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Bone is highly vascularised and bone forming osteoblast-derived vascular endothelial 

growth factor (VEGF) has been reported to be a key regulator of bone development and 

bone repair. Sex differences during skeletal growth are well reported and this early 

divergence is thought to influence the onset and prevalence of degenerative bone 

pathologies in men and women with age. Although VEGF is critical during early bone 

development, little remains understood about the role that the vasculature plays in driving 

the sexual dimorphism in bone. Therefore, the main objective of my PhD was to improve 

understanding of the function of osteoblast-derived VEGF signalling in male and female 

bone development and mineralisation. For VEGF deletion in mature osteoblast cells, male 

and female mice carrying floxed alleles of VEGF and expressing Cre recombinase under the 

control of the osteocalcin promotor were compared and termed herein as OcnVEGFKO. The 

following aims were the focus of this thesis i) Quantification and validation of vascular 

phenotype within the bone cortex in male versus female adult OcnVEGFKO mice ii) 

Investigation of whole bone traits following osteoblast-VEGF deletion including bone 

geometry in males versus females, iii) Elucidation of the role of osteoblast-VEGF in 

prepubertal development and its direct effects on male and female osteoblast function and 

iv) Investigation into indirect effects of VEGF deletion in male and female osteoblasts on 

vascular endothelial cell function. High-resolution synchrotron computed tomography, 

histology and backscattered scanning electron microscopy at the tibiofibular junction 

revealed increased intracortical porosity (+2.73 fold increase, p<0.0001), increased 

vasculature (% blood vessel area; WT 0.54, OcnVEGFKO 3.6, p=0.05) and signs of 

widespread deficiency in matrix mineralisation in 16 week old male OcnVEGFKOs versus 

WT. In contrast, in female OcnVEGFKOs there were no notable alterations in intracortical 

porosity, vasculature or mineralisation, but an increase in lacunar density, volume and 

diameter versus WT. Comparable to the changes observed in 16 week old mice, 

analysis of 4 week old male and female tibia using SR CT identified increased 

intracortical canal volume in male OcnVEGFKOs versus WT only. Medium-resolution 

micro-CT enabled the quantification of changes in bone geometry along the whole tibial 

length. In 4 week old mice, bone architecture was significantly altered in male OcnVEGFKO 

versus WT. In 16 week old mice however, differences in bone geometry were identified in 

female OcnVEGFKO versus WT, but not in males. Trabecular measures were largely 

unaltered in 4 and 16 week old male and female OcnVEGFKOs versus WT. To assess the 



 

 ii 

directionality of VEGF signalling and its contribution to observed sexual dimorphisms, LOBs 

were isolated from male and female Vegffl/fl mice in vitro. VEGF was deleted using 

Adenovirus-Cre (OBVEGFKO) to assess direct effects of VEGF deletion on OB function in 

males and females. OBVEGFKO had no significant effect on viability or alkaline phosphatase 

(ALP) elution in males or females versus WT. mRNA was extracted from OBVEGFKO and WT 

OBs and qPCR was utilised to measure changes in relative expression of mRNA. Negligible 

levels of Vegfr2 expression was identified in male and female OBs, in comparison to the 

endothelial cell (EC) lysate positive control. Expression of Ar, Esr1, Esr2, Rankl, Opg and Sost 

was unchanged in male and female OBs as a result of VEGFKO. Indirect effects of 

OBVEGFKO on EC functions were investigated and WT and OBVEGFKO conditioned media 

was collected from OBs and used to treat mouse bone marrow endothelial cells (MBMECs). 

Additional sexual dimorphism was identified here, with differential expression of genes 

implicated in angiogenesis and osteogenesis in OBVEGFKO versus WT represented by fold 

changes, including Igf-1 (female; +3.07, male; -2.33), Hif1-α (female; +1.22, male; -1.32), 

Runx2 (female; +3.43, male; -1.55) and Sost (female;+6.58, male; +3.21). Correlating with 

in vitro mechanistic findings of sexual dimorphism in endothelial cells driven by osteoblast-

derived VEGF, immunohistochemistry of tibia sections revealed high levels of sclerostin, a 

potent inhibitor of bone mineralisation in male OcnVEGFKO and localised to CD31 positive 

cells at the tibiofibular junction. My results propose that osteoblast-derived VEGF 

regulates osteoblast matrix mineralisation directly and vascularisation indirectly, that 

this regulation is distinct to males and females and results in divergent physical bone 

traits between sexes. Importantly my cell culture studies have found that these 

dimorphic bone phenotypes are linked to alterations in endothelial cell gene 

expression which could be targeted clinically to improve bone mineralisation. Targeting 

vascular signals to modulate bone formation distinctly in males and females could 

therefore provide a more effective way to treat degenerative bone disease in our ageing 

population. 
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Chapter 1 Introduction  

1.1 Bone 

1.1.1 Structure and function of bone 

Bone makes up the framework of all vertebrates, with ligaments joining bones to adjacent 

bones and tendons connecting bones to muscle. It is a highly dynamic tissue and is vital to 

the constitution of the human skeleton, playing several essential roles in enabling survival. 

These include providing structural support, acting as a conduit for calcium, providing an 

environment for bone marrow, giving protection to delicate internal organs and facilitating 

movement (as reviewed by Taichman, 2005, Bilezikian et al., 2008). In order to do this, 

bones are tough, strong and resistant to a certain degree of repetitive strain without 

fatigue, as well as being light. 

Structurally, bone is a composite material, consisting of both organic and inorganic 

material; 8% water, 22% proteins and 70% mineral (Augat and Schorlemmer, 2006). The 

organic protein component is called osteoid and 90% of this is made up of type I 

collagen.  The stable structural composition of collagen ensures that it cannot be degraded 

by proteolytic enzymes and a triple helix formulated from three polypeptide chains 

constitutes each collagen molecule. The assembly of collagen molecules into overlapping, 

cross-linked fibrils makes collagen both flexible and strong. The remaining 10% of organic, 

non-collagenous protein components include; osteonectin, osteocalcin, osteopontin, bone 

sialoprotein and proteoglycans (reviewed by Maxie and Jubb, 2015).  

The key mineral component of bone is hydroxyapatite, which combined with the flexible 

nature of collagen, ensures the skeleton remains strong and resists fragility fractures. 

Hydroxyapatite (Ca10(HPO4)6(OH)2) is produced from a combination of magnesium, 

calcium and phosphate ions which aggregate within the bone matrix, chemically combining 

and hardening (as reviewed by Martini et al., 2014). 

During development and the production of primary bone there are different forms of bone 

that are present; namely immature woven bone and mature lamellar bone (figure 1.1). 

Woven bone is laid down quickly and because of this, there is no structure in the way in 
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which the collagen fibres are organised. Osteocytes are irregularly spaced and woven bone 

is frequently broken down and replaced in remodelling. This type of bone is commonly seen 

in early development, fracture calluses or diseased bone (reviewed by Martínez-Reina et 

al., 2018, Clarke, 2008). Woven bone is weak, due to the fact it is formed as a result of 

osteoblasts producing osteoid very rapidly. Lamellar bone on the other hand, is highly 

structured and is composed of orderly collagen fibrils of similar width (reviewed by Kini and 

Nandeesh, 2012) and evenly spaced osteocytes. Lamellar bone is laid down much more 

slowly and replaces woven bone during primary bone development. It is a stronger type of 

bone and therefore much more resistant to loading and fracture as a result (Boyde, 1980a, 

Boyde, 1980b). The vast majority of the healthy skeleton is made up of lamellar bone 

(reviewed by Clarke, 2008).  

 

Figure 1.1: Structural composition of woven bone versus lamellar bone. A cartoon 

representation. Woven bone is bone is laid down very quickly during development, fracture 

healing or in disease. Osteocytes are irregularly spaced and vasculature is disorganised. 

Lamellar bone is made up of highly structured collagen fibrils, with osteocytes embedded 

amongst them in an orderly formation. It is much stronger and replaces woven bone 

(Khurana, 2009).  

Woven bone Lamellar bone 
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1.1.1.1 Composition and functionality of the long bones and the skull 

Once formed, the human skeleton consists of both long bones (tibia, femur and humerus) 

and flat bones (skull, scapula mandible and ileum; reviewed by Moreira et al., 2019). Long 

bones and flat bones have distinct structural properties which enable them to fulfil their 

specific and contrasting skeletal functions. Endochondral ossification is the dominant form 

of development for the majority of mammalian skeletons  and a vital component of long 

bone formation (Gerber and Ferrara, 2000). Unlike intramembranous ossification, 

endochondral ossification involves a cartilage intermediate phase (chapter 1.3.1). The flat 

bones of the skull however, are formed directly from connective tissue in a process called 

intramembranous ossification (Ferrara et al., 2003, Yang et al., 2012, Ortega et al., 2004, 

Kronenberg, 2003, Kini and Nandeesh, 2012). 

In long bones such as the tibia, the metaphysis or the transition zone is located between 

the epiphysis which is found at both ends of the long bone and the diaphysis. The diaphysis 

is a hollow body of bone comprising the central shaft of the tibia and contains bone marrow 

and adipose tissue. A small layer of cartilage called the epiphyseal layer separates the 

epiphysis from the metaphysis and diaphysis in the tibia (Moreira et al., 2019).  

The majority of the tibia is comprised of cortical bone (figure 1.2), with the tibia diaphysis 

and specifically the tibiofibular junction consisting purely of this bone type. Cortical bone 

or compact bone forms the dense, tough (Rodriguez-Florez et al., 2015) outer layer of the 

skeleton and makes up 80% of the body’s bone composition. This gives it its strong 

mechanical properties (Clarke, 2008, Burr, 2010, Moreira et al., 2019). The presence of 

cortical bone in the skeleton is essential for lower limb physiological loading and therefore 

is required to be tough in order to withstand the pressure that the bone is subjected to 

(Mirzaali et al., 2016). The performance of the skeleton as a supportive structure is highly 

dependent of the composition and density of cortical bone, something that is altered as we 

age (Augat and Schorlemmer, 2006). Cortical bone is bordered by the periosteal surface on 

the outside and the endosteal surface on the inside (reviewed by Khurana, 2009) and 

contains osteoblasts, osteoclasts, nerves and blood vessels (Kini and Nandeesh, 2012). 

These blood vessels within long bone cortices pass through Volkmann’s canals and 

Haversian canals which are found within osteons (Chapter 1.3.2).  
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Figure 1.2: The structure of a long bone. The distribution of trabecular and cortical bone 

in the tibia. The tibiofibular junction (white box) and the diaphysis of the tibia are made up 

purely of cortical bone. The proximal ends of the tibia contain trabecular bone. The long 

bone consists of the epiphysis, metaphysis and diaphysis. The growth plate is located at the 

both the proximal and distal ends of the long bone. Image adapted from (Sugiyama et al., 

2011) and ‘bone tissue and the skeleton’. Accessed 27.07.19. 

The proximal metaphysis as well as the proximal epiphysis of the tibia and other long bones 

is made from trabecular bone, which is easily identified by its honeycomb-like structure 

(figure 1.2). Trabecular bone forms 20% of the skeleton and it is characterised structurally 

by interlinked rods and plates. Unlike cortical bone, only 15-25% of trabecular bone is 

calcified and therefore it has very different structural properties (Moreira et al., 2019). The 

balance between trabecular and cortical bone is dependent on the type and function of the 

bone (Clarke, 2008, Moreira et al., 2019). Branches of trabecular bone are no more than 

0.2-0.4mm in diameter, to ensure that diffusion of nutrients to the osteons can occur. 

Osteons are not always present and in this case the trabecular bone consists of a few layers 

of mature lamellae bone, osteocytes and mineralised bone matrix (Khurana, 2009). When 

present, trabecular osteons are called packets; they are much smaller than that of cortical 
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bone and are an ellipsoid shape (reviewed by Dempster, 2006). The bone itself is separated 

from the bone marrow by an endosteal layer, which contains a large number of osteoclasts 

and osteoblasts, meaning that this bone subtype is particularly metabolically active 

(Khurana, 2009). 

The skull is an incredibly important part of the human skeleton, encasing the brain and 

providing a strong foundation for four out of the five senses; sight, smell, taste and hearing 

(reviewed by White and Folkens, 2005). The skull is structurally comprised of a layer of 

trabecular bone between two layers of cortical bone. The combined properties of both 

bone types ensure that the skeleton is both tough and light (Khurana, 2009). The fibrous 

joints that separate the frontal and parietal regions of the skull and provide a good 

reference point for intracranial measurement are called sutures. These sutures act as a 

region of growth during development, as well as providing flexibility during childbirth 

(reviewed by Chai, 2015).  

1.1.1.2 Bone microstructure and intracortical porosity 

Porosity is a measure of how much of the bone is empty space. The degree of porosity can 

be altered by ageing, disease or loading. Porosity is present in both trabecular and cortical 

bone, serving different functions in each bone subtype. In trabecular bone, voids within the 

bone create room for the bone marrow. In cortical bone however, the pores provide room 

for the intricate network of blood vessels and population of osteocytes which reside within 

them (Renders et al., 2007). Within these areas of no mineralisation, reside Haversian 

(Havers) or Volkmann’s canals (chapter 1.3.2), enabling blood flow through the bone and 

sustaining the viability of cell types such as osteocytes (Bonewald, 2011).  

Mechanical studies from as early as 1977 have shown that increased porosity is indicative 

of a decrease in bone strength and stiffness (Carter and Hayes, 1977). Indeed, it has been 

proven that increased cortical porosity in human femurs results in a 76% decrease in bone 

strength (Schneider et al., 2007b). Porosity has also been revealed to be sensitive to 

loading, with regional differences in cortical bone porosity identified. In the femoral neck, 

it has been shown that there are higher levels of porosity in the superior versus the inferior 

region. This is thought to be due to the differences in mechanical strain that these specific 

regions have to withstand. Where the superior region has to resist tension, the inferior 
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region has to undergo compressive load (Bell et al., 1999) and therefore the bone has had 

to adapt accordingly, showing the dynamic capabilities of bone.   

Changes start to occur in the composition of the bone from the age of 27 onwards and 

there is a 15% increase in cortical porosity of the femur from the age of 40 to the age of 80 

(Zebaze and Seeman, 2015; figure 1.3). 70% of this bone loss is associated with ageing and 

is characterised by an increase in porosity in cortical, as opposed to trabecular bone.  

 

 

 

Figure 1.3: Changes in cortical porosity in the human skeleton with age. From the age of 

27, there are noticeable increases in cortical porosity. In turn, this causes a decrease in 

cortical bone mass (Zebaze and Seeman, 2015).  
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There are several techniques which are commonly used for the analysis of porosity, with 

micro computed tomography (micro-CT) being particularly widely used and significantly 

increasing our understanding of bone microstructure. Unlike other analysis techniques 

such as histology, micro-CT is a highly sensitive but non-destructive imaging technique, 

enabling the production of 3D projections of both trabecular and cortical bone porosity 

when performed at a high enough resolution (Palacio-Mancheno et al., 2014). High 

resolution synchrotron-based micro computed tomography (SR CT) uses a high-flux proton 

beam to produce high resolution and high signal-to -noise 3D images of the microstructure 

and ultrastructure of bones at speed. The first trabecular bone images produced using SR 

CT were obtained in 1999 and since then SR CT has been a technique which has advanced 

and is becoming more commonly used for the study of bone microstructure and porosity, 

which before was unable to be visualised due to low the resolution of images (Salomé et 

al., 1999, Nuzzo et al., 2002). 

1.1.2 Osteoblast cells 

The three key bone cells whose interactions are pivotal in the maintenance of bone health, 

integrity and function are osteoblasts, osteoclasts and osteocytes (Khurana, 2009). In 

mature adults, 4-6% of bone cells are osteoblasts. Osteoblasts are typically cuboidal in 

shape and are well adapted for their role in the synthesis of proteins, with a large nucleus, 

rough endoplasmic reticulum, Golgi apparatus and secretory vesicles as important parts of 

their structure (Hochberg et al., 2014, Florencio-Silva et al., 2015). Adhesion junctions, tight 

junctions and gap junctions enable the communications between not only cells of the same 

subtype, but bone marrow cells and bone lining cells found on the surface of the bone too 

(reviewed by Hochberg et al., 2014). Osteoblasts frequently undergo apoptosis and display 

short life-spans, living between 1-200 days (Zhao et al., 2000, Bilezikian et al., 2008). 

Osteoblast cells are produced from multipotent mesenchymal cells and differentiate into 

progenitor cells committed to the osteoblast lineage, which are located in the perivascular 

tissue, periosteum, endosteum, Haversian canals, Volkmann canals and bone marrow 

(Khurana, 2009). Mature osteoblasts are involved in the production of bone matrix and 

their functionality is essential for bone development, bone turnover and bone repair. On 

reaching the end of the process of bone production, 60-70% of cells will undergo apoptosis 

and die. Osteoblast cells that are left will differentiate into inactive bone lining cells or 
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become osteocytes and will not proliferate further (as reviewed by Manolagas, 2000, 

Hochberg et al., 2014). 

1.1.2.1 Processes by which bone forms 

The development of our skeleton or ossification in humans, takes place from embryonic 

weeks 6-7 until the mid-twenties in most individuals (reviewed by Breeland, 2019). Over 

millions of years, ossification of the primary skeleton has evolved and thus it is known that 

cells from different lineages are responsible for the development of different regions of the 

vertebrate skeleton (reviewed by Berendsen and Olsen, 2015). The three cell types involved 

in this process are; 1) neural crest cells which make up the craniofacial bones in the face, 

the skull and the dentin in our teeth, 2) the paraxial mesoderm which gives rise to the 

remaining posterior craniofacial bones and a large proportion of the axial skeleton 

(including the vertebrae, sacrum, coccyx, ribs and sternum), and finally 3) the cells which 

are located in the lateral plate mesoderm which are needed for limb bone development 

(Olsen, 2006, Berendsen and Olsen, 2015). 

The osteoblast as a bone producing cell plays a key role in bone formation and calcification. 

During bone formation, organic aspects of the bone matrix are produced by the secretion 

of collagen (predominantly type I) and proteoglycans from osteoblast cells (reviewed by 

Jensen et al., 2010, Khurana, 2009). Once secreted, this is subsequently processed and the 

type I collagen acts as a template for the formation of microfibrils, fibrils and fibres. The 

collagen matrix matures and inclusion of hydroxyapatite crystals into the new bone matrix 

takes place, a process which is controlled by alkaline phosphatase (ALP) enzyme activity 

(Niedermair et al., 2018). Osteoblast cells play a key role in the regulation of bone 

formation. 

1.1.2.2 Osteoblast differentiation 

During development, stem cells will take several routes and mesenchymal cells will either 

differentiate into bone producing osteoblast cells, chondrocytes, myoblasts or adipocytes. 

This fate is determined largely by Wnt signalling pathways. If Wnt signalling stimulates 

increased levels of beta-catenin by preventing its degradation, mesenchymal cells will 

differentiate into osteoblasts (figure 1.4) and the transcription of genes which are required 

for differentiation of other cell types will be inhibited (reviewed by Olsen, 2006). The 
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importance of beta-catenin in this process of osteoblast differentiation has been illustrated 

in knockout studies, where there is a direct impact on osteoblast function, differentiation 

and early skeletal development (Hill et al., 2005). If beta-catenin is not inactivated by the 

Wnt signalling pathway, the mesenchymal cells will differentiate into chondrocytes as 

opposed to osteoblasts (Olsen, 2006). The commitment of the putative mesenchymal stem 

cells to a specific lineage is solidified by the selective expression of master transcriptional 

regulators, including peroxisome proliferator-activated receptor 72 (PPARγ2; stimulates 

adipogenesis) (Issemann and Green, 1990), SOX9 (promotes chondrocyte development) 

(de Crombrugghe et al., 2000) and Runt-related transcription factor 2 (RUNX2) required for 

osteoblast differentiation and bone development (Ducy et al., 1997).  

Early in vitro studies have proven instrumental in furthering our understanding of the 

mechanisms involved in the control of osteoblast differentiation. In culture, osteoblasts can 

be characterised by the presence of mineralised extracellular matrix. Early studies looking 

at key regulators of osteoblast differentiation identified two cis-acting elements which may 

play a pivotal role. Osteoblast-specific cis-acting elements (OSEs) OSE1 and OSE2 were 

shown to upregulate the activity of osteoblast promotors in differentiated osteoblasts. 

Positioned in the promotor of the osteocalcin gene, it was suggested that both of these 

elements have an important role in the regulation of osteoblast differentiation (Ducy and 

Karsenty, 1995). Following this finding, it was possible to identify and characterise Cbfa1 or 

Runx2 as it is commonly known as, which is expressed in mesenchymal cells. It was these 

preliminary studies which first identified Runx2 as the primary osteoblast-specific 

transcription factor, with a focus on its important role in the control of osteoblast  

differentiation (Ducy et al., 1997). 

Homozygous mutation of Runx2 in vivo has further improved our understanding of its 

functionality. Mice with this genetic alteration did not survive postnatally and examination 

of the phenotype identified a skeleton comprised of avascular cartilage only, with no sign 

of any ossification (Komori et al., 1997). Mice which have a mutation in Runx2 also have no 

osteoclasts and therefore this suggests that osteoblasts are perhaps a prerequisite of 

osteoclast differentiation (Ducy, 2000). This reiterates the importance of Runx2 in the 

process of osteogenesis and osteoblast differentiation, which in turn plays a role in 

osteoclast differentiation.  
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The involvement of Runx2 in the control of osteoblast-expressing genes which are crucial 

to osteoblast differentiation has been known for many years (Ducy, 2000). This includes 

osterix (Osx), which together with Runx2 is essential in early bone development, the 

differentiation of osteoblast progenitors into mature cells and matrix mineralisation 

(Nakashima et al., 2002, Clarkin and Olsen, 2010, Bosworth and Downes, 2011, Parfitt, 

1994, Niedermair et al., 2018). 

Another key player in the control of osteoblast differentiation is osteocalcin. The 

functionality of osteocalcin was initially identified by the use of an animal model devoid of 

osteocalcin. These osteocalcin-null mice showed increased bone mass, suggesting that 

activated osteocalcin is involved in the inhibition of osteoblast functionality (Ducy et al., 

1996). Osteocalcin is produced specifically by osteoblasts and is of particular interest due 

to the nature and specificity of the animal knockout in this study. The gene encoding 

osteocalcin (BGLAP) can be found on chromosome 1, position 1q25-q31 (as reviewed by 

Zoch et al., 2016, Moser and van der Eerden, 2018, Hu and Olsen, 2016). Osteocalcin is a 

mature peptide and a marker of mature osteoblast differentiation produced by cleavage of 

an endoplasmic reticulum sequence and a pro-sequence, as well as γ-carboxylation of 

position 17, 21 and 24 glutamic acids (Boskey et al., 1998).  

Aside from the important roles of Runx2 and osteocalcin, the commitment of cells to the 

osteoblast lineage is thought to be further regulated by growth factors. Indian hedgehog 

(Ihh) is produced by chondrocytes and its role in the development of the skeleton and 

osteoblast differentiation, as well as the control of chondrocyte proliferation has been 

established by silencing Ihh  (St-Jacques et al., 1999). Other growth regulatory growth 

factors involved in the development of bone include bone morphogenic proteins (BMPs), 

which are key regulators of osteogenesis via osteoblast differentiation, bone development 

and bone growth (Mukherjee and Rotwein, 2009). It has been shown BMP family members 

are able to upregulate the expression of Runx2 in culture (Ducy et al., 1997), which could 

explain the effect that it has on osteoblast cells. Transforming growth factor-beta (TGF-β) 

signalling has been shown to enhance osteoblast differentiation in vivo by promoting the 

transition from progenitor cells. In turn, it inhibits osteoclast differentiation which is reliant 

on the release of receptor activator of nuclear factor kappa-Β ligand (RANKL) from 

osteoblast cells (Yasui et al., 2011). ALP is an enzyme produced by osteoblasts and an early 

indicator of osteoblast differentiation (reviewed by Florencio-Silva et al., 2015, Bosworth 
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and Downes, 2011). As a result, levels of ALP eluted from osteoblast cells are often used as 

a useful measure of osteoblast differentiation in vitro. Finally, the fibroblast growth factor 

(FGF) family has been shown to be equally important in the control of osteoblast 

differentiation and bone development (Marie et al., 2002). 

(Soltanoff et al., 2009) 

(Soltanoff et al., 2009) 
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1.1.2.3 Factors produced by osteoblasts 

Non-collagenous proteins produced by osteoblasts include osteocalcin, osteopontin, bone 

sialoprotein and osteonectin. Osteoblasts also secrete a wide range of cytokines and 

growth factors, namely; interleukin-6, interleukin-11, vascular endothelial growth factor 

(VEGF), TGFβ, BMPs, platelet derived growth factors (PDGFs) and insulin-like growth factors 

(IGFs) (reviewed by Khurana, 2009). These growth factors use autocrine and / or paracrine 

signaling pathways to communicate with receptors on their own surface or neighbouring 

cells. Importantly, RANKL is also secreted by osteoblast cells, important for the survival and 

differentiation of osteoclasts (Yasui et al., 2011). 

1.1.3 Osteocytes and bone lining cells 

When osteoblast cells have fulfilled their role in the production of new bone matrix, there 

are three possible fates. These are; cell death by apoptosis, conversion into a bone lining 

cell or terminal differentiation into an osteocyte after becoming embedded in the bone 

matrix (Jilka et al., 1999). Osteocytes are mechanosensory cells, sensing changes in strain 

and subsequently influencing the activity of osteoblasts (bone production) and osteoclasts 

(bone resorption) in remodelling (reviewed by Dempster, 2006). Osteocytes are highly 

abundant within the bone matrix and have life spans reported to be as long as 20 years 

(Bilezikian et al., 2008, Zhao et al., 2000). Ultimately osteocyte cells undergo apoptosis, 

which is suggested to be as a result of ‘leakiness’ of nuclear pores, an imbalance in free 

radicals within the body or due to dysfunctional autophagy (Manolagas and Parfitt, 2010, 

Pursiheimo et al., 2009). In mature adults, osteocytes make up 90-95% of bone cells 

(Lanyon, 1993), but although theories regarding their functionality have been generated 

over the past 100 years, in comparison to osteoblasts and osteoclasts there is still much to 

be understood.  

Osteocytes have an average volume of 455µm3 (McCreadie et al., 2004) and with the 

advances in high-resolution micro CT scanning and scanning electron microscopy (SEM) 

enabling the production of 3D imagery of these bone cells, it is hoped that understanding 

of osteocyte function will improve. As shown in in vitro experiments, the expression of 

several key markers is altered following the evolution of osteocytes from osteoblasts. This 

includes reduction in levels of ALP and upregulation of casein kinase II and osteocalcin 

(Mikuni-Takagaki et al., 1995). 
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Each osteocyte is comprised of roughly 50 dendritic processes (figure 1.5) which attach to 

the cell surface and are encased within tiny canaliculi, adjoined by gap junctions which are 

made of connexin (Doty, 1981, Bonewald, 1999). These dendritic processes enable 

osteocytes to dynamically connect to and communicate with other osteocytes, cells on 

surface of the bone and the bone marrow (Kamioka et al., 2001). Osteocytes respond to 

strain and dependent on the frequency, duration and strength of the strain will influence 

bone production and resorption by altering the differentiation of osteoblasts and 

osteoclasts (Lanyon, 1993). Osteocytes have also been identified as the main cell expressing 

sclerostin (Sost), a negative regulator of osteogenesis. It is thought that via production of 

sclerostin, it is possible for osteocytes to regulate the differentiation of osteoblast 

progenitor cells into mature osteoblast cells and alter their activity (Winkler et al., 2003). 

Sclerostin is also involved in the control of matrix mineralisation. Osteocytes secrete Wnt-

1, which is shown to induce bone mineralisation and this is regulated by the release of 

sclerostin from osteocytes, which impedes matrix mineralisation due to its inhibitory effect 

on the Wnt pathway (Joeng et al., 2017). Osteocyte cells also express proteins such as 

dentin matrix protein 1 (DMP1), Phosphate regulating gene with homologies to 

endopeptidases on the X chromosome (PHEX) and matrix extracellular 

phosphoglycoprotein (MEPE) which are thought to be important in the control of 

hydroxyapatite production during mineralisation (Feng et al., 2006, He and George, 2004). 

Thus, osteocytes have an important job in the maintenance of bone homeostasis and 

matrix mineralisation. 

Microcracks which occur in close proximity to the osteocyte are also enough to initiate 

osteocyte apoptosis, which following communications with the bone surface can 

subsequently initiate a cascade of bone remodelling (Burr et al., 1985). Besides from this, 

osteocytes rarely undergo apoptosis and in comparison to osteoblasts and osteoclasts, 

they are cells with a long life-span and ordinarily will stay alive until bone remodelling takes 

place (reviewed by Bilezikian et al., 2008).  

In healthy bone, there are a large amount of dendritic processes connected to the 

osteocyte and angled towards the vasculature, where they interact with endothelial cells 

(Prasadam et al., 2014). Osteocytes are regularly and evenly distributed within the bone 

matrix. In diseased osteoporotic bone, dendrites are poorly organised and levels of 

connectivity reduced, jeopardising the mechanosensory function of the osteocyte. A large 
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increase or decrease in dendrite connectivity therefore has a significant effect on bone 

mechanics and it is important that a consistent equilibrium is maintained to ensure that 

our bones stay healthy (reviewed by Marcus, 2008). Disruptions to osteocyte functionality 

are also caused by aging, where apoptosis is potentially the consequential effect of damage 

to the gap junctions and dendritic connections, resulting in empty osteocyte lacunae which 

can be identified by histology (Tiede-Lewis et al., 2017).  

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Osteocytes within the bone matrix. Osteocytes are mechanosensory cells with 

long processes called canaliculi attached to the cell surface. SEM image extracted and 

annotated from a paper by Lynda Bonewald (Bonewald and Wacker, 2013). Scale bar = 5µm 

 

The separation between the calcified bone tissue and the bone marrow is formed by 

elongated, flattened bone lining cells. They are produced by the differentiation of 

osteoblast cells which have terminated osteogenesis but have not undergone apoptosis or 

formed osteocytes. These cells play an important role in bone resorption by using 

collagenase to prepare the surfaces of the bone and remove remaining unmineralised 

collagen in preparation for osteoclastic activity (Hauge et al., 2001). This cleaning process 

is shown to bridge bone resorption and bone production, facilitating the transition 

osteocyte 

canaliculi 
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between the two phases. Following bone remodelling, a new layer of smooth collagen is 

laid down by lining cells  (Everts et al., 2002).  

Not only do lining cells protect the surface of the bone, they are also involved in 

communications. It is suggested that they have a role in the movement of calcium to and 

from the bone via gap junctions which facilitate communications with other cell types such 

as osteoblasts and osteoclasts as well as between other lining cells. Unlike osteocytes, they 

are not terminally differentiated and the lining cells are able to re-activate themselves and 

change their morphology to become osteoblast cells once more (Hauge et al., 2001). 

1.1.4 Osteoclasts 

Osteoclasts are large, multinucleated cells with monocyte/macrophage ancestry 

(Takahashi et al., 1988). As per osteoblasts, osteoclasts have short life-spans and ordinarily 

live between 1-25 days. It is thought that production of RANKL (Tnfsf11) by osteoblasts is 

required for differentiation of osteoclast precursor cells into mature osteoclasts, with bone 

resorption capabilities (figure 1.6). RANKL is part of the tumour necrosis factor (TNF) family 

of cytokines and can act as a membrane-bound protein, or be shed as a soluble protein. 

The RANK receptor is located on myeloid cells (Marks and Seifert, 1985, Xiong et al., 2018) 

and osteoclast differentiation is controlled by the presence of decoy receptor 

osteoprotegrin (OPG), which binds RANKL to decrease the rate of osteoclast differentiation 

(Chambers, 2000).  

There is experimental evidence to suggest however, that osteoblasts are not the only 

source of RANKL (Collin-Osdoby et al., 2001). In fact, when osteoblast cells were ablated, 

there was no effect on both the number of osteoclast cells, resorption or the secretion of 

RANKL providing further evidence to support this theory (Corral et al., 1998, Galli et al., 

2009). Indeed, it has been suggested that chondrocytes, osteocytes (Silvestrini et al., 2005), 

lymphocytes (Kanematsu et al., 2000) and endothelial cells (Collin-Osdoby et al., 2001) are 

involved in the secretion of RANKL (O'Brien, 2010, Xiong et al., 2015). As well as expressing 

RANKL, human vascular endothelial cells have also been shown to produce OPG and in the 

presence of pro-inflammatory cytokines including TNF-α and IL-1α, it has been shown that 

the expression of both OPG and RANKL is upregulated (Collin-Osdoby et al., 2001).  
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Several additional cytokines, growth factors and hormones have also been proven to be 

required in the control of osteoclast differentiation during cell development. Macrophage 

colony stimulating factor is involved in the upregulation of proliferation and differentiation 

of osteoclast precursor cells (Yoshida et al., 1990) and IL-1, TNF-α (Pfeilschifter et al., 1989) 

and IL-6 (Roodman, 1992) are thought to upregulate osteoclast differentiation. The role of 

macrophage colony stimulating factor was confirmed by knockout studies, in which the 

genetic modification resulted in a complete lack of osteoclast cells required for bone 

resorption (Yoshida et al., 1990). On the other hand, cell culture experiments have proven 

that both IL-4 and IFN-γ suppress the differentiation of osteoclast cells (Lacey et al., 1995). 

Another inhibitory protein is TGF-β, which upregulates the expression of the calcitonin and 

vitronectin receptor in the down regulation of osteoclast proliferation. Therefore, bone 

resorption remains a closely regulated process (Orcel et al., 1990). 

Attachment of osteoclasts to the bone matrix is facilitated by integrins, making an area 

called the sealing zone in the small gap in-between the two adjoining surfaces. αvβ1, α2β1 

and αvβ3 are all integrins which are expressed by osteocytes. αvβ3 is the most commonly 

expressed integrin, with very high levels present in the resorbing osteoclast and in turn 

αvβ3 interacts with several extracellular matrix proteins including vitronectin, bone 

sialoprotein and osteopontin. The recruitment and localisation of phosphatidylinositol 3-

kinase, proto-oncogene tyrosine-protein kinase Src (c-Src), Proline-rich tyrosine kinase 2 

(PYK2) and p130cas to the sealing zone of the osteocyte during resorption, which is initiated 

by interactions with integrins such as αvβ3, suggests that they also play an important role 

in adhesion during the resorption process (Duong et al., 2000). Production of an actin ring 

ensures that there is an enclosed space for bone degradation and a proton pump and 

chloride channel creates an acidic environment of low pH in which mineral is dissolved 

(Lakkakorpi et al., 1989, Hochberg et al., 2014). The osteoclast has a ruffled border (Baron, 

1989) which is essential for bone resorption and formed by exocytosis following the 

merging of osteoclasts and the bone surface. Acidified vesicles containing proteolytic 

enzymes and the osteoclasts themselves adjoin and enable the breakdown of organic and 

inorganic bone components. This border is sustained throughout resorption due to the 

tight equilibrium maintained between endocytosis and exocytosis (Stenbeck and Horton, 

2000, Jensen et al., 2010). Proteolytic enzymes such as cathepsin K are secreted in the 

process of osteolysis during osteoclast matrix degradation (reviewed by Charles and 
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Aliprantis, 2014). Osteoclast activity is tightly coupled to osteoblast activity in healthy, 

young individuals to ensure that bone mass stays constant and disruption in this balance 

can lead to the onset of degenerative bone diseases such as osteoporosis (reviewed by 

Wallace et al., 2015). 

Tartrate-resistant acid phosphatase (TRAP) is a well-known osteoclast marker and is 

secreted by osteoclast cells during bone resorption. It is particularly highly expressed in 

times of high bone turnover (Andersson and Ek-Rylander, 1995) and has been shown to 

play a role in the development of the growth plate and metaphysis of long bones (Blumer 

et al., 2012).  

 

Figure 1.6: Osteoclast maturation from a macrophage to a mature cell. Osteoblast cells 

and endothelial cells (ECs) produce RANKL, which binds to RANK receptors on osteoclast 

progenitor cells. In some cases, RANKL will bind to OPG which is produced by osteocyte 

cells and also expressed by ECs. OPG acts as a decoy receptor and binds to RANKL to prevent 

it binding to RANK on the surface of osteoclast cells. RANKL promotes the maturation of 

the osteoclast from a monocyte to a mature osteoclast (image based on research by 

Silvestrini et al., 2005, Collin-Osdoby et al., 2001). 
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Recent studies have shown that the capabilities of an osteoclast involve much more than 

purely their important role in bone resorption. Osteoclasts are able to engulf 

microorganisms which has characteristically been shown to cause an up-regulation in bone 

resorption in response (Trouillet-Assant et al., 2015). Osteoclasts are also able to present 

antigens and respond to signals from inflammatory cytokines (Li et al., 2010). As well as 

this, osteoclasts have been shown to have further roles in the regulation of osteoblast 

differentiation, T-cell activation, the hematopoietic cell niche and tumour cell proliferation 

in bone (as reviewed by Charles and Aliprantis, 2014). 

1.1.5 Bone modelling 

The careful sculpting of the 213 bones which constitute the adult human skeleton is called 

‘modelling’ (reviewed by Dempster, 2006, Khurana, 2009). In the 1960s, Frost identified 

the importance of bone modelling in growth and the dictation of the size and shape of the 

skeleton (Frost, 1963, Frost, 1969). Modelling is known to be involved in the shaping of the 

adult skeleton in response to loading or mechanical strain. It is a process that is more 

infrequent than remodelling; changes are steady and bone resorption is not tightly coupled 

to bone production, which means that the bone actively changes shape due to the lack of 

equilibrium between osteoblast cells and osteoclast cells (reviewed by Khurana, 2009, Kini 

and Nandeesh, 2012).  

Modelling does not purely involve the deposition of new bone by osteoblasts, however. It 

has been suggested following the discussion of unpublished results performed by Boyce in 

a review article, that knockout studies have shown that RANKL/RANK/NF-κB are essential 

for the process of bone modelling, especially in the preliminary few weeks of life (Boyce 

and Xing, 2008). This is unsurprising, given the known role of RANK and RANKL 

communications in the development of osteoclasts (Marks and Seifert, 1985, Xiong et al., 

2018, Dougall et al., 1999). Indeed, it was suggested that deletion of RANKL/RANK/NF-κB 

caused mice to have a thickened region of hypertrophic cartilage, due to the fact that 

osteoclasts were not present to degrade the cartilage, as well as developing osteopetrosis 

(Boyce and Xing, 2008). Cdc42 is involved in the control of osteoclast proliferation and is 

regulated by RANKL. It has been found that when Cdc42 is deleted from mature osteoclasts 

in mice, femur are of an abnormal shape due to reduced bone resorption and thus 
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modelling is dysfunctional. Cdc42 is therefore important in this process of modelling, 

where bones are sculpted and shaped (Ito et al., 2010). 

In 1892, Wolff’s law was introduced which denotes that the skeleton models and remodels 

itself as a result of the changing mechanical pressures that it has to withstand. It is now 

known that during periods of bone post-natal growth, modelling is especially active and it 

is thought to be altered as a result of the combined influence of nutrition, genetics, 

hormones and strain (Steenbock and Herting, 1955, Bingham and Raisz, 1974, Raisz and 

Bingham, 1972, Biewener et al., 1986). It has been suggested that bones model to ensure 

an equal balance of strain throughout their structure and modelling is thought to be 

location-specific (Biewener et al., 1986). Without the influence of strain, studies using 

denervated rat tibia have shown that the bone fails to develop properly. Bone mass is 

decreased and the tibial curvature is not present, showing the importance of strain such as 

exercise for healthy skeletal development (Lanyon, 1980).  

1.1.6 Bone remodelling 

In developed bone, the continual renewing and replacement of mineralised tissue is 

referred to as ‘remodelling’ and this is a process which happens throughout life (Dempster, 

2006, Khurana, 2009). Studies have shown that both human and mouse bones react 

comparatively to a change in load by remodelling (Lanyon et al., 1975, Rubin and Lanyon, 

1984). Unlike modelling, if the load that the bone is subjected to remains constant, the 

activity of osteoclasts and osteoblasts is tightly coupled and therefore the end volume of 

bone remains the same. Remodelling also plays a role in the maintenance of calcium 

homeostasis and it is involved in repairing damaged bone in juvenile and adult bone alike 

(Wang et al., 1998). Bones are able to adapt and progressively change as a result of 

different hormonal, mechanical or environmental pressures that they may be subjected to 

and bone has a specific lifespan to enable it to fulfil its mechanical or structural function 

efficiently. Beyond this time old bone must be replaced (Parfitt, 1994, Forwood and Turner, 

1995, Frost, 1963, Frost, 1987). Remodelling activity is tightly regulated to ensure 

homeostasis and adequate bone strength.  

A basic multicellular unit (BMU) has been proposed as being responsible for remodelling of 

cortical bone (figure 1.7). This intricate structure contains osteoclasts at the front, in a 
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cutting cone formation to remove old bone (Parfitt, 1994). Bone resorption is kick-started 

by the binding of osteoblast secreted RANKL to the RANK receptor on myeloid cells, 

stimulating osteoclast maturation (Marks and Seifert, 1985, Xiong et al., 2018). 

 

 

Figure 1.7: Structural organisation of a BMU responsible for bone remodelling. The 

osteoclasts (OCL) at the front create a cutting cone and the osteoblasts (OBL) at the back 

fill the gaps with osteoid which will be later mineralised. The osteocytes (OCY) are old 

osteoblasts that have become embedded within the bone matrix, remaining adjoined to 

the bone. Image of a human BMU taken from Smit et al., 2002.  

 

Osteoblasts are found directly behind osteoclasts in the BMU, forming the closing cone 

which will lay down new bone. Runx2 and Osx are involved in the differentiation of 

mesenchymal progenitor cells into mature osteoblasts and mature osteoblasts 

subsequently produce collagen type I and osteocalcin (Parfitt, 1994, Niedermair et al., 

2018). The gap in between the cutting and closing cone is filled with nerves, connective 

tissue and blood vessels creating a very specialised structure (Parfitt, 1994) and it is bone 
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production by osteoblast cells that takes the longest during the 2-8 month life-span of the 

BMU (reviewed by Kini and Nandeesh, 2012). 

During the catabolic phase of fracture healing, there is ‘coupled’ remodelling which 

involves a cycle of osteoclast and osteoblast activity. Immature woven bone formed during 

initial bone mineralisation is resorbed by osteoclasts and secondary bone is laid down by 

osteoblast cells (Holstein et al., 2013, Melnyk et al., 2008). Remodelling of the newly 

formed bone is carried out, with the production of RANKL by osteoblast cells up-regulating 

the activity of osteoclasts, which shape and reform cortical and trabecular bone to its 

original pre-injury morphology (Flick et al., 2003). Vasodilation to increase the blood supply 

and inflammatory cytokines to the fracture site is one of the first responses following a 

bone injury. Here, blood supply is subsequently returned to normal levels by the 

remodelling and pruning of vessels, completing the healing process (Holstein et al., 2013, 

Melnyk et al., 2008).  

In mice, the remodelling process is thought to be slightly different to humans where it has 

been suggested that a BMU is involved in the regulation of bone turnover. Mice do not 

have Haversian canals but contain their primary canals throughout their lifetime, due to 

the fact that their bones do not undergo spontaneous remodelling (Cooper et al., 2016, 

Sietsema, 1995). In mice, the highest levels of growth occur between 3 and 6 weeks of age. 

Changes in the bones of mice therefore occur via periosteal resorption by osteoclasts, 

which is paired with endosteal osteoblast activity in which new bone is laid down. Like in 

humans, this is a closely regulated process and in adult bones an equilibrium must be 

maintained in order to prevent net bone loss (Martin et al., 1998). It has been suggested 

that the size of the porosity in mice is directly comparable and scalable to the size of the 

cortical porosity in humans (Jowsey, 1966).  

