 

matrix-mineral level difference, which might exacerbate in vivo movement of small 

molecules within the lacunar-canalicular network (Ciani et al., 2014). These changes 

in microporosity might explain the increased mechanical strain experienced by 

osteocytes reported in 5 week OVX animals (Verbruggen et al., 2015). In chapter 5, 

an increase in empty lacunae at week 14 post-OVX was reported and a decrease in 

lacunar diameter and lacunar canalicular-porosity was observed, which is proposed 
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here to be explained by apoptosis and initiation of micropetrosis, albeit that no fully 

occluded lacunae were observed at this timepoint (Frost, 1960). Interestingly, an 

increase in MMP14 expression in osteocytes was also observed, suggestive of an 

increase in perilacunar remodelling (Dole et al., 2017, Yee et al., 2019). The increase 

in strain experienced by osteocytes in early estrogen deficiency is potentially caused 

by increases in both vascular and canalicular diameter, in addition to depletion of 

bones microarchitecture. These changes could leave certain osteocytes vulnerable to 

apoptosis (Tomkinson et al., 1998, Frost, 2003, Brennan et al., 2014b), leading to 

micropetrosis, which could explain why, in late estrogen deficiency, both an increase 

in empty lacunae and a reduction in lacunar diameter were observed. Sclerostin 

expression is known to be down-regulated during mechanical loading (Robling et al., 

2006a, Tu et al., 2012). However, in chapter 4, increases in SOST mRNA expression 

was reported in estrogen deficient osteocytes following mechanical loading. In 

keeping with this, increased sclerostin expression has been observed in ovariectomised 

mice and post-menopausal women (Kim et al., 2012, Fujita et al., 2014). Recently, 

sclerostin has been shown to up-regulate enzymes involved in perilacunar remodelling 

(Kogawa et al., 2013). Therefore, estrogen deficiency may alter osteocyte 

mechanosensation such that sclerostin expression is increased, leading to up-

regulation of enzymes linked to perilacunar remodelling in a subset of osteocytes. 

Thus it is possible that micropetrosis and perilacunar remodelling could be occurring 

at the same time, but in different subsets of osteocytes.  

An increase in trabecular thickness, trabecular mineral content and mineral 

heterogeneity has been observed in week 14 post-OVX animals (O'Sullivan et al., 

2019). These changes in trabecular parameters as well as decreases in vascular 

porosity and lacunar porosity observed in chapter 5, may contribute to strain 
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experienced by osteocytes being restored back to control levels in long term estrogen 

deficiency (Verbruggen et al., 2015). These temporal changes observed in chapter 5, 

could be involved in the alterations that occur in the bone cells mechanical 

environment, which could potentially contribute to increases in trabecular mineral 

heterogeneity, tissue mineral density and trabecular stiffness that has been observed 

in long term estrogen deficiency (12-34 weeks post-OVX rats) (McNamara et al., 

2006, O'Sullivan et al., 2019). 
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Figure 6-4: Flowchart depicting the research from chapter 5 in the context of a 

proposed theory for the bone loss cascade (adapted from (Verbruggen and 

McNamara, 2018). 

6.5      Recommendations for future work 

The studies described in this thesis found that the inhibitory effects mechanically 

loading has on pro-osteoclastogenic signalling in osteocytes and osteoblasts is 

attenuated during estrogen deficiency leading to enhanced osteoclastogenesis and 

resorption. Additionally, analysis of cortical microporosity in an estrogen deficient rat 

model, revealed increases in vascular and canalicular diameters in short term estrogen 

deficiency but decreases in these parameters along with decreases in lacunar porosity 

occurred in long term estrogen deficiency. Based on the findings of this thesis the 

following recommendations are made for future research; 

6.5.1   Three-dimensional co-culture  

Whilst 2D co-culture and conditioned media in vitro models used in chapters 3 and 4 

allow downstream biochemical events in separate cell types to be easily studied, they 

do not replicate the 3D architecture found in bone tissue (Baker and Chen, 2012). 

While some studies have co-cultured two bone cell types in a 3D construct, typically 

osteoblasts and osteoclasts have been used, whereas no studies have cultured 

osteocytes, osteoblasts and osteoclasts (Nakagawa et al., 2004, Domaschke et al., 

2006, Tortelli et al., 2009). Future studies should explore the use of a pre-mineralised 

scaffolds or alternatively osteocytes could be embedded within a collagen based 

scaffold and osteoblasts seeded on top and cultured for a sufficient  period to allow for 

mineralisation to occur, to support osteoclast differentiation and activity (Nakagawa 

et al., 2004, Domaschke et al., 2006, Tortelli et al., 2009).  Monocyte/macrophages 

could be grown on top of the scaffold, with or without exogenous RANKL or M-CSF 
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for at least 2 weeks. Multiple termination timepoints would allow changes in 

osteoclastogenesis and mineralization to be assessed histologically. In addition, qRT-

PCR and TRAP activity assays could also be performed similar to those described in 

chapter 3 and 4. Due to the destructive nature of these techniques determining how the 

scaffold may have been remodelled or resorbed by the cells during estrogen and 

estrogen deficient conditions is difficult. In addition, using high resolution micro-CT 

analysis described in chapter 5, image registration could be used, to evaluate 

mineralisation and bone resorption rates overtime (Ruggiu et al., 2014, Rubert et al., 

2017). Future studies could implement such methods to assess the effects of 

pharmacological compounds on bone remodelling in vitro, limiting the need for in 

vivo animal models.  