1.1.6.1 Dysfunctional remodelling  

Remodelling is shown to play an essential role in the maintenance of bone health and also 

in bone healing following fracture. A close equilibrium between osteoclast activity and 

osteoblast activity is heavily important in this process and a disruption in the balance can 

have adverse effects. An increase in intracortical porosity has been identified with age and 

it is thought that this is as a result of dysfunctional remodelling (Núñez et al., 2018). In 

humans, remodelling is known to be much more active in menopausal women and to a 
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lesser extent in men of a similar age (as reviewed by Pacifici et al., 1989, Clarke, 2008), 

suggesting that the decrease in concentration of oestrogen at this stage of a woman’s life 

has a large influence in the control of bone remodelling. In fact, oestrogen has been shown 

to prevent the apoptosis of osteoclasts, maintaining the tight equilibrium between 

osteoclast and osteoblast activity (Hughes et al., 1996). An in vivo study using 

ovariectomised pigs has shown that oestrogen supresses the activity of osteoclasts, 

maintaining bone homeostasis in females. Oestrogen is involved in the regulation of bone 

strength and removal of the ovaries meant that the pigs no longer produced oestrogen, 

mimicking menopause in humans (Pufe et al., 2007). As a result, there are disruptions in 

bone remodelling in post-menopausal women and this is due to bone being broken down 

by osteoclasts faster than it is being laid down by osteoblasts. Disruptions in bone 

remodelling are shown in post-menopausal osteoporosis and result in a net decrease in 

bone mass due to the poor regulation of osteoclastic activity (Albright, 1947b, Albright, 

1947a, Balasch, 2003).  

Osteoporosis is a degenerative bone disease which is characterised by highly porous, brittle 

bones and affected twenty-two million women and 5.5 million men in the EU in 2010 

(Hernlund et al., 2013). It is particularly prevalent in the ageing population, where there is 

more bone resorption than there is bone production, causing changes in the structure of 

the bone and a decrease in bone mass due to dysfunctional remodelling. As a result, 

fragility fractures are characteristically associated with osteoporosis and are bone fractures 

which are the result of low-impact trauma (Pietri and Lucarini, 2007). In osteoporotic 

animal models, it has been shown that several key features of the bone healing process are 

inhibited. This includes impaired matrix production, callus formation and callus remodelling 

(Stuermer et al., 2010, Thormann et al., 2014, Alt et al., 2013). In 5-10% of cases, there is 

the occurrence of non-union fractures in which fracture healing is further impaired and 

surgical intervention is required (Gómez-Barrena et al., 2015). Subsequently, not only are 

osteoporosis sufferers more prone to fracture due to dysfunctional remodelling which 

makes bones incredibly porous, they are less able to recover and therefore osteoporosis 

can ultimately lead to mortality.   

Other bone diseases which are prevalent as a result of disruptions in bone remodelling 

include renal osteodystrophy, Paget’s disease, osteopetrosis and rickets. Renal 

osteodystrophy is characterised by either high (hyperparathyroidism) or low 
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(hypoparathyroidism) bone turnover rates. Irregular bone morphology, the formation of 

osteoid and fibrosis are common signs. In contrast, Paget’s disease typically has a high bone 

turnover due to an increase in bone resorption and bone production. This results in the 

deposition of woven bone and bones are commonly populated with lesions (Siris and 

Feldman, 1997, Singer, 2009). Osteopetrosis is caused by a deformity in osteoclast activity, 

which results in a higher bone density in comparison to controls (reviewed by Tolar et al., 

2004). Rickets is often associated with low levels of vitamin D. This in turn, increases RANKL 

secretion by osteoblasts and subsequently the differentiation of osteoclast cells. At the 

same time the differentiation of osteoblast progenitors is supressed and as a result, bone 

turnover is upregulated. This gives the individual a much higher risk of fracture and 

ultimately, osteoporosis (Anderson et al., 2008, Feng and McDonald, 2011). 

1.1.7 Bone mineralisation 

The most abundant component in the composition of the skeleton is mineral, making up 

70% of our bones (reviewed by Augat and Schorlemmer, 2006). A combination of calcium 

(Ca), phosphorous (P), carbonate (CO3), sodium (Na), water (H2O), nitrogen (N), carbon (C) 

and potassium (K) makes up this mineral and the exact proportions of each is dependent 

on the function of the bone. The skull is made up of compact bone and has been shown to 

have much higher levels of Ca, P, CO3 and Na, but much lower levels of H2O, N, C and K in 

comparison to bones such as the ilium in the pelvis which contains high proportions of 

trabecular bone (Agna et al., 1958). It has been suggested that bone in fact contains ~99% 

of the bodies calcium reserves, ~85% of the bodies phosphorous, ~90% of total sodium and 

~50% of total body magnesium (Avioli and Krane, 1998). The important interactions 

between calcium and phosphate in the process of bone mineralisation have been studied 

for many years and it is known therefore that hydrolysis of calcium phosphate produces 

octocalcium phosphate, the intermediate bone mineral form (Biltz and Pellegrino, 1977). 

After the first phase of bone matrix synthesis, osteoblasts enter the mineralising phase, in 

which there is ultimately invasion of hydroxyapatite crystals  into the newly formed matrix 

which prior to this is in an immature state and consists purely of unmineralised collagen 

fibrils (Rey et al., 1996, Ecarot-Charrier et al., 1988). The distinct mechanisms by which this 

occurs remain debated in the literature, however it is thought that mineralisation is 

separated into vesicular and fibrillar stages.  
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The mineralisation of the extracellular matrix (ECM) occurs via the actions of matrix vesicles 

(MVs), which evidence suggests are formed by the budding of chondrocyte and pre-

mineralised osteoblast cell membranes (Majeska and Wuthier, 1975). MVs hold both 

phosphate and calcium ions which are bound by proteins and lipids within the vesicle. The 

process of mineralisation begins by the upregulation of phosphatases within the MV itself, 

which include; ALP, adenosine triphosphatase (ATP) and PHOSPHO1 (reviewed by 

Anderson, 2003). ALP is involved in the promotion of mineralisation by hydrolysing 

pyrophosphate (PPi), an inhibitor of bone mineralisation, to produce inorganic phosphate 

(Pi). This is a process which is tightly regulated in order to ensure that sufficient levels of 

mineralisation are activated at the correct time (Narisawa et al., 1997, Johnson et al., 2000). 

ALP works alongside nucleotide pyrophosphate phosphodiesterase (NPP1) and ankylosis 

protein (ANK), which conversely are involved in the inhibition of mineralisation and act to 

maintain this balance. Studies have found that NPP1 and ANK promote the production of 

PPi, negatively regulating bone mineralisation (Harmey et al., 2004).  

Following the vascularisation of the bone cortex, the mitochondria of the hypoxic cells 

located in the collagen matrix become abundant in oxygen, Pi and calcium species, 

triggering their release into the cytosol of the MV (Shapiro et al., 1988). Transporters which 

are located in the vesicle membrane include annexin II, V and VI and it is proposed that 

they are able to act as calcium channels for the movement of calcium into and out of the 

MV. Calcium then chelates with Pi to produce the first mineral deposits (Kapustin et al., 

2011).  

The role of ALP in matrix mineralisation was investigated further by a study in which ALP 

was ablated. This surprisingly showed that the production of mineral and hydroxyapatite 

was still taking place within MVs, suggesting that ALP works alongside other regulators of 

mineralisation, which are able to compensate for the loss of ALP. It was hypothesised that 

PHOSPHO1 was likely to play a role in this (Anderson et al., 2004). It has subsequently been 

shown that homozygous deletion of PHOSPHO1 causes skeletal deformities such as 

osteomalacia and increased fracture risk (Huesa et al., 2011), a phenotype which has since 

been confirmed in Phospho1 knockout studies which identified patchy osteomalacia and 

arrested mineralisation fronts by use of SEM (Boyde et al., 2017). It is thought that 

PHOSPHO1 is able to stimulate mineralisation by producing Pi from phospholipids such as 

phosphocholine and phosphoethanolamine (Roberts et al., 2004, Roberts et al., 2007), as 
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well as interacting with other regulators of bone mineralisation such as ALP. The 

abnormalities in bone mineralisation seen here were therefore hypothesised to be due to 

PHOSPHO1 ablation causing a decrease in ALP and subsequently reducing the levels of 

mineralisation by upregulating PPi (Huesa et al., 2011). Double ablation or inhibition of both 

PHOSPHO1 and ALP has been shown to inhibit mineralisation nearly entirely, emphasising 

the importance of the combined actions of both components in osteoblast and 

chondrocyte matrix mineralisation (Yadav et al., 2011). In vivo and ex vivo studies have 

since verified the close communications between PHOSPHO1 and ALP, which are essential 

in the mineralisation of bone (Huesa et al., 2015).  

MVs have been shown to interact with and bind to the proteoglycans in the pre-existing 

bone matrix. Not only do annexins in the cell membrane facilitate the movement of calcium 

ions, annexin V is thought to be particularly significant in the upregulation of calcium 

phosphate formation within the MV in the process of bone mineralisation (Genge et al., 

2008). It is the interactions between calcium and phosphate ions following nucleation 

which results in the formation of hydroxyapatite crystals (Avioli and Krane, 1998). 

Subsequently, this leads the fibrillar stage, in which the MVs fill to bursting point with 

calcium and phosphate ions and on bursting, hydroxyapatite populates the bone matrix 

and embeds itself between collagen fibrils (reviewed by Florencio-Silva et al., 2015).  

The fibrillar stage of mineralisation is thought to be regulated by members of the small 

integrin-binding ligand N-linked glycosylated (SIBLING) family of proteins, which include 

MEPE, DMP1 and osteopontin (OPN) (Fisher and Fedarko, 2003, Qin et al., 2001). MEPE is 

expressed in hypertrophic chondrocytes and is thought to bind to hydroxyapatite to 

regulate matrix mineralisation via its acidic, serine and aspartic acid-rich motif (ASARM), 

which can be found in the C terminus (Addison et al., 2008). ASARM is only able to 

negatively regulate mineralisation if serine is in its phosphorylated state (Rowe et al., 2000, 

Martin et al., 2008), which could potentially be linked to a decrease in key endothelial cell 

markers following its phosphorylation. The activity of MEPE can be controlled by the 

cleavage of ASARM (Staines et al., 2012, Martin et al., 2008) and it has been identified that 

when serine is not phosphorylated in ASARM, matrix mineralisation is up-regulated (Staines 

et al., 2012).  

Remodelling is separated into two phases. Initially during primary remodelling, there is 

incredibly quick mineralisation of osteoid. This is followed by secondary remodelling in 
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which mineral is embedded into the bone matrix much more slowly. EphrinB2 plays a 

known role in the control of osteoblast differentiation, however until very recently the role 

of osteocyte-derived EphrinB2 in mineralisation was unknown. To investigate this further, 

EphrinB2 has been ablated in osteocytes and it has been shown that transgenic knockout 

mice have dysfunctional secondary mineralisation which has been linked to an up-

regulation in autophagosomes. Therefore, it is suggestive that autophagic events within 

osteocytes may be responsible for the control of secondary bone mineralisation and that 

primary and secondary remodelling are regulated by individual mechanisms (Vrahnas et 

al., 2019). 

The role of sclerostin in the mineralisation of bone has been demonstrated by the use of 

anti-sclerostin antibodies, which are able to bind to sclerostin and silence its activity. 

Following ovariectomy there is, like in the menopause, an increase in bone loss. Anti- 

sclerostin causes a reduction in osteoclast activity and an up-regulation in osteoblast 

activity, increasing the mineralising surface. Therefore, when activated, sclerostin is 

involved in the inhibition of mineralisation (Ominsky et al., 2010, Veverka et al., 2009). The 

mechanism by which it functions is via the up-regulation of MEPE-ASARM, which has been 

shown to inhibit mineralisation in its phosphorylated form (Atkins et al., 2011).  
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1.2 Endothelium  

1.2.1 Vascular derived endothelial cells  

The first isolation of human umbilical vein-derived endothelial cells (HUVECs) in cell culture 

was as early as 1973, where they were shown to grow in monolayers for up to five months 

(Jaffe et al., 1973). This was pioneering work in the characterisation of the vascular 

endothelial cell, which provided a platform for future studies and investigations into 

endothelial cell function, a cell type which has since been shown to have a vast surface area 

of 1 to 7 m2 in the human adult and is largely heterogeneic (Cines et al., 1998).  

Vasculogenesis is the process in which blood vessels are produced from mesodermal 

endothelial cell progenitors known as angioblasts and hemangioblasts during the early 

stages of development (Risau and Flamme, 1995, Tsuji-Tamura and Ogawa, 2018). Semi-

permeable vascular endothelial cells form a degree of separation between the blood and 

the smooth muscles of the blood vessel, which are able to undergo vasoconstriction and 

vasodilation in response to specific stimuli (Collin-Osdoby, 1994). Early work on the 

characterisation of endothelial cells suggested that their key role was purely as a barrier 

and described them as ‘nucleated cellophane’ (Florey, 1966). It has since been shown that 

these cells which line our blood vessels are highly dynamic and active in the maintenance 

of health, with many important and complex functions. 

Over the past 40 years, our knowledge on vascular endothelial cells has evolved beyond 

measure. From the tiniest capillaries to the largest organs such as the heart, vascular 

endothelial cells line every artery, vein and capillary in the body (as reviewed by Rajendran 

et al., 2013). In fact, so important that endothelial cells have been referred to as ‘building 

blocks of the nutrient transport network’, a perfect summary of their role (Grosso et al., 

2017). Key functions of vascular endothelial cells include; the regulation of a haemostatic 

balance, leukocyte interaction during inflammation, control of blood clotting and 

coagulation, maintenance of vascular tone and angiogenesis, tissue morphogenesis and 

organ development (Rajendran et al., 2013, Ramasamy, 2017). A good blood supply is also 

vitally required for the transport of oxygen around the body and therefore without 

functioning vascular endothelial cells, there would be hypoxia, cell apoptosis and ultimately 

death (Grosso et al., 2017). 
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The activity and function of vascular endothelial cells is altered by the binding of growth 

factors, lipid transporting particles, metabolites and hormones to receptors which are 

situated on the cell membrane. Endothelial cells have been shown to play an important 

role in the control of blood flow and regulate vasodilation by the release of nitric oxide 

(NO) and prostacyclin (PGI2) and also control vasoconstriction by the release of endothelin 

(ET) and platelet-activating factor (PAF). Not only is vasodilation important in inflammation, 

it can also be initiated by an increase in blood flow, which causes the release of endothelial 

nitric oxide synthase (eNOS) as a result of an up-regulation in shear stress (Cines et al., 

1998).  

Dysfunctional vascular endothelium is a key marker of disease and is associated with the 

onset of a vast range of pathologies, including; cancers (including tumour growth and 

metastasis), stroke, heart disease, diabetes and kidney failure (Rajendran et al., 2013). This 

is often as a result of the presence of free radicals, which can make the endothelium 

become excessively and unselectively permeable, allowing the movement of toxins across 

its cell membrane and negatively influencing the balance of NO (Rubanyi and Vanhoutte, 

1986). 

1.2.2 Angiogenesis 

Angiogenesis occurs after initial blood vessels have been laid down during endochondral 

ossification and is a process in which new vasculature is produced from pre-existing blood 

vessels to make an extensive network, enabling blood flow around the body and within our 

skeletal system (Risau, 1997). Vascular endothelial cells are the main cell type involved in 

the production of these new vessels and in order to do this, they must proliferate, migrate, 

form tubules and finally organise themselves to create a sealed passageway for the flow of 

to specific areas of the body (as reviewed by Portal-Núñez et al., 2012). In bone, 

angiogenesis is the main process by which the complex vascular network is formed to 

enable the transport of oxygen, nutrients, growth factors and hormones to the bone cells 

(reviewed by Tong et al., 2019). 

There are two key forms of angiogenesis; the sprouting of new capillaries from pre-formed 

vessels or splitting of existing vessels to form new capillaries, a process also known as 

intusception. Sprouting and intusception have been known to occur simultaneously in the 
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angiogenesis of organs such as the heart during late organogenesis. At the tip of the sprout, 

there is an elongation of endothelial cells in the direction of neighbouring cells which are 

producers of pro-angiogenic factor VEGF.  Intusception on the other hand, occurs in organs 

such as the lungs in which the vessels have wide channels and a sudden up-regulation of 

endothelial cell proliferation within the lumen prompts the separation of new capillaries 

from pre-existing vessels (Risau, 1997).  

A balanced and closely regulated relationship between angiogenesis and osteogenesis is 

required for optimal bone health, strength and repair (Trueta and Trias, 1961, Trueta and 

Buhr, 1963, Kusumbe et al., 2014b). One of the main inducers of angiogenesis is hypoxia, 

which up-regulates the expression of hypoxia inducible factor-1 (HIF1) and subsequently 

the expression of potent mitogen VEGF by osteoblasts (Cramer et al., 2004). There is 

compelling evidence to suggest that VEGF produced by bone-derived osteoblast cells 

interacts with vascular endothelial cells in a paracrine manner to up-regulate angiogenesis 

and the division of vascular endothelial cells, ensuring that it is tightly coupled with bone 

production (Muller et al., 1997, Breier and Risau, 1996, Gerstenfeld and Einhorn, 2006). A 

recent study has suggested that blood vessels are then able to control cell differentiation, 

growth and tissue regeneration via paracrine signals with neighbouring tissues (Ramasamy 

et al., 2016). Exercise has also proven to initiate angiogenesis in bone, in response to the 

mechanical loading incurred (Matsuzaki et al., 2007). 

Equally, the influence of Angiopoietin in the regulation of angiogenesis must not be 

underestimated, with an identified role in angiogenesis during both osteogenesis and 

fracture healing. Acting in a different way to VEGF, when VEGF is not present Angiopoietin 

2 initiates vessel destabilisation and retraction (Holash et al., 1999). In the presence of 

VEGF however, it has been shown that Angiopoietin 2 up-regulates the migration 

(Witzenbichler et al., 1998) and sprouting (Koblizek et al., 1998) of endothelial cells . 

Notch signalling has proven to be important in the formation of the leading “tip” and 

following “stalk” endothelial cells, which communicate with each other in order for 

angiogenesis to take place (Gerhardt et al., 2003). Following the binding of VEGF to VEGF 

receptor 2 (VEGFR2) on endothelial cells, there is an increase in Notch Delta-like ligand 4 

(DLL4), which subsequently binds to Notch1 receptors on endothelial cells. This in turn acts 

to limit the rate of angiogenesis by reducing the levels of VEGFR2 on these vascular 
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endothelial cells and inhibits disproportionate tip selection, only allowing a leading tip to 

contain the high levels of VEGFR2 required for angiogenesis (Noguera-Troise et al., 2006, 

Claxton and Fruttiger, 2004, Sainson et al., 2005). It is thought that the timing, intensity and 

robustness of these choices is influenced by tetraspanin, which magnifies VEGF signalling 

during endothelial cell tip selection in angiogenesis (Page et al., 2019). 

The role of angiogenesis in fracture healing has been acknowledged for many years (Trueta 

and Trias, 1961, Trueta and Buhr, 1963), but the mechanisms involved have remained 

unclear until more recently. It is now known that the tight coupling between osteogenesis 

and angiogenesis takes place via a positive feedback loop, in which osteoblast cells produce 

growth factors including PDGF and VEGF (Harada et al., 1994, Wang et al., 1996) to 

upregulate  angiogenesis via vascular endothelial cells (Risau, 1997). In turn, vascular 

endothelial cells produce up-regulators of osteogenesis such as BMP-2 and BMP-4, Wnt5a 

and Notch signaling which enhance the proliferation and differentiation of osteoprogenitor 

cells  (as reviewed by Liu and Castillo, 2018, Grosso et al., 2017). Following fracture, 

osteoprogenitor cells and newly formed vessels produced by angiogenesis will enter the 

site of the bone injury together, dependent on each other and work together to drive bone 

regeneration (Hausman et al., 2001, Kurdy et al., 1996). Angiogenesis is known to be 

important in the healing of big bone injuries too, in a process called distraction 

osteogenesis, where osteogenesis must be fully activated in order for bone healing to take 

place. Studies have shown that local injection of endothelial cell progenitor cell exosomes 

into the location of injury accelerated bone regeneration and distraction osteogenesis by 

the upregulation of angiogenesis (Jia et al., 2019). 

The functions of angiogenesis are not all helpful to the body however, as the sprouting of 

new blood vessels is also involved in the progression of cancer. A rich blood supply formed 

by blood vessel sprouting for delivery of oxygen and nutrients provides the perfect 

microenvironment for tumour growth. VEGF as a promotor of angiogenesis plays a large 

role in this process, proven in experimentation using VEGF neutralising antibodies which 

were able to suppress glioma tumour growth (Breier and Risau, 1996). Aggressive tumours 

require high levels of oxygen in order to proliferate and therefore a common characteristic 

of solid tumours is hypoxia (Vaupel et al., 2004), an up-regulator of angiogenesis via the 

combined actions of VEGF and Angiopoietin 2 which initiate the proliferation of vascular 

endothelial cells. New vascular networks unlike those in healthy angiogenesis are 



Chapter 1 

 32 

structurally and functionally abnormal, but nevertheless promote metastases and increase 

the likeliness of resistance to treatment (reviewed by Schito, 2019, Schito and Semenza, 

2016).  

1.2.2.1 Biological effects of VEGF 

VEGF is a major stimulator of vasculogenesis and early studies have shown that receptors 

are located on angioblasts, with adequate levels of growth factor binding required for 

angioblast differentiation to occur (Risau, 1997). VEGF is also a potent mitogen (Muller et 

al., 1997) and its main function is as an inducer of angiogenesis, playing a key role in the 

communication between bone cells and endothelial cells (Risau, 1997). This in turn 

promotes the migration, proliferation and survival of endothelial cells (reviewed by Hoeben 

et al., 2004).  

Overexpression or under expression of VEGF can have serious consequences and a great 

amount of information on the precise functionality of this growth factor has been gained 

by performing knockout studies. It has been shown that a global deletion of VEGF is lethal 

and this has severely limited the progression of our knowledge on the role of VEGF in later 

developmental processes. Studies have shown that even one missing VEGF-A allele causes 

mortality between embryonic day 11 and embryonic day 12. Post-mortem unsurprisingly 

identified that these mice had abnormal vasculature, as well as cardiovascular deformities 

and poorly developed forebrains (Carmeliet et al., 1996, Ferrara et al., 1996). VEGF is 

therefore vital for survival and the development of a healthy blood supply. 

1.2.2.2 Isoforms of VEGF 

VEGF was first recognised as ‘vascular permeability factor’, following its identification in 

tumour cells (Senger et al., 1983). Subsequently, it was Ferrara et al. who characterised 

vascular endothelial growth factor (VEGF) and named it as a result of its observed 

interactions with endothelial cells (Ferrara and Henzel, 1989). VEGF was shown to be 

undistinguishable from vascular permeability factor and it was therefore concluded that 

they were the same (Leung et al., 1989).  

Six subtypes of VEGF make up the VEGF family of homodimers in humans, namely VEGF-A, 

VEGF-B, VEGF-C, VEGF-D, VEGF-E and placenta growth factor (Ferrara et al., 1996, Achen 
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et al., 1998, Jeltsch et al., 1997, McMahon, 2000, Olofsson et al., 1996, Petrova et al., 1999). 

The most commonly recognised subtype of VEGF is VEGF-A, which is arguably the most 

important promotor of blood vessel formation. VEGF-A has five key isoforms which are 121, 

145, 165, 189 and 206 amino acids long in humans. Each one of these isoforms is one amino 

acid less in mice than it is in humans and they are produced as a result of alternative splicing 

of exons 6 and 7 (Park et al., 1993, Poltorak et al., 1997).  

VEGF-A binds to VEGF receptors (VEGFR-1 and VEGFR-2), which are located on vascular 

endothelial cells (Terman et al., 1991, Shibuya et al., 1990). The first isoform of VEGF-A ever 

classified by Ferrara et al. was VEGF165, which was shown to act as a potent mitogen and to 

up-regulate proliferation in vascular endothelial cells (Ferrara and Henzel, 1989). Since, it 

has been discovered that VEGF165 (a 45kDa homodimer) is important for the survival of 

endothelial cells, migration, growth and vascular permeability. It has also been shown to 

play a role in the onset of pathologies, including cancers. VEGF165 has an affinity for heparin 

and is the only isoform to bind both neuropilin-1 and neuropilin-2. VEGF189 and VEGF206 are 

also able to bind to heparin via heparin binding domains and this means that unlike VEGF121 

which is able to move freely, they are confined to the extracellular matrix (Lange et al., 

2003, Bates et al., 2002, Woolard et al., 2004, Cohen et al., 1995, Poltorak et al., 1997).  

The other five VEGF subtypes which make up the VEGF family are not as well documented 

in the literature, but each have specific functions due to their different affinities to each of 

the VEGF receptors. PDGF and VEGF-B bind to VEGFR-1, whereas VEGF-D and VEGF-E bind 

to VEGFR-2 and VEGF-C binds to VEGFR-2 and VEGFR-3 (as reviewed by Holmes and 

Zachary, 2005). Unlike deletion of VEGF-A, ablation of VEGF-B is not lethal but has enabled 

us to discover that VEGF-B has a role as an endothelial mitogen, with a specific function in 

the regulation of blood vessels which supply the heart (Bellomo et al., 2000). VEGF-C can 

be isolated in the ovaries, intestine, thyroid gland, heart and placenta and is often localised 

to sprouting lymphatic vessels (Chen et al., 1999, Li and Eriksson, 2001). It has since been 

shown to promote lymphatic function and therefore has been investigated as a potential 

treatment for inflammatory bowel diseases (D'Alessio et al., 2014). Although not to the 

same extent as VEGF-A, VEGF-D is also involved in the upregulation of angiogenesis and 

also lymphangiogenesis (Rissanen et al., 2003). VEGF-E is encoded in the genome of the Orf 

parapox virus, which is known to stimulate angiogenesis and infect mainly farm animals, 

but occasionally humans. Like other VEGF subtypes, it is therefore important in 
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angiogenesis (Lyttle et al., 1994). Finally, the roles of PDGF appear to be diverse and it is 

known to play an important part in; gastrulation, neural crest development, organogenesis 

(lung and intestine), cell migration, development of the skin, growth of the testes and 

spermatogenesis, maintenance of kidney health, lens development, glial cell development, 

cardiovascular development, haematopoiesis and the onset of some cancers and tumours 

(as reviewed by Andrae et al., 2008).



 

1.2.2.3 VEGF receptors 

VEGF binds to receptor tyrosine kinases; VEGFR-1, VEGFR-2 and VEGFR-3 (Achen et al., 

1998, Joukov et al., 1996, van der Geer et al., 1994, Shibuya, 1995, Terman et al., 1992). 

Despite the fact that the affinity of VEGF-A to VEGFR-1 is 10-fold greater than it is for 

VEGFR-2, interactions with VEGFR-2 are most documented in the literature and it is the key 

receptor involved in the up-regulation of signalling pathways due to its enhanced tyrosine 

kinase activity. VEGFR-1 sequesters VEGF by binding it in competition with VEGFR-2 

(Takahashi and Shibuya, 2005, Olsson et al., 2006). Where VEGFR-1 and VEGFR-2 are both 

expressed purely on vascular endothelial cells, VEGFR-3 can be found on endothelial cells 

in the lymphatic system (Kaipainen et al., 1995). 

Following binding of VEGF to the receptors, homodimerisation initiates tyrosine 

phosphorylation and signal transduction particles gather, which are involved in the 

activation of specific cellular responses to VEGF (reviewed by Stuttfeld and Ballmer-Hofer, 

2009). This includes the regulation of pathways such as the MAP kinase, PI3K, Src and Rac, 

which all rely on the binding of VEGF with its receptor for their activation (Koch and 

Claesson-Welsh, 2012). 

Knockout studies have also improved our understanding of the role of VEGF receptors, 

specifically VEGFR-1 and VEGFR-2. When VEGFR-2 (Flk-1) is deleted, mice do not survive 

past embryonic days 8.5-9.5. These mice have dysfunctions in the differentiation of 

endothelial and hematopoietic stem cells and are therefore unable to live (Shalaby et al., 

1997, Shalaby et al., 1995). A global deletion of VEGFR-1 (Flt-1) impairs the development 

of healthy vasculature (Fong et al., 1995).  
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1.3 Vascular endothelial cells in bone 

1.3.1 Endochondral ossification 

The invasion of blood vessels into the bone cortex is an important part of both 

intramembranous and endochondral ossification (reviewed by Gerber and Ferrara, 2000). 

As previously mentioned, where intramembranous ossification produces new bone 

without an intermediate stage, endochondral ossification is a multi-step process involving 

a cartilage intermediate phase. Endochondral ossification is incredibly important in the 

process of long bone formation and takes place at diaphyseal and epiphyseal ossification 

points (Ortega et al., 2004). If beta-catenin is not activated by the Wnt signalling pathway, 

mesenchymal cells will differentiate into chondrocytes which begin to secrete cartilage 

components for construction of the ECM (Akiyama et al., 2004, Mak et al., 2006, Tamamura 

et al., 2005). This process is called hypertrophy and the chondrocytes grow in size as it takes 

place. Hypertrophic chondrocytes can be found in the epiphyseal growth plate at the end 

of growing long bones and express mRNA for VEGF, which plays a key role in endochondral 

ossification and vascularisation of the cortices, a prerequisite for bone formation (Ferrara 

et al., 2003, Gerber and Ferrara, 2000).  

Early studies by Gerber et al. have shown that blocking VEGF negatively impacts 

endochondral ossification and inhibits mineralisation. Using mFlt(1-3)-IgG to block VEGF in 

24 day old mice, the specific effect of global VEGF silencing on bone growth and blood 

vessel invasion into the cartilage was looked at in further depth. Blocking VEGF showed a 

huge adverse effect on the formation of blood vessels in the growth plate, the expansion 

of hypertrophic chondrocyte zone and also on the development of the trabecular bone as 

a result of the mutation (Gerber et al., 1999a). This is supported by Olsen et al. who show 

that mice that only have the VEGF120 isoform survive but have defects in both the early and 

later stages of vascular invasion into the cartilage, with possible additional adverse effects 

on the maturation of chondrocytes (Zelzer et al., 2002). Increasing evidence suggests 

therefore that not only is VEGF required for the vascularisation of the primary ossification 

centre and the development of bone, it is also essential for the survival of chondrocytes 

(Zelzer et al., 2004).  
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The formation of the cartilage intermediate is an important transition phase as it provides 

a solid platform for bone production. Close communications between these hypertrophic 

chondrocytes and endothelial cells ensures that the processes of vasculogenesis and 

ossification are in synch (Lewinson and Silbermann, 1992). In the jaw, early studies 

identified the next stages of endochondral ossification to be slightly different. Here it is 

thought that there is fusion of hypertrophic chondrocytes and the cells do not die, but once 

the cartilage template is degraded, they are involved in the production of new bone 

(Silbermann and Frommer, 1972). In the long bones, it is thought that chondrocytes 

eventually undergo apoptosis and there is degradation of the transverse septa cartilage 

components directly adjacent to these cells.  This creates space for the invasion of 

osteoclasts, osteoblast precursors, bone marrow cells and blood vessels, all of which are 

essential in bone and bone marrow cavity formation (Mackie et al., 2008, Gibson, 1998). 

Osteoblasts deposit new bone on the cartilage foundations and secrete matrix components 

which include type I collagen. Osteoclasts help to further degrade the avascular cartilage 

and work in parallel with osteoblasts to maintain homeostasis. These osteoclasts have been 

isolated to the ends of branching capillaries and the endothelial cells, therefore they work 

together with osteoblasts to sculpt the bone (Streeten and Brandi, 1990). It has been found 

that endochondral ossification is reliant on the close coupling of angiogenesis and 

osteogenesis by immature (osterix-expressing) osteoblastic precursors (Maes et al., 2010). 

An adequate blood supply to the bones is essential for human survival and therefore the 

replacement of avascular cartilage with blood vessels, osteocytes and bone matrix is a vital 

part of endochondral ossification. Although it has been indicated that the secretion of 

cartilage components by chondrocytes comes prior to the penetration of the vascular 

network into the avascular cartilage (Lewinson and Silbermann, 1992, Gibson, 1998), there 

is conflicting evidence which implies that blood vessels are one of the first structures to be 

laid down in endochondral ossification, before cartilage formation occurs (Dilling et al., 

2010). It has been suggested that during the sprouting of the vasculature towards the 

hypertrophic cartilage, immature osteoblasts will ‘piggy back’ onto the pre-existing vessels, 

with VEGF amongst other factors acting as a migratory signal (Maes et al., 2010). This area 

of uncertainty regarding the precise timing of vascular invasion in bone development would 

prove valuable to clarify in the future as in order to treat diseases that have vascular 
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phenotypes, the mechanisms involved in the development of this network of blood vessels 

must be fully understood. 

1.3.2 Haversian systems 

In 1678, Leeuwenhoek was the first person to identify canals within the bone 

microstructure, using microscopy (Enlow, 1962). However, it was Clopton Havers who then 

went on to describe the structure of these canals in increased detail. This pioneering work 

was famously titled ‘Osteologia nova’ and as a result of his findings, the structures found 

within cortical Haversian systems (osteons) in adult bone are referred to now as Haversian 

canals (figure 1.8) (reviewed by Dempster, 2006).  

Haversian canals are a branched network of lamellae lined canals in which vessels and 

nerve filaments pass through (Currey, 1960). They take up an organised longitudinal row 

formation in the bone and their density is thought to increase with age (Cohen and Harris, 

1958, Tappen, 1977, Stout et al., 1999). In cortical bone, microscopy has shown that these 

lamellae form concentric circles around the blood vessel. Branching is regulated by the 

presence of transverse Volkmann’s arteries, which are much shorter vessels that connect 

Haversian arteries to the periosteal arteries and ensure adequate blood flow to the outside 

of the human skeleton (Ramasamy, 2017, Kim et al., 2015). Regional differences in this 

branching have been identified, with large and branched Haversian canals in the endosteal 

region and small and linear Haversian canals with increased lamellae in the periosteal 

region (Kim et al., 2015). The average global diameter of a Haversian canal in females is 

approximately 0.055mm, however occasionally ‘giant’ canals are identified in the bone 

cortex with a much larger diameter of over 0.385mm. The density of these canals in the 

anterior region is proven to be increased two fold in human fracture subjects, suggesting 

that their presence increases the likelihood of a fragility fracture and therefore has a 

negative impact on bone integrity (Bell et al., 1999). 

In addition to the primary blood vessel canals laid down during bone development when 

bone is rapidly growing, secondary canals which can be found within Haversian canals are 

produced during bone turnover in large adult vertebrates such as humans (Frost, 1963). 

These secondary Haversian systems are formed when bone is resorbed and replaced by 

new lamellae in response to previously described stimuli in the process of remodelling 
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(Enlow, 1962). In contrast to primary canals where there are no amorphous cement lines 

bordering the osteon and lamellae runs smoothly with the bone surface to encase the 

blood vessel canals before branching, secondary Haversian systems have a tight circular 

formation, with osteocytes and resorption lacunae embedded amongst the lamellae. The 

canaliculi present on the surface of osteocytes within lacunae enables communications 

through the dense cortical bone, between osteocytes and Haversian canals. Separation of 

the Haversian system with the rest of the bone is established as a result of cement lines 

(Martiniaková  et al., 2007 ). 

The porous nature of our bones subsequently enables them to be vascularised, unlike 

cartilage which is completely avascular (reviewed by Marenzana and Arnett, 2013). 

Contrasting  humans, smaller vertebrates such as mice have a complex network of blood 

vessels canals, but have no Haversian canals and bones do not undergo secondary 

modelling (Cooper et al., 2016). Rats have been used as a model for structural 

characterisation of Haversian canals in the past, however the presence of secondary 

Haversian system remodelling in these vertebrates remains debated in the literature. 

Although Haversian systems show to be existent in Wistar rats, historical studies using the 

white rat have shown that the presence of osteons is much rarer than in larger organisms 

such as rabbits, dogs and monkeys (Kim et al., 2015, Duranova et al., 2014). Regardless of 

the size of the animal however, a complex network of vasculature will still exist (Enlow, 

1962).  

The reasoning behind this lack of Haversian canals in small rodents is unclear, however it 

could be hypothesised that this is due to the fact that rodents have a much lower cortical 

thickness in comparison to larger vertebrates and therefore diffusion distances to the 

nearest tissue are much lower. In wild type mice, the average thickness of the cortical bone 

diaphysis is 0.21mm, however this increases with the size of the vertebrate and has been 

shown to be 0.38mm in dogs, which is nearly doubled (Bagi et al., 2011). The density of 

osteocyte lacunae in relation to the distance from a Haversian canal in humans also as 

much as doubles when you compare numbers in close proximity to those further away, 

suggesting that higher numbers are required in the absence of a close Haversian canal 

(Hannah et al., 2010). Therefore, perhaps smaller rodents such as mice are able to 

compensate for the lack of Haversian systems using their intricate organisation of blood 

vessel canals and osteocyte lacunae, as well as shorter diffusion distances. The answer 
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remains un-investigated, however mice are commonly used as model animals for 

investigations into the vasculature nevertheless due to the physiology and mechanism of 

action by which their vessels work being otherwise directly comparable to humans. 

 

 

Figure 1.8: Typical bone morphology highlighting the vascular structures embedded 

within the bone mineral and Haversian canals. Osteons are made of layers of lamellae 

which have lacunae in which Haversian canals and Volkmann’s canals pass through. The 

microenvironment within the bone shown here is essential for the maintenance of bone 

health (Tortora and Derrickson, 2014).  

1.3.3 Circulation 

10% of our cardiac output is delivered to the bones via these blood vessels that are housed 

within canals (reviewed by Marenzana and Arnett, 2013). Throughout the vertebrate 

skeleton a good blood supply is vital for the transportation of osteoclast and osteoblast 

progenitor stem cells and calcium which are key components in bone mineralisation, as 

well as the movement of oxygen, nutrients, regulatory growth factors and cytokines. A 

healthy vascular network within bone is also required for removal of metabolic waste 
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products which includes carbon dioxide and acid (Ray et al., 1967, Gross et al., 1979). The 

local microenvironment that surrounds the blood vessel defines it within the skeletal 

system and therefore, it is possible to have blood vessel heterogeneity in one organ alone, 

where blood vessels have distinct properties and ‘niches’ (Itkin et al., 2016).  

From as early as 1953 where surgeons gave an insight into the organisation of vasculature 

within the femoral head, vasculature within bone was shown to be essential for human 

survival (Trueta and Harrison, 1953). One of the earliest papers written about the blood 

supply in the tibiofibular junction, described how the anterior tibial and inferior medial 

genicular arteries branch out to form the periosteal network in the rabbit. It detailed how 

the principal nutrient artery runs within the tibia and is formed from the anterior tibial 

artery. From the nutrient artery, the blood is moved to the small irregular shaped blood 

vessels that make up the bone marrow, before branching out into the cortical vasculature 

within the bone cortex (Brookes and Harrison, 1957, Brookes, 1963). In the past 60 years 

our knowledge has been expanded to give us a much more in depth understanding of the 

complex network of blood vessels that exist within our bones. Most recently, data has been 

published which describes the presence of small trans-cortical vessels which originate in 

the bone marrow within both murine and human long bones. They are thought to act as 

channels for 80% of the arterial blood supply and therefore play an important role in 

maintaining the key functions of bone vasculature (Grüneboom et al., 2019). 

There has shown to be a reduction in the blood supply to our bones in degenerative bone 

diseases, with a recent study showing that in comparison to pre-menopausal women, post-

menopausal osteoporotic women have significantly less CD31 positive Endomucinhi vessels 

(Zhu et al., 2019, Wang et al., 2017). The decrease in blood flow and therefore osteogenesis 

during both ageing and disease has been associated with a reduction in Notch signalling by 

bone endothelial cells (Ramasamy et al., 2016). 

1.3.4 VEGF in bone 

Although we already knew about the angiogenic properties of VEGF, prior to 1994 the 

origin of this growth factor was unknown. In 1994 for the first time, scientists were able to 

trace the expression of VEGF mRNA to adult rat tibia bone tissue and osteoblast cells 

derived from rat calvaria (Harada et al., 1994). Osteoblast cells are the major producers of 
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VEGF, which plays a pivotal role in bone development (Wang et al., 1996) and is closely 

involved with the coupling of osteogenesis and angiogenesis  (Muller et al., 1997, Breier 

and Risau, 1996, Gerstenfeld and Einhorn, 2006). Osteoblasts produce VEGF in response to 

mechanical strain, hypoxia, oestrogen, insulin-like growth factor, prostaglandins, TGF-β, 

FGF-2 and 1,25-dihydroxyvitamin D3 (figure 1.9) (Spector et al., 2001, Lin et al., 2004, Wang 

et al., 1996, Harada et al., 1994, Kodama et al., 2004). In early studies it was shown that the 

expression and production of VEGF by osteoblast cells was rapidly induced by PGE2 

specifically, which is a known up-regulator of osteogenesis (Harada et al., 1994). One of the 

key environmental inducers of VEGF and angiogenesis is hypoxia, which causes raised levels 

of HIF-1 as a survival mechanism. Transcription of several genes that play a part in 

angiogenesis and glycolysis is activated during hypoxia, the most notable being VEGF (Lin 

et al., 2004) and there is compelling evidence to suggest that HIF-1α must be present in 

osteoblast cells in order for sufficient angiogenesis to take place (Wan et al., 2008).  

Much of the current information that we have regarding the functions, properties and 

expression of VEGF in bone has been understood as a result of different knockout studies 

that have been performed. The premature death of these mice following a global deletion 

of Vegf has meant that studying the effect of a Vegf deletion on skeletal development has 

been incredibly challenging prior to the emergence of studies in which Vegf is conditionally 

deleted in specific cell types (Ferrara et al., 1996). In one of the preliminary Vegf knockout 

studies, partial disruption of VEGF signalling was achieved using inducible Cre-loxP, where 

Vegf was deleted in Cre positive cells following intraperitoneal injection of IFN-α at 

postnatal day 3, 5 and 7, resulting in a total or partial Vegf knockout in the liver, spleen, 

heart, thymus, kidney, brain, skeletal muscle and bone marrow. The result was an increased 

death rate and compromised growth in new born mice. When VEGF was almost completely 

silenced on a global scale with mFlt(1-3)-IgG VEGF receptor protein, the effects were much 

more profound and in the majority of cases caused mortality and a large reduction in the 

size of the liver, kidneys and heart in particular (Gerber et al., 1999a).  The limitations of 

knockouts in which VEGF signalling is disrupted in multiple cell types are apparent and 

therefore in order to understand the precise effect of VEGF on bone health, strength and 

repair it was clear that VEGF deletion must be targeted to more specific cell types.  

To find out more about the expression and functionality of VEGF, experiments have been 

undertaken by Olsen et al. using Cre-Lox mice to perform an osteoblast specific deletion of 
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VEGF. The conditional knockout of VEGF in osteoblast cells does not cause mortality and as 

a result, in this study it was possible to look at older mice than those used previously 

following a global knockout. Results have shown that osteoblast differentiation is 

decreased and adipocyte differentiation is increased when VEGF is knocked out specifically 

in osteoblastic bone cells using an Osx-Cre specific promotor. It was found that intracrine 

pathways are involved in the maintaining the equilibrium between osteogenesis and 

angiogenesis, with conditional deletion of VEGF causing a reduction in bone mass similar 

to the phenotype seen in people with osteoporosis (Liu et al., 2012).  

As well as its known role in the regulation of osteogenesis and angiogenesis, VEGF is also 

important in endochondral bone formation during early development. It has been 

identified that chondrocytes are able to produce VEGF, which is heavily involved in the 

vascularisation of the avascular cartilage (Gerber et al., 1999b). Knockout studies using a 

mouse model in which VEGF120 (VEGF121 in humans) is silenced have highlighted this isoform 

specifically as having an important role in this regulation of endochondral ossification, 

specifically in the regulation of chondrocyte and osteoblastic activity (Zelzer et al., 2002). 

From early development and throughout life, VEGF controls the tight balance between the 

production and breakdown of bone. In elderly women however, levels of oestrogen are 

greatly reduced as a result of the menopause. The effect of this reduction in oestrogen on 

the levels and activity of VEGF has been studied by using an ovariectomised Gottingen 

miniature pig animal model. Fifteen months after removal of the ovaries, vertebral 

concentrations of VEGF were 27% lower than levels seen in control pigs. Oestrogen is 

therefore involved in the regulation of bone strength, by controlling levels of VEGF by using 

paracrine signalling paths (Pufe et al., 2007).  

In bone, VEGF has also been implemented in fracture healing and following a conditional 

osteoblast-specific VEGF knockout, the replacement of the initial cartilage filled callus 

structure with bone was inhibited. This is an important transition stage in bone healing and 

gives us an insight into what may be malfunctioning during the fracture healing of 

osteoporotic bones in humans, which have comparable physiology and genes to mice (Hu 

and Olsen, 2016).  
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Figure 1.9: Osteoblasts (OBs) produce vascular endothelial growth factor (VEGF) in 

response to many different stimuli. This includes hypoxia, oestrogen, transforming growth 

factor beta (TGFβ), prostaglandin E2 (PGE2), mechanical strain and insulin-like growth 

factor (IGF). VEGF binds to VEGF receptors commonly found on endothelial cells (ECs). This 

in turn, will induce angiogenesis.  
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1.3.4.1 Signal transduction 

To further improve our understanding of VEGF and its role in healthy and diseased humans, 

knowledge on the pathways in which VEGF signals is vital. Evidence suggests that VEGF 

interacts with osteoblast cells both directly; using intracrine and autocrine signalling and 

indirectly using paracrine signalling methods. This is a subject area that requires further 

research and clarity. Contradictions that exist in the literature may be due to the fact that 

VEGF producing cells of different ages and maturity are being used for experiments, or that 

cells from different origins are being used, altering the expression of VEGF receptors.  

Intracrine signalling is where signalling molecules have a direct effect within the cells that 

produced them and is in affect an internal autocrine signalling pathway. It therefore does 

not involve or require interactions with receptors on the surface of the cell. Recently, 

intracrine VEGF signalling has been shown to control the balance between the 

differentiation of adipocytes and osteoblasts (Liu et al., 2012). Intracellularly, VEGF works 

in tandem with Lamin A and they both interact with their respective transcription factors 

RUNX2 and PPARγ to maintain the homeostasis of osteoblast and adipocyte differentiation 

(Berendsen and Olsen, 2014).   

It has been suggested that the maintenance of homeostasis in blood vessels is controlled 

by internal autocrine signalling. This has been shown using a specific intracellular VEGF 

knockout in endothelial cells. Here, extracellular levels of the ligand are unaffected, but 

there is mortality in 65% of mice as a result of cardiac complications. The intracrine role of 

VEGF has been confirmed by the fact that only membrane soluble VEGF antagonists are 

able to have any kind of effect. Although endothelial cell viability is heavily implicated, 

angiogenesis is seemingly unaffected by this intracellular silencing of VEGF (Lee et al., 

2007). This therefore suggests that perhaps cell viability and angiogenesis in endothelial 

cells are regulated by two distinct pathways. The fact that angiogenesis is taking place still 

despite the deletion of intracellular VEGF supports a paracrine pathway for the 

maintenance of angiogenesis. 

VEGF is also proven to signal via these internal autocrine pathways in the regulation of 

haematopoietic stem cell (HSC) survival. Following deletion of VEGF from haematopoietic 

HSCs, HSC viability, differentiation and colony formation is decreased. Using an inhibitor to 
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bind to extracellular VEGF had no effect on the survival of HSCs, suggesting that it is internal 

VEGF which is involved in the control of HSC viability (Gerber et al., 2002).  

Autocrine signalling is another way in which molecules signal directly to the cells that 

produce them and involves the secretion of a ligand, which subsequently binds to receptors 

on the cell that produced it to induce an effect. The localisation of VEGF receptors to 

specific cell types is debated in the literature, but clarification could help us to determine 

the signalling pathways involved in osteogenesis. Previous studies in our lab and by other 

groups have suggested that osteoblasts do not have the VEGF receptors on their cell 

surface needed to engage in autocrine signalling and therefore signal with other cell types 

such as endothelial cells via paracrine signalling pathways (Clarkin et al., 2008a). In contrast 

however, other studies have implied that osteoblasts do have VEGF receptors on their 

surface and they are able to directly regulate their own function (Hu and Olsen, 2016). 

Further evidence shows that not only do endothelial cells produce VEGF, they also have 

VEGFR1 receptors on the abluminal side of their structure and VEGFR2 receptors on the 

luminal side (Stefanini et al., 2009). Although VEGF positive feedback loops in endothelial 

cells have shown to have important purposes in maintaining health, overstimulation of 

these pathways have been linked to haemangioma tumours and therefore can be very 

dangerous (Hamlat et al., 2005, Lee et al., 2007). 

Historically, VEGF has primarily been considered to be a protein which uses paracrine 

signalling to indirectly regulate vasculogenesis and angiogenesis (Carmeliet et al., 1996, 

Wang et al., 2007). Preliminary studies suggested that VEGF was able to influence the 

function of other cell types, namely endothelial cells (Berse et al., 1992). In as early as 1994, 

paracrine signalling pathways were linked to the regulation of healthy angiogenesis 

(Harada et al., 1994). Parenchymal cells synthesise VEGF, which interacts with receptors on 

endothelial cells by paracrine signalling to enable the ligand to regulate these functions in 

vivo (Fong et al., 1995). A study using primary human osteoblast cells showed that crosstalk 

between osteoblasts and endothelial cells used VEGF paracrine signalling, rather than 

autocrine signalling to promote osteogenesis. It has been shown that VEGF only affects 

osteoblast differentiation when there is a co-culture of osteoblasts and endothelial cells 

and therefore VEGF signals in a paracrine manner during osteogenesis. The data suggests 
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that VEGF produced by osteoblasts in response to environmental cues, does not act directly 

on osteoblast cells in autocrine signalling pathways (Clarkin et al., 2008a).  

Paracrine signalling has also been shown to be of high importance in bone healing due to 

the fact that VEGF functions as an osteogenic growth factor, plays a key role in angiogenesis 

and acts as a pro-inflammatory signalling molecule. Here, VEGF controls osteoblast activity 

by facilitating paracrine interactions between osteoblasts, endothelial cells and 

haematopoietic cells. Deletion of VEGFR2 in osteoblast cells upregulated the mineralization 

and maturation of cells of the osteoblast lineage, providing evidence towards the utilisation 

of this paracrine signalling pathway during fracture repair. This suggests that osteoblastic-

VEGF does not bind to VEGF receptors on the osteoblast cell surface its function in bone 

healing (Hu and Olsen, 2016). The diverse range of cells that produce VEGF provides further 

evidence for VEGF paracrine interactions, which involve a vast array of different target cells 

throughout the body to induce a more global effect (Sison et al., 2010, Dias et al., 2001).  

VEGF synthesised by bone mesenchymal stem cells (BMSCs) has been shown to 

communicate using paracrine signalling pathways to regulate osteoclast differentiation (Liu 

et al., 2012). VEGF has also been found to play a paracrine role in osteoclast development 

(Niida et al., 1999, Niida et al., 2005). Chondrocyte VEGF is shown to regulate the migration 

of osteoclasts to the area surrounding the growth plate, which is important in the process 

of ossification (Zelzer et al., 2004). During development, VEGF therefore is able to stimulate 

osteoclast activity by regulating the movement of these destruction cells via paracrine 

signalling pathways and as a result influence angiogenesis, ossification and remodelling 

(Engsig et al., 2000). 

1.3.5 Endothelial subtypes 

The molecular, morphological and functional differences in the endothelium of skeletal 

capillaries results in the classification of two subtypes of blood vessel; type H and type L 

(Kusumbe et al., 2014b). Type H vessels are characterised by the expression of high levels 

of CD31 and are mainly found in growing regions of the long bones between the growth 

plate and the endosteum (Liu and Castillo, 2018, Ramasamy, 2017). Type H vessels are 

adjoined to each other via their distal end and align in a columnar formation (Sivaraj and 

Adams, 2016). These vessels have been shown to give out specific signals to 
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osteoprogenitors that are found in close proximity to the bone vasculature, controlling the 

growth of nearby vessels and ensuring that the process of angiogenesis and osteogenesis 

is tightly coupled. To ensure this tight-coupling, an adequate blood flow to type H capillaries 

is essential (Ramasamy et al., 2016, Kusumbe et al., 2014b). In ageing and in certain 

diseases such as osteoporosis, it has been shown that blood vessels within bone are of 

poorer quality and this is associated with an increase in porosity (Marenzana and Arnett, 

2013). There is a reduction in type H vascular endothelial cells specifically and this is directly 

correlated with reduced levels of osteoprogenitor cells. This compromises the coupling 

between osteogenesis and angiogenesis (Liu and Castillo, 2018, Kusumbe et al., 2014b). 

Conversely, type L blood vessels are found within the bone marrow space. Unlike type H 

vessels, they are multidirectional and form a branched capillary network which interacts 

with the central vein, but not arteries (figure 1.10). This means that the part of the bone in 

which they reside is particularly hypoxic (Sivaraj and Adams, 2016). 

 

 

Figure 1.10: Identification of type columnar type H vessels (CD31hi) and branched type L 

vessels (CD31lo) blood vessels within compact bone. Type H and L vessels are visually 

divergent. Figure taken from paper by Sivaraj et al (Sivaraj and Adams, 2016).  

 

   

Type H Type L 



Chapter 1 

49 

1.3.6 Studying the vasculature in bone 

The intricate study of the blood vessels within calcified tissue has proved problematic for 

decades, due to the fact that the vessels are encased within the hard bone mineral and are 

therefore not visible to the human eye and cannot be visualised by x-ray, or low-resolution 

micro-CT. Histology and immunohistochemistry is also a delicate procedure as vessel 

lumens are especially thin. Often these procedures will require bones to be decalcified, 

which can be an aggressive treatment for the bone and its intracortical canals, resulting in 

the loss of vasculature. Due to improvements in analysis techniques and micro-CT scanning 

resolutions however, there have been significant advances in the characterisation of 

vessels within bone.  

Until recent years, the resolution of micro-CT scans has not been high enough to perform 

in-depth analyses of changes in cortical porosity by separating the osteocyte lacunae from 

the blood vessel canals in both aged bones and disease models (figure 1.11). This has 

hampered our understanding of bone pathologies considerably. Bone vasculature is deeply 

embedded within calcified tissue, which has made the imaging of the blood vessel canals 

which penetrate the bone matrix somewhat challenging. 

Experiments in which the measurements of osteocyte lacunae and blood vessel canals were 

actively compared when scanning the same bone at two different resolutions of 1µm 

versus 4µm voxel size have shown that volumetric measurements were underestimated in 

the case of canals, or not detected in the case of lacunae, at the resolution of 4µm. It has 

been suggested that a resolution of at least 1-2µm is required for the accurate analysis of 

blood vessel canals and an even higher resolution of 1µm or greater needed for the 

interrogation of smaller osteocyte lacunae (Palacio-Mancheno et al., 2014).  A scan of this 

resolution using a desktop scanner would take 8 hours to image one bone, proving costly 

and making it difficult to achieve high enough n numbers within an acceptable time scale. 

A scan of a comparable spatial resolution at a synchrotron light source (SR-CT) would take 

just minutes, enabling the scanning of whole data sets within 24 hours and therefore the 

use of synchrotron scanning is being increasingly favoured. 

The first experiments which enabled the visualisation of vasculature within their 

intracortical canals using a desktop micro-CT scanner were facilitated by perfusing the 

blood vessels with an x-ray absorbing contrast agent, typically barium sulphate (Schneider 
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et al., 2009b, Fei et al., 2010, Roche et al., 2012). Not only did perfusion with barium 

sulphate enable quantification of the vasculature, it made the vessels visible to the human 

eye (Schneider et al., 2009b). One downside however, is that we do not know the exact 

effect of these contrast agents on the vasculature and there is the risk that vessels can be 

distorted following treatment. Due to advances in technology and SR-CT scanning 

capabilities, a study carried out in our lab using phase-contrast enhanced tomography has 

shown that for the first time it is now possible to visualise vessels within blood vessel canals 

without the use of a contrast agent such as barium sulphate. Using different voxel sizes as 

a form of comparison it was shown that at the lowest resolution of 1.3µm, vessels were 

not visible within the canals. A resolution of 0.65µm enabled the identification of larger 

vessels, however a much higher resolution of 0.325µm was required to image the much 

smaller intracortical capillaries within the tough bone mineral matrix (Núñez et al., 2017). 

This research marks huge advances in the imaging capabilities of bone, especially seeing as 

the 3D separation of blood vessel canals from osteocyte lacunae is still a relatively novel 

concept in the study of degenerative bone disease. 

With a SR (or desktop) scanning resolution of ≤1µm, it has been possible to extract a 

negative imprint of calcified tissue and produce an accurate a cast of the blood vessel canals 

and osteocyte lacunae within bone (Núñez et al., 2018, Schneider et al., 2007b). This is a 

technique which is emerging as highly valuable for the analysis of both aging animal models 

and transgenic models of disease (Mosey et al., 2017, Núñez et al., 2018, Boyde et al., 2017, 

Goring et al., 2019). At times however, the close proximity of the blood vessel canals to the 

osteocyte lacunae in bones with extreme vascular phenotypes has raised challenges in the 

separation of canals from lacunae. This is a caveat which must be overcome in order to 

investigate the vasculature using micro-CT in more detail.  
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Figure 1.11: Interrogation of blood vessel canals within cortical bone by using high-

resolution, synchrotron based micro-CT. With a micro-CT resolution of 1.3µm (left image), 

it is possible separate and quantify blood vessel canals within cortical bone. It has also been 

identified that it is possible to visualise blood vessels (right image) within these canals at a 

synchrotron resolution of 0.325µm (Núñez et al., 2017).  

 

In vitro, the study of bone endothelial cells is equally as challenging due to the difficulties 

in isolating primary endothelial cells from bone. Where the isolation of primary osteoblast 

cells from bone has been well characterised (Taylor et al., 2014), the extraction of 

endothelial cells from bone has proven more difficult and therefore bone marrow 

endothelial cells get used frequently for in vitro experimentation as a substitute (Liu et al., 

2014, Masek and Sweetenham, 1994). 
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1.4 Sexual dimorphism 

1.4.1 Development 

Sexual dimorphism is defined by the occurrence of inherent differences between males and 

females within a singular species. It is undeniable that sex hormones must play a 

considerable role in the expression of phenotypic divergences between males and females, 

however it is also evident from the literature that other factors may influence any 

differences observed. One of these contributing factors which plays a role from the early 

stages of blastocyst formation is genetics. Sex differences in the gene expression of 

thousands of genes present in the bovine blastocyst have been identified, before the 

presence of sex hormones and the development of the ovaries or testes (Bermejo-Alvarez 

et al., 2010). Subsequent studies using bovines have identified the precise timing for the 

onset of these sex differences in gene expression, suggesting that the onset of differential 

genetic expression occurs during the morula-blastocyst transition at 144 hours post-

fertilisation and that this is influenced by apoptosis (Oliveira et al., 2016). In the first 

trimester of pregnancy, additional divergences in the transcriptome of the placenta have 

been identified between males and females (Gonzalez et al., 2018). Sex hormone 

independent dimorphisms between males and females have also been identified in somatic 

cells and these differences are said to be regulated by sex chromosomes (Callewaert et al., 

2009). 

In males (XY), genes located on the Y chromosome will be present and in females (XX) genes 

located on the X chromosome will be present, with the expression of these X-linked genes 

in males and females dependent on quantity of X chromosomes and the influence of 

parental genetics. During the sixth week of gestation, the SRY gene on the male Y 

chromosome is involved in the differentiation of the male gonads, which are 

undifferentiated prior to this (Jost, 1953 , Larsen, 2003). Historically, it was found that SRY 

on a 14kb genomic fragment was able to initiate the formation of the testes in an otherwise 

female embryo and this experiment has helped to further characterise the function of this 

SRY gene in embryo development (Koopman et al., 1991). By the eighth week of gestation 

in males, the Leydig cells are able to produce testosterone and this is upregulated between 

pre-natal week 10 and week 20 (Lipsett et al., 1966, Larsen, 2003, Smail et al., 1981). By 
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week 24 of gestation testosterone levels are low once more and they remain low until 

puberty (Hayward, 2003). 

Following fertilisation, if high levels of testosterone are not present at week six of embryo 

development, females are formed as the default sex. In females however, the ovaries are 

not differentiated until the seventh week of gestation and the levels of oestrogen remain 

low for most of development (Larsen, 2003). Experiments performed using a female pig 

model have found that low and almost undetectable levels of oestrogen were present in 

the blastocyst (Ying et al., 2000). It is well characterised that prior to puberty, the levels of 

female sex hormones in the body remains low. It has been shown in studies which look at 

human females that from 30 months prior to puberty to 6 months post-puberty, levels of 

oestrogen steroid hormone oestradiol increase by over four-fold (Biro et al., 2014).  

In humans, the average age for the onset of puberty is 11 in females and 12 in males. During 

this phase, hypothalamus-pituitary feedback loops using the gonadotropins luteinizing 

hormone and follicle stimulating hormone activate the maturation of the ovaries and 

testes, which begin to produce oestrogen and testosterone respectively (Blakemore et al., 

2010, Laurent et al., 2014). Although the biological processes and enzymes responsible for 

reaching sexual maturity are comparable between species such as humans and mice, the 

onset of puberty is species-dependent, with mice reaching sexual maturity at 8.5 to 9 weeks 

of age (Drickamer, 1981).  

1.4.2 Vasculature 

Although not extensively investigated in the literature, sexual dimorphisms have been 

recognised in blood flow, endothelial cell function and cardiovascular function. It has been 

identified that basal levels of hand blood flow, finger blood flow and skin perfusion are 

significantly higher in men than in women (Cooke et al., 1990). It is also known that females 

have higher levels of vasodilation and a lesser fight or flight response in comparison to 

males. As well as this, females have been shown to have a reduced resting blood pressure 

and lower systolic blood pressure during intense exercise. This is thought to be due to 

different mechanisms controlling the balance of cardiac output and blood pressure 

between sexes. With age, there is a gradual reduction in heart rate and this is shown to be 

much more steady in females when comparing them with their male counterparts 

(Wheatley et al., 2014).  
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Further studies have been carried out in an attempt to explain these differences observed 

in vasodilation. In response to shear stress, mediators are released from endothelial cells 

to initiate vasodilation. Following the deletion of eNOS, it has been shown that males and 

females show divergence in the mediators which are produced to initiate flow-induced 

vasodilation. Ordinarily one of these mediators would be NO, however with a depletion of 

NO, males and females are able to compensate in a sex-specific manner. Where males will 

subsequently release prostaglandins in response to shear stress, females release 

endothelium-derived hyperpolarizing factor. Both of these factors cause relaxation and 

dilation of the vasculature (Sun et al., 1999, Wu et al., 2001, Huang et al., 2001a). This 

dimorphism is thought to be regulated by the difference in sex hormones in males and 

females, with oestrogen promoting the expression of endothelium-derived hyperpolarising 

factor and ovariectomised mice using prostaglandins to promote vasodilation in response 

to shear stress (Huang et al., 2001b).  

Phosphodiesterases (PDEs) are involved in the breakdown of cyclic adenosine 

monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) which are 

important in in the maintenance of blood vessels as a barrier. Intrinsic variances in levels 

of PDE1A and PDE3B mRNA are present in males and females and therefore silencing of 

PDE3 causes a dimorphic effect on vascular endothelial cells in their role as a barrier. 

Microvessel permeability is shown to be lower in male versus female veins and arteries as 

a result of these sex differences (Wang et al., 2010). 

In terms of pathologies, it has been identified that males are more prone to increased 

severity pulmonary vascular disease than females, despite the fact that pulmonary 

hypertension is more common in females. In attempt to explain this phenomenon, 

differences in the control of vascular tone in males and females have been investigated. It 

has been shown that silencing of NOS results in inhibition of PDE5, which in turn 

upregulates vasodilation to a greater extent in females than males (de Wijs-Meijler et al., 

2017). Coronary heart disease (CHD) is also a major cause of death in post-menopausal 

women in particular and they suffer from it up to 10 years later than males. This is 

particularly severe in females with diabetes, where there is a 50% greater likelihood of 

suffering from CHD due to narrowed vessels and increased activity of inflammatory factors 

in the construction of atherosclerosis plaques (reviewed by Maas and Appelman, 2010). 
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In the context of bone specifically, very few sex differences in intracortical canals have been 

identified and documented. This could be due to the fact that studies rarely look at both 

males and females, or because few differences exist. It has been shown however, that 

females have bigger Haversian canals and males have thicker osteon walls (Havill et al., 

2013). The exact mechanism behind this has not been deciphered, however it highlights 

the importance of looking at both males and females when interrogating bone and vascular 

phenotypes.  

1.4.3 Bone 

There are several existing skeletal sexual dimorphisms which come as no surprise, due to 

the child bearing capabilities of women and the differential expression of sex hormones 

during and after puberty. The skeletal architecture of women has evolved to ensure that 

they have larger pelvises in comparison to men; notably the posterior space, angulation of 

sacrum, biischial breadth and subpubic angle are most divergent (Tague, 1992).  

Conversely, during healthy bone development changes in bone geometry are more 

pronounced in males in comparison to females (Hu and Olsen, 2016, Kusumbe et al., 2014a, 

Costa et al., 2009, Martin, 2002). Males produce a larger skeleton which is thought to 

protect them from fracture in later life (Seeman, 2001, Martin, 2002, Seeman, 2002, 

Callewaert et al., 2010a). On average, men are characteristically taller than women as a 

result of the differential influence of oestrogen and testosterone on longitudinal bone 

growth at the growth plate. Oestrogen is known to initiate the closing of the growth plate 

cartilage, a process which occurs later in men (Joakimsen et al., 1998, Meyer et al., 1993, 

Perry et al., 2008). Men have longer, thicker bones with a higher bone mass and it has been 

suggested by a study undertaken in Norway that height is a contributing factor to an 

increased fracture risk (Joakimsen et al., 1998).  

Furthermore, it has been proposed in this study that weight gain has shown to seemingly 

protect males from hip fractures and females from fractures of the leg (Joakimsen et al., 

1998, Meyer et al., 1993), observations which perhaps require further investigation. Due 

to high levels of periosteal expansion, men have wider bones than females relative to bone 

length and unlike in females, the cortical bone continues to grow into middle age (Laurent 

et al., 2019). Healthy men in their 20s and 30s have been shown to have higher % cortical 
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porosity in comparison to females, a difference which was negated in subjects over 50 

(Burghardt et al., 2010).  

In mice, peak bone growth is identified when mice are between 3 to 5 weeks old and it is 

said to be 40% higher in males, when compared to females of matching ages. This has been 

linked to up-regulation of Igf-1 in male mice. In comparison to males, in early puberty 

oestrogen prevents bone growth, confirmed by ovariectomy which up-regulated the 

accumulation of new bone during early puberty. Igf-1 has been shown to work 

independently to sex hormones here and this has been confirmed by removal of the gonads 

in these studies (Callewaert et al., 2009). Therefore, although sex hormones are clearly 

playing a role during male and female skeletal development in this mouse model, it is 

possible that other factors such as Igf-1 are acting independently to these hormones in 

regulating the expression of dimorphic bone phenotypes.  

Using human cadaveric bones, direct comparison of bone strength in males and female at 

areas of equal stiffness have shown that the proximal femur in males was 158% stronger 

versus females, with a de-coupling of strength and stiffness which could potentially be 

attributed to sexual divergence in porosity measures (Patton et al., 2019). It is possible that 

sexual divergences in the structure and geometry of bone are influenced by a combination 

of hormonal, genetic, biological or environmental factors and thus experiments which look 

at both males and females in order to define the mechanisms behind observed sex-

dependent differences in aging or disease are hugely valuable. 

1.4.4 Bone pathologies 

There is a recognised difference in age-related fracture risk between men and women, 

which has been associated with dimorphisms in the regulation of bone growth and 

development that males and females are subjected to post-puberty (figure 1.12). Prior to 

the menopause in females, the UK fracture incident rate is higher in males (200 per 10,000) 

than females (40 per 10,000) between the ages of 15 and 24. In post-menopausal women 

and in the aged population, these statistics are altered, with 22% more females than males 

suffering from a fracture over the age of 85 (Donaldson et al., 1990). This study has been 

supported by subsequent analysis in different regions of the UK (Johansen et al., 1997). In 

females there is an increase in bone remodelling over the age of 50 due to a loss of 

oestrogen during menopause, whereas in males testosterone levels remain static for longer 
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and gradually decline later in life (Lindsay, 1982, Lindsay, 1987, Balasch, 2003, Riggs and 

Melton, 1995).  

It has been shown that removal of the ovaries in female primates induces a decline in the 

bone mass density (BMD) and bone mass of the trabecular bone (Iwamoto et al., 2009). 

Following an orchidectomy in male rats, bone formation is shown to be decreased and bone 

resorption upregulated, albeit mildly (Danielsen et al., 1992). In another study, BMD has 

also been found to be reduced in rats following orchidectomy (Ryu et al., 2015). The lack 

of comparisons between male and female animals of comparative ages and species makes 

it hard to make comparisons between both sexes, however it is clear from the literature 

that sex hormones do have an influence on the quantity and quality of both trabecular and 

cortical bone. The extent to which sexual dimorphisms in bone integrity and structure are 

controlled by hormones and other factors such as genetics or environmental influences 

remains unclear due to the small number of studies in which males and females are actively 

compared. 

Due to the known role of oestrogen in the regulation of bone remodelling, it is well 

documented that women that have been through menopause are at much higher risk of 

developing osteoporosis (Albright, 1947b, Albright, 1947a, Lindsay, 1982, Lindsay, 1987) 

and are often the focus of osteoporosis research. It has been shown that aged women are 

much more likely to fall than men, a phenomenon which remains unclear but could be 

explained by the fact that males retain their high peak muscle mass better than females. 

This in turn, will increase the risk of osteoporotic fracture in females (Burns et al., 2016, 

Nordström et al., 2011). Although doctors, sufferers and the general public still think of 

osteoporosis as a disease which predominantly affects women, the effect on men must not 

be underestimated. Due to an increase in life expectancy, much more attention is now 

being paid to men who have the disease and typically suffer from osteoporotic fractures 

ten years later than women (Jennings et al., 2010, Schuit et al., 2004). It has been shown 

that one third of all osteoporotic hip fractures in the world affect men (Gullberg et al., 

1997). In males, they are often much more severe and there is a 37.5% mortality rate within 

a year following hip fracture, which is much higher than their female counterparts (Cooper 

et al., 1992, Jones et al., 1996, O'Neill et al., 1996). Despite the high risk of post-fracture 

mortality however, osteoporosis is a bone pathology that is still highly underdiagnosed and 

undertreated in the male population (Jennings et al., 2010, Laurent et al., 2019). 
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Figure 1.12: Sexual dimorphisms in bone loss, increases with age. Bone loss occurs rapidly 

in females after the menopause due to decreased levels of oestrogen, which has a role in 

maintaining bone density. Bone loss in males occurs much more gradually at a later age 

(Young et al., 2003).  
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1.5 Project approach, hypothesis and aims 

 

Given the importance of osteoblast-derived VEGF in the coupling of endothelial and 

osteoblast behaviour and the sexual dimorphism founded during bone development and 

sustained in disease, my thesis aim is to better understand the role VEGF signalling in males 

and females during bone development and mineralisation. 

 

Hypothesis: Osteoblast-derived VEGF regulates bone development and mineralisation 

distinctly in males and females. 

 

Aim 1: Quantification and validation of vascular phenotypes following osteoblast-Vegf 

deletion  

Osteoblast-derived Vegf will be deleted in osteocalcin expressing cells in vivo (OcnVEGFKO) 

and tibiofibular cortical microstructure analysed in mice at 16 weeks of age 

- High resolution synchrotron-based micro-CT for bone architecture determination 

- Validation of blood vessels within canals using histology 

- Backscattered scanning electron microscopy to investigate the vasculature (BS-

SEM) 

 

Aim 2: Elucidation of physical bone traits following osteoblast-Vegf deletion 

Whole tibial analysis of OcnVEGFKO at 16 weeks of age will be undertaken 

- Gross measurements of bones using well known growth determinants 

- Craniometric measurements using medium-resolution micro-CT 

- Trabecular bone analysis using medium-resolution micro-CT 

- Assessment of tibial geometry 

- Investigations into bone mineralisation using backscattered electron scanning 

electron microscopy (BSE-SEM) 
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Aim 3: Investigating the role of VEGF expression in prepubertal development and 

osteoblast function 

Whole tibial analysis of OcnVEGFKO at 4 weeks of age 

-  High resolution micro-CT in 4 week old prepubertal mice  

- Trabecular bone analysis using medium-resolution micro-CT 

- Whole Geometry measurements of the tibia 

Osteoblast-derived Vegf will be deleted in male and female long bone osteoblasts (OB) in 

vitro (OBVEGFKO). 

- In vitro effects of Vegf deletion in male and female osteoblasts (VEGF enzyme-linked 

immunosorbent assay (ELISA) to confirm knockdown, ALP, viability, quantitative 

polymerase chain reaction (qPCR), western blot) 

 

Aim 4: Investigating indirect effects of osteoblast Vegf deletion in males and females on 

endothelial cell function 

OBVEGFKO cell media from male and female bones will be collected and added to 

endothelial cell cultures  

Conditioned media (CM) experiments 

- Viability, BrdU, gene expression, angiogenic array and osteogenic array 

Osteoblast-derived Vegf will be deleted in vivo (OcnVEGFKO) and CD31/sclerostin/VEGFR2 

expressing cells immunolabelled 
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Figure 1.13: Workflow of analysis techniques used in this PhD to study the effect of an 

osteoblast-derived Vegf deletion. Following in vivo deletion of Vegf in male and female 

mice, micro-CT, histology and BSE-SEM was used to interrogate the bone phenotype at the 

tibiofibular junction (Aim 1). Skyscan 1176 was used to scan the entire bone for measures 

of bone geometry and trabecular bone analysis (Aim 2). This was performed mainly using 

16 week old mice, however micro-CT analysis was also performed on pre-pubertal 4 week 

old mice (Aim 3). For in vitro deletion of Vegf, osteoblast cells were extracted from male 

and female P4 Vegffl/fl mice and treated with adenovirus-cre. qPCR, western blot, ALP 

elution/stain and viability assays were then carried out on KO and WT osteoblast cells (Aim 

3). Conditioned media from transfected OBs was used to treat mouse bone marrow 

endothelial cells (MBMECs). Bromodeoxyuridine (BrDU) proliferation assay, viability 

assays, qPCR and western blots were then carried out to look at the indirect effect of VEGF 

deletion in osteoblasts on MBMECs (Aim 4). PhD aims 1-4 detailed on this schematic (red 

numbers). 
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Chapter 2 Methodology 

This chapter contains information on general methodologies used throughout this PhD. Full 

methodologies for more specific techniques are detailed in correlating individual results 

chapters. Information on the sources of specific materials used for the methods described 

can be found in appendix A and details on the composition of solutions in appendix B. 

2.1 In vivo deletion of Vegf 

2.1.1 Animal derivation 

In order to produce second generation Vegfa knockout mice in vivo (referred to as 

OcnVEGFKOs), homozygous Vegffl/fl mice (Genentech, San Fransisco) were mated with 

hemizygous Ocn-Cre mice. The offspring produced from this breeding are first generation 

Vegffl/fl, with a single allele of Ocn-Cre (Jacksons lab, Maine). These offspring are then 

mated back to Vegffl/fl mice to produce second generation Vegf fl/fl ; Ocn-Cre, the transgenic 

mice that will be used in this study (figure 2.1).  

Second generation OcnVEGFKO and WT mice (Vegf fl/fl) were bred. Heterozygote mice were 

also produced as a result of breeding, but were not utilised for experiments described in 

this thesis. LoxP sites flank the gene of interest, which in this case is Vegf, allowing genetic 

recombination to occur between these two sites in the presence of Cre recombinase. This 

enabled bone-specific deletion of Vegf (Zhang et al., 2002). 
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Figure 2.1: Production of 1st and 2nd generation Vegf knockout mice following genetic 

recombination between LoxP sites in the presence of Cre recombinase (Ocn-Cre). VEGF Is 

flanked by LoxP. Ocn-Cre drives the deletion of VEGF in mature osteoblast cells. 

OcnVEGFKO, heterozygote and WT mice are produced as a result of two generations of 

breeding. 
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2.1.2 Genotyping 

Animals were culled by schedule 1 cervical dislocation at 4 or 16 weeks and use of tissue 

was carried out in compliance with the Animals Act, 1986. For maintenance of the Ocn-Cre 

and first generation colonies for breeding purposes, genotyping was performed using ear 

tips collected by animal house technicians in accordance with Home Office regulations.  

Mice were genotyped to determine whether they were Cre positive or Cre negative, as 

previously described in the literature (Liu et al., 2012). For genotyping of second generation 

mice, a segment of tail was dissected after the mouse was culled. This tissue contained a 

small amount of bone, which was essential for determining bone-specific Vegfa deletion. 

Cre and Vegf forward and reverse primers that were used to make up the PCR mastermix 

are detailed in appendix C.1. 

2.1.2.1 Genomic DNA extraction 

250ul of lysis buffer (1M Tris pH8, 5M NaCl, 0.5M EDTA pH8, 10% (w/v) SDS and dH2O) with 

20mg/ml proteinase K was added to the ear tips or tail tips. Samples were incubated with 

the lysis buffer at 50°C for an hour and afterwards were vortexed, to ensure that the entire 

tissue had been broken down sufficiently. Samples were spun in a centrifuge for 15 minutes 

at 17,000 x g. The supernatant was removed from the Eppendorf tubes and added to fresh 

tubes containing 30µl 5M NaCl. Tubes were inverted and spun at 17,000 x g for a further 

15 minutes. The supernatant was mixed with equal volumes with 100% (v/v) ethanol and 

the tube was gently shaken, revealing thin strands of DNA. Samples were then spun at 

17,000 x g for 30 minutes. Following this, the ethanol was poured out of the Eppendorf, 

leaving the DNA pellet within the tube. 500µl of 70% (v/v) ethanol was then added and the 

samples spun as per previous conditions. After removing the tubes from the centrifuge, the 

ethanol was removed, ensuring not to disrupt the pellet and 50µl of dH2O was added. The 

quality and quantity of the genomic DNA within the samples was determined using a 

nanodrop. Samples were diluted with dH2O to 20ng/µl before the PCR process. 
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2.1.2.2 End point PCR 

In order to determine which samples were Cre positive and which samples were Cre 

negative, an 18µl volume of PCR mix (5X green buffer, MgCl2, GoTaq DNA polymerase, 

dNTPs and Cre forward/reverse primers) and 2µl volume of extracted DNA was combined. 

If Cre positive, a band was present at 411 base pairs (bp) on the 1.5% (w/v) agarose gel 

(figure 2.2). This process was used for both genotyping of first generation mice for 

maintenance of the breeding colony and for first-stage genotyping of second generation 

mice. 

The second generation samples which were Cre positive were then separated and tested 

further to determine whether they were heterozygous or homozygous OcnVEGFKO strains, 

using VEGF forward and reverse primers. The PCR product was run on a 2% (w/v) agarose 

gel. Mutant homozygous OcnVEGFKO mice have one band only, visible at 148bp (figure 2.3). 

Heterozygote Vegfa flox/+ shows one band at 148bp and one band at 100 bp below (Gerber 

et al., 1999a). Wild type, Cre negative mice will be referred to as WT. 
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Figure 2.2: Identification of Cre positive and wild type samples. White bands present on 

the agarose gel at 411bp show the samples which are Cre positive (AE3, AE5, AF2, AF4 and 

AF6). The wild type Vegf fl/fl samples have no band visible. Negative control (NEG) confirms 

the validity of results. Genotyping to determine Cre positive samples is performed on both 

first and second generation mice.  

 

 

 

 

 

 

Figure 2.3: Identification of second generation mutants (OcnVEGFKO mice) and 

heterozygotes. Subjects with one band on the agarose gel are classified as OcnVEGFKO mice 

(AA4, AA7, AB1), in which Vegf has been knocked out specifically in osteoblast cells. 

Subjects with a double band are classified as heterozygotes.  
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2.2 Quantitative PCR 

For lysis of RNA from osteoblast and mouse bone marrow endothelial cells, buffer RLT from 

the RNeasy Qiagen kit was utilised and purification of RNA was performed as per the 

manufacturers’ instructions. For lysis of RNA from calvaria, to confirm the deletion of bone-

derived Vegf, snap frozen calvaria were ground into a fine powder using a pestle and mortar 

on dry ice. Individual equipment was used for WT and OcnVEGFKO calvaria to ensure that 

there was no cross-contamination between genotypes. Buffer RLT was added to the 

calvaria powder and the solution pushed through a needle and syringe as per the 

manufacturer’s instructions, to ensure total lysis. Concentrations of RNA (ng/µl) were 

measured using the nanodrop reader. The GoScript Reverse Transcriptase kit was used for 

the reverse transcription of RNA and for first-strand cDNA synthesis, 500ng of RNA per 

sample was used.  

To investigate individual gene expression, Luna Universal qPCR mastermix was used. Vegf, 

Vegfr2, Opg, receptor activator of tumour necrosis factor kappa-B ligand (Rankl), androgen 

receptor (Ar), estrogen receptor 1 (Esr1), estrogen receptor 2 (Esr2), osteocalcin (Ocn), Vegf 

and Sost primers were required for qPCR. Glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh) was used as a housekeeping control and forward and reverse sequences are 

recorded in appendix C.2, along with their annealing temperatures. 12.5ng of cDNA was 

used per triplicate.  

For examinations into the expression of a large range of different genes in mouse bone 

marrow endothelial cells (MBMECs), the endothelial and osteogenesis Qiagen RT Profiler 

PCR array was used. qPCR was performed using a Step One Plus RTPCR machine. Further 

details on this process can be found in chapter 6.2.2. 
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2.3 Micro-computed tomography 

For detailed analysis of bone structure and geometry, medium (18µm) and high (0.65µm) 

resolution micro-CT was used. Following schedule 1 cervical dislocation, the long bones 

were dissected from 4 and 16 week old OcnVEGFKO, heterozygote and WT mice for analysis. 

Skulls were collected from 16 week old mice for comparative analysis of a non-weight 

bearing bone. 

2.3.1 Sample preparation  

Right tibia/fibula were utilised for µCT for both resolutions and fine dissection ensured the 

removal of all muscle and tissue from the bone surface. Tibiae were inserted into individual 

sterilin tubes and fixed with 4% (v/v) paraformaldehyde (PFA) at 4°C for 48 hours on a tube 

roller. PFA was removed and dH2O used to wash the bones, before adding 70% (v/v) 

ethanol for long-term storage. Prior to scanning, tibiae were secured in wax within 

individual Eppendorf tubes to prevent sample movement.  

Dissection of the entire mouse head ensured that the skull remained intact for scanning 

and subsequent analysis. Heads were frozen on dry ice and stored at -80°C in 50ml universal 

tubes until scanning. Ear punches were used to ID mice for scanning. 

2.3.2 High-resolution micro-CT 

For high-resolution scans, 4 and 16 week old tibiae were prepared for synchrotron-based 

CT (SR CT) at a voxel size of 0.65µm, conducted at the TOMCAT beamline of the Swiss Light 

Source (Villigen, Switzerland), following previously published methods (Núñez et al., 2018). 

Here, electrons are excited to near light speeds within an electron accelerator in a circular 

orbit, which is maintained by magnetic fields. Electromagnetic radiation or synchrotron 

light is then directed into a beam and used to scan samples, producing very high-resolution 

scans. In this case, 300 reconstructed high-resolution CT slices from the tibiofibular junction 

were used for each animal.  More information regarding the region of interest used for SR 

CT scans, quantification methodology and separation of osteocyte lacunae from blood 

vessel canals is detailed in chapter 3.2.1. 
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2.3.3 Medium resolution scans 

The Skyscan1176 system (Bruker microCT, Kontich, Belgium) at Southampton General 

Hospital was used to scan the entire tibia and skulls; X-ray tube potential of 45kVp, X-ray 

tube current of 556µA, integration time of 375ms and voxel size of 18µm. Cross-sectional 

tomography projection images of the tibia and skull were reconstructed using Bruker 

software’s (Kontich, Belgium) NRecon programme. In depth detail of skull measurement 

methodologies, bone geometry analysis, calculation of BMD and trabecular bone analysis 

can be found in chapter 4.2. 
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2.4 Histology 

Histology was performed at Hamburg UKE, in the laboratory of Professor Eric Hesse (Saito 

et al., 2019), in order to validate the presence and morphology of blood vessels within the 

blood vessel canals and osteocytes within the lacunae. It also enabled a closer look at the 

quality of bone and mineralisation at the tibiofibular junction. 16 week old mice were used 

for this study, producing an n number of at least four WT and OcnVEGFKO bones for both 

males and females. The contralateral leg to those that were used for micro-CT was used 

here in order to create a direct comparison.  

2.4.1 Sample preparation  

Prior to histology, tibia were fixed in 4% (v/v) PFA for 48 hours and then stored in 70% (v/v) 

ethanol. Bones were prepared for dehydration in the AutoTechnicon machine by removing 

the foot and the muscle using forceps and a scalpel. Liston bone cutting forceps were used 

to make a cut that was just above the tibiofibular junction. Filter paper soaked in 70% (v/v) 

ethanol was put inside the cassette to prevent the drying out of tissue. Cassettes were put 

into 70% (v/v) ethanol for storage, before being automatically transferred from 70% to 99% 

(v/v) ethanol inside the AutoTechnicon machine.   

Following dehydration, bones were soaked for 24 hours in each of the two methyl 

methacrylate (MMA) infiltration solutions (900ml MMA, 3.3g benzoyl peroxide (BPO), 

100ml nonylphenol) at 4°C. The bones were then put into snap cap glass vials with the foot 

end pointing upwards and embedded in MMA. MMA was produced by adding 100ml of 

embedding solution (900ml MMA, 6.6g BPO, 100ml nonylphenol) to 400 µL of N-N 

Dimethyl-P-toluidine. Once embedded in MMA, glass vials were put into a 4°C fridge 

overnight, to allow the MMA to set.  

Blocks were removed from the Eppendorf tubes and ground down using Meta Serv 250 

Grinder-Polisher so that the cutting surface was flat. 10µm sections were cut in order to 

trim the bone until the region just below the junction where the tibia and fibula meet was 

reached. Once at the region of interest, 5µm sections were cut and 6 sections were put 

onto each slide. One drop of 80% (v/v) isopropanol solution was put onto each section to 

stretch it and prevent folds. A plastic cover slip was placed over the sections and they were 
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pressed in an incubator at 40°C overnight, before staining. Further detail on the histological 

stains used can be found in results chapter 3.2.2. 
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2.5 Scanning electron microscopy 

PMMA blocks created for histology were polished and uncoated surfaces imaged using a 

Zeiss EVO MA10 SEM operated at 20 kV and 49 Pa chamber pressure with a four quadrant 

backscattered electron (BSE) detector. Samples were re-polished to new levels and in new 

planes and re-imaged as necessary. All BSE-SEM was performed in collaboration with 

Professor Alan Boyde at Queen Mary University. 

2.5.1 Sample preparation  

PMMA blocks which were embedded in Hamburg for histology using previously detailed 

methodology (chapter 2.4.1) were used for BSE-SEM. Using P600 and P1200 grades of 

silicon carbide abrasive papers lubricated with water, excess PMMA was removed to 

expose section planes (LS, TS and oblique). The exposed surfaces were polished further 

using P2400 and P4000 grade abrasive paper. More information on the methodology used 

for etching, tri-iodide staining of soft tissue and erosion of calcified tissue can be found in 

the specific results chapter (3.2.3). 
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2.6 Cell culture 

All primary isolations and tissue culture procedures were carried out using standard aseptic 

techniques in a class II safety cabinet. Cultures were maintained in an incubator at 37°C 

with 95% air/ 5% CO2. The use of animal tissue was carried out under the compliance with 

Home Office regulations. Long bone osteoblast cells (LOBs) were extracted from postnatal 

day 4 Vegf fl/fl mice as described fully in chapter 5.2.2. MBMECs used for tissue culture were 

purchased due to the known difficulty of extracting primary endothelial cells (appendix A). 

2.6.1 Trypsinising, splitting and counting cells 

Media was removed from cells and 5ml sterile phosphate buffered saline (PBS) added to 

each flask to wash. After removal of PBS, 3ml trypsin-EDTA was added to each flask and 

cells were incubated for one minute. Once the cells were detached from the bottom, equal 

volumes of 10% (v/v) FBS media was added to each flask (3ml). The contents of each flask 

was centrifuged for 5 minutes at a speed of 350 x g. The supernatant was removed and the 

pellet resuspended in 1ml of media. Number of cells per ml were counted using a 

haemocytometer and dilutions were made accordingly.  

The same process was carried out for splitting cells, except cells were not counted. 

Following centrifugation, the pellet was resuspended in the basal media that corresponded 

with the osteoblast or EC cell type. Cells were transferred from one T25 flask to one T75 

flask. Following this, cells were grown until confluent and then split again, one-in-three into 

T75 flasks.  

2.6.2 Protein assay 

Six well plates were used to plate LOBs at a density of 250,000 osteoblast cells per well. 