6.5.2   Perilacunar remodelling during estrogen deficiency 

These studies provide initial evidence that perilacunar remodelling is affected during 

estrogen deficiency. However, further analysis needs to be performed to determine the 

role that perilacunar remodelling plays in bone mineral and microarchitectural changes 

in estrogen deficiency. Histological staining for other perilacunar enzymes (MMP13, 

CTSK) and ploton silver staining for better visualization of the canalicular network 

could be performed on osteoporotic human tissue and animal models of osteoporosis 

(Dole et al., 2017). Gene analysis on osteocyte-enriched bone samples, primary cells 

or established mature osteocyte cell lines could be performed to study genes that 

encode for perilacunar enzymes. While studies have examined the role of MMPs, 

ATPase’s and cathepsin K in MLO-Y4, OCY454 and human osteocyte-like cells 

(Qing et al., 2012, Kogawa et al., 2013, Dole et al., 2017), none have investigated the 

effect of estrogen deficiency on such enzymes. In addition, intracellular pH changes 

in estrogen deficient osteocytes exposed to mechanical loading could be explored, 
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which is currently the best method to investigate perilacunar remodelling in vitro 

(Kogawa et al., 2013, Jähn et al., 2017, Yee et al., 2019). 

6.5.3   Lacunar-canalicular changes in long term estrogen deficiency  

Increases in trabecular stiffness and further increases in mean mineral density and 

mineral heterogeneity have been observed in long term estrogen deficiency (34 weeks 

post-OVX) (McNamara et al., 2006, O'Sullivan et al., 2019). By performing high-

resolution micro-CT analysis or synchrotron based micro-CT analysis, it would be 

interesting to investigate changes to the lacunar-canalicular network in the longer 

term, i.e. after 14 weeks post-OVX. For better visualisation of the changes that occur 

in the lacunar-canalicular network during estrogen deficiency, acid-etching and 

scanning electron imaging (SEM) could be performed. This involves the use of methyl 

methacrylate (MMA), which infiltrates into the bone and fills the lacunar-canalicular 

network, the sample is then polished and the polished surface is exposed to acid for a 

short period of time to dissolve the bone, leaving behind a cast of the lacunar-

canalicular network that can then be imaged by SEM (Kubek et al., 2010, Stern et al., 

2018). In addition to visualising the lacunar extracellular environment, bone 

CLARITY could be utilised to enhance visualisation of cells within the bone. 

CLARITY technology was originally designed for soft tissue but has now been 

adapted to bone (Greenbaum et al., 2017). It involves the removal of lipids and 

minerals to render the bone optically transparent, whilst preserving bone morphology. 

This allows for better visualisation of immunofluorescent stained cells e.g. caspase-3 

staining, and differences in expression spatially could be analysed (Greenbaum et al., 

2017). Higher magnification backscattered scanning electron microscopy could be 

performed on long term estrogen deficient tissue to enable visualisation of calcified 

nanospherites within the lacunae, which occur during micropetrosis (Milovanovic et 
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al., 2017). This could be combined with micro-Raman spectroscopy to provide a 

detailed spatial compositional analysis of the osteocyte lacunae.  

6.6      Conclusions 

In conclusion, this thesis has presented experimental studies performed throughout the 

course of the author’s PhD studies in the field of bone cell mechanobiology to 

investigate further the underlying cellular changes that contribute to the disease of 

osteoporosis. In vitro cell culture methods were used to investigate the effects of 

estrogen deficiency and mechanical loading on osteoblast and osteocyte-induced 

osteoclastogenesis. The results from these studies demonstrated that estrogen deficient 

osteoblasts and osteocytes increase RANKL/OPG expression in response to 

mechanical loading and, when co-cultured with osteoclast pre-cursors, this leads to an 

increase in osteoclast formation and function. Additionally, administration of a 

neutralizing sclerostin antibody Scl-Ab reduced pro-osteoclastogenesis signalling 

between osteocytes and osteoclasts, which led to a decrease in bone resorption. Thus 

it was proposed that sclerostin plays an important role in the enhanced pro-

osteoclastogenic signalling between osteocytes and osteoclasts in estrogen deficient 

conditions.  Finally, temporal changes in cortical porosity were assessed in a rat model 

of osteoporosis using micro-CT, backscatter electron imaging and histological 

analysis. These results demonstrated that after the initial increase in lacunar-

canalicular diameter and vascular porosity in short term estrogen deficiency, a 

decrease in lacunar diameter, canalicular diameter and vascular diameter is observed 

in long term estrogen deficiency. This may arise due to apoptosis and ensuing 

micropetrosis, or as a mechanobiological adaptive response to alter the mechanical 

environment in an attempt to restore tissue homeostasis. The results from this thesis 

reveal that increases in pro-osteoclastogenic signalling occur in estrogen deficient 
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osteoblasts and osteocytes in response to shear stress. Moreover, the temporal changes 

that occur in the cortical vascular and lacunar-canalicular networks in short and long-

term estrogen deficiency are uncovered. The information gained from this body of 

work highlights the importance of effective mechanical loading for inhibition of 

osteoclastogenesis, thus indicating that future treatments for postmenopausal 

osteoporosis should aim to restore lost mechanosensitivity during estrogen deficiency 

to prevent bone loss.
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