Male and female cells were separated and cells were left to become confluent for two days 

before treating with the adenovirus. Adv-Cre and Adv-GFP was added to the respective 

wells, to make a final volume of 1000µL per well.   

Prior to cell lysis using the Pierce bicinchoninic acid (BCA) protein assay kit, 2 mg/ml bovine 

serum albumin (BSA) stock was diluted with water to make nine 100 l standards of 

concentrations: 0, 0.025, 0.125, 0.25, 0.5, 0.75, 1.0, 1.5 and 2.0 mg/ml. BCA solution for use 
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in the protein assay was made up with 2156l of reagent A and 44l of regent B in a 1:50 

ratio.  

Following collection and storage of the conditioned media, stopping buffer (0.4mM Na3VO4 

in PBS) was added to the wells and directly removed. 250µl lysis buffer (96.35mM Tris HCl 

pH6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 1mM Na3VO4) was added to the centre of each 

well. A syringe was used to scrape the cells off the bottom of the wells and the lysate was 

stored in Eppendorf tubes at -80°C until use. 

Caps were placed on the Eppendorf lids before boiling the protein at 95C in a heat block 

for 5 minutes. 5l of each sample (standards, adenovirus treated and control treated) 

followed by 100l of BCA (1:50 ratio) was put into wells of a 96 well plate and duplicates 

were made of each one. The microplate was wrapped in cling film and incubated at 37C 

for 30 minutes. A spectrophotometer with a 570 nm filter was used to read the absorbance 

and unknown concentrations were calculated using the standard curve created.  

2.6.3 Cell viability 

Cells were plated at 2,500 cells per well and left to adhere to the bottom of the wells for 

24 hours. 1% (v/v) FBS alpha MEM  was used to starve the cells of growth media for 24 

hours prior to treatment of cells with various different conditions for 24 hours each. 

Following incubation with 100µl of the respective treatments for 24 hours, 100 µl (1:1 ratio) 

of Cell Titer-Glo 2.0 Assay was added to each of the wells for 10 minutes. The contents was 

then transferred to a white plate and read using the preloaded Cell Titer-Glo protocol on 

the plate reader. The GloMax®-Multi detection system (Promega, UK) was used to measure 

luminescence. 
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2.7 Enzymatic assays 

2.7.1 ALP activity 

LOBS were plated at a density of 50,000 cells per well and left for two days to reach 

confluence before being treated with the adenovirus as described. A final volume of 500µL 

was added to each well. Cells isolated from male Vegf fl/fl pups were separated from those 

isolated from females and grown in individual flasks to enable sex comparisons to be made.  

ALP is one of the most recognised markers of bone formation and it is eluted by 

differentiating osteoblast cells (Tobiume et al., 1997). 

2.7.2 ALP elution assay 

Prior to running an elution assay, culture medium was removed and frozen at -80°C. 

Osteoblast cells were washed once with PBS and then fixed with 100% (v/v) ethanol for 1 

minute. The cells were then washed with distilled water, twice.  

Standards of known concentration, ranging from 0mM to 0.25 mM, were produced using 

P-nitrophenol solution diluted with working solution (see appendix B). 

P-nitrophenyl phosphate (1mg/ml) was added to the working solution. 500µl of working 

solution was added to each well and incubated at 37°C for 30 minutes.  

Following incubation, the contents of each well was transferred to a 96 well plate. Two 

200µl duplicates from each well of eluted solution were plated out. Duplicates of each 

standard were also transferred to the 96 well plate. After a minute, the plate reader was 

used to measure the absorbance at a wavelength of 405nm. Unknown concentrations were 

calculated by comparing the absorbance of each sample to the absorbance of standards 

with known concentrations in the standard curve. 
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2.8 Western blot 

10µl of 6x blue/orange loading dye and 11.9µl of mercaptoethanol was added to each pre-

boiled (see methods 2.6.2) protein lysate. 1 X running buffer was poured into the centre of 

the two 4-12% (w/v) Bis-Tris protein gels (NuPAGE), which were clamped in place within 

the electrophoresis chamber. 7.5µg of protein lysate was loaded into each well of the gel 

and the gels run at 150V until the bands were almost at the bottom. 

The membrane (Amersham™ Hybond®) was soaked in mercaptoethanol, followed by dH2O, 

followed by 1% (v/v) transfer buffer for 5 minutes each prior to usage. The gel and 

nitrocellulose membrane was inserted into the transfer cell, with sponges and filter paper 

either side (figure 2.4). The cell was clamped in place and filled with 1% (v/v) transfer buffer 

for the transfer of the protein onto the blotting membranes, which took place at a current 

of 58 mA. 

Following the transfer, the membranes were blocked in 3% (w/v) milk in 1 X tris-buffered 

saline and tween-20 (TBST) for one hour at room temperature on a shaker. Membranes 

were incubated in rabbit monoclonal antibody (mAb) VEGFR2 primary antibody or GAPDH 

as a loading control overnight at 4°C on a shaker. The membrane was washed 8 times in 1X 

TBST (TBS pH7.4 + Tween-20) the following morning and incubated with goat anti-rabbit 

IgG horseradish peroxidase (HRP) in the dark for 1 hour (1:10000 dilution in 0.2% (w/v) non-

fat milk).  The membrane was then washed a further 8 times in 1X TBST.  

ECL blotting reagents 1 and 2 were combined in equal volumes. A few drops were put onto 

the protein membrane for one minute. The blotting reagents were then removed and the 

membranes put into the cassette (protein side up). Westerns were developed in the dark 

room using Polymax developer and fixer, along with film (Amersham hyperfilm ECL). The 

film was cut to size and put onto the membrane within the cassette for one minute. The 

film was then transferred into the developer, until bands became visible. The film was 

subsequently transferred into water and then fixer. 
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Figure 2.4: Western blotting methodology. Protein lysate was loaded into each well of the 

gel. The gel was run and proteins separated, before carefully moving the gel into the 

transfer unit. Two sponges were put into the bottom of the transfer using first, followed by 

filter paper, the gel, the polyvinylidene difluoride (PVDF) membrane, more filter paper and 

two more sponges. 
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2.9 Statistical analysis 

For micro-CT analysis in which direct comparisons between both sex and genotype were 

made, two-way ANOVA was employed. This type of statistical analysis was selected based 

on the advice of reviewers, following submission of work from this PhD project to the 

Journal of Bone and Mineral Research (Goring et al., 2019). Two-way ANOVA was calculated 

using GraphPad Prism version 6.0 for Windows (GraphPad Software, La Jolla, CA, USA). Post-

hoc analysis was performed using Tukey’s multiple comparison test on GraphPad Prism. 

For WT versus OBVEGFKO in vitro comparisons, one-tailed paired students t-tests were 

undertaken between littermate animals, with WT representing Vegf fl/fl mice. Excel was used 

to calculate p values. 

All data included in this thesis is always recorded as the mean value ± the standard error of 

mean (SEM). 
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Chapter 3 Results I – Quantification and validation of 

vascular phenotypes following osteoblast-Vegf 

deletion  

3.1 Introduction  

Due to global deletion of as little one allele of VEGF causing rapid mortality during gestation 

(Carmeliet et al., 1996, Ferrara et al., 1996), until the introduction of conditional Vegf 

knockout models, the study of the specific role of VEGF in the development of the adult 

skeleton was challenging. What was known was based on a study in which a soluble 

receptor protein was utilised to partially silence VEGF (Gerber et al., 1999a) and a study in 

which tetraploid embryos and embryonic stem cells were combined to produce embryos 

in which VEGF was genetically modified (Zelzer et al., 2002). These studies showed the 

importance of VEGF in the vascularisation of the cartilage during endochondral ossification. 

However, with one study only partially silencing VEGF at day 24 (Gerber et al., 1999a) and 

the other studying the effect of mice only expressing the VEGF120 isoform at embryonic day 

17.5 (Zelzer et al., 2002), it was still not possible to look at the role of VEGF in the 

development of juvenile to adult animal models. Conditional knockout studies are 

therefore invaluable for investigations into the precise role of VEGF in the maintenance of 

bone health.  

Since the generation of the first Cre transgenic mouse strain by the Clemens lab (Zhang et 

al., 2002), conditional deletion of genes from specific cell types has been an attractive way 

to study skeletal development. In this PhD, a bone-specific deletion of Vegfa was 

performed, where VEGF was deleted specifically in osteocalcin expressing bone cells using 

LoxP genetic recombination. The specificity of Vegf knockdown in osteoblast lineage cells 

using the Cre-Lox system has been well cited in the literature and therefore has proven to 

be both targeted and effective. Despite levels of Vegfa deletion as high as 70% being shown 

by qPCR in studies by other lab groups (Liu et al., 2012), it is thought that even these results 

underestimate the true efficiency of Vegf deletion by Osx-Cre in this case, due to the fact 

that the bone will also contain non-osteoblastic cells such as endothelial cells. Additional 
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studies using the Osx-Cre promotor have used both antibodies against VEGF and ZsGreen 

to trace the efficiency of Vegf deletion in osteoblast lineage cells, identifying significant 

deletion of VEGF from osteoblast cells (Hu and Olsen, 2016). Using TD tomato mice, it has 

also been found that bone-specific Vegf deletion is not present in the muscle but that Vegf 

is successfully deleted in both woven and cortical bone using the Osx-Cre promotor and 

thus the deletion is highly specific to bone cells (Buettmann et al., 2019).  

Both Osx and Ocn are osteoblast cell markers, however where Osx is an early osteoblast 

marker, Ocn is a marker of mature osteoblast differentiation (Boskey et al., 1998). Although 

the majority of studies in which Vegf has been conditionally deleted in bone cells have used 

the Osx-Cre promotor (Hu and Olsen, 2016, Buettmann et al., 2019, Liu et al., 2012), 

osteoblast-specific deletion using a Ocn-Cre promotor has also been investigated in 

previous studies. In one study in which Igf1 was deleted, Lac Z/ALP reporter mice were 

mated with Ocn-Cre mice in order to assess the efficiency of genetic recombination 

present. Following the successful deletion of the gene of interest, LacZ was excised and ALP 

levels were increased. This double reporter of Cre recombination confirmed Ocn-Cre 

specific deletion of Igf1 in transgenic calvaria, but not the bladder, heart or skeletal muscle. 

This was confirmed by PCR (Zhang et al., 2002) and therefore combined with studies using 

the Osx-Cre promotor, there is a large amount of evidence to suggest that genetic 

recombination using Osx-Cre and Ocn-Cre is highly specific to bone-derived cells. Ocn-Cre 

was selected specifically for this work due to the specific interest into the effect of Vegf 

deletion in mature osteoblasts and based on the evidence presented in the literature 

appeared to be a robust transgenic mouse line to use for this study. 

Previous investigations in which VEGF has been deleted specifically in osteoblast cells using 

an Osterix-Cre promotor have only looked at 8 week old males, focusing on changes in 

trabecular bone. Here, it was found that conditional deletion of VEGF caused enhanced 

adipogenesis and reduced osteogenesis, as well as a reduction in bone mass (Liu et al., 

2012). Osteoporosis is a degenerative bone disease which is characterised by a reduction 

in bone mass (as reviewed by Zebaze and Seeman, 2015). Therefore, this bone phenotype 

produced as a result of conditional VEGF deletion greatly resembled that of an osteoporosis 

sufferer. In osteoporosis, it has been shown that there is a 60% reduction of circulating 

levels of VEGF (Senel et al., 2013) and therefore conditional deletion of Vegf in osteoblast 
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cells creates a valuable model for the study of degenerative bone disease such as 

osteoporosis.  

The Olsen lab has previously used the Osterix-Cre mouse model to study the important role 

of VEGF in bone healing, where it was found to regulate osteoblast differentiation via 

paracrine pathways. For this study, 9-12 week old male mice were used (Hu and Olsen, 

2016). Some studies have focussed their research into bone phenotypes on females due to 

the fact that degenerative bone diseases and namely osteoporosis are typically associated 

with post-menopausal women  (Yeh et al., 1996). Therefore it was of great interest in this 

PhD project to carry out investigations into the effect of conditional Vegf deletion on adult 

animals, where both males and females are studied. The study of both sexes was also an 

important part of this study, especially given the basal skeletal differences observed in 

healthy individuals (Seeman, 2001, Martin, 2002, Seeman, 2002, Callewaert et al., 2010a). 

For many years the focus of studies into degenerative bone disease has been on trabecular 

bone (Liu et al., 2012, Pufe et al., 2003, Albright, 1947b, Riggs and Melton, 1986), despite 

the fact that 70% of age-related bone loss is cortical (Zebaze et al., 2010, Zebaze and 

Seeman, 2015). In studies which have been undertaken, cortical bone microstructure and 

ultrastructure following a conditional deletion of Vegf in bone is yet to be investigated due 

to limitations in scanning resolutions. Advances in technology and the use of high-

resolution synchrotron-based micro-CT to assess bone phenotype has changed this, 

enabling 3D porosity analysis and the separation of osteocyte lacunae from blood vessel 

canals in animal models of ageing and disease (Núñez et al., 2017, Núñez et al., 2018, 

Schneider et al., 2009b).  

In line with ARRIVE guidelines, the N number used for SR CT was based on power 

calculations, determined from total cortical porosity (%) measurements (WT 4.92+/-1.74 

and OcnVEGFKO 18.2 +/-6.09). This indicated that with a 95% power at p 0.01 we should be 

able to detect a significant difference with n = 3 and therefore was deemed adequate for 

this investigation. These animal numbers (n=3/4) were also in line with landmark 

publications by Bjorn Olsen using Osx-Cre/Vegf fl/fl (Liu et al., 2012). 

The tibiofibular junction was chosen as a point of focus due to the fact that it is a skeletal 

site where the bone is predominantly cortical, enabling analysis of the intracortical 

vasculature specifically. It is a region which has been the focus of previous studies (McKeon 
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et al., 2012, Brookes and Harrison, 1957, Núñez et al., 2017) and a well cited location for 

the occurrence of fracture (Sferopoulos, 2010, Sundaram et al., 2018, Jianhong Pan, 2018). 

The tibiofibular junction has been used as a region of interest in past studies from as early 

as 1957 (McKeon et al., 2012, Brookes and Harrison, 1957) and is therefore an important 

area of the tibia to investigate. The tibiofibular junction also acts as a reference point when 

positioning the µCT scanner prior to image acquisition, ensuring that scans are comparable 

and of the same location along the tibia length.  

Studies rarely look at bone phenotypes in both sexes, cortical bone is rarely the focus of 

these investigations and adult mice are used infrequently. It would therefore prove 

interesting to determine the effect of the deletion of Vegfa from mature osteoblast cells 

(OcnVEGFKO) on the cortical bone phenotype in adult males and females. With an inherent 

interest in the vasculature, the study of the intracortical blood vessels in this mouse model 

was also a focus of this chapter. Micro-CT, histology and BSE-SEM was used to look at the 

effect of an OcnVEGFKO on the cortical bone and vascular phenotype in 16 week old mature 

male and female tibia.  

 

The aim of this first results chapter was to quantify and validate the vascular phenotype 

following osteoblast-Vegf deletion.  

Osteoblast-derived Vegf will be deleted in osteocalcin expressing cells in vivo (OcnVEGFKO) 

and tibiofibular cortical microstructure analysed in mice at 16 weeks of age 

- High resolution synchrotron-based micro-CT for bone architecture determination 

- Validation of blood vessels within canals using histology 

- BSE-SEM to investigate the vasculature  

 

 

 



Chapter 3 

83 

3.2 Methodology 

3.2.1 High resolution micro-CT 

3.2.1.1 Region of interest 

For more more in-depth analysis, it was important to select a region of interest (ROI). 

Scanning at a high resolution produces a large amount of data and as a result it would not 

be possible or time efficient to scan the entire tibia, as you can when performing low 

resolution scans. SR CT scans were centred around the tibiofibular junction. The area of the 

tibia selected as the ROI for subsequent analysis (Figure 3.1) consisted of 300 SR CT slices 

scanned at 0.65µm. The start of this ROI was at the point in which the tibia joined the fibula 

and the resulting 299 slices were distal of this landmark. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Selection of the tibiofibular junction as the ROI for high resolution micro-CT. 

ROI used for analysis identified on tibia and included 300 slices distal of the tibiofibular 

junction. 

OcnVEGFKO 
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3.2.1.2 Quantification of volume porosity 

SR CT was performed at the synchrotron light source (SLS), Zurich at a resolution of 0.65µm 

voxel size and reconstructed on site. Porosity was extracted using ImageJ by thresholding 

two copies of the 300 slice stack and inverting one copy. The ‘keep largest region’ function 

was used and the stack eroded (12 times) and dilated (13 times) to create the mask. The 

image calculator plugin ‘AND’ function was then used to combine the two images, leaving 

just the porosity within the cortical bone (Figure 3.2). The image stack for the mask and the 

porosity was saved for future analysis. Volumetric measurements of porosity were 

extracted using the particle analysis function in ImageJ. The % cortical porosity was 

calculated by calculating the volume porosity as a function of the total mask volume. 

 

 

 

 

 

  

 

 

Figure 3.2: Workflow of cortical porosity extraction. The mask was combined with the 

original image, using the image calculator plugin ‘AND’ function. This enabled extraction of 

the cortical porosity. 

 

 

 

 

Mask Porosity 
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3.2.1.3 Separation and quantification of osteocyte lacunae and blood vessel canals 

Extracted cortical porosity slices were imported into Avizo (9.3.0; ThermoFisher Scientific), 

which was used for separation of osteocyte lacunae from vascular canals and the definition 

of threshold values. The volume threshold was chosen for each animal by increasing the 

volume selection in small increments until the first vascular canal was visible amongst the 

lacunae in the 3D reconstruction.  

 

Table 3.1: Individual threshold values defining the separation of osteocyte lacunae and 

intracortical canals for 16 week old animals. 

  Female ID Threshold (μm
3
) Male ID 

Threshold 

(μm
3
) 

WT 

1 1922 1 1922 

2 1785 2 1648 

3 1648 3 1648 

OcnVEGFKO 

1 6591 1 6041 

2 2472 2 9337 

3 1648 3 7140 

 

The sieve analysis function was used to dictate the particle volume range selected and the 

label analysis function measured the total volume of the specific particle selection (open 

image file-interactive thresholding-label analysis-sieve analysis-label analysis-volume 

rendering).  

Particles smaller than 27.4 μm3 were considered as noise. Particles volumetrically larger 

than noise, but smaller than the individual threshold values which separate the lacunae 

and the canals were categorised as osteocyte lacunae. Characteristically, a global size 

threshold was employed for the separation of osteocyte lacunae and vascular canals based 

on particle volume, as previous studies have shown minimal variation in the range of mean 

osteocyte volumes between subjects (Mosey et al., 2017, Javaheri et al., 2015, Carriero et 

al., 2014). In this instance, when a global threshold size of 1510μm3 was used to separate 
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osteocyte lacunae from intracortical canals based on disseminations of cortical porosity in 

WT animals, the vascular fraction within OcnVEGFKO bones appeared to include a 

proportion of large osteocyte lacunae. This challenge was overcome by using individual size 

thresholds to separate osteocyte lacunae and intracortical canals. Thresholds were 

carefully selected and set just below the volume of the smallest intracortical canal for each 

animal (Table 3.1). It therefore should be noted that subsequent measures of the canal 

volume fraction in the OcnVEGFKO male and female animals include these ‘attached’ 

lacunar volumes. As a result, they were referred to in this study as intracortical canals. More 

in depth analysis of the number, volume and diameter of osteocyte lacunae and vascular 

canals was performed using the ‘Analyse Particles’ function in ImageJ.  

Probability density distributions of osteocyte lacunae by Dr Rosanna Smith enabled 

determination of the different volumes of osteocyte lacunae within this fraction. 

Distributions for each animal were estimated using the ggplot2 (R Core Development Team, 

2011, Wickham, 2016)  package (version 2.2.1) in R (version 3.3.3) (Wickham, 2016), using 

a default bandwidth and 2048 estimate points. In male OcnVEGFKO animals, the volume 

associated with the threshold separating the two distinct populations of lacunae shown in 

the plot (low and high volume) was determined. Although the separation point between 

low and high volume osteocyte lacunae was more subtle, corresponding values were found 

for male and female WT and female OcnVEGFKO animals. This enabled comparisons of the 

proportion of osteocyte lacunae in the smaller fraction following OcnVEGFKO in males and 

females. 
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3.2.2 Histological staining 

3.2.2.1 Giemsa stain 

Giemsa stain enables the identification of erythrocytes, blood platelets and nuclei and was 

therefore used in this study for the identification of blood vessels within canals. The slides 

containing bone cross-sections embedded in polymethyl methacrylate (PMMA) were put 

into Cellosolve acetate solvent (2-ethoxyethanol) and subsequently hydrated in decreasing 

concentrations of ethanol, until reaching full hydration in dH2O (2 minutes each). Giemsa 

stock solution was combined with dH2O (1:10) and the solution used to cover slides for 1 

hour at 37°C. Increasing the incubation temperature to 60°C reduced the time in which it 

took for slides to be stained, however it also reduced the quality of the stain and therefore 

37°C was maintained throughout. 1% (v/v) acetic acid in dH2O was used as a differentiating 

agent (30 seconds). Slides were then quickly dehydrated and transferred from 50% (v/v) 

ethanol solution to increasing concentrations of ethanol, until 100% (v/v) was reached. 

They were then put in Xylene solutions I-III for 5 minutes each. They were mounted with 

coverslips and DPX mountant, dabbing the sides of the slide to remove excess. 

3.2.2.2 Pentachrome stain 

Movat’s Pentachrome stain enabled investigations into both the vasculature within the 

canals and the mineralisation state of the bone. The slides were put into Cellosolve and 

subsequently hydrated in decreasing concentrations of ethanol, until reaching full 

hydration in dH2O (2 minutes each). Slides were put into a solution of Alcian Blue for 15 

minutes, followed by a 5 minute wash in running tap water. The sections were next 

submerged in alkaline alcohol (90ml 80% (v/v) ethanol and 10ml 25% (v/v) ammonia) for 

60 minutes and washed in tap water for 10 minutes and then dipped in dH2O. Slides were 

put into Iron haematoxylin for 15 minutes, followed by a wash with dH2O. Brilliant Crocein 

was used to cover the slides for 8 minutes, followed by a 0.5% (v/v) acetic acid in dH2O. 5% 

(v/v) phosphotungstic acid was added to the slides until bone pink and blue colouring was 

visible and they were then put into 0.5% (v/v) acetic acid. After three 5 minute treatments 

with absolute ethanol, the slides were put into saffron solution for 40 minutes. They were 

then put into absolute ethanol for an additional three times for 5 minutes each, before 

being put into Xylene solutions I-III for 5 minutes each. They were mounted with coverslips 

and DPX mountant.  
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3.2.2.3 Image analysis 

Once the slides were stained with Giemsa and Movat’s pentachrome stain, global 

quantification of % filled canals was performed to calculate the percentage of canals that 

contained a blood vessel. The pentachrome stain enabled identification of blood vessels 

most precisely, so it was these slides that were used for the quantification. Local analysis 

of % fill of blood vessel canals in posterior and anterior regions was also performed, due to 

published findings by Núñez et al. which suggest that the posterior region of the bone has 

a higher vascular canal volume density than the anterior region (Núñez et al., 2018). 

Anterior and posterior regions were defined using the guidelines shown in figure 3.3a. 

Blood vessel area was calculated using the freehand selection tool on ImageJ (CTRL+M; for 

area measurements). The ‘count’ function on ImageJ also enabled the osteocytes to be 

counted, in order to calculate the % fill osteocyte lacunae and the number of osteocytes 

per mm2. Further detail of this methodology can be seen in figure 3.3b. 

 

 

 

 

 

 

 

 

Figure 3.3: Defining the anterior and posterior regions in murine cortical bone. For 

analysis of histological images, the tibiofibular junction cross-section was split into anterior 

and posterior halves (a). Histological cross sections were analysed using the ‘count’ 

function in ImageJ. The anterior osteocytes that have been counted are labelled in blue, 

the posterior osteocytes in bright green and the blood vessels in red (b). 

a b 

Posterior  

Anterior  a b 
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3.2.3 BSE-SEM 

3.2.3.1 Etching  

In order to take a closer look at the microstructure of OcnVEGFKO bones, with a particular 

interest in the vasculature, the exposed surface of the tibia which was embedded in PMMA 

was lightly etched by application of DFG icon-etch dentistry gel (Boyde et al., 2017). This is 

a silicic acid gel containing phosphoric acid which can be applied precisely to selected areas. 

Etch times used were 30 to 120 seconds. The etchant was washed off with distilled water, 

dried, and re-examined in the SEM. The depth of penetration with this regime was only a 

few microns, so that the same sample could be re-polished to a new level. 

3.2.3.2 Tri-iodide staining of soft tissue 

The surface of polished blocks, etched preparations and ‘casts’ were stained using either 

an aqueous solution of iodine in ammonium iodide (‘triiodide’) or dry using iodine vapour 

(Boyde et al., 2017, Boyde et al., 2014). Both of these procedures stain cells and matrix to 

a depth of a few microns, allowing the visualisation of blood vessels and other cellular 

components of bone. 

3.2.3.3 Erosion of calcified tissue 

The same samples were treated to remove bone matrix and mineral by treatment with 2N 

HCl and 7% (v/v) chlorine sodium hypochlorite solutions (thin bleach) in succession. Bone 

samples were subsequently washed with water and dried. This erosion procedure removes 

bulk bone in normally calcified tissue and solely leaves the space outside the bone as a solid 

PMMA cast. This includes the periosteum, and space inside the bone including the 

medullary cavity and any blood vessel canals which may be present. Casts of the lacunar-

canalicular space are washed away except for lacunae nearest to free bone surfaces which 

remain anchored in position.  
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3.3 Results 

3.3.1 Deletion of mature bone-derived Vegf increased cortical porosity in 16 week 

old male mice  

A large proportion of current research is focussed on the effect of a Vegf knockout on 

developing female mice, but very few studies compare both sexes and look at mature 

subjects. The role of VEGF in maintaining bone integrity in mature males and females 

distinctly is therefore not fully understood. In order to study the skeletal functions of 

osteoblast-produced VEGF in further detail, Vegfa was conditionally deleted from mature 

osteoblast cells. The deletion of Vegf was determined by both genotyping, using genomic 

DNA extracted from mouse tail tips as described in the methodology (chapter 2.1.2) and by 

qPCR following the reverse transcription of RNA extracted from 16 week old murine calvaria 

(methods chapter 2.2). qPCR outputs supported genotyping results, showing a 72.5% 

decrease in detectable levels of Vegf in male and female OcnVEGFKO mice versus WT 

controls (appendix D.1). 

For interrogation of the microstructure at the tibiofibular junction in WT and OcnVEGFKO 

mice, high resolution SR CT was used. Here, high spatial resolutions in the order of 1μm and 

better can be achieved at high image quality levels and intracortical microstructures such 

as the intracortical canal network or osteocyte lacunae can be resolved within a few 

minutes of scanning time (Schneider et al., 2007a, Schneider et al., 2013, Mader et al., 

2013, Dong et al., 2013). SR CT at the tibiofibular junction enabled analysis of the 

microstructure and ultrastructure of transgenic tibia both quickly and at a high resolution 

(0.65μm voxel size), greatly enhancing the information extracted in comparison to medium 

resolution scans using a desktop scanner (Schneider et al., 2009a). As a result, for the first 

time in this model of disease, cortical porosity was able to be visualised clearly and 

subsequently quantified in 3D. 

The 16 week old mice used in this chapter have been through puberty and subsequently 

have fully developed skeletons. Using SR CT, differences in cortical porosity between 

subjects were instantly visible at a higher resolution and somewhat surprisingly, male 

OcnVEGFKO bones had a particularly striking porous phenotype which was characterised by 
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the presence of large, irregularly shaped cavities (figure 3.4). This was consistent 

throughout every repeat (figure 3.5).  

Until now and due to the bias towards using female animals for research into degenerative 

bone disease, this sexual dimorphism had not been identified. Therefore, this preliminary 

finding emphasised the importance of looking at both males and females throughout this 

PhD project. 
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Figure 3.4: Conditional deletion of Vegf alters cortical porosity in adult tibiae, particularly 

in males. High resolution, synchrotron X-ray computed tomography (SR CT; 0.65μm) slices 

from female and male WT and OcnVEGFKO mice revealed poorly mineralised areas of 

cortical bone at posterior region of tibiofibular junction (white arrows) and differences in 

cortical porosity between male and female OcnVEGFKO. Scale bar = 200µm. 
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Figure 3.5: Individual animal repeats to illustrate that conditional deletion of Vegf alters 

cortical porosity in adult tibiae consistently in both males and females. Individual slices 

taken from SR CT scans (0.65µm) of each 16 week old animal at the tibiofibular junction. 

Severe increased cortical porosity observed in male OcnVEGFKO mice, particularly in the 

posterior region of the tibiofibular junction. Two additional repeats displayed to illustrate 

reproducibility of the phenotype observed. Scale bar = 200µm. 
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Quantification of % volume intracortical porosity from high-resolution scans, showed 

severe cortical porosity at the tibiofibular junction, especially in male OcnVEGFKO mice 

versus WT controls (2.73 fold increase, p<0.0001). Although there was an increase in 

intracortical porosity following OcnVEGFKO in females, this was not significant versus WT 

(0.51 fold increase, p=NS). When comparing female OcnVEGFKO versus male OcnVEGFKO 

however, there was a significant increase in intracortical porosity (1.82 fold increase, 

p<0.0001), providing further evidence for sexual dimorphisms in tibial microstructure 

following OcnVEGFKO (figure 3.6).  

 

 

 

 

 

 

 

 

Figure 3.6: Deletion of osteoblast-derived Vegf increases intracortical porosity in males. 

In female OcnVEGFKO, there was an increase in volume cortical porosity versus WT 

littermate controls, however this was not significant. In males, there was a large significant 

increase in volume cortical porosity in OcnVEGFKO versus WT. Male OcnVEGFKOs also had 

a significantly higher volume cortical porosity than female OcnVEGFKOs (error bars 

indicate mean value ± SEM, n=3 females and 3 males from individual litters p<0.0001**** 

using two-way ANOVA). 
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3.3.2 High-resolution synchrotron-based micro-CT identified sexual dimorphisms in 

lacunar and vascular canal phenotypes in 16 week old mice following deletion 

of mature osteoblast-derived Vegf 

In order to further interrogate sex differences observed in measurements of cortical 

porosity at the tibiofibular junction, a negative imprint of the calcified bone tissue was 

extracted from high-resolution CT image stacks. This allowed investigations into the effect 

of OcnVEGFKO on the number, volume and diameter of intracortical canals and osteocyte 

lacunae using Aviso 9.0 for analysis. A number of studies have previously applied this 

principle to human (Cooper et al., 2003, Cooper et al., 2007) and rodent bone samples 

(Núñez et al., 2017, Núñez et al., 2018, Britz et al., 2010, Britz et al., 2012, Schneider et al., 

2007b, Schneider et al., 2013, Thurner et al., 2010). Due to the explained limitations of 

micro-CT used in previous studies however, this is not a technique which has been applied 

to VEGFKO models in the past and therefore was of significant interest for this study. 

As aforementioned in the methods (3.2.1.3), individual threshold values were employed 

for the separation of osteocyte lacunae and intracortical canals due to the variations 

observed in the size of porosity fractions between OcnVEGFKO repeats. These abnormally 

shaped lacunae were disorganised and joined to the canals as a result of their close 

proximity (figure 3.7). Particle sizes below 27.4 μm3 were defined as noise, correlating with 

previous studies in which confocal laser scanning microscopy and high resolution μCT were 

used to interrogate porosity and osteocyte lacunae were found to be no smaller than 

28μm3 (McCreadie et al., 2004, Carriero et al., 2014). The mean separation threshold used 

for WT and OcnVEGFKO females was significantly lower than the thresholds used for 

OcnVEGFKO males in which the ‘clumping’ of canals and lacunae was particularly prominent 

(figure 3.8).  
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Figure 3.7: Osteocyte lacunae adjoined to intracortical canals in 16 week old OcnVEGFKO 

mice. Small, medium and large (left to right) intracortical porosity. Following OcnVEGFKO 

and particularly in males, canals, osteocytes and large intracortical porosity (white arrows) 

has been identified by Aviso 9.0 software as one large piece of porosity in the vascular canal 

compartment. Orange arrows denote healthy looking canals.  
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Figure 3.8: Sexual dimorphism in osteocyte/intracortical canal separation thresholds. 

Average separation threshold is just below the volume of the smallest intracortical canal 

for each individual bone (values and error bars indicate mean value ± SEM, n = 3 females 

and n=3 males, p<0.05* using t-test). 
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Using these individual separation thresholds, it was possible to produce 3D representations 

of the osteocyte lacunae (yellow) and intracortical canals (red) as two different subtypes of 

the intracortical porosity (figure 3.9). In male WT, female WT and female OcnVEGFKO, the 

ratios of osteocyte lacunae to intracortical canals were fairly consistent. In WT females, 

75.8% of the total pore volume represented osteocyte lacunae and 22.0% intracortical 

canals (figure 3.10a). In WT males 75.4% of the pore volume consisted of osteocyte lacunae 

and 23.1% intracortical canals (figure 3.10b). In OcnVEGFKO females (figure 3.10a), the ratio 

of lacunae versus canals was comparable to WT values. Once again however, it was the 

OcnVEGFKO males which were dimorphic and there was almost a complete switch in the 

proportions of osteocyte lacunae to intracortical canals. Here, 76.1% of the total porosity 

was made up of intracortical canals and only 22.3% composed of osteocyte lacunae (the 

rest defined as noise; figure 3.10b). Importantly, in OcnVEGFKO animals, some osteocyte 

lacunae contributed to the canal volume fraction due to their intimate proximity (i.e. direct 

connection) to the intracortical canals (figure 3.7).  
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Figure 3.9: Separation of osteocyte lacunae and intracortical canals in males and females. 

3D renderings of osteocyte lacunae (yellow) and intracortical canals (red) from female and 

male, WT and OcnVEGFKO mice (16 weeks-old) following SR CT scans (0.65μm voxel size). 

Scale bar = 50µm unless otherwise stated. All measurements recorded in µm. 
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Figure 3.10: Proportion of intracortical porosity made of osteocyte lacunae and blood 

vessel canals. In female animals (a), osteocyte lacunae made up the highest fraction of the 

intracortical porosity for both WT and OcnVEGFKO. In males (b) % pores constituting the 

lacunar fraction was decreased and intracortical canal fraction was increased in OcnVEGFKO 

versus WT. Error bars indicate mean value ± SEM, n=3 females and 3 males from individual 

litters p<0.0001**** using two-way ANOVA. 
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In order to further understand the bone phenotype, individual canal and lacunar fractions 

were quantified and values compared to look at the effect of sex and OcnVEGFKO. In female 

OcnVEGFKO mice, there was a significant increase in lacunar number density (standardised 

to mask volume - Lc.Dn; figure 3.11a), mean lacunar volume (Lc.V; figure 3.11b) and lacunar 

diameter (Lc.Dm; figure 3.11c), in comparison to WT animals. No significant differences 

were shown in the lacunar number density or mean lacunar volume in male OcnVEGFKO 

mice, but a significant decrease in lacunar diameter was identified (figure 3.11c).  

To investigate the distribution of lacunae sizes that are used to calculate the mean lacunae 

volume, a particle distribution analysis was carried out, using the lacunar volumes obtained 

from the particle analyser function in ImageJ. In both female (figure 3.11d) and male (figure 

3.11e) WT groups, there is a large peak in the probability density curve at just above 200 

μm3. In females, following the deletion of bone-derived VEGF, the distribution curve was 

much broader and there was a greater variance in lacunar volume recorded between each 

animal. In stark contrast, in male OcnVEGFKOs, the probability density curve had a bimodal 

distribution and two individual populations of osteocyte lacunae were identified. The 

presence of a large quantity of smaller osteocyte lacunae could explain the lack of 

significance in the mean volume cortical porosity results following the deletion of 

osteoblast-derived VEGF in males, as it is possible that the smaller osteocyte population 

could skew the mean volume. Statistical analysis confirmed that the proportion of 

osteocyte lacunae in the smaller volume population was significantly larger in OcnVEGFKO 

males than in both male WT (p=0.007) and female OcnVEGFKO mice (p=0.015). Unlike in 

males, no significant differences in proportions of osteocyte lacunae sizes were shown in 

female OcnVEGFKO, when comparing with female WT animals (Raw data: Appendix D.2). 

Above the individual threshold values, porosity was labelled as intracortical canals. 

Quantification of the canal fraction indicated a significant decrease in the canal number 

density (Ca.Dn; figure 3.11f) and a significant increase in mean canal volume (Ca.V; figure 

3.11g) in male OcnVEGFKOs versus WT controls. The mean canal diameter (Ca.Dm; figure 

3.11h) was unchanged, however. This suggested that there were not as many, significantly 

larger intracortical canals in male OcnVEGFKO mice. Given the differences in mean threshold 

values in males, this increase in canal volume was unsurprising (7507μm3 in OcnVEGFKO 

males versus 1739μm3 in WT males). In females however, no significant changes in 

intracortical canal number, volume or diameter were observed. 
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Figure 3.11: Deletion of osteoblast-derived Vegf significantly increases intracortical canal 

volume in males. Measurements taken of regularly sized osteocyte lacunae show an 

increase in lacuna number density (Lc.Dn; a), mean lacunar volume (Lc.V; b) and mean 

lacunar diameter (Lc.Dm; c) in female OBVEGFKO versus WT. In males, there was a decrease 

in mean lacunar diameter (Lc.Dm; c) following knockout of OBVEGF. The probability density 

of osteocytes of different volumes for females (d) and males (e) are shown by graphs on a 

logarithmic scale, which were created using the free language and environment for 

statistical computing and graphics R (https://cran.r-project.org/). Each coloured line 

represents one animal. Number of intracortical canals greater than the lacunar threshold 

(see methods) is significantly decreased in male OcnVEGFKO (Ca.Dn; f). An increase in mean 

canal volume was seen following OcnVEGFKO (Ca.V; g), however no change in mean canal 

diameter was observed in male OcnVEGFKO (Ca.Dm; h). Error bars indicate mean value ± 

SEM, n=3 females and 3 males from individual litters p<0.05*, p<0.01**, p<0.001***, 

p<0.0001**** using two-way ANOVA. 
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3.3.3 Deletion of osteoblast-derived Vegf affects blood vessel morphology and 

osteocyte phenotype specifically in 16 week old male mice 

Giemsa and pentachrome staining of sections from the mouse tibiofibular junction, using 

the contralateral legs to those used for micro-CT enabled the identification of blood vessels 

within the intracortical canals in females and males (figure 3.12a). Although pentachrome 

sections were predominantly used for quantification purposes, Giemsa stains enabled 

visualisation of blood vessels and erythrocytes and acted as an ideal second point of 

validation.  

In order to be able to carry out sex comparisons, stained sections were used for histological 

analysis in females. Both the Giemsa and the pentachrome stains showed a degree of 

disorganisation in female OcnVEGFKO bones versus WT controls (figure 3.12a and 3.13), 

however this was not nearly as prominent as the strong phenotype observed in males 

(figure 3.12a and 3.14). This correlated with synchrotron scans in which there was an 

increase in cortical porosity following OcnVEGFKO in females, which was non-significant. A 

high canal occupancy was identified (figure 3.12b) and quantification using the histological 

sections from 8 female mutant and wild type bones showed that an average of 92.4% (± 

2%, n = 8) of the blood vessel canals were filled with a blood vessel. There were no 

significant differences identified between female OcnVEGFKO and WT sections. 

Meanwhile, there were no significant changes in the area of vascular canals (figure 3.12c). 

In females, there was no significant increase in osteocyte number (figure 3.12d) and no 

significant changes in the proportion of total osteocytes present in the posterior region in 

female OcnVEGFKO versus WT. Osteocytes were evenly distributed in the anterior and 

posterior of the cross sections (posterior; female OcnVEGFKO, 66%; female WT, 65%, NS). 

In both Giemsa and pentachrome stained sections, blood vessels in male OcnVEGFKO bones 

were strikingly disorganised (figure 3.12a and 3.14). Using a pentachrome stain, it was 

possible to distinguish between non-mineralised (red) and mineralised components (green) 

of the bone. Here, large areas of poorly mineralised osteoid were visible around the blood 

vessels and osteocytes, partly explaining the raised volume cortical porosity identified 

specifically in male OcnVEGFKO mice following SR CT analysis. In comparison, the 

organisation of osteocytes and blood vessels in WT animals appeared to be more 
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structured across the bone cortex and there was no osteoid present around the osteocytes 

or blood vessels.  

Correlating with what has been previously identified in the literature (Núñez et al., 2018), 

in males the majority of blood vessels (69% WT and 70% OcnVEGFKO) were found in the 

posterior region of the tibia. Quantification of histology validated the presence of blood 

vessels within the canals and the percentage of filled blood vessel canals was 85.4% (± 2%, 

n = 8) in males, with only a very small proportion of them empty (figure 3.12b). Even so, it 

is highly likely that in vivo the small number of empty canals were filled and that histological 

processing was responsible for the loss of the vessel from within the canal. The percentage 

canal occupancy was not significantly different in OcnVEGFKO versus WT controls. There 

was however, a significant increase in vessel area in OcnVEGFKO males versus WT (3.12c) 

and a significant increase in osteocyte number (3.12d). There was also a significant increase 

in the proportion of total number of osteocytes present in the posterior region in male 

OcnVEGFKO versus WT (posterior; Male OcnVEGFKO, 74%; Male WT, 54%, p<0.05). As per 

the vasculature, in male OcnVEGFKO, a greater proportion of osteocytes were present in 

the posterior region in comparison to the quantities counted in the anterior region.  
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Figure 3.12: OcnVEGFKO increases the area of blood vessel canals in mature male mice 

specifically. No large or obvious alterations in osteocyte or blood vessel morphology 

following OcnVEGFKO in females versus WT (a). In pentachrome stained male OcnVEGFKO 

sections however, there was large amounts of unmineralised osteoid (*) surrounding blood 

vessel canals (hatched lines) and osteocytes (black arrows). Analysis of stained sections 

showed there was a high level of vascular canal occupancy (b), which remained unchanged 

in OcnVEGFKO versus WT animals. In male OcnVEGFKO versus WT %, area blood vessel (BV) 

canals was significantly increased (c). Osteocyte number was significantly increased in both 

males (d; error bars indicate mean value ± SEM, n=4 female and n=3 male mice from 

individual litters, p<0.01** using ANOVA). Scale bar = 20µm. 
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Figure 3.13: Using Giemsa and pentachrome histological stains to interrogate the 

vasculature in 16 week old WT and OcnVEGFKO female mice. Following deletion of Vegf in 

female mice, the pentachrome stain shows a small increase in osteoid (red stain) 

surrounding the osteocytes within lacunae (black arrows). Other than this, no abnormalities 

can be detected in the vasculature (red arrows) or osteocytes (yellow arrows). Scale bar = 

20µm. 
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Figure 3.14: Using Giemsa and pentachrome stains to interrogate the vasculature in 16 

week old WT and OcnVEGFKO male mice. Following deletion of Vegf in males, the 

pentachrome stain shows a large increase in osteoid (red stain; black arrows) surrounding 

the osteocytes (yellow arrows) and blood vessels (red arrows), making the canals abnormal 

in shape. This is mirrored in the Giemsa stained sections, where vessels and osteocytes 

appear to be overcrowded and disorganised. Scale bar = 20µm. 
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3.3.4 Increase in vasculature and disorganisation of the bone matrix following 

deletion of bone-derived VEGF validated by BSE-SEM 

To further investigate the osteocyte/vascular phenotype and the poor mineralisation, 

which is shown to be particularly severe in male OcnVEGFKOs, BSE-SEM was used. This 

technique allowed the fine scrutiny of these transgenic tibia and a level of detail which is 

shown to be greatly enhanced. By treating PMMA blocks containing tibiae with iodine 

vapour or tri-iodide, it was possible to identify fine cellular detail within the bone cortex at 

the tibiofibular junction in females (figure 3.15a) and males (figure 3.16a), such as the blood 

vessel lumens within canals. Increased magnification also enabled closer inspection of 

blood vessels within blood vessel canals in females (figure 3.15b) and males (figure 3.16b). 

In females, deletion of osteoblast-derived Vegf resulted in a minimal increase in woven 

bone (mid-grey) versus WT, with small amounts surrounding the osteocytes and vessels 

(3.15c), but no large notable abnormalities. Similarly to the pentachrome stained sections, 

in male SEM images of OcnVEGFKOs, the osteoid appeared to make up a major component 

of the blood vessel canal space compartments (figure 3.16c; mid-grey). As a result, blood 

vessel canals were abnormal in size and morphology in comparison to male WTs, with blood 

vessels filling only part of the canal. Osteocytes were also surrounded by osteoid within the 

lacunae and this was suggestive of disruptions in healthy bone mineralisation in male 

OcnVEGFKOs, something which will be investigated further in subsequent chapters. 
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Figure 3.15: No changes in the vasculature of 16 week old female tibia following 

OcnVEGFKO. Following the deletion of Vegf in females, BSE-SEM was carried out at the 

tibiofibular junction in 16 week old mice. Staining with iodine vapour enabled the cellular 

detail to be picked up (a), including blood vessels within the canals (red arrows; b) and 

osteocytes (yellow arrows). Low levels of woven bone visible in OcnVEGFKO versus WT (c). 

Scale bars detailed in µm.  
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Figure 3.16: Increased osteoid surrounding the vasculature and reduced bone quality in 

male 16 week old tibia following OcnVEGFKO. Following the deletion of Vegf in males, BSE-

SEM was carried out at the tibiofibular junction in 16 week old mice. Staining with iodine 

vapour, enabled the cellular detail to be picked up (a), including blood vessels within the 

canals (red arrows; b) and osteocytes (yellow arrows). Canals appeared to be abnormal in 

shape and filled with osteoid, suggesting poor mineralisation in OcnVEGFKO bones. In WT 

animals, osteocytes looked organised (c) and no osteoid was visible. Scale bars detailed in 

µm. 
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Using DFG Icon dentistry gel to etch away at the surface of the calcified bone and 

subsequently treating the blocks with ammonium triiodide, it was possible to pick up 

cellular detail within the cast of osteocyte lacunae and blood vessel canals that remained 

(figure 3.17). Further erosion of bone mineral with a more severe treatment of HCl and 

bleach facilitated a much deeper erosion (figure 3.18). No differences were observed in 

female WT versus female OcnVEGFKO; canals and lacunae were regularly spaced and 

organised. Conversely and correlating with the porous phenotype identified by SR CT, in 

male OcnVEGFKO bones the bone cortex was overcrowded with blood vessel canals. These 

canals were poorly organised, overlapping and in close proximity to osteocyte lacunae. Due 

to the seemingly poor mineralisation around the marrow cavity, PMMA was retained in 

male OcnVEGFKOs in this region. It was hypothesised that this area of the tibiofibular 

junction contained woven bone, which has not mineralised properly (figure 3.18).  
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Figure 3.17: Icon etch dentistry gel reveals cast of blood vessel canals and osteocyte 

lacunae. Female and male OcnVEGFKO mice were compared by performing BSE-SEM on 16 

week old tibia treated with DFG Icon etch dentistry gel. The differences between the female 

OcnVEGFKO and male OcnVEGFKO were substantial, with males appearing to have increased 

and abnormal vasculature, often overlapping. Scale bars detailed in µm. 
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Figure 3.18: Increased vasculature in male 16 week old tibia following OcnVEGFKO. In 

OcnVEGFKO male bones, increased vascularisation (red arrows) was present and visible in 

SEM images following treatment with HCl and thin bleach. The close proximity and 

overlapping of the osteocytes surrounding the bone marrow (BM) and the poor 

mineralisation, results in large amounts of PMMA remaining. Scale bar=100µm. 

 

OcnVEGFKO  WT 

Female 

Male 



Chapter 3 

 114 

3.4 Discussion 

Using a conditional in vivo Vegf knockout mouse model to investigate the role of VEGF in 

the maintenance of both male and female adult bone health, the current studies have 

shown for the first time that VEGF produced by mature osteoblast cells is sexually 

dimorphic in its effect on intracortical vasculature. Vegf conditional knockout models are a 

relatively new concept in the literature, only having been studied by a small handful of labs 

previously (Zhang et al., 2002, Hu and Olsen, 2016, Buettmann et al., 2019, Liu et al., 2012). 

This is partially due to requiring a material transfer agreement (MTA) with Genentech in 

order to breed this mouse model for research purposes, which few labs possess.  

In the work detailed in this chapter, the surprising phenotype identified by a substantial 

increase in intracortical porosity in males following OcnVEGFKO was noticeable from the 

first CT scan. The importance of looking at both sexes in a study investigating bone and 

vascular phenotypes was therefore realised. Due to the prevalence of degenerative bone 

disease amongst post-menopausal woman, males are often forgotten during analysis of 

disease phenotype (McCreadie et al., 2004, Senel et al., 2013, Pufe et al., 2003). It is 

therefore possible that a lack of comparisons between sexes in such studies has meant that 

underlying dimorphisms between males and females may have been missed in the past.  

This increase in intracortical porosity in 16 week old male OcnVEGFKOs was characterised 

by SR CT (0.65µm) initially. Further interrogation performed following the segmentation of 

osteocyte lacunae and intracortical canals showed an increased volume in intracortical 

canals (fewer and larger) in male OcnVEGFKO versus WT controls. These canals were 

abnormal in shape and were adjoined to osteocyte lacunae, which meant that a large 

amount of osteocyte lacunae were picked up in the intracortical canal fraction. It is possible 

that low resolutions of micro-CT used for previous investigations could have hidden sex 

differences in bone phenotype and intracortical porosity due to being unable to extract 

intracortical porosity (Liu et al., 2012). 

The determining factor which was causing these osteoblasts to reside in such close 

proximity to the vasculature was initially unclear. Previous studies suggested that osteocyte 

dendrites attach to blood vessels in the regulation of angiogenesis (Prasadam et al., 2014). 

It has been proposed that the apoptosis of osteocytes may be responsible for the decreased 

bone mass observed in osteoporosis (Bonewald, 2004). Equally, in age-induced 
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osteoporosis it has also been shown that there are reduced numbers of osteocytes, as well 

as disorganisation of canaliculi (Kobayashi et al., 2015). In this current study however, there 

is an increase in osteocyte density in female OcnVEGFKOs shown by SR CT analysis and an 

increase in osteocyte number in both males and females shown by histology. It was 

suggested in additional investigations that osteocytes were able to halt remodelling and 

that the bone formation rate was inversely proportional to the density of osteocytes (Qiu 

et al., 2002). Given that intracortical porosity was increased in both sexes to an extent, but 

significantly in males following OcnVEGFKO, it can be predicted that the bone forming rate 

in these mice is disproportionately lower than bone resorption as per previous VEGF KO 

studies (Liu et al., 2012). This would therefore help to explain the increase in osteocyte 

density quantified as a result of Vegf deletion.  

The most probable explanation behind the adjoined canals and lacunae in male OcnVEGFKO 

however, is a lack of mineralisation in the bone cortex. SR CT at a resolution of 0.65µm is 

only able to pick up calcified tissue and therefore it is possible that the osteocytes were 

embedded within woven bone or regions of poor mineralisation in male OcnVEGFKO, giving 

the appearance of large volumes of intracortical porosity via SR CT (Schneider et al., 2007b, 

Schneider et al., 2009b). Indeed, a histological pentachrome stain of 16 week old 

tibiofibular junction sections has identified areas of osteoid surrounding blood vessels 

within canals in OcnVEGFKO males specifically. Woven bone is laid down very quickly in very 

early development and the first stage of bone healing. It is of poor quality and low strength 

in comparison to tough lamellar bone and will be investigated in more depth in subsequent 

chapters. 

It has been previously found that the size of osteocyte lacunae is comparable to the level 

of matrix mineralisation. In male OcnVEGFKO bones, there was a population of smaller 

osteocyte lacunae visible that was not present in either male WT or female tibia. Perhaps 

therefore, further indication of poor mineralisation in this area of the tibia is the fact that 

there is this population of small osteocyte lacunae which has been identified as a result of 

the deletion of OcnVEGF in males. In adult humans it has been shown that as matrix 

production decreases, osteocytes decrease in volume and therefore in areas of poor 

mineralisation there would be less matrix production, as well as smaller osteocytes 

(Marotti, 1977, Frost, 1961). As a result, the mineralisation state of these male and female 

OcnVEGFKO bones will be further investigated in subsequent chapters. 
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By using a combination of SR CT, histology and BSE-SEM, it was possible to identify and 

characterise a strong vascular phenotype in males following the deletion of osteoblast-

derived Vegf. VEGF is well known to be a potent inducer of angiogenesis (Risau, 1997, 

Tombran-Tink and Barnstable, 2004) and as a result it was initially expected that deletion 

of Vegf would cause a reduction in the vascularisation of the cortex. It has been shown in 

previous studies that ovariectomy prompted a 15% decrease in the number of CD31 

positive cells and reduced levels of VEGF (Pufe et al., 2007, Roche et al., 2012). Therefore, 

a similar outcome and reduction in the vasculature was expected here and the subsequent 

results obtained were somewhat surprising. 

This increase in the volume of intracortical canals in male OcnVEGFKOs was supported by 

histology, where a pentachrome stain not only confirmed a high % fill of blood vessel canal, 

but a significant increase in blood vessel area in OcnVEGFKO male mice versus WT 

littermate controls. SEM also showed an increase in intracortical vascular canals following 

OcnVEGFKO in males, in comparison to WT controls. Blood vessels appeared to be 

extremely disorganised, misshapen and surrounded by large amounts of osteoid, validated 

by the retention of a large amount of PMMA surrounding the vessels and osteocyte lacunae 

in the male OcnVEGFKO versus WT following treatment with bleach. Erosion of the 

mineralised bone matrix also further identified that osteocytes were both irregularly 

spaced and overlapping. The reasoning behind this strong vascular phenotype specifically 

in 16 week old male OcnVEGFKO mice was unclear. Increased angiogenesis, vascular 

disorganisation and leakiness is associated frequently with cancer and tumours, however 

this ordinarily goes hand in hand with increased levels of VEGF expression as opposed to 

decreased levels (Morikawa et al., 2002, McDonald and Foss, 2000). Like in cancer however, 

in male OcnVEGFKOs histology and SEM has highlighted that the blood vessels appear 

to be disorganised and of irregular morphology. It is therefore possible that they are 

potentially not functioning properly as a result. If blood vessels are indeed not 

functioning correctly, they will not be able to efficiently fill their role in the maintenance of 

bone health. The vascular phenotype here is unexplained and will be investigated further 

in vitro, in the final chapter of this thesis. 

It is not clear whether this phenotype which is particularly evident in males is isolated to 

the changes in cortical porosity and the vasculature observed here, or whether OcnVEGFKO 

affects the geometry of the entire tibia and other physical bone traits. Characterisation of 
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gross and whole tibia phenotypes, as well as further investigations into the mineralisation 

state of the bone in males and females was therefore an important next step and will be 

addressed in the subsequent chapter. 
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Chapter 4 Results II – Elucidation of physical bone traits 

following osteoblast-Vegf deletion 

4.1 Introduction  

Following the identification of a notable vascular phenotype as a result of OcnVEGFKO, 

particularly in males, a number of different bone parameters were subsequently examined 

in 16 week old male and female mice. It was previously found that VEGF controls healthy 

growth plate morphology (Gerber et al., 1999a) and in other studies deletion of VEGF 

induced a reduction in both weight and body size (Hu and Olsen, 2016). Therefore, 

investigations into growth in this study which focuses on the effect of OcnVEGFKO on adult 

(16 week old) mice were of importance.  

Analysis included measurements of the skull, the whole tibia and matrix mineralisation. The 

skull was primarily utilised as unlike the long bones, it has a different origin and is formed 

via intramembranous ossification during development (reviewed by Ferrara et al., 2003, 

Yang et al., 2012, Ortega et al., 2004, Kronenberg, 2003, Kini and Nandeesh, 2012). Both 

bone types are heavily adapted to fulfil their individual functions and whereas the skull is 

not designed to bare constant load in its role where it protects the brain, one of the key 

functions of the long bones is to facilitate locomotion and support the load of the rest of 

the body without breaking. By studying the effect of OcnVEGFKO in the skull therefore, it 

was envisaged this would elucidate the effect of loading on the occurrence of a bone 

phenotype and subsequent sex differences which have been observed in knockout mice.  

It has been found previously that disuse of limbs as a result of prolonged bed rest results 

in a readjustment of the mineral components of the skeleton, with increased mineral in the 

skull and decreased mineral in load bearing bones (Leblanc et al., 1990). Subsequent 

studies performed in microgravity, which mimics unloading, have identified that this shift 

in mineral distribution is associated with alterations in perfusion. The decrease in the 

perfusion of blood to the long bones here was complemented by an increase in perfusion 

to the skull, suggesting that bone remodelling is strongly influenced by both blood flow and 

loading (Colleran et al., 2000). Subsequently, it has also been identified that damage to the 

spinal cord is associated with a decrease in blood vessel volume (Ding et al., 2012). The 
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mineral density and blood supply to the long bones therefore appears to be strongly 

associated with loading, with unloading affecting the skull and the long bones in contrasting 

ways. The skull measurements using micro-CT data from both male and female OcnVEGFKO 

versus WT mice were therefore of great interest here. 

Where the use of a desktop scanner is not sufficient for in depth analysis of the bone 

microstructure, it is entirely sufficient for the analysis of whole bone traits and can be used 

for the scanning of the skull or the entire tibia where the fine structural detail is not 

required. Whole bone analysis of bone phenotypes has proven valuable in past studies 

(Mosey et al., 2017, Berwick et al., 2017) and it enables a comparison in geometrical 

measurements at different points along the length of the tibia, as opposed to purely 

focusing on the tibiofibular junction. Analysis of micro-CT scans enables the quantification 

of the hydroxyapatite content within the tibia and the subsequent calculation of BMD, a 

known measure in the study of degenerative bone diseases such as osteoporosis in which 

levels of hydroxyapatite are shifted to the left of normal and correlate with an decrease in 

bone mass (Roschger et al., 2001). 

VEGF has been shown to play a significant role in the control of mineralisation, which 

involves the incorporation of hydroxyapatite into the bone matrix. This has been supported 

by data which shows that during bone mineralisation, VEGF reaches its peak levels of 

expression (Deckers et al., 2000). As well as its role in the mineralisation of bone, VEGF also 

plays such a significant part in the invasion of blood vessels into the cartilage during 

endochondral ossification (Gerber et al., 1999a). Given the accrued information on the 

increased and abnormal porosity and vasculature within the cortex of the OcnVEGFKO mice 

used for this study, a more in depth study of the mineralisation state of male and female 

OcnVEGFKO bones was of great interest. Previous investigations have successfully analysed 

changes in the mineralisation state of bone using BSE-SEM and therefore similar analysis 

techniques will be used to look at both male and female bones in this study (Boyde, 1980a, 

Boyde et al., 2017). 

The aforementioned bias towards the analysis of trabecular bone measures when studying 

bone pathologies, has meant that multiple investigations into this bone subtype have been 

documented in the literature (Liu et al., 2012, Pufe et al., 2003, Albright, 1947b, Riggs and 

Melton, 1986). This could be due to the fact that trabecular bone is particularly 

metabolically active and roughly 25% of the total volume of trabecular bone is replaced on 
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an annual basis, as opposed to 3% in cortical bone (Parfitt, 1994). The interrogation of 

cortical bone phenotypes is therefore lacking in the literature and given the known 

influence of cortical bone in degenerative bone disease, it was the main focus of this study 

(Zebaze et al., 2010, Zebaze and Seeman, 2015). For completeness and sex comparison 

purposes however, basic measures of trabecular bone were undertaken. The majority of 

studies into changes in trabecular bone look at one sex only and therefore this will enable 

correlations with past work to be made. In this chapter therefore, notable physical bone 

traits identified following the deletion of osteoblast-derived Vegf in male and female 16 

week old mice were investigated. Craniometric measurements, measurements of bone 

geometry (including BMD) and BSE-SEM were used in order to do this. As well as this, the 

trabecular bone measures were analysed for completeness of the phenotypic analysis.  

 

The aim of this chapter was to elucidate physical bone traits following osteoblast-Vegf 

deletion. 

 

Aim 2: Elucidation of physical bone traits following osteoblast-Vegf deletion 

Whole tibial analysis of OcnVEGFKO at 16 weeks of age will be undertaken 

- Gross measurements of bones using well known growth determinants 

- Craniometric measurements using medium-resolution micro-CT 

- Trabecular bone analysis using medium-resolution micro-CT 

- Investigations into bone mineralisation using BSE-SEM 

- Assessment of tibial geometry 
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4.2 Methodology 

4.2.1 Gross anatomical measurements 

Immediately after culling the 16 week old mice, measures of tail length and weight were 

obtained (n=6-8 male and females from 5 individual litters). Tail length was recorded using 

a calliper to measure from the base of the tail to the tip of the tail. Weight was measured 

by placing the mouse into a container directly after culling and using a scientific scales to 

determine the weight. Taking these measures directly after the mice were culled made the 

data obtained more accurate as the mouse was not moving, which would make the 

recording of these results difficult.  

4.2.2 Skull measurements 

Skulls of 16 week old mice (n=4) were scanned at 18µm voxel size using Skyscan 1176. 

VGSTUDIO MAX (Volume Graphics, Heidelberg, Germany) was used to create 3D 

reconstructions of the skull scans. 2D images were imported into ImageJ for quantitative 

bone morphometry, using the measure function (figure 4.1).  
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Figure 4.1: Effects of sex on skull phenotype following VEGF deletion. Craniometric 

measurements of 16 week old male and female WT and OcnVEGFKO were taken from 

reconstructed Skyscan1172 micro-CT images (18µm). The schematic (a, b) shows the 

landmarks used to take cranial measurements; 1–2: frontal length, 2–3: parietal length, 4-

4: bitemporal distance, 5-6: posterior mandible height, 5-7: condylar axis, 5-9: effective 

mandible length, 6-9: mandible plain, 7-8: mandible axis, 10-10:  anterior mandible height 

(Javaheri et al., 2016).  

4.2.3 Measurements of bone geometry 

Medium resolution CT scans (18µm) were analysed for quantification of bone geometry in 

male and female 16 week old mice (n=4). CTAn (Version 1.10) by Bruker was used to select 

upper and lower limits at the proximal and distal end of the tibia for whole bone analysis, 

ensuring that this was standardised for all animals. The tibia was visually inspected slice by 

slice from the knee to foot and the slice before the tibia was no longer visible at the 

proximal and distal ends of the were used as ‘top’ and ‘bottom’ slices of the stack 

Parietal 

Frontal 

b 

a 



Chapter 4 

123 

respectively. The number of slices between these two boundaries was used to calculate the 

length of the bone (number of slices x thickness of each slice; 0.018mm in this case). The 

fibula was digitally removed at the regions in which it was separated from the tibia, using 

the subtractive ROI function on CTAn. This enables you to draw around the tibia along the 

length of the selection and save this new data set which excludes the fibula as the volume 

of interest (VOI). 

The new VOI image sequence was imported into ImageJ. The scale was adjusted by 

inserting a pixel height, width and depth of 0.018mm into image J. A lower threshold of 80 

and upper threshold of 255 was used to separate bone from non-bone. The BoneJ, slice 

geometry plugin in ImageJ was utilised for interrogation of the entire tibia. Results were 

generated by slice geometry in an excel format, displaying iMin (minimum moment of 

inertia), iMax (maximum moment of inertia), Ct.Th (cortical thickness) and CSA (cross-

sectional area) for each slice. Two extra parameters were calculated from these data: 

ellipticity (bone shape) = iMax/iMin and J (predicted resistance to torsion) = iMax+iMin.  

Imin and Imax define the least and greatest distributions of mass across the minor and 

major axes respectively, thus acting as a measure of rigidity. Measurements are dependent 

on the accurate positioning of centroids, which is done automatically by BoneJ and values 

are a measure of the area around the minor (Imin) and major (Imax) axis. J describes the 

torsional rigidity of the bone and is calculated from the Imin and Imax values. Ellipticity is 

the measure of divergence of an ellipse from a perfect circle. For measures of Ct.Th, BoneJ 

fits many different spheres within the cortical bone mask and the average diameter of the 

sphere per slice is recorded.  CSA is the calculation of the cortical bone area per slice. 

To enable the results to be plotted as a graph, the % of tibia length was calculated for each 

slice. This was depicted by inserting the following equation at the top of a new column next 

to the first slice number and dragging it down until reaching the final slice number, to apply 

to the entire length of the bone (N.B. the number highlighted in yellow depicts the total 

number of slices analysed, so is different for each individual bone depending on its length): 

% tibia length = ((1/($D$985 - $D$2)) * ($D2 - $D$2))*100 

The top and bottom 10% of the tibia was excluded from whole bone analysis and graphs 

were plotted by Dr Behzad Javaheri at the Royal Veterinary College, using R (Mosey et al., 

2017). 
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4.2.4 Bone mass density calculations 

BMD was calculated for 16 week old mice (n=4) by scanning a low and a high density 

phantom of known hydroxyapatite content and BMD (0.25g.cm-3 and 0.75g.cm-3), using the 

same conditions mentioned previously for whole bone analysis (chapter 2.3.3). The VOI of 

each phantom was opened in CTAn and the ‘toggle VOI view’, followed by ‘from dataset’ 

was selected. The x-ray attenuation coefficient mean total for each phantom was calculated 

in CTAn (File>Preferences>Histogram>AttenuationCoefficient>OK). The two attenuation 

coefficient values were then used to calculate the BMD for each animal. Tibia VOI files were 

opened individually and the known BMD’s of the two phantoms (0.25g.cm-3 and 0.75g.cm-

3), as well as the low (0.022) and high (0.051) attenuation coefficients calculated previously 

were inserted into CTAn (File>Preferences>Histogram>Calibrate). An equation is then 

produced by CTAn for the calculation of BMD for each tibia (BMD = ((AC-0.0075)/0.058) in 

this case). The BMD script generated by Dr Behzad Javaheri was subsequently imported into 

CTAn. The threshold was set at 80-255 and the script ran, calculating the BMD for each 

individual slice of tibia. 

 CTvox (2.0) was used to determine bone threshold density within the tibia, by loading the 

bone density heat map function and using a standardised opacity for each bone. 

4.2.5 Trabecular analysis 

In 16 week old mice (n=4 female WT, female OcnVEGFKO, male OcnVEGFKO and n=5 male 

WT), trabecular measures of bone volume (BV/TV), bone surface area (BS/TV), trabecular 

thickness (Tb.Th) and trabecular number (Tb.N) were investigated for completeness. For 

morphometric trabecular analysis, appearance of the trabecular bridge that connected the 

two primary spongiosa bone islands was set as a reference point for the analysis of proximal 

tibia metaphyseal trabecular bone; 10% of the total bone length from this point (towards 

the diaphysis) was utilised. Quantification of trabecular bone was performed by Dr Behzad 

Javaheri. 
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4.2.6 BSE-SEM 

4.2.6.1 Sample maceration  

WT and OcnVEGFKO male and female femur were macerated and rendered anorganic by 

prolonged treatment with 7% (v/v) chlorine sodium hypochlorite solutions. This removed 

all cells and non-mineralised matrix components to show the 3D morphology of the 

previously mineralised tissue. Femur were subsequently washed and dried. Both the 

periosteal and endosteal surfaces were studied with 20kV BSE SEM in collaboration with 

Professor Alan Boyde, as detailed previously. 
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4.3 Results 

4.3.1 Absence of gross anatomical alterations observed following the deletion of 

bone-derived VEGF 

Weight and tail length are well known measures of healthy development in mice (Rhees 

and Atchley, 2000, Chen et al., 1999) and have proven valuable for comparative analysis of 

growth rates (Interlichia et al., 2010). In this instance, no gross anatomical alterations were 

observed between 16-week-old Vegfa osteocalcin conditional male and female knockout 

mice (OcnVEGFKO; figure 4.2a). The mice appeared from the outside, to all be 

physiologically normal and visually, there were no obvious differences in mobility between 

subjects. Following deletion of Vegf, there were no differences between male and female 

tail length versus WT (figure 4.2b). No weight differences were seen between genotypes of 

either sex, however unsurprisingly based on the knowledge around sexual dimorphisms in 

development, it was shown that male WT and OcnVEGFKOs were significantly heavier than 

female WTs and OcnVEGFKOs (figure 4.2c).  

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

127 

 

 

 

 

 

 

 

 

0

2

4

6

8

1 0

T
a

il
 l

e
n

g
th

 (
c

m
)

F e m a le M a le
                                                      

 

 

 

 

Figure 4.2: No significant differences in tail length or weight were observed when 

comparing OcnVEGFKO versus WT in males and females. No gross anatomical differences 

were visible in OcnVEGFKO or WT mice (a). No significant differences were seen in tail 

length following the deletion of OcnVEGF in males or females (b). Significant differences in 

weight were observed in female versus male animals (c), but not in OcnVEGFKO versus WT 

animals (n=6-8 animals from 5 individual litters, presented as mean measurements +/- SEM 

p<0.05*, p<0.0001**** using two-way ANOVA). 
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4.3.2 Deletion of bone-derived Vegf has no gross effects on the microstructure of 

the skull  

In order to assess the overall effect of loading in long bones on the bone phenotype and 

any potential sexual dimorphisms expressed, cranial measurements of the skull dissected 

from 16 week old male and female, WT and OcnVEGFKO mice were taken. The skull does 

not have to withstand load and therefore, was considered to be an interesting part of the 

skeleton to study in this case. Ten cranial measurements made from medium-resolution 

µCT scans (18µm) in WT and OcnVEGFKO animals were used to investigate the skull 

phenotype. Across the entire skull, there were no obvious defects in ossification when 

comparing male versus female and OcnVEGFKO versus WT mice (figure 4.3). Craniometric 

measurements taken at the intramembranous mesoderm, intramembranous neural crest 

and mandible were largely unaltered in OcnVEGFKO versus WT males and females. In female 

OcnVEGFKOs, the frontal length was significantly less in comparison to WT counterparts. In 

males, the bi-temporal distance was significantly reduced in the OcnVEGFKO versus WT 

(table 4.1).  

 

 

 

Figure 4.3: Skulls were scanned at medium resolution for cranial analysis. Reconstructed 

images were imported into CTVOX for 3D rendering, enabling the comparison of the 

anatomy of female and male, WT and OcnVEGFKO skulls from 16 week old mice. Scale bar 

= 2mm. 
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Table 4.1: Craniometric measurements for 16 week old male and female WT and 

OcnVEGFKO animals. 
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4.3.3 Deletion of bone-derived Vegf impacts long bone microstructure at the 

tibiofibular junction and epiphysis in 16 week old male mice 

Following a conditional deletion of Vegfa in mature osteoblasts and using reconstructed 

medium resolution (18µm voxel size) micro-CT images (figure 4.4a), it was possible to 

accurately quantify differences in tibial length in 16 week old males and female OcnVEGFKO 

and WT mice. In male mice, there was an increase in tibial length following OcnVEGFKO, 

however no significant differences were identified in female OcnVEGFKO versus WT 

(figure 4.4b). 

By scanning the whole tibia using the Skyscan 1176 at a resolution of 18µm, it was 

possible to visualise the region of interest for this study, as well as the entire tibia in 

3D (figure 4.4a). In males specifically, there was severe and extensive porosity at the 

tibiofibular junction and epiphysis which was visible following OcnVEGFKO. In one male 

OcnVEGFKO bone in particular, the tibia was fractured and a callus structure was visible 

where the bone had attempted to regenerate and not succeeded, filling the callus with 

poorly mineralised woven bone (figure 4.5).  There were also sexual dimorphisms in 

bone threshold density at the tibiofibular junction (figure 4.6). Following deletion of 

OcnVEGF in males, there was an increase in bone threshold density in comparison to WT 

controls, which could be the result of a potential compensatory mechanism. In females, 

OcnVEGFKO prompts a decrease in bone threshold density, a reversal of the observed 

changes observed in males.  
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Figure 4.4: Whole bone scans of the entire tibia at 18 microns enabled scrutiny of overall 

bone morphometry following OcnVEGFKO in 16 week old mice. The region of interest used 

for this PhD is identified on the female WT tibia (tibiofibular junction; white box). Although 

female WT, female OcnVEGFKO and male WT bones appear comparable in structure, the 

male OcnVEGFKO tibia presented here has been fractured previously and was unable to 

sufficiently heal. Extensive porosity is identified at the tibiofibular junction and the 

epiphysis specifically (arrows; a). In males, tibial length was increased following OcnVEGFKO 

(b; n=4 males and 4 females from individual litters presented as mean + SEM p<0.05* using 

two-way ANOVA). Scale bar = 1mm. 
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Figure 4.5: Increase in cortical porosity and the presence of woven bone at the tibiofibular 

junction fracture site in male OcnVEGFKO. Video shows a rotation of the whole tibia of a 

16 week old male mouse. Dysfunctional fracture healing is observed at the epiphysis and 

the tibiofibular junction (see video). 

 

 

 

 

 

 

 

 

Figure 4.6: Sexual dimorphisms identified in bone density heat maps following 

OcnVEGFKO. Longitudinal tibial cross sections created using CTvox, show a decrease in bone 

density in OcnVEGFKO females and an increase in bone density in OcnVEGFKO males. Heat 

map scale plotted from 0 (brown; low threshold density) to 255 (blue; high threshold 

density). Scale bar = 1mm. 
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4.3.4 Adult males conserve tibial geometry and shape following deletion of Vegf 

from mature osteoblast cells 

For analyses of changes in shape and geometry along the entire tibia in both males and 

females, medium-resolution (18µm) scans were used. Fractured bones such as those 

shown above in figure 4.5 were not used for this quantification. Measures including CSA, 

Imin, Imax and Ct.Th, ellipticity, J and BMD were quantified. A graphical heat map was used 

to present statistical significance of these measures between 10% and 90% along the tibial 

length (figure 4.7a).  

Surprisingly and unlike previous studies in which cortical bone phenotypes were seen in 

males only, here the only significant differences were observed when comparing female 

OcnVEGFKO and WT (figure 4.7a and 4.7b). The tibiofibular junction was situated at ~60% 

along the tibial length and it was in this region in particular (or just above/below) that a 

vast amount of significance was seen. In females, ellipticity was significantly higher in WT 

compared to OcnVEGFKO at 50% along the tibia (just below the junction) and higher in 

OcnVEGFKO in the distal area of the tibia (appendix D.4a). Imax (appendix D.4b) was higher 

in WT than OcnVEGFKO at every significant point in females, as was Imin (appendix D.4c). J 

(figure 4.7b) and cortical thickness (appendix D.4d) were also higher in the WT animals 

versus OcnVEGFKO animals in all areas of significance. Although BMD was higher in the 

female WT than female OcnVEGFKO subjects (figure 4.7b), this was not statistically 

significant.   

There did appear to be differences in geometry and shape following OcnVEGFKO when 

looking at the graphs plotted for males (figure 4.7 and appendix D.4), however statistical 

analysis showed that shape and geometry were not significantly compromised due to large 

amounts of variability between OcnVEGFKO repeats. Ellipticity was higher in OcnVEGFKO 

than WT around the tibiofibular junction area (appendix D.4a), however this was not 

significant (figure 4.7a). Equally, cortical thickness was higher in OcnVEGFKO mice versus 

WT (appendix D.4d), but this was also non-significant.  BMD in males following OcnVEGFKO 

was also non-significant. Overall, these findings suggest that where males compromise 

their cortical bone porosity following OcnVEGFKO, geometry and mechanical properties of 

the tibia are preserved. Females were able to maintain their cortical porosity, but 

compromise bone geometry following OcnVEGFKO.  
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Figure 4.7: Significant alterations in tibial geometry following bone-derived Vegf deletion 

is evident only in females. Minimum and maximum second moments of inertia (Imin and 

Imax respectively), cross-sectional area, resistance to torsion (J), ellipticity, cortical 

thickness and BMD of male and female OcnVEGFKO tibiae versus WT at 16 weeks of age (a). 

Graphical heat map summarises statistical differences (using ANOVA) at specific matched 

locations along the tibial length (10 to 90%), representative of overall effect of genotype. 

Red p< 0.0001, yellow p<0.001-0.01, green p<0.01-0.05 and blue >0.05. Line graphs 

represent means for female (b) and male (c) WT versus OcnVEGFKO ± SEM (n=4 female and 

4 male mice from individual litters).  
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Given the sex differences identified already following SR CT, BSE-SEM and histology, male 

and female statistical comparisons were made for bone geometry measurements in 

addition to the genotype comparisons. This identified that female bones were significantly 

thicker than male bones at several points above and below the tibiofibular junction in WT 

animals. These basal sex differences in tibia thickness were not present in male and female 

OcnVEGFKO mice at the same specific regions. CSA, iMin, iMax, Ct.Th and J were 

significantly greater in male OcnVEGFKO bones in comparison to females at several different 

points along the length of the tibia. Ellipticity was the only exemption as it was significantly 

lower in male versus female OcnVEGFKO animals at approximately 80% along the tibial 

length (Figure 4.8). There were no significant differences in BMD when comparing female 

and male tibia. 
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Figure 4.8: Sex differences evident along the tibial length in 16 week old WT and 

OcnVEGFKO bones. Graphical heat map summarises statistical differences between female 

versus male subjects within WT and OcnVEGFKO groups at specific matched locations along 

the tibial length (a). Yellow p<0.001-0.01, green p<0.01-0.05 and blue >0.05. Line graphs 

represent means for WT (b) and OcnVEGFKO (c) females versus males ± SEM (n=4 males and 

females from individual litters). Statistics performed using ANOVA.  

 

 



Chapter 4 

137 

4.3.5 Effects of deletion of bone-derived Vegf on trabecular bone parameters in 

male and female 16 week old mice 

For completeness, measurements of trabecular bone were taken. Due to the fact that 

trabecular bone has been studied extensively in the past when investigating degenerative 

bone disease, the aim of this analysis was to get a brief overview of any sexual dimorphisms 

that may be present within the trabecular bone for discussion purposes (figure 4.9). In 16 

week old male and female animals, no significant differences in BV/TV (figure 4.9b), BS/TV 

(figure 4.9c) or Tb.Th (figure 4.9d) were identified. The only significant finding was a 

decrease in Tb.N (figure 4.9e) in female OcnVEGFKO versus WT.  
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Figure 4.9: Minimal changes in trabecular measurements in 16 week male and female 

mice following OcnVEGFKO. Trabecular thickness for 16 week old male, female, WT and 

OcnVEGFKO tibiae is displayed as a heatmap with blue representing the thinnest trabeculae 

and red representing the thickest trabeculae (a). In 16 week old mice, no differences in % 

bone volume (b; BV/TV), bone surface area (c; BS/TV) and trabecular thickness (d; Tb.Th) 

were observed. A significant decrease in trabecular number was identified in female 

animals only, following OcnVEGFKO (e). Error bars indicate mean value ± SEM, p<0.05*, 

using two way ANOVA. N=4 female WT, female OcnVEGFKO and male OcnVEGFKO and n=5 

male WT.  
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4.3.6 Deletion of Vegf in mature osteoblasts impacts mineralisation of the bone 

matrix, particularly in mature 16 week old male mice 

BSE-SEM was performed for further inspection of the mineralisation state of the bone 

following OcnVEGFKO in both sexes. In female tibia, a small amount of woven bone was 

identified following OcnVEGFKO (figure 4.10a), however other than this very few differences 

could be seen when comparing with female WTs (figure 3.15). In male OcnVEGFKO tibia 

(4.10b,c), large areas of woven bone were visible versus WT (figure 3.16), supporting 

previous observations that these knockout bones contain expansive regions of poor 

mineralisation.  

In order to look deeper into the mineralisation state of the cortical bone following the 

deletion of osteoblast-derived Vegf and to complement the information gained from 

pentachrome histological stains, 16 week old male and female femur were macerated. This 

enabled the study of the periosteal and endosteal surfaces of the bone (figure 4.11), by 

removing the cells and non-mineralised matrix. When comparing the female WT and female 

OcnVEGFKO, normal remodelling was observed. On the posterior surfaces, wall to wall 

resorption was visible in WT (figure 4.12a) and OcnVEGFKO (figure 4.13a) femur and 

this is part of the modelling process which takes place in healthy bone. During this 

process, bone is removed from the posterior outside surface, before being deposited 

on the endosteal surface. On the endosteal surface of the female WT (figure 4.12b), 

the bone morphology was typical of a mineralising front; lots of blood vessel canal 

openings were present and healthy modelling and bone-forming mineralisation taking 

place. In the OcnVEGFKO femur, the endosteal surface (figure 4.13b) was also 

mineralising and modelling, with light resorption taking place in parallel. The newly 

formed canal openings appeared healthy in appearance, with no indication of osteoid 

within them. 

When comparing BSE-SEM from male WT (figure 4.14a) and male OcnVEGFKO (figure 

4.15a) macerated femur, no differences were identified in the morphology of the 

periosteal surface. In both bones, the periosteal surface appeared to be undergoing 

active resorption and bone remodelling throughout. In the male WT (figure 4.14b), 

modelling bone formation and mineralisation was taking place on the endosteal 

surface, with light resorption. In OcnVEGFKO (figure 4.15b) bones and on the endosteal 
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surface, vascular canals were surrounded by bone which was undergoing resorption.  

Most notable however, were the osteoid seams and areas of deficient mineralisation 

surrounding the opening of the blood vessel canals in this male OcnVEGFKO. On closer 

inspection (figure 4.16a and 4.16b), an arrested mineralising front could be identified. 

The mineralised surface surrounding the blood vessel canals was incomplete and there 

was a failure to mineralise on the forwards facing surface of the osteocyte.  This is an 

observation which was not present in female bones of either genotype, or in male WT 

femur and validates the results obtained from the pentachrome histological stain 

which showed large levels of osteoid and poor mineralisation surrounding osteocytes 

and blood vessel canals. 
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Figure 4.10: High levels of woven bone visible in BSE-SEM images following the deletion 

of Vegf in mature osteoblasts. Shaded grey tones depict large areas of woven bone at the 

tibiofibular junction region in male 16 week old female OcnVEGFKO (a) and male OcnVEGFKO 

(b,c) mice. All measurements for scale bars are detailed in µm. 
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Figure 4.11: Mature 16 week old femur were macerated to enable interrogation of the 

periosteal and endosteal surfaces by use of BSE-SEM. Defining the periosteal and 

endosteal surfaces of the macerated femur (male OcnVEGFKO used as an example). 

Characteristically, active bone resorption takes place on the periosteal surface and 

deposition of new bone and mineralisation takes place on the endosteal surface.  
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Figure 4.12: Bone resorption shown by BSE-SEM imaging following maceration of mature 

16 week old female WT femurs. Healthy bone resorption visible on the periosteal surface 

of the female WT femur (a). Multiple canal openings visible on the endosteal surface of the 

female WT femur and identification of mineralising front bone modelling morphology (b). 

Scale bars are measured in µm. 
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Figure 4.13: Bone resorption shown by BSE-SEM imaging following OcnVEGFKO in mature 

16 week old macerated female femurs. Healthy bone resorption visible on the periosteal 

surface of the female OcnVEGFKO femur (a). On the endosteal surface of female OcnVEGFKO 

there is a mineralising front morphology and bone formation, with small areas of resorption 

present. Canals do not appear to have osteoid within them (b). Scale bars are measured in 

µm. 
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Female OcnVEGFKO 
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Figure 4.14: Bone resorption shown by BSE-SEM imaging in WT 16 week old macerated 

male femurs. Healthy bone resorption visible on the periosteal surface of the male WT 

femur (a). Multiple canal openings visible on the endosteal surface of the male WT femur 

and mild resorption, as well as modelling mineralisation and deposition of new bone (b). 

Scale bars are measured in µm. 
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Male WT 
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Figure 4.15: Identification of osteoid canals of macerated 16 week old male femur by BSE-

SEM. Bone resorption taking place on the periosteal surface of the male OcnVEGFKO femur 

(a). In male OcnVEGFKO, osteoid is present within the canals on the endosteal surface, 

suggestive of poor mineralisation (b). Scale bars are measured in µm.  

Male OcnVEGFKO 
a 

b 
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Figure 4.16: BSE-SEM has identified osteoid within multiple blood vessel canals on the 

endosteal surface in mature male OcnVEGFKO mice following maceration. BSE-SEM has 

identified non-mineralised osteoid within blood vessel canals following maceration of the 

femur. Mineralisation appears to be arrested, with mineral depositions starting to 

accumulate around vascular inlets. 

 canal osteoid 
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4.4 Discussion  

Unlike in previous studies in which deletion of Vegf in osteoblasts under the control of an 

Osterix-Cre promotor caused notable changes in body size and skeletal size via x-ray (Hu 

and Olsen, 2016, Liu et al., 2012), there were no obvious gross phenotypic observations in 

male or female mature mice following OcnVEGFKO here. Visually, mice appeared healthy 

and following analysis, there were no significant differences in OcnVEGFKO versus WT for 

either weight or tail length, which is a known measure of growth. As expected, males were 

significantly heavier than females in both WT and OcnVEGFKO subjects, a characteristic 

which is comparable in human men. Oestrogen is involved in the initiation of the closing of 

growth plate cartilage in women and thus males are physiologically larger in both their 

skeleton and their build in comparison to females (Joakimsen et al., 1998, Meyer et al., 

1993, Perry et al., 2008). Human men have been shown to have 40% more muscle in their 

upper bodies and 33% more muscle in their lower bodies in comparison to women due to 

the up regulatory effect of testosterone on growth hormones (Janssen et al., 2000). A 

similar difference in bone growth and body mass is therefore expected when comparing 

male and female mice, who share gene regulation and many other biological systems with 

humans. 

The sexual divergence identified in the long bones of 16 week old OcnVEGFKO versus WT 

mice was not replicated in the skull, with one male and one female significant result 

recorded from twenty intracranial measurements. For both of these results, the 

OcnVEGFKO cranial measurement was significantly lower than the correlating WT value.  

Based on the literature regarding the effect of loading on the mineral composition and 

blood supply to the skull and long bones, this would suggest that there could be a small 

increase in OcnVEGFKO mouse long bone loading versus WT, which would then correlate 

with a small reduction in cranial measurements in OcnVEGFKO. If this was correct, based 

on the literature this would also result in an increased blood supply to the l ong bones 

(Leblanc et al., 1990, Colleran et al., 2000, Ding et al., 2012). Skull measurements are mainly 

insignificant however and loading has not been investigated in this study, so therefore this 

theory would need to be tested further. The skull is a bone which does not have to 

withstand load and therefore the lack of gross observations in the skull phenotype 

suggested that the phenotype observed in OcnVEGFKO animals is associated with loading. 
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Initial CT scans of both male and female OcnVEGFKO bones identified a bad fracture in one 

of the OcnVEGFKO male mice and following 3D reconstructions of CT scans, it was clear that 

the fracture repair process in this mouse was dysfunctional. The callus surrounding the 

fracture site contained thin bone which was woven in appearance and had seemingly 

attempted to heal itself, but had not succeeded at the time of culling. Recent work has 

suggested that VEGF-A from early osteoblast lineage cells (osterix positive) is essential for 

both angiogenesis and the rapid formation of immature woven bone post-fracture. It is also 

heavily involved in controlling the filling of the cartilage filled callus with bone (Buettmann 

et al., 2019) and therefore following OcnVEGFKO, the lack of healing in this male mouse 

correlated with what is already known about the requirement of VEGF in the process of 

fracture repair. 

The main gross difference observed in 16 week old OcnVEGFKO tibia was in males, where 

the average tibia length was significantly greater in comparison to WT. Opposing what has 

been identified here, mice that purely have VEGF120 isoform have a much reduced tibia 

length (Maes et al., 2002). For the male mice used in this PhD, the reasoning behind the 

increase in tibia length in OcnVEGFKOs was unclear. It is also likely that the differences 

between previous studies are seen because this deletion of Vegf in this study occurs in 

mature osteoblast cells, as opposed to immature osteoblast cells. Therefore, it is probable 

that a later stage of bone development is affected in comparison to past work. The length 

of our bones is defined by several factors including the closing of the growth plate, 

chondrocyte size, chondrocyte proliferation rate and the rate of matrix production. The 

closing of the growth plate is a process which is known to occur later in life in males versus 

females and thus, perhaps there are alterations in this process when Vegf is deleted in 

mature male osteoblasts (Joakimsen et al., 1998, Meyer et al., 1993, Perry et al., 2008). 

VEGF is also known to play a known role in endochondral ossification (Ferrara et al., 2003, 

Gerber and Ferrara, 2000), which is dysfunctional in the absence of VEGF and this could be 

affecting the tibial length, which is increased in males. 

Whole bone analysis measures of tibial geometry showed that despite the large increase 

in cortical porosity following the deletion of osteoblastic Vegf in males, they were able to 

maintain their overall geometry. Females on the other hand, compromised their geometry 

in order to maintain their porosity. In females, the tibiofibular junction was a region in 

which a vast number of changes in bone geometry took place. Thus, was proven in both 
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this study and in work by others (McKeon et al., 2012, Brookes and Harrison, 1957, 

Sferopoulos, 2010, Sundaram et al., 2018, Jianhong Pan, 2018) that the tibiofibular 

junction is both a highly dynamic and valuable region of interest for the study of 

degenerative bone disease phenotypes. It was unclear why these divergences in 

geometry between both sexes were present, although it is known that basally males 

produce a larger skeleton which is thought to protect them from fracture in later life and 

that differences do therefore exist between males and females even in healthy individuals 

(Seeman, 2001, Martin, 2002, Seeman, 2002, Callewaert et al., 2010a). In this study, males 

were able to maintain their geometry in an apparent compensation for the lack of bone-

derived Vegf, which following the analysis of volume cortical porosity was surprising. The 

mechanism behind this finding and particularly, the potential role of sex hormones in the 

maintenance of bone geometry will be investigated in subsequent chapters. As well as this, 

investigations into the directionality of VEGF signalling pathways in the control of bone 

health, will also interrogate any sexual dimorphic effects further and identify potential 

targets for the treatment of degenerative bone diseases. 

In females the only measurement in which there were no significant changes following the 

deletion of Vegf was BMD, which equally remained unchanged in male OcnVEGFKOs. It has 

been shown previously that BMD is not directly associated with the concentration of 

circulating VEGF (Costa et al., 2009), potentially explaining this finding following the 

deletion of bone-derived Vegf.  

Although trabecular bone is often the focus of studies into degenerative bone disease due 

to the fact that it is so metabolically active (Liu et al., 2012, Pufe et al., 2003, Albright, 

1947b, Riggs and Melton, 1986, Parfitt, 1994), the current studies demonstrated that 

OcnVEGFKO in males and females had minimal effect on trabecular bone phenotype. 

Striking phenotypes like those observed when analysing cortical bone were not visible and 

therefore it asks the question as to whether sexual dimorphisms have been missed in the 

past due to studies largely focussing on trabecular bone phenotypes, in which it has been 

suggested previously that there were no sexual dimorphisms in 8 week old mice (Liu et al., 

2012). Additionally, Vegf has previously been deleted in immature osteoblast cells and mice 

aged 8-12 weeks old have been studied (Liu et al., 2012, Hu and Olsen, 2016). Perhaps the 

mice analysed were too young to identify any sex differences or the difference in promotor 

used (Osterix-Cre) has meant that the sexual dimorphic bone phenotype was not identified 
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following Vegf deletion from immature osteoblasts. Equally, information could have been 

missed due to the low resolution of CT used or the type of bone used for analysis.  A 

significant amount of knowledge can therefore be gained by looking at cortical bone in the 

study of degenerative bone disease. 

The parameters measured and discussed here were of varying n number, dependent on 

the bone and technique used to obtain the data. Tail length and weight were obtained 

directly after the mice were culled and therefore it was relatively easy to get high n 

numbers for this parameter. Data obtained from medium resolution scans was dependent 

on whether the bones were intact and therefore suitable for CT analysis. The n number of 

4 used here was higher than that used for synchrotron scans, as the desktop Skyscan is 

readily available at the University of Southampton, whereas obtaining beamtime to use SR 

CT at SLS is much more difficult and therefore less bones can be scanned. 

Previous studies have identified VEGF as being essential in the control of bone formation 

and therefore the disruption in mineralisation following OcnVEGFKO was unsurprising 

(Maes et al., 2012, Zelzer et al., 2002, Ferrara et al., 2003, Harada et al., 1994). The 

enhanced dysfunctions in mineralisation in male OcnVEGFKOs versus female OcnVEGFKOs, 

correlated with SR CT and histology results and once more was interesting given the 

previous focus on females in the study of degenerative bone disease.  High levels of 

woven bone and osteoid were identified by BSE-SEM in male OcnVEGFKO tibia largely and 

to a lesser extent in female male OcnVEGFKO tibia. This data was supported by previous 

pentachrome histological stains presented in results chapter one, in which osteoid was 

present around the vascular canals and osteocyte lacunae in male OcnVEGFKOs. Woven 

bone is structurally brittle bone which is laid down very quickly (as reviewed by Kini and 

Nandeesh, 2012).  

The most interesting finding from the BSE-SEM however, was the presence of osteoid deep 

within the male OcnVEGFKO vascular openings, visible on the endosteal surface of the 

femur as a result of maceration. This observation was not replicated in male WT, 

female WT or female OcnVEGFKO samples. In male OcnVEGFKO mice, an incomplete 

mineralised surface was present and mineralisation appeared to have arrested, with 

the beginnings of mineral depositions present around the vascular inlets. This 

phenotype corresponds to previous studies which have described patchy osteomalacia 

as a result of a Phospho1 knockout in mice. The male OcnVEGFKO femur used here 
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therefore shows a rickets tendency, where there is a failure to mineralise on the 

forward facing surface of the osteocyte (Boyde et al., 2017, Steendijk and Boyde, 

1973). Rickets is typically associated with increased levels of osteoid and a reduced 

mineralising front, which perfectly describes this phenotype observed by BSE-SEM 

(Marie and Glorieux, 1981). Phenotypes such as these, which show alterations in 

mineralisation and bone quality, have been characterised extensively for many years 

by Professor Alan Boyde (Boyde, 1980a). For years, Professor Boyde has suggested that 

osteocytes are not involved in the degradation of bone but instead, they are able to 

reduce mineralisation. In the case of bone diseases such as rickets, mineralisation is 

reduced so much that it becomes arrested and this is why phenotypes such as the one 

presented in this chapter are observed (Boyde, 1980b). It has been suggested that the 

production of matrix extracellular phosphoglycoprotein and osteopontin by osteocytes 

not only regulates and prevents over-mineralisation, but is also up-regulated in 

diseases such as rickets and subsequently prevents mineralisation entirely (McKee et 

al., 2013). It would be interesting to measure the expression of these proteins in future 

studies. 

With the phenotype and physical traits following the deletion of osteoblast-VEGF deletion 

in 16 week old animals characterised, a number of issues remained: i) it was unclear what 

the mechanisms involved in causing this bone phenotype and physical traits were in 

OcnVEGFKO mice and, ii) it was unclear what was influencing the sexual dimorphisms which 

had been quantified. In subsequent chapters, a focus will be put on investigations into the 

potential mechanisms behind the bone phenotypes and sex differences which have been 

identified. The role of autocrine signalling pathways, paracrine signalling pathways and the 

potential role of sex hormones in the occurrence of these traits will therefore be fully 

investigated. 
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Chapter 5 Results III – Investigating the role of VEGF 

expression in prepubertal development and osteoblast 

function 

5.1 Introduction  

Previously, a sexually dimorphic role of VEGF in the maintenance of bone integrity was 

identified, where the porous and vascular phenotype was surprisingly particularly severe 

in male OcnVEGFKOs versus females. In attempt to assess hormone independent signalling 

of VEGF in the maintenance of bone health, experiments were performed using both young 

pre-pubertal mice with a much lower levels of sex hormones than adult mice and by using 

isolated long bone osteoblasts for in vitro studies. Cell culture experiments were performed 

in a dish and therefore, the effect of circulating hormones on the occurrence of a 

phenotype was removed as much as possible. 

Following fertilisation, embryos are female by default and it is the SRY gene present on the 

Y chromosome in males that triggers this differentiation of the male testes (Koopman et 

al., 1991). Post-natal levels of both oestrogen and testosterone remain low during early 

development, until puberty. In mice, the onset of puberty occurs at 8.5-9 weeks of age and 

it has been reported that just prior to this at 5-7 weeks of age, the bioactivity levels of 

androgen and oestrogen in C57BL6 male and female mice begin to increase (Drickamer, 

1981, Callewaert et al., 2010b). It has also been identified that oestrogen has an inhibitory 

effect on skeletal growth in females during the early stages of puberty. Conversely, 

oestrogens have been shown to upregulate skeletal production during early puberty in 

males and testosterone is involved in the upregulation of bone growth in late puberty in 

males  (Callewaert et al., 2010b). Based on this, 4 week old mice with comparatively lower 

levels of sex hormones than adult 16 week old mice were used for this subsequent analysis.  

In 1947 the role of oestrogen on the regulation of bone health was first identified and it 

was found to be important in the maintenance of osteoblast activity. After the menopause 

in females, levels of oestrogen are shown to be greatly reduced and this is associated with 

a reduction in bone mass and the quality of bone that constitutes the skeleton. 

Testosterone has shown to play a similar role in men. Here however, age-related decline in 
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testosterone levels is slow and happens later than it does in females. Nevertheless, 

orchidectomies have shown that testosterone is required for the maintenance of bone 

mass (Albright, 1947b, Albright, 1947a, Lindsay, 1982, Lindsay, 1987, Riggs and Melton, 

1995). Oestrogen has since been shown to play an important role in the tight regulation of 

bone remodelling. It does this by inhibition of osteoclast differentiation and there is 

therefore a disruption in the tight balance between bone production and bone breakdown 

in post-menopausal women over the age of 50, who have reducing levels of oestrogen 

(Hughes et al., 1996). Although sex hormones are undoubtably responsible for a wide range 

of divergences seen in males and females, it has previously been shown that dimorphisms 

in gene expression exist soon after fertilisation (Bermejo-Alvarez et al., 2010). Therefore, 

an investigation into the genetic and hormonal regulation involved in the onset of the 

diverse bone phenotypes observed in males and females must be undertaken to improve 

understanding. 

Additionally, in vitro experiments were performed to look at the at the influence of sex 

hormones on bone and vasculature phenotypes. When osteoblast cells are removed from 

a living organism, the effect of circulating hormones is removed. Phenol red is often present 

in the cell media and has been known for many years to be a weak oestrogen (Berthois et 

al., 1986). It was therefore imperative for this study to use culture media without phenol 

red in it. Despite the fact that dimorphisms have been seen even in the bones of healthy 

males and females (Seeman, 2001, Martin, 2002, Seeman, 2002, Callewaert et al., 2010a), 

in vitro experiments in which primary cells are separated into individual flasks of males and 

females are rare. By grouping male and female cells together, it is therefore possible that 

sex differences could have been missed in past in vitro studies. 

Angiogenic VEGF signalling pathways play a known role in both haematopoietic stem cell 

survival and in the maintenance of vascular homeostasis (Gerber et al., 2002, Lee et al., 

2007). The direct effect of VEGF on the osteoblast cell that produced it however, remains 

debated in the literature. Where some studies suggest that VEGF does indeed regulate its 

own function (Hu and Olsen, 2016), others suggest that osteoblast cells are reliant on the 

presence of endothelial cells to alter their differentiation in response to different 

osteoblastic-mediators and therefore suggest that paracrine signalling pathways 

predominate (Clarkin et al., 2008b). Looking at the angiogenic effect of osteoblast-derived 

Vegf deletion on osteoblast cells directly in both males and females will therefore improve 
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our understanding of any potential mechanisms involved in the expression of both bone 

phenotypes and sexual dimorphisms. If there is no direct effect on osteoblast cells, it will 

suggest that other signalling pathways must be involved in the control of healthy levels of 

bone porosity, angiogenesis and mineralisation.  

Therefore, this chapter aims to look at the role of sex hormones in the regulation of VEGF 

signalling by both studying pre-pubertal animals and by performing in vitro studies in the 

absence of circulating sex hormones, which will look at the direct effects of osteoblast-

derived Vegf deletion. It is hoped that this might help us to understand more about the 

signalling of VEGF in the maintenance of bone health and to explain the phenotype 

observed previously by SR CT, histology and BSE-SEM.  

 The third aim of this PhD project was to investigate the role of Vegf expression in 

prepubertal development and osteoblast function 

Whole tibial analysis of OcnVEGFKO at 4 weeks of age 

-  High resolution micro-CT in 4 week old prepubertal mice  

- Trabecular bone analysis using medium-resolution micro-CT 

- Whole Geometry measurements of the tibia 

Osteoblast-derived Vegf will be deleted in male and female long bone osteoblasts (OB) in 

vitro (OBVEGFKO). 

- In vitro effects of Vegf deletion in male and female osteoblasts (VEGF ELISA to confirm 

knockdown, ALP, viability, qPCR, western blot) 
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5.2 Methodology 

5.2.1 Pre-pubertal Vegf knockout mice 

4 week old mice were used for investigations into the effect of sex hormones on the 

presence of both long bone (cortical porosity, trabecular bone and whole bone geometry) 

and vascular (separation of intracortical canals and lacunae from SR CT data) phenotypes. 

Mice were derived and bred in the same way as 16 week old mice, but instead culled by 

schedule 1 cervical dislocation at 4 weeks of age. SR CT (chapter 3.2.1) and medium 

resolution CT data (chapter 4.2.3 and 4.2.4) was used to interrogate potential phenotypes 

in males and females, as per 16 week old mice. 

5.2.2 Osteoblast extraction 

Postnatal day 4/5 Vegf fl/fl mice were used for the extraction of osteoblasts. Prior to their 

arrival at the holding room, sex was determined by physical examination at the Biomedical 

Research Facility in the Faculty of Medicine at the University of Southampton. The 

anogenital distance was used to determine sex as this measurement is sexually dimorphic 

in mice, with the distance in males being twice as long as that in females. Vegf fl/fl mice were 

sacrificed using schedule 1 procedures, specific for mouse pups of this age. Long bones 

were dissected from Vegf fl/fl mice and cut into small pieces to facilitate digestion. The skin 

and knee joint was removed, separating the tibia and femur. Male and female long bones 

were separated into individual universal tubes of 6ml Hanks buffered saline solution prior 

to digestion. At least three male and female P4/5 mice were needed to produce sufficient 

numbers of cells per flask.  

LOBs were isolated in a 4 step digestion process using the collagenase (10 minutes), 

collagenase (1 hour), EDTA (10 minutes), collagenase (30 minutes; CCEC) osteoblast 

isolation method, in which 10mg/ml collagenase and 4mM EDTA was added to the long 

bones sequentially (Taylor et al., 2014). Digestion was performed on a shaker at 37°C and 

from the second collagenase digestion step onwards, collagenase and EDTA supernatants 

were retained for further use. Once all digestion stages had been performed, the resulting 

male and female fractions in individual tubes were spun down at 470 x g for 5 minutes. The 

pellet was subsequently resuspended in media, before the fractions from the three 

different stages of digestion were combined into individual male and female universals. 
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Osteoblast cells were cultured in two T75 flasks containing male and female LOBs, as well 

as 12ml of 488ml Alpha minimum essential media (MEM) culture medium with 10% (v/v) 

heat inactivated Fetal Bovine Serum (FBS), 0.5% (v/v) gentamycin, 100µg/ml penicillin 

streptomycin. Due to the inherent interest in the effect of sex hormones on phenotypes 

expressed, the media used was phenol red free. Media was changed twice per week, until 

cells reached 90% confluence. The appearance of LOBs reaching confluence can be seen in 

figure 5.1.  

 

 

 

 

 

 

 

 

 

Figure 5.1: Confluent LOBs extracted from P4 Vegf fl/fl C57BL6 mice in a T75 flask, prior to 

plating. Image taken using the EVOS microscope (10X magnification). Scale bar = 200µm. 

 

5.2.3 Treatment with VEGF or SU5416 

1% (v/v) FBS alpha MEM was used to starve the cells of growth media for 24 hours prior to 

treatment. LOBs were subsequently treated with VEGF (5ng/ml and 50ng/ml) or semaxanib 

tyrosine kinase inhibitor (SU5416; 10µM) in 1% (v/v) FBS media for 24 hours. DMSO was 

1% (v/v) FBS media as a control. Cell viability assays were performed as detailed in the main 

methods (chapter 2.6.3). 
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5.2.4 Deletion of osteoblast-derived Vegf 

All procedures involving the use of adenoviruses were carried out in a category two, viral 

lab. The adenoviral constructs were purchased from Vector Biolabs due to their proven 

success in the knockout of Vegf in osteoblasts, referred to here as OBVEGFKO (Hu and 

Olsen, 2016). Vegf fl/fl male and female LOBs were transfected with Adv-Cre GFP and Adv-

GFP to act as a control, at a multiplicity of infection (MOI) of 100 (Zhang et al., 2014). 

Adenovirus dilutions were made with 10% (v/v) FBS Alpha MEM media. Cells were left to 

recover for 6 days, unless otherwise stated. Ahead of CM collection on day 7, cells were 

treated with low serum growth media containing 1% (v/v) FBS for 24 hours. WT and 

knockout (OBVEGFKO) conditioned media was stored at -80°C for future use. For viability, 

WNT3a (75ng/ml) was used as a positive control and β-glycerol-phosphate (2mM) was used 

as a positive control for ALP experiments following OBVEGFKO in LOBs. 
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Figure 5.2: Methodology schematic, showing the process of in vitro OBVEGFKO. LOBs are 

isolated from the long bones of postnatal day 4 Vegf fl/fl mice. Once confluent, LOBs are 

plated in a 6 well plate. After leaving them for 48 hours to settle, they are treated with 

adenovirus-cre for the deletion of VEGF and adenovirus GFP as a control for 6 days. 

Following this, LOBs are stepped down for 24 hours with 1% (v/v) FBS media and CM stored 

at -80°C until further use. 

P4 Vegf fl/fl mouse 

LOBs isolated 

250,000 cells per well 

Transfected with Adv-Cre for 6 days 

CM stored at-80°C 
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5.2.5 VEGF ELISA 

A mouse VEGF-A ELISA kit was used to determine whether deletion of osteoblast-derived 

Vegf was successful. The conditioned media was collected from male and female LOBs 

which had been treated with adenovirus was used for this assay, following the Invitrogen 

protocol. Replicates of samples and standards were plated. A spectrophotometer with a 

405nm filter was used to measure the absorbance and unknown concentrations were 

calculated using a standard curve, plotted using the known concentrations and 

absorbencies of the eight standards. The concentrations of VEGF calculated using the 

standard curve (mg/mL) were normalised using results from the protein assay, described 

previously (chapter 2.6.2). The percentage knockdown was then calculated in males and 

females by quantifying the percentage decrease in VEGF (pg/mL/mg/mL) when comparing 

Adv-Cre with Adv-GFP.        
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5.3 Results 

5.3.1 Conditional deletion of Vegf does not significantly influence cortical porosity 

in male and female pre-pubertal mice 

In order to look at the effect of OcnVEGFKO on pre-pubertal mice, SR CT of 4 week old male 

and female mice was performed (figure 5.3a; 0.65µm voxel size). Here the levels of sex 

hormones in males and females is comparatively low as the mice are not yet sexually 

mature (Callewaert et al., 2010b). Unlike in 16 week old mice, where intracortical porosity 

was significantly increased in male OcnVEGFKOs versus WT, here there were no 

significant differences in % volume cortical porosity observed in either sex as a result 

of Vegf deletion. Following quantification, it was evident that intracortical porosity was 

increased in both male and female OcnVEGFKOs, however variation in OcnVEGFKO 

repeats meant that standard error was reasonably large and therefore this finding 

deemed insignificant (figure 5.3b). Equally, there were no quantifiable differences 

between male and female mice of 4 weeks of age. Visibly, SR CT scans showed high 

levels of porosity present in the posterior region particularly, in both males and 

females following conditional deletion of Vegf.  
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Figure 5.3: No significant differences in intracortical porosity following conditional 

deletion of VEGF in 4 week old mice. High resolution, synchrotron X-ray computed 

tomography (SR CT; g; 0.65μm voxel size) slices from 4 week old female and male WT and 

OcnVEGFKO mice (a) revealed poorly mineralised areas of cortical bone at the tibiofibular 

junction (white square). The % cortical porosity was not significantly changed in both males 

and females following OcnVEGFKO (b). Error bars indicate mean value ± SEM, n=3 females 

and 3 males from 2 individual litters p<0.05*, using two way ANOVA. 
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5.3.2 High-resolution SR CT revealed sex differences in vascular canals following 

deletion of bone-derived Vegf in 4 week old pre-pubertal mice 

Following the separation and quantification of osteocyte lacunae (yellow) and intracortical 

canal fractions (red), some sexual dimorphism was identified (figure 5.4a). No differences 

in proportions of lacunae and intracortical canals as a percentage of the total porosity were 

seen between female OcnVEGFKO and WTs (figure 5.4b). As seen in adult mice however, 

in 4 week old mice there was a significant increase in the intracortical canal fraction and a 

significant decrease in osteocyte lacunae fraction (% volume of total porosity) in male 

OcnVEGFKOs versus WT littermate controls (figure 5.4). In both sexes, lacunae and canal 

density (figure 5.5a; Lc.Dn/5.5; Ca.Dn) and diameter (figure 5.5b; Lc.Dm/5.5e; Ca.Dm) were 

not significantly altered. The most notable finding was a significant increase in intracortical 

canal volume in 4 week old males following the conditional deletion of Vegf. There were 

no significant changes in intracortical canal volume in female OcnVEGFKO versus WT. This 

correlates data obtained from 16 week old mice and measurements of intracortical 

porosity are summarised within appendix D.3.  

In 4 week old animals, the average density of intracortical canals was greater than in 

16 week old male and female mice, however this was not a significant finding. A similar 

observation was noted with regards to intracortical canal volume, where the average 

canal volume was once more higher in 4 week old male and female WT animals in 

comparison to 16 week old WT animals. In females, this was significant (p<0.05) and 

could perhaps be explained by the fact that 4 week old bones are still undergoing 

development and therefore need a copious blood supply to facilitate growth.  
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Figure 5.4: Significant increase in proportion of canals following OcnVEGFKO in male pre-

pubertal mice. Aviso 9.0 was utilised for separation of osteocyte lacunae (yellow) from 

intracortical canals (red) in male and female mice (a). In females, there were no significant 

changes in the % of porosity constituting the intracortical canals and osteocyte lacunae (b). 

In males, there was a significant increase in % porosity in the intracortical canal fraction as 

a result of a conditional deletion of Vegf. The lacunae fraction was significantly decreased 

in male OcnVEGFKO mice versus WT controls (c). Error bars indicate mean value ± SEM, n=3 

females and 3 males from 2 individual litters p<0.05*, using two way ANOVA. Scale bar = 

200µm. 
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Figure 5.5: Increase in canal volume in 4 week old male mice as a result of OcnVEGFKO. 

Measurements taken of regularly sized osteocyte lacunae show no significant differences 

in lacunae number density (Lc.Dn; a), mean lacunar volume Lc.V; b) or (Lc.Dm; c) in males 

or females following knockout of Vegf versus WT. Number of intracortical canals greater 

than the lacunar threshold (see methods) was not significantly changed in OcnVEGFKO 

(Ca.Dn; d), however there was a significant change in mean canal volume (Ca.V; e) versus 

WT in male OcnVEGFKO. Mean canal diameter was not significantly altered in male 

OcnVEGFKO (Ca.Dm; f). Error bars indicate mean value ± SEM, n=3 females and 3 males from 

2 individual litters p<0.05*, using two way ANOVA. 
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5.3.3 Deletion of VEGF in osteocalcin expressing osteoblasts has no effect on 

trabecular bone parameters in male and female 4 week old mice 

For completeness and to enable comparisons between immature (4 week old) and mature 

mice (16 week old), well known measures of trabecular bone morphometry were 

quantified (figure 5.6; BV/TV, bone volume; BS/TV, bone surface area; Tb.Th, trabecular 

thickness; Tb.N, trabecular number). In 4 week old mice, no sexual divergences were 

observed in any of these trabecular bone parameters in OcnVEGFKO animals versus WT. 

 

 

 

 

 

 

 

 

 

Figure 5.6: No changes in trabecular measurements in 4 week old male and female mice 

following OcnVEGFKO. No differences in % bone volume (a; BV/TV), bone surface area (b; 

BS/TV), trabecular thickness (c; Tb.Th) or trabecular number were identified in 4 week old 

animals following OcnVEGFKO. Error bars indicate mean value ± SEM, p<0.05*, using two 

way ANOVA. N=4 female WT, female OcnVEGFKO, male WT and n=3 male OcnVEGFKO.  
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5.3.4 4 week old males compromise tibial geometry and shape following the 

deletion of bone-derived VEGF 

Following the identification of sex differences in intracortical canal parameters by SR CT in 

4 week old male OcnVEGFKO mice, measurements of geometry along the entire tibial length 

were also assessed in 4 week old animals (figure 5.7a). This included measures of CSA, Imin, 

Imax, Ct.Th, Ellipticity and J. Significant differences in CSA, Imax Ct.Th and Ellipticity (figure 

5.7b) at numerous locations along the length of the tibia in male OcnVEGFKO versus WT 

were observed. Here, male OcnVEGFKO measurements were significantly lower than WT 

controls. In contrast to results collected from geometrical analysis of 16 week old bones 

where female bone geometry was severely compromised, the only significant difference in 

4 week old bones was observed in ellipticity at ~75% along the length of the tibia. No 

significant changes in tibia length in males or females were observed (appendix D.5). 

Figure 5.7: Geometrical alterations present in 4 week old male tibia following OcnVEGFKO. 

Graphical heat map summarises statistical differences between OcnVEGFKO versus WT mice within 

female and male groups at specific matched locations along the tibial length (a). Red p<0.0001, 

yellow p<0.001-0.01, green p<0.01-0.05 and blue >0.05. Line graphs represent means for female 

(b) and male (c) WT versus OcnVEGFKO ± SEM (n=4 males and females from 2 individual litters). 

Statistics performed using ANOVA.  
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5.3.5 Exogenous VEGF has no direct effect on the viability of male or female long 

bone osteoblast cells 

In order to investigate the potential mechanisms which might be responsible for the 

expression of phenotypes and gender dimorphisms seen in 16 week old mice 

predominantly, in vitro experiments were carried out using LOBs isolated from 4 day old 

Vegf fl/fl mice.  

LOBs were treated with two different concentrations of VEGF (5ng/ml and 50ng/ml) in 1% 

(v/v) FBS media for 24 hours and viability assays were run to look into whether VEGF was 

able to interact directly with LOBs via autocrine signalling pathways to alter osteoblast 

viability. Results have shown no significant changes in ATP release following the addition 

of endogenous VEGF (figure 5.8). Therefore, endogenous VEGF does not appear to be 

having a direct effect on osteoblast viability at either concentration.  
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Figure 5.8: LOBs do not respond directly to addition of two different concentrations of 

VEGF. Osteoblast cells extracted from 4 day old Vegf fl/fl wild type mice. Male and female 

LOBS were cultured separately and each well containing 2,500 cells was exposed to 

endogenous VEGF (5ng/ml and 50ng/ml) diluted in 1% (v/v) FBS alpha MEM media for 24 

hours. Male and female control cells were treated with 1% (negative control) and 10% (v/v) 

FBS (positive control) media (a). There was no significant difference in males or females 

following the addition of VEGF (b). Viability quantified using Cell Titer-Glo 2.0 Assay 

protocol on plate reader. Each bar represents the average of six individual treatment 

repeats ± SEM using t test.  
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5.3.6 No significant decrease in viability in male and female long bone osteoblast 

cells following VEGFR2 blockade  

SU5416 was added to LOBs isolated from P4 Vegf fl/fl mice for 24 hours. Addition of the 

SU5416 tyrosine kinase inhibitor to LOBs blocks the binding of VEGF to any VEGF receptors 

on the surface of the osteoblast cells. This therefore provided another way of investigating 

whether VEGF is signalling via autocrine pathways and binding to receptors on the surface 

of the cells that produced it here. As shown below in figure 5.9, addition of SU5416 tyrosine 

kinase inhibitor did not significantly decrease the viability and ATP release of LOBs versus 

controls (figure 5.9b). In fact, in the case of male LOBs, the viability was significantly 

increased versus controls. This suggests that VEGF-VEGFR2 receptor binding and autocrine 

signalling with osteoblast cells is not required for the maintenance of osteoblast viability. 
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Figure 5.9: Addition of SU5416 tyrosine kinase VEGF receptor inhibitor does not 

significantly decrease viability in long bone osteoblast cells. Osteoblast cells extracted 

from 4 day old Vegf fl/fl wild type mice. Male and female LOBS were cultured separately, as 

described in section 2.6. Each well containing 2,500 cells was exposed to tyrosine kinase 

inhibitor SU5416 diluted in 1% (v/v) FBS alpha MEM media for 24 hours. Male and female 

control cells were treated with 1% (negative control) and 10% (positive control) (v/v) FBS 

media (a). Addition of SU5416 did not significantly alter osteoblast viability versus the 

DMSO control (b). Viability assay quantified using Cell Titer-Glo 2.0 Assay protocol on plate 

reader. Each bar represents the average of six repeats ± SEM (**P<0.01) using t test.  
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5.3.7 Deletion of osteoblast-derived VEGF does not directly affect long bone 

osteoblast cell viability, but significantly increases ALP elution 

To examine the role of autocrine signalling pathways in the observed abnormalities in 

porosity, the vasculature and mineralisation presented previously, Vegf was deleted from 

osteoblasts in vitro. In order to do this, LOBs were treated with adenovirus-Cre-GFP as 

previously described (Zhang et al., 2014) and the knockout confirmed by VEGF ELISA. In 

both males (90% knockdown; n=3) and females (96% knockdown; n=3), there was a 

significant decrease in concentration of VEGF following treatment with adenovirus-Cre, 

when normalised to protein concentration and compared to WT controls (Figure 5.10a). 

Throughout repeats, VEGF concentrations in male WTs was basally slightly lower than in 

female WTs, however this was non-significant (p=0.09). Levels of protein were not 

significantly altered following OBVEGFKO and therefore the decrease in concentration of 

VEGF following osteoblast derived-Vegf deletion was not influenced greatly by 

normalisation (appendix D.6). 

Following extraction of RNA from OBVEGFKO and WT osteoblasts, it was also possible to 

confirm VEGF deletion in mRNA by qPCR. Results were normalised to Gapdh and showed 

an 82% knockdown in female OBVEGFKO versus WT and a 72% knockdown in male 

OBVEGFKO versus WT (figure 5.10b). The protein expression of Cre recombinase was 

investigated by western blot, in which there was a band present in both female OBVEGFKO 

and male OBVEGFKO (figure 5.10c). This was further validation of the efficiency of the Vegf 

knockdown in Cre positive osteoblast cells. Transfected GFP-expressing LOBs were 

visualised under a fluorescence microscope for additional examination (figure 5.10d). 
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Figure 5.10: Confirmation of Vegf knockdown in male and female LOBs following 

treatment with adenovirus-Cre for 6 days. CM was used for VEGF ELISA (a) and RNA used 

for qPCR (b) to confirm sufficient deletion of Vegf in vitro. Mean is representative of three 

separate experiments ± SEM, p<0.05* using t-test. Western blot was used to investigate the 

protein expression of cre recombinase and a band was present in both female and male 

OBVEGFKO (c). LOBs were imaged using the Zeiss Axioplan fluorescent microscope at 40X 

magnification, to visualise GFP-expressing transfected cells (d). Scale bar = 100µm. 
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To study the effect of OBVEGFKO in vitro, it was first important to ensure that treating the 

cells with adenovirus-Cre did not cause osteoblast cell apoptosis. This was investigated 

using a viability assay and results obtained following OBVEGFKO were compared with WT 

levels of ATP (adenovirus-GFP). Following OBVEGFKO, there was no significant change in 

viability in male or female osteoblasts in comparison to WT osteoblasts (figure 5.11a). The 

adenovirus therefore does not cause osteoblast apoptosis or affect osteoblast proliferation 

and any significant results following the usage of this conditioned media to treat other cell 

types can be directly linked to the knockdown of Vegf in these osteoblast cells. 

In order to look at the potential role of osteoblast-derived VEGF in the regulation of 

osteoblast cell differentiation via autocrine pathways, an ALP elution assay and stain was 

used. Deletion of Vegf in both male and female LOBs significantly increased ALP activity 

(figure 5.11b). With the known role of osteoblast-derived VEGF in the regulation of 

osteoblast differentiation, this increase in ALP elution was surprising and was suggestive of 

autocrine or intracrine regulation.  

On further inspection by western blot, it was shown that both male and female WT and 

OBVEGFKO did not express detectable protein levels of on VEGFR2 on their cell surface 

(figure 5.12a). No loading control is shown in this western blot, however the same protein 

samples were used with different primary antibodies in subsequent westerns (MAPK; data 

not shown) and showed detectable, consistent levels of protein for both male and female 

WT and OBVEGFKO. This finding was confirmed by qPCR in which only very low levels of 

Vegfr2 mRNA were detected in male and female osteoblasts, in comparison to the MBMEC 

positive control in which there were very high levels of Vegfr2 mRNA expressed (figure 

5.12b). Therefore, these results suggested that autocrine signalling of osteoblast-derived 

VEGF was not taking place here and highlighted the growing importance of additional 

investigations into the directionality of VEGF signalling. 
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Figure 5.11: Deletion of Vegf in male and female osteoblasts does not influence 

osteoblast viability. Long bone osteoblast cells (LOBs) extracted from the long bones of 4 

day old male and female Vegf fl/fl mice were infected with adenovirus-GFP or adenovirus-

GFP-Cre for 24 hours (viability) in 1% (v/v) FBS low serum media or 6 days (ALP) in 10% (v/v) 

FBS media. No differences in viability versus WT were evident in LOBs extracted from males 

or females (a). Control cells received low serum (1%; v/v) media (negative control) and low 

serum media serum containing 75ng/ml WNT3a (positive control). Data represents mean 

value from six individual infections ± SEM, p<0.001***, p<0.0001**** using t-test. 

Significant increases were seen in ALP elution (b) following OBVEGFKO. Control cells 

received 10% (v/v) FBS media (negative control) and 10% (v/v) FBS containing β-glycerol-

phosphate (positive control). Data represents mean value from three individual infections 

± SEM, p<01**, p<0.001*** using t-test. 
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Figure 5.12: No protein and limited mRNA expression of VEGFR2 in male and female LOBs. 

Western blot confirms the lack of expression of VEGFR2 in osteoblast cell lysates with or 

without VEGF (a). Endothelial cell lysate is used here as a positive control. qPCR using cDNA 

reverse transcribed from both OB cell lysates (n=3) and a MBMEC cell lysate as a positive 

control (+), further confirmed the low levels of Vegfr2 expression in both male and female 

OBs (b). 
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In order to further investigate any changes in osteoblast mRNA which might be contributing 

to the phenotype recorded following OcnVEGFKO in vivo, qPCR was used to look at the 

expression of a range of additional targets. It was first important to investigate whether the 

sexually dimorphic bone and vascular phenotype was driven by sex steroid signalling with 

respective receptors. There were no significant differences identified between sex or 

genotype when looking at the mRNA expression of the Ar (5.13a) and Esr1/2 (figure 5.13b; 

Esr1 and figure 5.13c; Esr2) in male and female WT and OBVEGFKO cells.  

Together, OPG and RANKL are involved in the maturation of osteoclast cells from a 

macrophage to a mature cell. By looking at levels of Opg (5.13d) and Rankl (5.13e) mRNA 

expression in both males and females following the deletion of osteoblast-derived Vegf, it 

was possible to study potential effects of OBVEGFKO on the osteoclast cell development 

and remodelling in both sexes. No differences in expression of either gene were identified 

versus WT here, however.  

Sclerostin is a known negative regulator of osteogenesis and its expression was also 

investigated by qPCR. Although Sost mRNA expression appeared to be upregulated in 

OBVEGFKO males versus WT, in both males and females the findings were non-significant 

(5.13f). 
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Figure 5.13: No notable changes in gene expression following OBVEGFKO. qPCR 

investigations also showed no significant alterations in gene expression of androgen 

receptor (Ar; a), estrogen receptor 1 (Esr1; b) or estrogen receptor 2 (Esr2; c) in male and 

female osteoblasts following OBVEGFKO. The involvement of osteoclasts in the phenotype 

was investigated by looking at relative expression of Opg (d) and Rankl (e), where no 

significant changes in mRNA expression were identified following OBVEGFKO. Sost 

expression was also unchanged. Data represents mean value from three individual 

infections ± SEM, using t-test.  
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5.4 Discussion 

Although it is difficult to completely eliminate the effect of sex hormones without doing an 

ovariectomy or orchidectomy, the study of juvenile mice has provided a means of 

examining the bone phenotype in animals in which the concentration of sex hormones is 

low. Prior to puberty, oestrogen and testosterone are up-regulated first in mice between 5 

and 7 weeks of age and as a result, 4 week old pre-pubertal mice were chosen for this 

analysis of young mice. Equally, the 16 week old mice used in previous studies were old 

enough to ensure that they had gone through puberty, which occurs at 8.5-9 weeks of age 

in mice (Drickamer, 1981, Callewaert et al., 2010b). 

Using high-resolution micro-CT it was shown that following the conditional deletion of Vegf 

in vivo, there were no significant changes in volume cortical porosity. Although, as per 16 

week old mice, in 4 week old mice the porosity following Vegf deletion was higher versus 

WT in males and females. When interrogating the cortical porosity further and separating 

the blood vessel canals from the osteocyte lacunae, the only significant difference 

identified in either fraction was a significant increase in the volume and proportion of 

intracortical canals in male OcnVEGFKO mice versus WT. This was the first indication that 

perhaps the control of sexual dimorphism was multi-factorial and involved other factors 

aside from sex hormones, as the canal phenotype that was seen in adult mice was still 

observed in 4 week old pre-pubertal mice. In both male and female 4 week old WT mice, 

the bone cortex appeared to be filled by copious levels of canals, however the intracortical 

canal volume was only significantly higher than that of 16 week old mice in females. This 

difference in canal volume was unsurprising as bone remodelling and angiogenesis is very 

active during development and numerous studies have shown that young animals have 

increased vasculature in comparison to older animals (Burkhardt et al., 1987, Lu et al., 

2008). 

In contrast to the changes in bone geometry identified in adult whole bone however, in 4 

week old animals significant differences were observed in males along the tibia length. 

Where in 16 week old mice it was the females that had alterations in multiple measures of 

bone geometry along the tibia length following conditional Vegf deletion, in female 4 week 

old mice there was only one area of significance identified in ellipticity. The areas of 

significance identified for geometric measurements in female 16 week old mice, were all 
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insignificant in these younger animals and instead there were significant differences in CSA, 

Ct.Th, ellipticity, J and Imax in male knockout animals versus WT littermate controls. Many 

of these changes in geometry were localised to the tibiofibular junction, confirming it as 

being a good location for in depth phenotypic analysis of bone traits in young animals as 

well as older animals. This data suggested that during maturation, male knockout mice are 

perhaps able to ‘correct’ their dysfunctional bone geometry but compromise their cortical 

porosity as a result, whereas the alterations in bone geometry are intensified with in 

females with increased age. 

With the study of juvenile mice still showing that OcnVEGFKO initiates some forms of sexual 

divergence, albeit on a lesser scale that in adult mice, in vitro studies enabled experiments 

to be carried out in the absence of the circulating sex hormones that would be present in 

vivo. Here, adenovirus-Cre was used to delete Vegf from primary male and female Vegffl/fl 

osteoblasts (OBVEGFKO). The direct effect of VEGF on osteoblast cells was examined here 

and results obtained suggested that VEGF does not signal directly with osteoblasts, 

consistent with previous studies (Clarkin et al., 2008b). The lack of VEGFR2 on osteoblast 

cells also confirmed that VEGF must interact with other cell types in a paracrine manner, 

or indeed via intracrine pathways in the control of osteogenesis (Liu et al., 2012). In both 

males and females it was also proven that there were no significant changes in the mRNA 

expression of Ar or Esr1 and Esr2 following OBVEGFKO, which provided further evidence to 

suggest that additional factors other than sex hormones were responsible for sexual 

dimorphisms observed in vivo. 

Supplementing these in vitro studies and also the preliminary investigations into bone 

mineralisation in male and female WT and OcnVEGFKO bones during this PhD, 

complementary research using Raman spectroscopy (Raman and Krishnan, 1928) has been 

performed in our lab (Goring et al., 2019). This has enabled investigations into the effect of 

osteoblast-specific in vitro OBVEGFKO on mineral matrix composition. Raman is a highly 

sensitive fingerprinting technique that has been used in the past in our lab to analyse 

primary bone cell cultures (Smith et al., 2017). Vegf was deleted in vitro here from Vegffl/fl 

LOBs in males and females, as described in this chapter. Here, deletion of Vegf in LOBs 

resulted in a large-scale upregulation of the immature calcium species amorphous calcium 

phosphate (Figure 5.14a ACP; +23.6 fold). Conversely in females, there was the largest 

upregulation in carbonated appetite (Figure 5.14c CAP; +10.5 fold), a mature calcium 
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species. Equally, mineral/matrix levels were significantly increased (figure 5.14d) in females 

and significantly decreased in males after OBVEGFKO (Goring et al., 2019). This suggested 

that females were able to compensate for the loss of Vegf by increasing the production of 

CAP, but males are not (figure 5.14e) and these changes observed were independent of cell 

number (figure 5.14f). This adds value to the results presented in this thesis as these effects 

were present despite the fact this study was also performed in vitro, in the absence of 

circulating sex hormones. The fact that defects in mineralisation in OBVEGFKO males were 

present both in vitro and in vivo suggested that although sex hormones must play a part in 

some of the sexual dimorphisms observed, it is incredibly likely that other factors must also 

be contributing to this divergence. 

Based on these studies in which sexual dimorphisms have been identified in the matrix 

mineral in vitro following OBVEGFKO (Goring et al., 2019) and on the fact sexual 

dimorphisms in vascular canals do exist in OcnVEGFKO pre-pubertal mice, it can be 

ascertained that the sex-specific effects of VEGF deletion identified in adult mice are not 

purely regulated by sex hormones. Although hormones may play a role in this process, 

there must be alternative genes or factors regulating this bone phenotype in addition. Total 

removal of the effect of sex hormones via an ovariectomy or orchidectomy (Kodama et al., 

2004, Pufe et al., 2007, Yeh et al., 1996) would be beneficial in order to define the absolute 

role of sex hormones in the expression of this vascular phenotype. However, the cost and 

licenses required to do this sort of experiment were not feasible for this PhD project and 

therefore, alternative methods such as those detailed within this chapter were utilised. 

Following investigations into the direct effects of VEGF on osteoblast cells in both males 

and females within this chapter, the next and final chapter will look at the paracrine 

interactions of osteoblast-derived VEGF with endothelial cells. This will attempt to identify 

alterations in endothelial cell gene expression following the deletion of osteoblast-derived 

Vegf and potentially pinpoint specific targets in both sexes, which could be used for 

therapeutics in the future. 
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Figure 5.14: Deletion of Vegf in male and female osteoblasts compromises matrix 

mineralisation. Raman spectroscopy was able to detect clear and significant gender 

differences (between immature (ACP; a), intermediate (OCP; b) and mature (CAP; c) 

calcium species in WT and OBVEGFKO cells. Mineral/matrix ratio also shows a significant 

increase in matrix maturity following OBVEGFKO in females whereas the converse is 

exhibited in males (d). Schematic representation of the changes in calcium phosphate 

species in WT and OBVEGFKO cells are shown (e). Error bars indicate mean value ± SEM, 

p<0.01**, p<0.0001**** using t-test, n=50 spectra from each treatment group. For 

investigations into the effect of transfection on cell number, cells were infected with 

adenovirus-GFP or adenovirus-Cre-GFP for 6 days and fixed with 4% (w/v) 

paraformaldehyde. Hoechst 33342 was used to stain cells to highlight cell nuclei, prior to 

counting (f). Data represents mean number of nuclei per µm2 ± SEM, p<0.0001**** using 

Two-Way ANOVA, n=20 fields of view per group. Raman performed by Aikta Sharma 

(Goring et al., 2019).
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Chapter 6 Results IV – Investigating indirect effects of 

osteoblast Vegf deletion in males and females on 

endothelial cell function 

6.1 Introduction  

The paracrine interactions between osteoblast-VEGF and vascular endothelial cells in the 

promotion of angiogenesis have been recognised for many years (Carmeliet et al., 1996, 

Ferrara et al., 1996, Harada et al., 1994). In vitro, endothelial cells have shown to express 

high protein levels of VEGFR2 and it has been suggested that OBs and vascular endothelial 

cells communicate with each other, as well as VEGF having an indirect effect on osteoblast 

cells via the vascular endothelium (Clarkin et al., 2008a). Therefore, it was important to 

investigate whether any of the sexually dimorphic mechanisms regulating the bone 

phenotype distinctly in males and females were driven indirectly by vascular endothelial 

cells.  These additional in vitro studies enabled further analysis of the role of sex hormones 

in the presence of the sexual divergences observed in the in vivo phenotype, as circulating 

sex hormones are characteristically low in vitro.  

One of the main functions of VEGF is in the upregulation of vasculogenesis and 

angiogenesis. In many biological processes such as endochondral ossification, bone 

remodelling and fracture healing, the action of VEGF is therefore essential. Recent work 

has suggested that it is predominantly VEGF-A from early osteoblast lineage cells (osterix 

positive) that is essential for both angiogenesis and the rapid formation of immature woven 

bone post-fracture (Buettmann et al., 2019). However, over-production or under-

production of osteoblast derived VEGF can have severe consequences and is often 

associated with the onset of pathologies. Bone diseases such as osteoporosis have been 

associated with a diminished level of haematopoiesis and a decrease in the number of 

arterial capillaries for many years (Burkhardt et al., 1987). On the contrary, proliferation of 

vascular endothelial cells as a result of an up-regulation in the levels of VEGF has been 

associated with tumour formation and the onset of cancer (Morikawa et al., 2002, 

McDonald and Foss, 2000). These new blood vessels produced are non-typical to those 
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produced during healthy angiogenesis and promote both resistance to chemotherapy and 

the spreading of the cancer around the body (as reviewed by Schito, 2019). Therefore, 

functional VEGF signalling with vascular endothelial cell receptors is essential for the 

maintenance of health. 

Given the proven association with differential gene expression and the presence of sexual 

dimorphisms from a very early stage in development (Bermejo-Alvarez et al., 2010), 

identifying changes in gene expression in endothelial cells following OBVEGFKO in males 

and females enables examination of potential mechanisms involved in the onset of this 

vascular phenotype. The vasculature has already been proven to be dysfunctional in terms 

of morphology in the male OcnVEGFKO mouse model and therefore it was predicted that 

that endothelial genes which are up or down regulated following OBVEGFKO may then 

signal back to osteoblast cells to indirectly affect osteogenesis in a pathogenic manner. 

 As previously discussed, the isolation of primary endothelial cells from bone is challenging 

and therefore MBMECs are commonly used as a substitute (Liu et al., 2014, Masek and 

Sweetenham, 1994). The study of the indirect effect of OBVEGFKO in males and females on 

changes in MBMEC mRNA expression is facilitated by using gene profiler arrays. The arrays 

selected enabled the study of a large subset of genes, including those implicated in skeletal 

development, bone mineral metabolism, the maintenance of the extracellular matrix, 

angiogenesis, inflammation, apoptosis, cell adhesion, growth factors and transcription 

factors. This large-scale screening of 164 genes in total therefore facilitated the 

identification of specific endothelial cell targets which were regulated in a sex-specific 

manner and may be responsible for the observed phenotype in vivo. Identification of 

specific targets which are altered in endothelial cells following OBVEGFKO and 

understanding the mechanisms involved could prove to be instrumental in the 

development of therapeutics for the treatment of degenerative bone diseases in the 

future. 
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The final aim was to investigate the indirect effects of osteoblast Vegf deletion in males 

and females on endothelial cell function. 

OBVEGFKO cell media from male and female bones will be collected and added to 

endothelial cell cultures  

CM experiments 

- Viability, BrdU, gene expression, angiogenic array and osteogenic array 

Osteoblast-derived Vegf will be deleted in vivo (OcnVEGFKO) and CD31/sclerostin/VEGFR2 

expressing cells immunolabelled 
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6.2 Methodology 

6.2.1 MBMEC culture 

Primary C57BL/6 MBMEC’s from Generon were cultured in T75 flasks until confluent, after 

following the protocols provided. Endothelial cell basal media was used to resuspend the 

cells, with growth factors and supplements provided by Generon. Cells were split (see 

methods 2.6.1) and grown until reaching 90% confluence.  

6.2.1.1 Treatment with conditioned media 

Male and female WT and OBVEGFKO conditioned media collected from adenoviral 

treated LOBs was used to treat the MBMECs (Figure 6.1).  

 

Figure 6.1: Schematic detailing the methodology used to investigate the indirect effect of 

deleting osteoblast-derived Vegf. Vegf was deleted from LOBs, extracted from P4 Vegffl/fl 

mice. LOBs were treated with Adenovirus-Cre (Adv-Cre) for 6 days, prior to being stepped 

down in 1% FBS (v/v) media for 24 hours. Conditioned media was collected and once Vegf 

deletion was confirmed, it was used to treat MBMECs for 24 hours. These MBMECs were 

then used to analyse the effect on viability, protein expression and gene expression (qPCR).  

6.2.1.2 MBMEC proliferation assay 

BrdU Cell Proliferation ELISA kit was used for quantification of mouse bone marrow 

endothelial MBMEC cell proliferation. 20µl BrdU was added to each well for 6 hours, in 

order for proliferating cells to incorporate BrdU into their DNA. To allow the antibody to 

bind to BrdU incorporated cells, they were fixed, permeabilized and their DNA denatured 

Viability 

BrdU 

Protein 

Endothelial 
gene expression 

Osteogenesis 
gene expression 
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by the ‘fixing solution’. This solution is part of the BrdU kit containing ethanol and sodium 

hydroxide, allowing these three phases to be carried out in one singular step. Each well was 

washed and incubated with anti-BrdU primary detector antibody at room temperature for 

one hour. The wells were washed again and 100µl of goat anti-mouse IgG HRP conjugate 

antibody was added to each well for 30 minutes at room temperature. Following an 

additional wash, 100µl of tetra-methylbenzidine (TMB) solution was added to each well 

and incubated for 30 minutes in the dark, until wells which contained BrdU positive cells 

were visible as a blue colour. 100µl stop solution was then added to each well and the 

colour of positive wells changed from blue to yellow. The plate was read in the 

spectrophotometer at 450nm. 

6.2.2 Endothelial cell gene arrays 

Qiagen RT2 profiler PCR Arrays for Mouse Endothelial Cell Biology (figure 6.2) and Mouse 

Osteogenesis (figure 6.3) were used and the manufacturer’s instructions followed. Analysis 

was performed using Opticon Monitor 3 and the Qiagen analysis centre was used to 

calculate fold changes in comparison to the control. Housekeeping genes Gapdh, beta actin 

(Actb), beta glucuronidase (Gusb), heat shock protein 90 alpha (Hsp90ab1) and beta-2 

microglobulin (B2m) were utilised by the Qiagen analysis centre to normalise the data to. 

One biological repeat was carried out for male and female WTs and OBVEGFKOs, as well as 

controls. Further detail on the genes studied in both arrays are listed in appendix C.3. 

 

 

Figure 6.2: Gene layout for the mouse endothelial RT2 profiler PCR Array. 96 well plate 

containing 84 endothelial genes selected by Qiagen, 5 housekeeping genes and 6 controls. 
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Figure 6.3: Gene layout for the mouse osteogenesis RT2 profiler PCR Array. 96 well plate 

containing 84 endothelial genes selected by Qiagen, 5 housekeeping genes and 6 controls. 

6.2.3 Immunostaining  

In order to further interrogate the vasculature (CD31), VEGFR2 and sclerostin (negative 

regulator of osteogenesis) expression in 16 week old mice, cryo-sections of bone were 

immunolabelled.  

6.2.3.1 Sample preparation  

Tibiae were harvested from adult mice and muscle gently removed. Bones were fixed in 

pre-chilled methanol-free 4% (w/v) PFA for 4 hours (4 °C) and agitated on a tube roller. 

Fixative was removed and bones washed twice in PBS for 30 minutes each time. Bones were 

then washed in dH2O twice for 5 minutes. 0.5M EDTA solution was used to initiate the 

decalcification of the tibiae (4°C with continuous shaking). After 24 hours, bones were 

washed with dH2O and PBS. They were then treated with a solution of 20% (w/v) sucrose, 

2% (w/v) Polyvinylpyrrolidone in PBS at 4 °C. Tibiae were cryo-embedded and thick cryo 

sections of 30µm cut. Solutions used for this process are documented in appendix B. 

6.2.3.2 Antibody incubation 

Immunostaining was performed in a humid chamber. Sections were air dried for an hour 

and permeabilised for 10 minutes (0.3% (w/v) triton PBS). They were then blocked for 1 

hour with 5% (v/v) goat serum for CD31 and VEGFR2 and 5% (v/v) donkey serum for 

sclerostin. A PAP water-resistant pen was used to draw around bone sections and rat anti-

mouse CD31 primary antibody (1:40) was added to each section, excluding the negative 

control. For sclerostin, the goat anti-mouse primary antibody was diluted 1:50 and for 

VEGFR2, the rabbit IgG primary antibody was diluted 1:800. Sections were incubated with 
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the respective antibody overnight at 4°C. Sections were washed in PBS three times and 

Alexa Fluor 488 goat anti-rat (1:400), Alexa Fluor 555 donkey anti-goat (1:300) and Alexa 

Fluor 488 goat anti-rabbit (1:300) were used as secondary antibodies for CD31, sclerostin 

and VEGFR2 respectively. Following PBS washes, nuclei were stained with Hoechst 33342 

(1:10000) and sections mounted using FluoromountG. Imaging was performed using a Zeiss 

Axioplan2 microscope. 
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6.3 Results 

6.3.1 Deletion of osteoblast-derived Vegf in vitro does not affect mouse bone 

marrow endothelial cell viability or proliferation 

By performing an in vitro deletion of Vegf in male and female osteoblast cells and 

subsequently treating MBMECs with the conditioned media collected from WT and 

OBVEGFKO cells (figure 6.4), it was possible to investigate the indirect paracrine effect of 

VEGF on MBMECs.  

Despite there being a high level of OBVEGF deletion in both male and female LOBs of above 

90% on average in males and females, treatment of MBMEC with male and female 

OBVEGFKO conditioned media did not significantly affect either MBMEC proliferation 

(figure 6.5a) or cell viability (figure 6.5b) when compared to WT controls.  

 

 

 

 

 

 

 

 

 

Figure 6.4: No differences observed in MBMECs treated with conditioned media collected 

from WT and VEGFKO LOBs.  Following confirmation of VEGF deletion in OBVEGFKO cells, 

WT (adenovirus-GFP treated LOBs) and OBVEGFKO (adenovirus-Cre treated LOBs) 

conditioned media was collected and used to treat MBMECs for 24 hours. 1% (v/v) FBS 

media was used as a control. Images were taken with the EVOS microscope (10X). Scale bar 

= 500µm. 

1% Control 

1% Control 

Female WT Female OBVEGFKO 
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Figure 6.5:  Deletion of Vegf in male and female osteoblasts does not influence 

endothelial cell viability or proliferation. MBMECs) were treated with conditioned media 

collected from male and female WT and OBVEGFKO LOBs for 24 hours. Viability (ATP; a) and 

proliferation (BrDU; b) assays were carried out. Low serum (1% v/v; negative control) and 

high serum (10% v/v; positive control) media was used as controls. Data represents n=6 

replicates ± SEM, p<0.01**, p<0.0001**** using t-test. 
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6.3.2 High levels of VEGFR2 expression in bone marrow derived endothelial cells  

In LOBs, the lack of VEGFR2 protein expression detected by western blot suggested that 

osteoblasts do not have VEGFR2 on their cell surface. Therefore, the expression of VEGFR2 

in MBMECs which had been treated with WT and OBVEGFKO conditioned media collected 

from osteoblast cells was investigated. This enabled investigations into potential paracrine 

effects of VEGF on endothelial cells. 

Unlike in LOBs, high levels of VEGFR2 protein expression were identified in all MBMEC 

lysates. Following the treatment of MBMECs with OBVEGFKO conditioned media for 5 

minutes, higher levels of VEGFR2 protein expression was evident in OBVEGFKO in 

comparison to WT controls in the results presented below.  In MBMECs treated for 24 hours 

with OBVEGFKO conditioned media however, the levels of VEGFR2 protein expression were 

reduced below versus WT controls (figure 6.6).  

 

 

 

 

 

 

 

 

Figure 6.6: VEGFR2 protein is expressed by MBMECs, but not long bone derived osteoblast 

cells. For investigation into VEGFR2 expression, MBMECs were treated for either 5 minutes 

or 24hrs with OBVEGFKO conditioned media, WT osteoblast conditioned media or 1% (v/v) 

low serum media (-). Total VEGFR2 protein was assessed by Western blotting. GAPDH 

expression was measured as a loading control. Data representative of one biological repeat. 

WT  VEGFKO WT  VEGFKO WT  VEGFKO WT  VEGFKO 

WT  VEGFKO WT  VEGFKO WT  VEGFKO WT  VEGFKO 
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6.3.3 Sexually dimorphic expression of endothelial and osteogenic genes in 

MBMECs following Vegf knockout in male and female long bone osteoblast 

cells 

To further investigate the indirect effect of OBVEGFKO in males and females on endothelial 

cell function in vitro, an ‘endothelial’ and ‘osteogenesis’ qPCR array was carried out. This 

enabled identification of any alterations in MBMEC gene expression as a result of Vegf 

deletion in osteoblast cells. In addition, comparisons were also made between MBMECs 

treated with male and female WT conditioned media versus those treated with 1% (v/v) 

FBS basal media (control). This acted as a control and enabled evaluation of the effect of 

the addition of adenovirus-GFP to male and female LOBs (WT; without Cre) on endothelial 

cells. A list of genes studied and abbreviations are listed in appendix C.3 and C.4. 

Following treatment of MBMEC with OBVEGFKO and WT conditioned media for 24 hours, 

osteogenic and endothelial cell biology gene arrays showed major upregulations and 

downregulations in many genes produced by endothelial cells, which may be linked to the 

phenotype that has been observed in the in vivo VEGF knockout studies (table 6.1). Many 

of these changes in gene expression were sex-specific, which was of particular interest to 

this study given the previously identified sexual dimorphisms in vivo. When comparing 

MBMECs treated with male and female WT LOB conditioned media with those treated with 

1% (v/v) FBS control media, levels of Insulin-like  growth factor-1 (Igf1) expression were 

upregulated in male (+1.05 fold) and downregulated in female WTs (-4.01 fold) versus those 

treated with 1% (v/v) control media. In contrast and consistent with an indirect effect of 

VEGF on bone existing via the vasculature, endothelial cells treated with conditioned 

medium from male OBVEGFKO cells showed decreased levels of Igf1 expression (-2.33 fold) 

versus WT, in contrast to the MBMEC treated with conditioned medium from female 

OBVEGFKO in which Igf1 mRNA expression was increased versus WT (+3.07 fold). IGF-1 has 

previously been identified as a primary factor involved in the expression of skeletal 

dimorphism and therefore, changes in endothelial cell gene expression such as this 

following OBVEGFKO could be potentially contributing to the skeletal phenotype observed 

following in vitro OcnVEGFKO. 

Other genes differentially expressed in MBMEC following OBVEGFKO in males and females 

included angiogenic growth factors such as Transforming Growth Factor-β1 (Tgf-β1) and 
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placental growth factor (Pgf). In MBMECs treated with male OBVEGFKO conditioned media, 

both of these factors were upregulated in comparison to WT controls (+1.5 fold and +2.26 

fold respectively). When MBMECs were treated with female OBVEGFKO conditioned media 

however, both of these angiogenic factors were downregulated versus WT (-1.01 fold and 

-1.46 fold respectively). In endothelial cells treated with male OBVEGFKO conditioned 

media, the mRNA expression of numerous other adhesion molecules such as vascular cell 

adhesion protein 1 (Vcam; +1.43 fold) and platelet cell adhesion molecule (Pecam or CD31; 

+2.03 fold) was also upregulated. Additionally, the endothelial cell expression of genes with 

a role in angiogenesis such as P-selectin (-1.42 fold) and Thymidine Phosphorylase (Tymp), 

Fgf1 (-1.13 fold) and Fgf2 (-1.01 fold) was downregulated versus WT following treatment 

with male OBVEGFKO conditioned media. The combined effect of the differential 

expression of multiple genes therefore may be responsible for the increased vasculature 

seen in male OcnVEGFKO mice in vivo. 

The osteogenesis genetic profile array also indicated an upregulation of sclerostin (Sost), a 

negative regulator of osteogenesis, following OBVEGFKO in both females (+6.58 fold) and 

males (+3.21 fold). Following OBVEGFKO, endothelial cell expression of pro-osteogenic 

genes such as Bone Gamma-carboxyglutamic Acid-containing Protein (Bglap; Ocn), Biglycan 

(Bgn), Distal-Less Homeobox 5 (Dlx5), Runt Transcription Factor 2 (Runx2) and osterix (Sp7; 

Osx) were more highly upregulated in females than in males versus WT. It is possible 

therefore that females are able to counteract the higher endothelial cell mRNA expression 

of Sost by upregulating the expression of other genes which are vital in bone development, 

therefore meaning that their bone phenotype is less severe.  

Data was plotted as graphical heat maps to compare the control study (WT versus 1% (v/v) 

control), as well as OBVEGFKO versus WT in females (figure 6.7) and males (figure 6.8). In 

the control, for both the osteogenesis and angiogenesis gene array, the heat maps for 

males and females was largely dominated by down regulated gene expression in 

endothelial cells (green). In contrast in both males and females there was generally large 

levels of upregulation, with heat maps predominantly red when comparing OBVEGFKO with 

WT treated MBMECs. 
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Table 6.1: Summary of key changes in MBMEC gene expression following treatment with 

male and female OBVEGFKO and WT CM. Endothelial and osteogenesis gene array utilised 

for analysis. Results displayed as fold change, showing genes upregulated (red) and 

downregulated (green) versus WT. 

Gene 

Female  
KO vs WT 

OB CM 
(fold change) 

Male  
KO vs WT 

OB CM 
(fold change) 

Function 

Igf1 3.07 -2.33 Bone growth and development 

Fgf2 1.11 -1.01 Angiogenic factor 

Fgf1 1.09 -1.13 Angiogenic factor 

Flt1 (VEGFR1) -1.01 -1.09 Vasculogenesis and angiogenesis 

Hif1-alpha 1.22 -1.32 Response to hypoxia, upregulates VEGF 

Pdgfra 1.22 -1.08 Tyrosine kinase, binds PDGF 

Kdr/VEGFR2 1.04 -1.32 Predominant VEGF receptor 

Tymp 1.19 -2.13 Promotes angiogenesis 

Selpg/P-selectin 3.52 -1.42 
Cell adhesion molecule important in 

angiogenesis 

Bglap (Ocn) 3.48 1.06 Secreted by OB regulates remodelling 

Bgn 2.16 1.45 Proteoglycan playing a role in bone growth 

Bmp6 -1.14 3.21 Induces cartilage and bone formation 

Dlx5 4.95 1.92 
Bone development, fracture healing, 

triggers OB development 

Nppb 2.94 -2.87 
Cardiovascular homeostasis, mutations 

associated with osteoporosis 

Tgf-beta 1 -1.01 1.25 Angiogenic growth factor 

Runx2 3.43 -1.55 
Osteoblast differentiation and skeletal 

morphogenesis. 

Sost 6.58 3.21 
Produced by osteocytes, inhibits bone 

formation 

Sox9 5.54 4.01 
Important in skeletal development and sex 

determination 

Sp7 (Osx) 2.26 1.5 
Needed for osteoblast differentiation and 

bone formation 

Pcam 1.07 2.05 Cell adhesion molecule 

Vcam -1.07 1.43 Cell adhesion molecule 

Pgf -1.46 2.26 Angiogenic growth factor 

Twist1 5.06 1.53 Early development 

Vdr 2.1 1.47 
Encodes receptor for vit D3, formation of 

bones and teeth 
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 Mouse Endothelial Cell Gene Array  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Heat map representation of changes in gene expression in MBMECs shown in 

the endothelial cell gene array following OBVEGFKO in males and females. Heat maps 

represent the expression of 84 different endothelial cell genes, following the treatment of 

MBMEC with female (a) and male (b) OBVEGFKO and WT conditioned media. Data is plotted 

as fold change, with red being upregulation and green downregulation of gene expression. 

Both WT versus 1% (v/v) FBS control and OBVEGFKO versus WT data recorded. 
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Osteogenesis Gene Array 

 

Figure 6.8: Heat map representation of changes in gene expression in MBMECs shown in 

the osteogenesis gene array following OBVEGFKO in males and females. Heat maps 

represent the expression of 84 different genes which are implicated in osteogenesis, 

following the treatment of MBMEC with female (a) and male (b) OBVEGFKO and WT 

conditioned media. Data is plotted as fold change, with red being upregulation and green 

downregulation of gene expression. Both WT versus 1% (v/v) FBS control and KO versus WT 

data recorded. 
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6.3.4 Deletion of bone-derived Vegf increases the expression of sclerostin at the 

tibiofibular junction in 16 week old male bones 

Following the identification of Sost as being a key gene which was upregulated in male and 

female endothelial cells as a result of osteoblast-derived VEGF deletion and given its known 

role as a negative regulator of osteogenesis, the expression of sclerostin following in vivo 

OcnVEGFKO was investigated further. With sclerostin also known to have an inhibitory role 

on mineralisation, this study was equally especially of interest due to the dysfunctional 

mineralisation which was characterised in previous sections. As a result, cryo cross-sections 

of male and female WT and OBVEGFKO 16 week old tibia were cut at the tibiofibular 

junction region.  

Immunostaining showed that following OcnVEGFKO in females, there was no obvious 

difference in sclerostin expression compared to the WT (figure 6.9a). In males however, 

there was a dramatic increase in sclerostin expression across the entire bone cross-section 

(figure 6.9b, 6.10a) in OcnVEGFKO tibia sections versus WT. Levels of sclerostin expression in 

male OcnVEGFKO mice were consistently high for each mouse examined (n=3). The 

localisation of sclerostin staining on the bone cortex was investigated further and on closer 

inspection of consecutive slices at the tibiofibular junction (figure 6.10b,d,f), it appeared 

that sclerostin expression correlated with the expression of CD31 positive endothelial cells 

(figure 6.10c,e,g). Osteocytes did also appear to stain for sclerostin, however they did not 

stain for CD31. 
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Figure 6.9: Sexual dimorphic alterations in protein expression of sclerostin following 

VEGF deletion are evident in whole bone sections. Cryosections from female (a) and male 

(b) WT and OBVEGF tibiofibular junction were stained with Sclerostin primary antibody and 

Hoechst to stain the nuclei. Increases in sclerostin levels were visible following OcnVEGFKO 

in males (Alexa Fluor 555), specifically in the posterior region (arrows) below the bone 

marrow (BM). White box represents the region of cortical bone magnified below. Scale bar 

= 100µm. 
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Figure 6.10: Increased levels of sclerostin in male OcnVEGFKO mice localised to CD31 

positive cells. Following OcnVEGFKO, immunohistochemistry of cryo sections identified 

increased levels of sclerostin expression present in males especially (a; red). On closer 

inspection of sclerostin stained sections (b, d, f) and following the staining of consecutive 

slices with CD31 (Alexa Fluor 488; green), it was found that sclerostin expression was 

localised to CD31+ endothelial cells (c, e, g). Osteocytes can be seen to stain for sclerostin, 

but not CD31. Scale bar = 100µm. 
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6.3.5 VEGFR2 expression is co-localised to CD31 endothelial cells 

As further validation for the expression of VEGFR2 in endothelial cells specifically, 

immunohistochemistry using VEGFR2 (figure 6.11a) and CD31 (figure 6.11b) primary 

antibodies was performed on cryo sections taken from the tibiofibular junction. VEGFR2 

labelling of sections showed that VEGFR2 was co-localised only with CD31 positive 

endothelial cells, supporting the results from the previous western blot which showed that 

VEGFR2 was only present on endothelial cells, not osteoblast cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: High expression levels of VEGFR2 in endothelial cells, validated by 

immunohistochemistry. Immunohistochemistry of cryo sections staining for both VEGFR2 

(Alexa Fluor 555; a) and CD31 (Alexa Fluor 488; b) confirmed the co-localisation of VEGFR2 

with the bone vasculature (white arrows; CD31+ endothelial cells). Scale bar = 100µm 
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6.4 Discussion 

Initial results which showed that viability and proliferation of MBMECs was not altered 

following OBVEGFKO in males or females were somewhat surprising. Given what is known 

about osteoblast-VEGF signalling with endothelial cells for the close coupling of 

osteogenesis and angiogenesis (Wang et al., 2007, Liu et al., 2012), it was expected that 

deletion of Vegf would reduce the viability and proliferation of endothelial cells as a result 

of the lack of interactions between VEGF and VEGFR2 on the endothelial cell surface. This 

was not the case however and endothelial cells were able to maintain their viability and 

proliferation in the absence of Vegf. The sexual dimorphic effect observed in the vasculature 

in vivo, following OBVEGFKO is therefore either i) not linked to altered endothelial cell 

viability or proliferation and/or ii) sex steroids, genetic, mechanical or environmental factors 

are required to induce the vascular effects seen in vivo.  

Preliminary investigations into protein expression in MBMECs following OBVEGFKO in males 

and females showed differential expression of VEGFR2 in MBMECs treated with conditioned 

media for 5 minutes, in comparison to MBMECs treated with conditioned media for 24 

hours. It was thought that perhaps this could be reflective of increased levels of VEGF 

existing in WT LOBs, prompting the internalisation of VEGFR2 in these osteoblast cells after 

a 5 minute treatment with conditioned media. This is a theory which has been discussed in 

previous studies, which predict that within the first 5 minutes of treatment with VEGF, there 

is 60% internalisation of VEGFR2 (Bazzazi et al., 2017). In contrast, these initial results 

suggested that prolonged deletion of osteoblast-derived Vegf in both males and females 

could have the potential to influence the sensitivity of endothelial cells to VEGF, thus 

reducing VEGFR2 protein expression. Subsequent repeats would strengthen this finding 

further. Linking this with the viability results it can be suggested that the lack of VEGFR2 

present in these MBMECs following prolonged exposure to osteoblast-derived VEGF did not 

influence MBMEC proliferation or viability. Therefore, MBMECs must be compensating for 

the loss of VEGF via alternative mechanisms. As a result, changes in endothelial cell gene 

expression were subsequently investigated.  

Sexual dimorphisms in endothelial cell gene expression as a result of depletion of OBVEGF 

were identified in a number of genes known to be instrumental in the maintenance of 

angiogenesis, osteogenesis and cell adhesion. One of these genes was interestingly Igf-1, 
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which has been linked to sex-hormone independent expression of skeletal sexual 

dimorphisms. Serum levels of Igf-1 have been shown to be unaltered as a result of an 

ovariectomy or an orchidectomy, but upregulated in males during times of times of peak 

growth and therefore pivotal in skeletal development (Callewaert et al., 2009). 

Interestingly, levels of Igf-1 mRNA in endothelial cells were downregulated following 

OBVEGFKO in males, but upregulated following OBVEGFKO in females versus WT. IGF-1 

plays an important role in bone growth and sex steroids and IGF-1 have been shown to 

closely interact during puberty (Mauras et al., 1996), with IGF-1 playing a role in the 

upregulation of radial expansion during the development of the skeleton. Therefore this 

could be contributing to the significant differences observed in the male and female bone 

phenotypes observed previously. Complementing this finding, there were greater levels of 

upregulation in several pro-osteogenic genes in females versus males (Bglap, Runx2 and 

Osx) as a result of OBVEGFKO. There was also differential expression of angiogenic genes 

between sexes (P-selectin, tymp, Fgf1 and Fgf2) which were all upregulated in MBMECs 

following OBVEGFKO in females, but downregulated following OBVEGFKO in males. 

Therefore, perhaps differential expression of mRNA in male and female MBMECs is 

contributing to the skeletal and vascular phenotype observed. 

Sclerostin is a well-known negative regulator of osteogenesis and is thought to act via its 

inhibitory effect on the Wnt pathway, preventing efficient mineralisation and osteoblast 

differentiation (Winkler et al., 2003, Joeng et al., 2017). In this study, endothelial mRNA 

expression was shown to be up-regulated in both male and female MBMECs following VEGF 

deletion. Sclerostin has a proven involvement in bone remodelling and low levels have 

been associated with diseases where sufferers phenotypically have high bone mineral 

density and a low risk of fractures (Lewiecki, 2014). Therefore, the upregulation of 

sclerostin here correlated with the previously examined increase in intracortical porosity 

seen in vivo, where adult OcnVEGFKO male bones especially had an osteoporotic-like 

phenotype. Although there was a higher fold change versus WT following female 

OBVEGFKO in comparison to male OBVEGFKO, it was thought that a combined action of a 

multitude of genes and other factors was influencing the male and female bone 

phenotypes observed in vivo, not just changes in Sost mRNA expression. Equally, the gene 

array provided information on one population of cells and purely described the levels of 

mRNA expression within that one population, so further analysis was required.  
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Following in vivo deletion of Vegf and by performing immunohistochemistry, it was 

identified that there was a much higher protein expression of sclerostin in male OcnVEGFKO 

mice versus WT and also in comparison to females. Immunohistochemistry enabled the 

study of multiple cells within a cross-section of bone and therefore gave further insight into 

the effect of bone-derived Vegf deletion. The sclerostin expression was localised to CD31 

positive vascular endothelial cells and therefore pinpointed as an interesting target for 

future therapeutics. It was thought that differential expression of sclerostin protein levels 

in endothelial cells could be associated with the severe increase in porosity and poor 

mineralisation seen following OcnVEGFKO in males. 

Due to its role as an antagonist of the Wnt pathway and inhibitory effects on osteogenesis, 

anti-sclerostin (Sc1-mAb) antibodies have previously been identified as a potential target 

for the treatment of degenerative bone diseases such as osteoporosis, upregulating bone 

formation (Lewiecki, 2011, Clarke, 2014, MacNabb et al., 2016). The concept of sex-specific 

medicine however is novel and given the sexual dimorphisms identified in this study, it 

would be beneficial to explore this further. It is clear that males and females regulate their 

bone morphology and geometry in different ways and that this is at least in part regulated 

by the differential expression of osteogenic genes by endothelial cells. Therefore, perhaps 

males and females should not be considered as one entity when it comes to therapeutics. 

Importantly, from this chapter it was evident that the sexually dimorphic mechanisms 

responsible for the bone and vascular phenotype identified in males are largely driven 

indirectly by vascular endothelial cells. The signalling of VEGF via paracrine signalling 

pathways is therefore very important in the maintenance of bone health and the 

development of the vasculature. 
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Chapter 7 General discussion 

7.1 What can the deletion of Vegf from mature osteoblasts tell us 

about degenerative bone disease? 

The OcnVEGFKO mouse model described could be utilised as a model of age related 

osteoporosis, as a reduction in VEGF has been described with age (Ryan et al., 2006, Wang 

et al., 1997). Consistent with VEGF playing a role in osteoporosis it has been described in 

previous studies that deletion of early stage osteoblast-derived Vegf induces an 

osteoporotic-like phenotype, where there is reduced trabecular bone, alterations in bone 

morphology due to a decrease in osteoblast activity and upregulated adipogenesis (Liu et 

al., 2012, Kanis, 1994). Supporting the use of Vegf conditional knockout models for 

investigations into osteoporosis, it has been found that there is a 60% reduction in levels 

of circulating VEGF in post-menopausal women (Senel et al., 2013). Removal of the ovaries 

in miniature pigs in order to mimic post-menopausal osteoporosis in which levels of 

oestrogen are greatly reduced, has also found that there was a 27% decrease in vertebral 

concentrations of VEGF (Pufe et al., 2007). Adding to these findings, it has been shown by 

the results presented in this thesis that deletion of OcnVEGF leads to the expression of a 

highly porous and poorly mineralised bone phenotype and that the expression of this 

phenotype is particularly severe in males. This suggests that VEGF controls the age-induced 

increase in intracortical porosity and regulates healthy bone mineralisation distinctly in 

males and females. Prior to this study, the role of VEGF was considered to be comparative 

between sexes, but mostly studied in aged females due to changes described during the 

menopause in which there is a reduction in oestrogen which correlates with a reduction in 

VEGF. Therefore, this study has induced a novel way of thinking when it comes to 

approaching research into the functionality of VEGF in bone in the future, with studying 

males and females individually being a key factor.  

It has been found previously that increased cortical porosity in human femurs results in a 

76% decrease in bone strength (Schneider et al., 2007b). Increased cortical porosity has 

been observed in patients with fractured forearms (Bala et al., 2014) and it is known that 

80% of total osteoporotic fractures are non-vertebral, affecting mainly cortical bone 

(Zebaze and Seeman, 2015, Riggs and Melton, 1986, F, 1947). The tibiofibular junction was 
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subsequently used as the region of interest for this study as it is a region which 

predominantly consists of cortical bone and is a well cited location for the occurrence of 

fracture (Sferopoulos, 2010, Sundaram et al., 2018, Jianhong Pan, 2018). In this current 

study and comparative to the rest of the tibial length, whole bone analysis identified that 

a significant proportion of geometric changes were localised to the tibiofibular junction, 

the region of interest. Results suggested that VEGF regulates bone architecture distinctly 

in males and females at this location, with VEGF being vital for the maintenance of bone 

geometry at the tibiofibular junction during early development in males (4 week old mice) 

and important during adulthood in females (16 week old mice). It is well known that 

changes in geometry during development are more pronounced in males than in females 

and therefore perhaps males rely on VEGF more heavily than females during development, 

thus deletion of osteoblast-Vegf has a greater effect (Hu and Olsen, 2016, Kusumbe et al., 

2014a, Costa et al., 2009, Martin, 2002).  

Finite element analysis and digital volume correlation of the entire mouse tibia has found 

that compressive strain is greatest at the antero-medial surface just below the tibiofibular 

junction and at the postero-lateral surface just above the junction (Oliviero et al., 2018). 

Therefore, with the tibiofibular junction being the location in which the tibia and fibular 

separate and sitting centrally between the areas of the tibia in which there is most strain 

during three point bending, it is quite possible that the male bones used in this study which 

are increasingly porous as a result of OcnVEGFKO would be more prone to fracture than WT 

controls at this region specifically and should be investigated in the future. If this was the 

case it would suggest that there is sexual divergence in the regulation of bone integrity by 

VEGF at the tibiofibular junction.  

The effect of ageing on mechanical strength has been studied previously using BALB/c mice, 

in which three-point bending tests have been utilised to examine the mechanical and 

material properties of male and female femur, vertebrae and radius throughout 

development (from 2 to 20 months). Here, sexual dimorphism in bone strength, energy to 

fracture and ultimate force have been identified with ageing, which appear to go hand in 

hand with a reduction in bone volume fraction with age in males and females. Interestingly, 

it has been found that at several points during ageing male bones had a lower moment of 

inertia, ultimate stress, bone volume and strength at different regions of the femur versus 

females. Ultimate force and trabecular bone volume fraction measures of the vertebrae 
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were also lower in males versus females from 7 to 20 months (Willinghamm et al., 2010). 

Given the sexually divergent role of VEGF in the regulation of bone microstructure and 

mineralisation identified in this project and the known age-related decline in VEGF, it 

therefore would be of great interest to look at the role of VEGF in the control of the changes 

in these sex-specific mechanical properties of bone at consecutive points in development 

and throughout ageing. Although not the focus of this PhD project, studies into the effect 

of OcnVEGFKO on the mechanical and material properties of bone in males and females 

would therefore be of great interest in the future, with a specific interest in the mechanical 

properties of the tibiofibular junction. The prediction would be that male bones depleted 

of VEGF would have lower strength, ultimate force and ultimate stress, making them more 

prone to fracture. Although VEGF from cells of early osteoblast lineage has already been 

shown to be instrumental during fracture healing (Buettmann et al., 2019), results could be 

used to interpret whether the VEGF is likely to have a role in the prevention of fracture in 

healthy males and females. 

In 2012 in the EU, the economic impact of fragility and incident fractures was at £27.1 

billion and by 2025 it has been estimated that this value is set to rise by 25% (Hernlund et 

al., 2013). The use of models of osteoporosis such as the mouse model used in this study is 

therefore hugely important in the understanding of mechanisms regulating osteoporotic 

phenotypes and subsequently finding a treatment for osteoporosis which could greater 

reduce the risk of fragility fracture, reduce bone turnover and increase BMD with minimal 

side effects in the future. 

 As VEGF is known to be a potent inducer of angiogenesis and implicated in the coupling of 

angiogenesis and osteogenesis (Muller et al., 1997, Breier and Risau, 1996, Gerstenfeld and 

Einhorn, 2006), the effect of bone-derived Vegf deletion on the bone vasculature in both 

males and females was of significant interest in this study. In vitro results suggested that in 

healthy humans, osteoblast-derived VEGF does not signal directly with VEGFR2 via 

autocrine pathways on the osteoblast cell surface to regulate the structural properties of 

bone or in the control of mineralisation. Instead it was found that osteoblast-derived VEGF 

signals with vascular endothelial cells via paracrine pathways, altering the gene expression 

of key regulators of osteogenesis and angiogenesis in a sex-specific manner, to in turn 

regulate adult bone morphology.  
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Key genes identified to be altered divergently in endothelial cells and are regulated by 

osteoblast-VEGF signalling in males and females distinctly include Igf-1, Fgf, Hif1-α, Tymp, 

Selpg, Bmp6, Tgfb-1, Sost, Vcam and Pgf. An elegant recent study has shown that by using 

monoclonal antibodies which bind to IGF-1R, it is possible to delay ageing in aged female, 

but not male mice (Mao et al., 2018). This therefore suggests that the role of IGF-1 in the 

regulation of health profiles is sexually dimorphic in other systems too, rather than this 

finding being specific to the skeleton. Not only this, IGF-1 appears to have additional 

divergence at different stages of development and ageing. IGF-1 has been shown to be 

vitally important in the skeleton during bone growth, especially in males (Callewaert et al., 

2010a) and this is a finding which is supported by studies using Ames dwarf mice. 

Interestingly however, although treatment with IGF-1 enhanced bone growth in dwarf 

mice, the life span of male mice specifically was reduced by 20% in males only (Sun et al., 

2017). Where an IGF-1R antibody would be likely to reduce the growth of long bones and 

a reduction in IGF-1 in males has been associated with a severe osteoporotic phenotype in 

the OcnVEGFKO mice, this treatment would be seemingly detrimental for the reversal of 

this bone phenotype. IGF-1R has huge potential as a therapeutic for a wide range of cancers 

and has undergone successful clinical trials (Tolcher et al., 2009). This shows the 

importance of treating males and females as individual entities when considering potential 

therapies for osteoporosis and how it is imperative to look at the bigger picture when 

investigating potential targets for disease in general and not just look at the effect that an 

antibody would have on one individual developmental process or disease.  

In order to take the experiments presented in this thesis using the OcnVEGFKO mouse model 

further to investigate potential therapeutics for the treatment degenerative bone diseases 

such as osteoporosis, preliminary investigations could involve in vitro experiments in which 

VEGF was deleted in male and female LOBs with adenovirus-Cre as described. Here, 

agonists and antagonists for genes (Igf-1, Fgf, Hif1-alpha, Kdr, Tymp, Selpg, Bmp6, Tgfb-1, 

Runx2, Sost, Vcam and Pgf) identified to be expressed in a sexual divergent manner in this 

study, as well genes identified in future studies to be involved in poorly mineralised bone 

phenotype observed in vivo, would be used to treat co-cultures of osteoblasts and 

endothelial cells. The effect of targeting these factors on LOB matrix mineral composition 

would then be quantified by Raman spectroscopy, used previously in complementary 

studies (Goring et al., 2019). Successful targets could then be validated in vivo in the 
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OcnVEGFKO pre-clinical mouse model of osteoporosis. Therefore, the use of this mouse 

model and the ability to link in vitro and in vivo results could assist with the identification 

of novel treatments for osteoporosis in the future.  

It is also advantageous to use other well characterised pathologies of bone and 

mineralisation to learn more about changes identified in the results presented in this thesis. 

Both histology and BSE-SEM identified high levels of osteoid surrounding the osteocyte 

lacunae and blood vessel canals in OcnVEGFKO males. As well as this, BSE-SEM was able to 

identify an arrested mineral front in OcnVEGFKO males, with small depositions of mineral 

surrounding the canals and osteoid embedded deep within the canals. Having identified 

comparable phenotypes in rachitic bones to the phenotype observed in this study 

(Marie and Glorieux, 1981, Boyde et al., 2017, Boyde, 1980a, Steendijk and Boyde, 

1973), it was therefore possible to use this knowledge on bone mineralisation defects 

in rickets and relate it to this model of osteoporosis (OcnVEGFKO), learning more about 

the osteoporotic phenotype based on previous findings. Past studies have found that 

vitamin D induces angiogenesis in endothelial cells and it is thought that an upregulation 

of VEGF is responsible for this (Grundmann et al., 2012). Therefore, it is not entirely 

surprising that the phenotype of vitamin-D deficient rickets bones and Vegf deficient 

osteoporotic bones are comparable and this enables the sharing of knowledge between 

two bone pathologies. 
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7.2 Sex differences following deletion of bone-derived  Vegf; what 

about the joints and osteoarthritis? 

It is clear from the literature that sex differences do exist in other degenerative diseases of 

the bones and joints and studies which focus on sexual divergences identified in different 

pathologies could therefore help to provide information on how to interpret these 

divergences and inspire potential approaches moving forwards. Where osteoporosis is a 

disease in which there are degenerative changes in bone mass, osteoarthritis (OA) is 

characterised by irreversible and detrimental remodelling of joint tissues, particularly 

articular cartilage and subchondral bone (Martel-Pelletier et al., 2008). The role of VEGF in 

the progression of OA has been identified by the deletion of Vegf in chondrocytes under 

the control of a Col2-Cre promotor. Converse to this study in which the deletion of Vegf 

induced an osteoporotic-like phenotype, it has been suggested that the deletion of VEGF 

in chondrocytes reduces the severity of induced OA. Therefore, it appears that VEGF has 

differing effects in the maintenance of bone and cartilage health. Comparatively 

however, in the Col2-Cre Vegf knockout model, there was reduced thickening of the 

subchondral bone, which would correlate with previous known effects of VEGF on the 

maintenance of bone density (Nagao et al., 2017, Liu et al., 2012). Interestingly, it has 

been previously identified that deletion of chondrocyte derived VEGF using males as a 

Col2-Cre transgene carrier results in post-natal lethality of the offspring (Haigh et al., 

2000). When females were used as the carrier, offspring were infertile but survived long 

enough to be studied (Nagao et al., 2017).  

Further sexual dimorphisms in OA have been identified in two well characterised models 

of the disease; surgical destabilising of the medial meniscus (DMM) (Ma et al., 2007) and 

the STR/ort model (Uchida et al., 2012, Staines et al., 2017). Using these models it has been 

reported that the OA phenotype was most severe in males, with more severe degenerative 

changes in the knee joint observed in males versus females. A difference in pain symptoms 

was also reported between sexes (Mahr et al., 2003, Ma et al., 2007). Pain has not been 

measured in the OcnVEGFKO model, however similarly to these OA studies, the phenotype 

was more severe in males than females in 16 week old OcnVEGFKO bones.  

In order to determine the potential mechanisms behind these sex differences produced in 

the DMM model, ovariectomy and orchidectomy studies have been performed prior to the 
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induction of OA. Following the removal of the gonads, the sexual dimorphisms observed 

previously were reversed and females displayed greater OA severity following DMM than 

males in the absence of sex hormones (Ma et al., 2007). Therefore, in this instance it was 

found that sex hormones were largely responsible for the divergent severity of OA.  

An ovariectomy or orchidectomy would have been a valuable experiment to undertake in 

this project using OcnVEGFKO mice. This would provide further validation that the sex-

specific bone traits regulated by VEGF are independent of sex hormones and significantly 

controlled by the upregulation and downregulation of the angiogenic and osteogenic genes 

identified by gene array in males and females. In order to perform an experiment such as 

this, the gonads and ovaries would have to be removed from the OcnVEGFKO mice prior to 

puberty. The bioactivity levels of oestrogen and androgens increase between 5 and 7 weeks 

in males and females, therefore the removal of the gonads would have to be before 4 

weeks of age, to ensure that levels of circulating hormones were low at the time of surgery 

(Drickamer, 1981, Callewaert et al., 2010b). SR CT, histology and BSE-SEM as described 

previously could then be to analyse these mice at 16 weeks of age and results compared to 

those generated from this study.   

As it was not possible to do such an experiment in the work presented in this thesis, 

experiments using both young pre-pubertal animals and in vitro studies were performed, 

where the contribution of circulating sex hormones would be less. Unlike in the male DMM 

model of OA, the phenotype observed following OcnVEGFKO in 16 week old mice was not 

reversed in sex-hormone depleted conditions. Instead, there was still a visible phenotype 

identified in 4 week old male OcnVEGFKOs using SR CT, an increase in intracortical canal 

volume and upregulation in immature mineral matrix species following the in vitro deletion 

of VEGF in males (Goring et al., 2019). There were also dimorphic changes in the mRNA 

expression of key genes implicated in skeletal development and angiogenesis in vitro as 

previously mentioned. This suggested that although it is never possible to completely 

eliminate the effect of sex hormones, in healthy bone VEGF is able to regulate bone health 

indirectly via sex-specific changes in endothelial cell gene expression.  

The lack of studies in which both males and females are compared appears to be a 

recurring downfall in investigations into a wide range of different degenerative diseases 

of the bones and joints. In rheumatoid arthritis (RA), it has been highlighted that 

although males are more predisposed to RA onset, females suffer from greater 
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intensities of joint destruction (Jawaheer et al., 2006). In osteoporosis, there are similar 

differences between sexes when looking at the statistics of the prevalence of the disease 

and the subsequent death rates as a result of fracture, although osteoporosis is 

conversely more common in females. In osteoporosis, the mortality rate within a year of 

osteoporotic fracture is much higher in males than females (Cooper et al., 1992, Jones et 

al., 1996, O'Neill et al., 1996). In the current study, deletion of bone-derived Vegf has 

been found to increase levels of osteoid, woven bone and immature matrix components 

in males. This therefore has suggested that VEGF controls bone mineralisation distinctly 

in males and females, with a particularly important role in the adult male skeleton.   

During healing and following chondrocyte differentiation, there is mineralisation of the 

callus (reviewed by Einhorn and Gerstenfeld, 2015). The results from this study suggest that 

adequate mineralisation of the callus in these male bones would not be possible during 

fracture healing, meaning that bones would not able to heal properly and there could be 

further complications. This is demonstrated in figure 4.5, a rotating video of a fractured 

male OcnVEGFKO tibia which has failed to heal sufficiently. Subsequently, dysfunctional 

mineralisation in male OcnVEGFKOs could explain the high level (37.5%) mortality rate post 

hip fracture in males which has been recorded previously (Cooper et al., 1992, Jones et al., 

1996, O'Neill et al., 1996). A potential hypothesis therefore would be that VEGF plays a 

more pivotal role in fracture healing and mineralisation in male adults than it does in 

females. This could be tested by surgically creating a bone defect of known diameter at 

tibiofibular junction in male and female WT and OcnVEGFKO bones. Healing could be 

measured by micro-CT analysis, comparing the size of the defect in WT and OcnVEGFKO 

bones of each sex. 

A multitude of differences between males and females have been identified in models 

of OA, which further justifies the importance of studying both males and females when 

looking at models of degenerative disease. Although differences in incident rates and 

severity of the disease phenotypes have been identified in diseases of the bones and joints, 

the mechanisms responsible for dimorphisms that might occur between males and females 

are frequently unknown. Despite these observed differences and similar to the study of 

osteoporosis, it has been acknowledged at scientific meetings that there is a clinical need 

for the study of both sexes in arthritis research, particularly OA. 
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7.3 Sex-specific medicines; a feasible approach for the future stratified 

treatment of bone pathology 

Sexual dimorphisms exist between males and females basally; males characteristically have 

a larger skeleton, which is thought to protect them from fracture during ageing (Seeman, 

2001, Martin, 2002, Seeman, 2002, Callewaert et al., 2010a) and their bones are 

characteristically longer and thicker (Joakimsen et al., 1998). Despite these well known 

basal sex differences in the skeletal composition of healthy humans and the high incidence 

rates of osteoporosis in females, males and females are still considered as one entity when 

it comes to diagnosis and treatment of the disease. In fact men, who typically suffer from 

symptoms of osteoporosis up to 10 years later than females (Campion and Maricic, 2003) 

and are at a greater risk of mortality post-fracture (Cooper et al., 1992, Jones et al., 1996, 

O'Neill et al., 1996), are known to be underdiagnosed when it comes to osteoporosis 

(Jennings et al., 2010, Laurent et al., 2019). For the first time, the research presented in this 

thesis has identified that VEGF regulates bone microstructure, geometry and 

mineralisation distinctly in males and females. It seems appropriate therefore that males 

and females should be considered as individuals when it comes to designing novel 

therapeutics for osteoporosis. 

The most common drugs currently used to treat osteoporosis are bisphosphonates, which 

inhibit bone resorption by mimicking pyrophosphate and bind to locations in which bone 

remodelling is especially dynamic (Keen, 2007). Bisphosphonates which are known to have 

a particularly strong effect in the treatment of osteoporosis include alendronate, 

ibandronate and risedronate. More recently zoledronate has been identified as a 

particularly powerful option and one treatment can inhibit osteoclast activity and increase 

bone density for up to one year. Bisphosphonates can be given orally or intravenously, but 

carry renal side effects and prolonged usage have more severe side effects such as 

osteonecrosis of the jaw (Reid et al., 2002, Rawlins and Dillon, 2005). With the growing 

population which is set to be 10 times larger than the population in the 1800s by 2070 

(Bongaarts, 2009) and with the number of elderly people therefore increasing in size 

exponentially, the need for sufficient therapeutics and a different approach for the 

treatment of osteoporosis is evident. 
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Sclerostin antibodies have shown promise for the treatment of osteoporosis. Experiments 

have shown that monoclonal antibodies are able to upregulate the mineralising surface 

and bone formation rate (Li et al., 2011). In the current study, VEGF is shown to control 

sclerostin protein expression and mineralisation distinctly in males and females, with 

higher levels of sclerostin protein expression correlating with the failure to sufficiently 

mineralise in males as a result of OcnVEGFKO in males. With this knowledge, perhaps drugs 

such as anti-sclerostin would have a higher efficacy in males than in females. 

Romosozumab is an inhibitor of sclerostin and has passed phase three clinical trials which 

assessed the effectiveness of the drug on post-menopausal women only. Although it 

decreased vertebral fractures by 75% in the patient subgroup, the effect of this drug on 

men was not considered in this trial and therefore it has not been considered here that 

males and females may respond differently to treatment (Rachner et al., 2019).  

Personalised medicine conceptualises the idea of individualising medicine and given the 

sex differences identified in bone development, would seem a fitting approach for the 

treatment of osteoporosis. It has been found that many differences in disease phenotypes 

occur between individuals and these may include differences which are due to sex, 

genetics, age or lifestyle (Jain, 2002). Therefore, by treating individuals based on their 

disease phenotype rather than a generic diagnosis, it is suggested that responses to 

treatment will improve and cost health services less money in the long run. Personalised 

medicine is now a recognised approach for cancer, in which there is known to be large 

variations in individual responses to specific therapies. It has been identified in cancer that 

clinical outcome can be predicted by the gene expression profile of tumours (Carter et al., 

2006) and therefore this facilitates individual treatment approaches. Personalised 

medicine is an accepted concept for the treatment of breast cancer, where patients are 

genotyped for CYP2D6, which is involved in the activation of the cancer drug tamoxifen. 

Variations in CYP2D6 are associated with returning occurrences of breast cancer. If a 

dysfunctional variant form of CYP2D6 is detected, treatment is personalised as the patient 

will be treated with an alternative drug such as raloxifene instead (Skaar and Desta, 2018, 

de Souza and Olopade, 2011). 

For osteoporosis, the potential divergences in the effectiveness of drugs such as anti-

sclerostin on males and females could be evaluated in vitro pre-clinically as previously 

described, before performing in vivo experiments to validate the response to the drug in 
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both sexes, based on measures of cortical porosity (SR CT), mineralisation (BSE-SEM) and 

histology at the tibiofibular junction. The ability of the drug to reverse the vascular 

phenotype in vivo would be of particular relevance to this study and help to define the role 

that sclerostin, as an example, has on the presence of abnormal vasculature which is seen 

in this animal model. The effect of the osteoporotic drug in males and females could 

additionally be tested by comparing the mechanical properties of the bones in knockout 

mice, knockout mice treated with the drug and WT mice. Three point bending experiments 

would therefore be a valuable way of testing this. 

With increased interest in the study of epigenetics in bone pathologies and dimorphic 

results identified in studies such as this one where males and females have individual 

phenotypic disease profiles, it is hoped that the personalised medicine will become more 

readily recognised in the bone field in the future. Reversal experiments using targets shown 

to be differentially expressed in males and females and subsequently producing diverse 

responses to antibody therapies between sexes could be the first step in increasing 

acceptance of the concept.  
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7.4 Study limitations and future work 

The severity of the disease phenotype identified in this mouse model in males in particular, 

created various challenges, all of which were endeavoured to be overcome in this PhD. The 

mouse tibia used for the majority of this study were very delicate and thus, careful 

attention was given to the handling of these long bones. At the time of dissection and 

analysis of gross measurements, genotyping had been blinded and therefore equal care 

was taken with all bones. It was not possible to use bones such as the male OcnVEGFKO 

bone identified as being fractured in figure 4.5 for analysis. The aforementioned challenges 

in the separation of intracortical canals and osteocyte lacunae in the SR CT scans were 

overcome by the use of individual thresholding and the categorisation of the larger fraction 

of porosity as intracortical canals, but nevertheless the analysis of the intracortical canal 

fraction produced interesting data which correlated with the signs of poor mineralisation 

which were identified by histology and BSE-SEM. The use of a bone cutter for accessing the 

region of interest prior to histological analysis of the contralateral limb to those used for 

micro-CT meant that many of the bones developed microfractures and thus, for 

subsequent studies it would be advisable to embed the entire tibia prior to exposing the 

region of interest. This did not alter results however, as bones which were particularly badly 

damaged were not used for analysis.  

Due to the need to use litter mate controls for experimentation and the fragility of some 

of the OcnVEGFKO bones which meant that some tibia were fractured and could not be 

used for further analysis, n numbers of n=3 or n=4 biological repeats were often used in 

this thesis. Occasionally there was not both a male and female OcnVEGFKO mouse present 

within one litter and therefore none of the mice from these specific litters could be used 

for analysis due to a lack of male and female litter mate pairs. Although it was hoped that 

these numbers would be higher, they are in line with power calculations which suggest that 

n=3 or higher would be sufficient to detect significant changes in OcnVEGFKO versus WT 

(chapter 3.1). N numbers of n=3 or n=4 also correlate with publications using comparable 

strains of transgenic animals, which are costly to breed in large quantities (Liu et al., 2012, 

Nagao et al., 2017, Duan et al., 2016, Duan et al., 2015) and were based on ARRIVE 

guidelines.  
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The fidelity of the in vivo Vegf deletion was also carefully investigated. It was acknowledged 

that osteoblasts are not the only bone cell expressing osteocalcin and thus the knockout 

mice were defined as OcnVEGFKO for the in vivo studies, as opposed to OBVEGFKO. Using 

the Cre-Lox system to specifically delete a gene from osteoblast lineage cells is well cited 

in the literature, with a high knockout specificity (Hu and Olsen, 2016, Buettmann et al., 

2019, Liu et al., 2012, Zhang et al., 2002). Both the genotyping of samples using genomic 

DNA and the combined qPCR results using Vegf primers were able to show that the 

OcnVEGFKO was both effective and specific to bone. Although due to time limitations, the 

qPCR investigating the efficiency of the Vegf deletion was only n=3, the supporting 

literature is extensive (chapter 3.1) and the % knockdown was sufficiently high in these 

repeats performed to be confident that the deletion of Vegfa was specific to osteocalcin 

expressing bone cells. 

Comparatively, relatively few challenges and limitations arose from the in vitro studies. The 

OBVEGFKO was successful on the first attempt, which was hugely instrumental to the 

progression of this part of the project. You can never totally remove the effect of hormones, 

but nevertheless the in vitro studies provided an environment in which lower levels of sex 

hormones would be present than in post-pubertal mice in vivo, enabling the effect of 

circulating hormones on the OBVEGFKO phenotype to be tested as much as possible 

without performing a gonadectomy. The use of phenol red free media for in vitro 

experiments was an important detail to enable the study of the effect of sex hormones, 

due to the fact that phenol red is known to be a weak oestrogen (Berthois et al., 1986) and 

therefore could have altered the results. It must be noted however, that charcoal stripped 

FBS was not used for these in vitro experiments and its use in future in vitro experiments 

which investigate sexual dimorphisms would strengthen them further. Charcoal treated 

with Dextran is used to selectively remove any hormones present without affecting the 

ability of the FBS to support healthy cell growth and thus would be a valuable addition to 

studies such as this.  

Additional points to consider in terms of in vitro experiments include that due to the vast 

expense of gene microarrays, only one biological repeat of the endothelial and 

osteogenesis gene arrays was carried out. In subsequent experiments it would be of great 

value to increase the number of biological repeats or confirm the findings by running qPCR 

of individual genes, using RNA isolated from MBMECs treated with WT and OBVEGFKO 
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conditioned media. In this study, genes of interest such as Sost were singled out and levels 

of gene and protein expression investigated further, however with additional time a greater 

number of individual genes would be singled out for further investigations.  

Going forward and as previously mentioned, it would additionally be interesting to perform 

an ovariectomy or orchidectomy on these mice and look at the mechanical properties of 

the bones using three point bending experiments, as well as finite element analysis to tell 

us more about the role of hormones in the progression of this disease phenotype. Three 

point bending is a recognised way of simulating the damage process that occurs during 

fracture and combined with finite element analysis it has been found to be possible to 

analyse the damage behaviour of the bone (Ridha and Thurner, 2013). Mechanical strain 

could also be measured in vitro and in vivo. It has been found in vitro previously that 

mechanical strain applied using a loading jig, induces the differentiation of LOBs via the 

oestrogen receptor. In this study, there were no differences in Esr1 and Esr2 mRNA 

expression in males or female LOBs and expression was not altered following the deletion 

of Vegf. Therefore it is possible that strain would not alter osteoblast differentiation here, 

however it would be interesting to investigate regardless of this (Damien et al., 2000). In 

vivo, strain could be applied to the tibia of male and female WT and OcnVEGFKO bones. 

Here, the bone would not undergo natural loading and therefore strain would be controlled 

by rate and magnitude, inducing remodelling and an increase in porosity. The effect could 

therefore be measured by SR CT and BSE-SEM, with a particular interest in sex differences 

(Rubin and Lanyon, 1985). 

Equally, it would be interesting to expand this research and quantify pain in these mice. 

This could be a blinded study pre-genotyping and would therefore enable subsequent bone 

phenotypes to be directly correlated with pain. Quantification of gait asymmetries is a 

measure of pain which is frequently used in models of OA (Poulet et al., 2014). Although 

the male OcnVEGFKO mice did not appear to be in any pain outwardly, this has not been 

thoroughly investigated and given their severe bone and vascular phenotype would be a 

valuable experiment.  

Equally, measures of skull and long bone phenotypes suggest that the changes identified in 

male OcnVEGFKOs are specific to loaded bones. Measures of movement and behaviour of 

the mice within their cages would therefore enable comparisons between male and female 

WT and OcnVEGFKO bone phenotypes, to determine whether there is a correlation 



Chapter 7 

219 

between movement and the increased cortical porosity in males. This has been facilitated 

in the past by the use of ethovision camera software (Noldus et al., 2001). It has been 

suggested that males that live in groups are more prone to fighting and thus the loading is 

greater on their skeleton. The male mice in this study were also housed in groups, so using 

the ethovision would also allow this sort of activity to be monitored (Meakin et al., 2013). 

mRNA expression of androgen and oestrogen receptors in male and female LOBs was 

quantified using qPCR, however levels of hormones have not been measured in vivo. 

Circulating levels of hormones could be measured in vivo by the collection of blood 

samples, the serum could then be used for a sex hormone ELISA to determine the 

concentrations present in 4 week old and 16 week old mice. This would validate that the 

levels of sex hormones were lower in 4 week old mice than in adult mice.  

Additionally, systemic circulation and blood pressure have not been measured in this study 

and neither has cardiac function. Given the role of VEGF as an inducer of angiogenesis and 

the fact that there are more vessels in OcnVEGFKO males which are abnormal in 

morphology, this would be interesting to investigate further. Vascular function could also 

be interrogated in depth within the bone using perfusion studies. Injection of a contrast 

agent such as barium sulphate could facilitate the examination of the blood vessels along 

the whole tibial length using a much lower resolution desktop micro-CT than the high 

resolution scans used in this project (Sider et al., 2010). This would allow the vasculature 

at the tibiofibular junction which has been well characterised in this study, to be compared 

and contrasted at other sites along the length of the tibia. 

Given the deficiencies in mineralisation identified in male OcnVEGFKO mice by histology, 

BSE-SEM and in vitro studies (Goring et al., 2019) it would also be valuable to look at any 

changes of expression in PHOSPHO1, MEPE, DMP1 or osteopontin. These proteins have 

been found to play a vital role in the regulation of healthy bone mineralisation (Fisher and 

Fedarko, 2003, Qin et al., 2001, Boyde et al., 2017) and therefore it is predicted that their 

expression may be altered in male versus female OcnVEGFKO mice. Considering the 

similarities of the OcnVEGFKO bone phenotype to Phospho1 knockout mice and the fact 

that low levels of DMP1 are associated with rickets, a depletion in PHOSPHO1 and DMP1 

in the male OcnVEGFKO mice would be predicted and would be interesting to investigate. 

A summary schematic highlighting potential mechanisms underlying skeletal sexual 
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dimorphism of osteoblast-derived VEGF signalling, as well as future discussion points is 

included in figure 7.1.  
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7.5 General conclusion 

For the first time in this study, high resolution micro-CT has facilitated the interrogation of 

intracortical porosity in both male and female OcnVEGFKO mice, enabling the in depth 

scrutiny of the resulting bone and vascular phenotype. From the results obtained, it can be 

suggested that the systemic loss of VEGF with ageing or as a result of age-induced 

degenerative bone diseases could differentially impact bone structure, vascular 

morphology, mineralisation and subsequent genetic expression in males and females. By 

future targeting of sex-specific regulators of bone mineralisation or angiogenesis which are 

altered in male and female OcnVEGFKOs in in vivo and in vitro studies, novel therapeutics 

could become accessible. With the population of ageing individuals rapidly increasing and 

bearing a huge economic burden, this is particularly timely for the treatment of 

degenerative bone diseases such as osteoporosis. 
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Figure 7.1: Summary schematic highlighting potential mechanisms and environmental 

influences underlying skeletal sexual dimorphism of osteoblast derived VEGF signalling.



 

 Materials  

GENOTYPING 

Genomic DNA 

20mg/ml proteinase K was bought from Thermo Scientific (EO0491). Agarose was bought 

from Melford (MB1200), GoTaq Flexi DNA polymerase from Promega (M7801) and dNTPs 

from Promega (U1330). 

cDNA 

The RNeasy RNA isolation kit was purchased from Qiagen (74104). The reverse 

transcriptase kit (5003) and the Oligo(dT) (C1101) were from Promega. For qPCR, the Luna 

qPCR mastermix was from New England BioLabs M3003. 

HISTOLOGY 

For production of MMA for the embedding of tibia, MMA was bought from Merck (8.00590) 

and destabilised using aluminium oxide 60 active basic from Merck (1.01067). Benzoyl 

peroxide from was also obtained from Merck (801641). Nonylphenol came from Sigma 

(74432) and N-N Dimethyl-P-toluidine from Merck (8.00590). Isopropanol was purchased 

from Sigma (278475). 

Giemsa and Pentachrome stain 

For the Giemsa stain, Giemsa stock solution was bought from Merck (1.09204). Cellosolve 

(128082), acetic acid (A6283), xylene (534056) and DPX mountant (06522) were all 

obtained from Sigma.  

For the Pentachrome stain, Alician Blue (A3157), iron haematoxylin (HT1079) and 

phosphotungstic acid (HT152) were all obtained from Sigma. Brilliant Crocein was bought 

from Santa Cruz Biotechnology (sc-214624).  

SEM 

Ammonium iodide (203467) and iodine (207772) was purchased from Sigma. 
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IMMUNOSTAINING 

EDTA powder (EDS-1KG), sucrose (S7903), triton (X100) and PVP (PVP40) were all bought 

from Sigma. 

CD31, VEGFR2 and Sclerostin staining 

CD31 primary rat anti-mouse antibody was bought from BD bioscience (550274). The 

secondary antibody, Alexa Fluor 488 goat anti-rat (A-11006) and Hoechst 33342 (H3570) 

utilised for staining the nuclei, was purchased from Invitrogen. Goat serum for blocking 

(G9023) and the PAP pen for drawing around the sections was obtained from sigma 

(Z672548). FluoromountG for mounting the coverslip was from Southern Biotech (0100-

01). 

The VEGFR2 primary antibody (2479) was bought from Cell Signalling Technologies. Goat 

anti-rabbit 488 was used as the secondary antibody and purchased from Invitrogen (A-

11008). 

Donkey serum for blocking prior to sclerostin immunostaining was purchased from Sigma 

(D9663). Sclerostin primary antibody was obtained from R&D Systems (MAB1589). Alexa 

Fluor 555 donkey anti-goat secondary antibody from Invitrogen was used (A-21432). 

CELL CULTURE  

Osteoblast cells  

Collagenase (C0130) and EDTA powder (EDS-1KG) were ordered from Sigma. For culturing 

osteoblast cells, Gibco Alpha MEM media (12492013) and fetal bovine serum (10082147) 

was used. Nunc flasks with filter caps were bought from Thermo Fisher (156499). 

Gentamicin (G1397) and penicillin streptomycin (P4333) was added to the culture media 

as an antibacterial. Trypsin EDTA was used for splitting osteoblast cells (Gibco; R001100) 

and endothelial cells (Generon; 6915).  

For deletion of osteoblast-derived VEGF, adenovirus-Cre was purchased from Vector 

Biolabs (1045). Adenovirus GFP was used as a control (1060). A VEGF ELISA kit from abcam 

(ab209882) was used to confirm the knockdown of VEGF.  
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A Pierce BCA protein assay kit was purchased from Thermofisher (23225) and for protein 

lysis tris, glycerol SDS and Na3VO4 were purchased from Sigma.  

Endogenous VEGF and tyrosine kinase inhibitor SU5416 (S8442) were ordered from Sigma, 

along with DMSO which was used as a control (W387520).  

In order to measure cell viability, a Cell Titer-Glo 2.0 Assay from Promega (G9242) was used. 

For the ALP elution assay, P-Nitrophenol solution (N7660) from Sigma was used. P-

Nitrophenyl phosphate was purchased from Thermo Fisher (34045). 

Mouse Bone Marrow Endothelial Cells (MBMECs) 

MBMECs (C57-6221), basal media and growth supplements (M1168) were ordered from 

Generon. The BrdU Cell Proliferation ELISA kit was purchased from Abcam (126556). 

For qPCR the RNeasy kit from Qiagen (74104) and the Promega GoScript Reverse 

Transcriptase kit (A5003) was used to make cDNA. All custom-designed primers were 

ordered from Sigma.  

For the endothelial cell gene arrays, the Qiagen RT2 first strand kit was used (330404). 

Qiagen RT2 profiler PCR Arrays for Mouse Endothelial Cell Biology (PAMM-015ZA) and 

Mouse Osteogenesis (PAMM-026ZA) were purchased for analysis of gene expression in 

MBMEC following OBVEGFKO. 

WESTERN BLOT 

10µl of 6x blue/orange loading dye was bought from Promega (G1881) and 2-

Mercaptoethanol from Sigma (M6250). MOPS SDS running buffer from Thermo Fisher 

(NP0001) was used here, as well as 4-12% (w/v) NuPAGE protein gels (NP0321). 

Amersham™ Hybond® membranes for the transfer of protein were purchased from Fisher 

Scientific (45-000-850). NuPAGE transfer buffer 20X, was ordered from Thermo Fisher 

(NP00061). Western blotting sponge pads were ordered from VWR (103254-872), as was 

the filter paper (PIER88620).  

The VEGFR2 primary antibody (2479) was from Cell Signalling Technologies. The secondary 

antibody used for both was goat anti-rabbit IgG HRP from Thermo Fisher (65-6120). 
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Tween-20 (P1379) and TBS (T5912) were both ordered from Sigma. ECL western blotting 

substrate kit was purchased from abcam (ab65623). Polymax developer (100488-220), fixer 

(102098-110) and Amersham hyperfilm ECL (28-9068-36) from VWR was used for 

producing images of protein expression. 
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 Solutions  

ALP ELUTION 

Working solution: 70% dH20 + 20% 0.1M NaHCO3 + 10% 30 mM MgCl2 pH9.5 

IMMUNOHISTOCHEMISTRY 

EDTA 

Mix 146.12g of EDTA powder with miliQ water up to 1000ml. Put NaOH tablets in to 

increase the pH to 7.4. The solution will become clear at about pH8 and you will then 

have to add HCl until pH 7.4 is reached. 

20% Sucrose 2% PVP 

Put 40g of sucrose into a beaker with 4g polyvinylpyrrolidone (PVP) and fill beaker up to 

200ml with PBS. Mix with a mixer and with parafilm on lid. Once dissolved leave at 4°C. 

0.3% Triton  

900UL of triton topped up to 300ml with PBS. Cut the end of tip off for viscous liquid to 

flow through and pipette 910UL to allow for this. Stir with stirrer until dissolved.  

4% PFA 

50ml of 16% PFA and 150ml of cold PBS that has been in the fridge overnight are mixed to 

make 4% PFA on the morning that the dissection is performed.  
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 Methods 

Table Appendix C.1: Primers used for genotyping, using genomic DNA. DNA is extracted 

from ear tips for the genotyping of first generation Ocn-Cre mice using Cre forward and 

reverse primers and from tail tips for the genotyping of second generation mice using Cre 

and VEGF forward and reverse primers. An annealing temperature of 55°C was used for all 

primers. 

 

Target  Forward 5'-3' Reverse 5'-3' Annealing Temp (°C) 

Cre CAAATAGCCCTGGCAGATTC TGATACAAGGGACATCTTCC 55 

VEGF CCTGGCCCTCAAGTACACCTT TCCGTACGACGCATTTCTAG 55 

 

 

Table Appendix C.2: Target genes used for qPCR. mRNA was extracted from OB and 

MBMEC, before being reverse transcribed. cDNA was used to look at the expression of 

target genes detailed below. An annealing temperature of 60°C was used for all primers. 

 

Target  Forward 5'-3' Reverse 5'-3' 

Bmp1 TTGTACGCGAGAACATACAGC CTGAGTCGGGTCCTTTGGC 

Opg AGTCCGTGAAGCAGGAGT CCATCTGGACATTTTTTGCAAA 

Rankl CACAGCGCTTCTCAGGAGCT CATCCAACCATGAGCCTTCC 

Ar GGACCATGTTTTACCCATCG TCGTTTCTGCTGGCACATAG 

Esr1 TTCTCCCTTTGCTACGTCAC ATCGCTTTGTCAACGACTTC 

Esr2 TGGTCATCAAATCGACCTTT GGAACAAGGTCACATCCAAG 

Vegfr2 TCTGTGGTTCTGCGTGGAGA GTATCATTTCCAACCACCCT 

Osteocalcin CCTGAGTCTGACAAAGCCTTCA GCCGGAGTCTGTTCACTACCTT 

Sost CTACTTGTGCACGCTGCCTT TTTGGCGTCATAGGGATGGT 

Gapdh TGTGTCCGTCGTGGATCTGA CCTGCTTCACCACCTTCTTGA 

Vegf  ATCTTCAAGCCGTCCTGTGT CTGCATGGTGATGTTGCTCT 
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Table appendix C.3: List of genes present in the Endothelial cell RT2 Gene Profiler array 

from Qiagen. 

 

Position    UniGene GenBank Symbol  Description 

A01 Mm.754    NM_009598 Ace Angiotensin I converting enzyme (peptidyl-dipeptidase A) 1  

A02 Mm.27681   NM_009615  Adam17 A disintegrin and metallopeptidase domain 17 

A03 Mm.301626   NM_007428 Agt 
 Angiotensinogen (serpin peptidase inhibitor, clade A, 
member 8)  

A04 Mm.35062   NM_177322  Agtr1a Angiotensin II receptor, type 1a  

A05 Mm.309336   NM_009640  Angpt1 Angiopoietin 1  

A06 Mm.1620    NM_009673 Anxa5 Annexin A5 

A07 Mm.305152 NM_009696 Apoe  Apolipoprotein E 

A08 Mm.19904    NM_007527 Bax Bcl2-associated X protein 

A09 Mm.257460   NM_009741 Bcl2 B-cell leukemia/lymphoma 2 

A10 Mm.238213   NM_009743 Bcl2l1  Bcl2-like 1  

A11 Mm.1051  NM_009807 Casp1 Caspase 1  

A12 Mm.34405    NM_009810 Casp3 Caspase 3 

B01 Mm.28278    NM_007616 Cav1 Caveolin 1, caveolae protein 

B02 
 
Mm.290320   NM_011333 Ccl2 Chemokine (C-C motif) ligand 2 

B03 
 
Mm.284248    NM_013653 Ccl5 Chemokine (C-C motif) ligand 5 

B04  Mm.21767   NM_009868  Cdh5 Cadherin 5 

B05 Mm.336848    NM_009805 Cflar CASP8 and FADD-like apoptosis regulator  

B06  Mm.4352   NM_009929 Col18a1 Collagen, type XVIII, alpha 1 

B07 
 
Mm.218009    NM_009950 Cradd 

CASP2 and RIPK1 domain containing adaptor with death 
domain  

B08 
 
Mm.103711   NM_009142 Cx3cl1 Chemokine (C-X3-C motif) ligand 1 

B09  Mm.21013   NM_008176  Cxcl1 Chemokine (C-X-C motif) ligand 1  

B10  Mm.4979    NM_009140 Cxcl2 Chemokine (C-X-C motif) ligand 2 

B11  Mm.6246    NM_007551 Cxcr5 Chemokine (C-X-C motif) receptor 5  

B12 Mm.14543    NM_010104 Edn1 Endothelin 1  

C01 Mm.284855   NM_007902 Edn2  Endothelin 2 

C02 
 
Mm.283168 NM_010332  Ednra  Endothelin receptor type A  

C03 Mm.225297    NM_007932 Eng Endoglin 

C04  Mm.24816  NM_010169 F2r Coagulation factor II (thrombin) receptor 

C05 Mm.1614    NM_007974 F2rl1 Coagulation factor II (thrombin) receptor-like 1  

C06 
 
Mm.273188    NM_010171 F3 Coagulation factor III  

C07  Mm.1626    NM_007987 Fas Fas (TNF receptor superfamily member 6) 

C08  Mm.3355    NM_010177 Fasl  Fas ligand (TNF superfamily, member 6) 

C09 Mm.241282    NM_010197 Fgf1 Fibroblast growth factor 1 

C10 Mm.473689    NM_008006 Fgf2 Fibroblast growth factor 2  

C11 
 
Mm.389712    NM_010228 Flt1  FMS-like tyrosine kinase 1 

C12 
 
Mm.193099    NM_010233 Fn1 Fibronectin 1  

D01  Mm.3879   NM_010431 Hif1a Hypoxia inducible factor 1, alpha subunit  

D02 
 
Mm.435508   NM_010493 Icam1 Intercellular adhesion molecule 1 

D03  Mm.35814   NM_008350 Il11  Interleukin 11 

D04 
 
Mm.222830   NM_008361  Il1b Interleukin 1 beta 

D05  Mm.983  NM_010556  Il3  Interleukin 3 

D06  Mm.1019   NM_031168 Il6  Interleukin 6  

D07  Mm.3825     NM_008371 Il7 Interleukin 7 

D08  Mm.16234    NM_010577 Itga5 Integrin alpha 5 (fibronectin receptor alpha)  

D09 Mm.227  NM_008402   Itgav Integrin alpha V 

D10 Mm.263396  NM_010578  Itgb1  Integrin beta 1 (fibronectin receptor beta)  

D11  Mm.87150   NM_016780  Itgb3 Integrin beta 3 

D12  Mm.285  NM_010612  Kdr  Kinase insert domain protein receptor 

E01 
 
Mm.247073  NM_021099   Kit Kit oncogene 
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E02 
 
Mm.156952  NM_032006  Mmp1a  Matrix metallopeptidase 1a (interstitial collagenase)  

E03  Mm.29564  NM_008610  Mmp2  Matrix metallopeptidase 2 

E04  Mm.4406    NM_013599 Mmp9 Matrix metallopeptidase 9  

E05 
 
Mm.258415   NM_008713 Nos3  Nitric oxide synthase 3, endothelial cell  

E06  Mm.2740   NM_008726  Nppb Natriuretic peptide type B 

E07  Mm.4627    NM_008727 Npr1 Natriuretic peptide receptor 1 

E08  Mm.4807   NM_008756 Ocln  Occludin  

E09 
 
Mm.221403    NM_011058 Pdgfra  Platelet derived growth factor receptor, alpha polypeptide 

E10 
 
Mm.343951  NM_008816 Pecam1   Platelet/endothelial cell adhesion molecule 1 

E11 
 
Mm.332490    NM_019932 Pf4 Platelet factor 4 

E12  Mm.4809   NM_008827 Pgf  Placental growth factor 

F01 
 
Mm.154660   NM_008872  Plat Plasminogen activator, tissue  

F02  Mm.4183    NM_008873 Plau Plasminogen activator, urokinase 

F03  Mm.971    NM_008877 Plg Plasminogen 

F04  Mm.3243    NM_011171 Procr Protein C receptor, endothelial 

F05  Mm.2339    NM_008968 Ptgis Prostaglandin I2 (prostacyclin) synthase  

F06 
 
Mm.292547    NM_011198 Ptgs2 Prostaglandin-endoperoxide synthase 2 

F07  Mm.5245   NM_011345 Sele  Selectin, endothelial cell 

F08  Mm.1461    NM_011346 Sell Selectin, lymphocyte 

F09  Mm.3337   NM_011347  Selp Selectin, platelet  

F10 
 
Mm.332590   NM_009151  Selplg Selectin, platelet (p-selectin) ligand  

F11 
 
Mm.250422    NM_008871 Serpine1 Serine (or cysteine) peptidase inhibitor, clade E, member 1  

F12 
 
Mm.276325    NM_011434 Sod1 Superoxide dismutase 1, soluble  

G01  Mm.14313   NM_013690  Tek Endothelial-specific receptor tyrosine kinase  

G02 
 
Mm.124316    NM_011576 Tfpi Tissue factor pathway inhibitor 

G03 
 
Mm.248380   NM_011577 Tgfb1  Transforming growth factor, beta 1  

G04  Mm.24096    NM_009378 Thbd Thrombomodulin 

G05  Mm.4159   NM_011580  Thbs1 Thrombospondin 1 

G06  Mm.8245   NM_011593 Timp1  Tissue inhibitor of metalloproteinase 1  

G07  Mm.1293   NM_013693  Tnf Tumor necrosis factor 

G08  Mm.1062    NM_009425 Tnfsf10 Tumor necrosis factor (ligand) superfamily, member 10 

G09 
 
Mm.287977    NM_138302 Tymp Thymidine phosphorylase 

G10  Mm.76649    NM_011693 Vcam1 Vascular cell adhesion molecule 1 

G11 
 
Mm.282184  NM_009505   Vegfa Vascular endothelial growth factor A 

G12  Mm.22339   NM_011708  Vwf Von Willebrand factor homolog 

H01 
 
Mm.328431    NM_007393 Actb Actin, beta 

H02 Mm.163  NM_009735  B2m  Beta-2 microglobulin 

H03 Mm.343110    NM_008084 Gapdh Glyceraldehyde-3-phosphate dehydrogenase 

H04  Mm.3317   NM_010368  Gusb Glucuronidase, beta  

H05  Mm.2180    NM_008302 Hsp90ab1 Heat shock protein 90 alpha (cytosolic), class B member 1  

H06 N/A   SA_00106 MGDC  Mouse Genomic DNA Contamination 

H07  N/A   SA_00104  RTC Reverse Transcription Control 

H08  N/A   SA_00104  RTC Reverse Transcription Control 

H09  N/A   SA_00104  RTC Reverse Transcription Control 

H10  N/A    SA_00103 PPC Positive PCR Control  

H11  N/A    SA_00103 PPC Positive PCR Control  

H12  N/A    SA_00103 PPC Positive PCR Control  
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Table appendix C.4: List of genes present in the Osteogenic RT2 Gene Profiler array from 

Qiagen. 

 

Position    UniGene GenBank Symbol  Description 

A01  Mm.689    NM_007394 Acvr1 Activin A receptor, type 1  

A02 Mm.197554    NM_013465 Ahsg Alpha-2-HS-glycoprotein 

A03 Mm.288186   NM_007431  Alpl Alkaline phosphatase, liver/bone/kidney 

A04  Mm.1620    NM_009673 Anxa5 Annexin A5  

A05 Mm.389459     NM_007541 Bglap Bone gamma carboxyglutamate protein 

A06 Mm.2608    NM_007542 Bgn Biglycan 

A07  Mm.27757    NM_009755 Bmp1 Bone morphogenetic protein 1 

A08  Mm.103205    NM_007553 Bmp2 Bone morphogenetic protein 2  

A09  Mm.209571   NM_173404  Bmp3 Bone morphogenetic protein 3 

A10  Mm.6813  NM_007554  Bmp4 Bmp4 Bone morphogenetic protein 4  

A11  Mm.428950    NM_007555 Bmp5 Bone morphogenetic protein 5  

A12  Mm.385759  NM_007556   Bmp6 Bone morphogenetic protein 6  

B01  Mm.595   NM_007557 Bmp7  Bone morphogenetic protein 7 

B02  Mm.237825   NM_009758  Bmpr1a Bone morphogenetic protein receptor, type 1A  

B03  Mm.39089    NM_007560 Bmpr1b Bone morphogenetic protein receptor, type 1B 

B04  Mm.7106    NM_007561 Bmpr2 
Bone morphogenic protein receptor, type II (serine/threonine 
kinase)  

B05  Mm.18628   NM_007643 Cd36  CD36 antigen  

B06 Mm.1571   NM_009866  Cdh11 Cadherin 11 

B07  Mm.20457  NM_009893  Chrd  Chordin  

B08 Mm.443177    NM_009925 Col10a1 Collagen, type X, alpha 1 

B09  Mm.297859    M_181277 Col14a1 Collagen, type XIV, alpha 1 

B10  Mm.277735    NM_007742 Col1a1 Collagen, type I, alpha 1 

B11  Mm.277792   NM_007743 Col1a2  Collagen, type I, alpha 2 

B12  Mm.2423   NM_031163 Col2a1  Collagen, type II, alpha 1  

C01  Mm.249555   NM_009930  Col3a1 Collagen, type III, alpha 1 

C02 Mm.738     NM_009931 Col4a1 Collagen, type IV, alpha 1 

C03  Mm.7281   NM_015734  Col5a1 Collagen, type V, alpha 1 

C04  Mm.45071   NM_016685  Comp Cartilage oligomeric matrix protein  

C05  Mm.795  NM_007778  Csf1  Colony stimulating factor 1 (macrophage)  

C06 Mm.4922   NM_009969  Csf2 Colony stimulating factor 2 (granulocyte-macrophage)  

C07  Mm.1238   NM_009971 Csf3  Colony stimulating factor 3 (granulocyte)  

C08  Mm.272085    NM_007802 Ctsk Cathepsin K  

C09  Mm.4873 NM_198854   Dlx5  Distal-less homeobox 5  

C10  Mm.252481  NM_010113 Egf   Epidermal growth factor 

C11 Mm.241282    NM_010197 Fgf1 Fibroblast growth factor 1 

C12  Mm.473689  NM_008006 Fgf2   Fibroblast growth factor 2 

D01 Mm.265716    NM_010206 Fgfr1 Fibroblast growth factor receptor 1  

D02  Mm.16340    NM_010207 Fgfr2 Fibroblast growth factor receptor 2 

D03  Mm.389712   NM_010228 Flt1  FMS-like tyrosine kinase 1 

D04 Mm.193099    NM_010233 Fn1 Fibronectin 1 

D05  Mm.432071  NM_145741 Gdf10   Growth differentiation factor 10  

D06 Mm.391450  NM_010296  Gli1  GLI-Kruppel family member GLI1  

D07 Mm.435508   NM_010493 Icam1  Intercellular adhesion molecule 1  

D08  Mm.268521  NM_010512  Igf1  Insulin-like growth factor 1 

D09  Mm.275742   NM_010513  Igf1r Insulin-like growth factor I receptor 

D10 Mm.439736   NM_010544 Ihh  Indian hedgehog  

D11 Mm.5007   NM_008396 Itga2  Integrin alpha 2 

D12 Mm.26646   NM_010575  Itga2b Integrin alpha 2b  

E01  Mm.57035  NM_013565   Itga3 Integrin alpha 3  

E02  Mm.262106   NM_008401 Itgam  Integrin alpha M  

E03  Mm.227  NM_008402 Itgav   Integrin alpha V 

E04 Mm.263396   NM_010578  Itgb1 Integrin beta 1 (fibronectin receptor beta)  

E05 Mm.14126   NM_019471  Mmp10 Matrix metallopeptidase 10  

E06 Mm.29564    NM_008610 Mmp2 Matrix metallopeptidase 2 

E07  Mm.16415    NM_008611 Mmp8 Matrix metallopeptidase 8 

E08  Mm.4406   NM_013599 Mmp9  Matrix metallopeptidase 9  

E09 Mm.256765    NM_008689 Nfkb1 
Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1, 
p105  

E10 Mm.135266 NM_008711   Nog  Noggin  
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E11  Mm.2675  NM_008808  Pdgfa  Platelet derived growth factor, alpha 

E12  Mm.2529  NM_011077  Phex 
Phosphate regulating gene with homologies to endopeptidases on 
the X chromosome (hypophosphatemia, vitamin D resistant rickets)  

F01  Mm.391013   NM_009820  Runx2 Runt related transcription factor 2  

F02  Mm.22708   NM_009825 Serpinh1  Serine (or cysteine) peptidase inhibitor, clade H, member 1  

F03  Mm.223717  NM_008539  Smad1  MAD homolog 1 (Drosophila)  

F04  Mm.391091   NM_010754  Smad2 MAD homolog 2 (Drosophila)  

F05  Mm.7320   NM_016769 Smad3  MAD homolog 3 (Drosophila)  

F06  Mm.100399  NM_008540  Smad4  MAD homolog 4 (Drosophila)  

F07  Mm.272920  NM_008541  Smad5  MAD homolog 5 (Drosophila)  

F08  Mm.265602  NM_024449  Sost  Sclerostin 

F09  Mm.286407   NM_011448  Sox9 SRY-box containing gene 9 

F10  Mm.263284    NM_130458 Sp7 Sp7 transcription factor 7 

F11  Mm.288474    NM_009263 Spp1 Secreted phosphoprotein 1 

F12  Mm.248380   NM_011577  Tgfb1 Transforming growth factor, beta 1  

G01  Mm.18213   NM_009367  Tgfb2 Transforming growth factor, beta 2 

G02  Mm.3992    NM_009368 Tgfb3 Transforming growth factor, beta 3 

G03 Mm.197552    NM_009370 Tgfbr1 Transforming growth factor, beta receptor I  

G04  Mm.172346 NM_009371  Tgfbr2  Transforming growth factor, beta receptor II 

G05  Mm.200775   NM_011578 Tgfbr3  Transforming growth factor, beta receptor III 

G06  Mm.1293   NM_013693 Tnf  Tumor necrosis factor 

G07  Mm.249221    NM_011613 Tnfsf11 Tumor necrosis factor (ligand) superfamily, member 11  

G08  Mm.3280    NM_011658 Twist1 Twist homolog 1 (Drosophila) 

G09 Mm.76649  NM_011693   Vcam1 Vascular cell adhesion molecule 1 

G10  Mm.245084    NM_009504 Vdr Vitamin D receptor  

G11  Mm.282184    NM_009505 Vegfa Vascular endothelial growth factor A 

G12  Mm.15607    NM_011697 Vegfb Vascular endothelial growth factor B  

H01  Mm.328431  NM_007393  Actb  Actin, beta  

H02 Mm.163  NM_009735  B2m  Beta-2 microglobulin 

H03 Mm.343110    NM_008084 Gapdh Glyceraldehyde-3-phosphate dehydrogenase 

H04  Mm.3317   NM_010368  Gusb Glucuronidase, beta  

H05  Mm.2180    NM_008302 Hsp90ab1 Heat shock protein 90 alpha (cytosolic), class B member 1  

H06 N/A   SA_00106 MGDC  Mouse Genomic DNA Contamination 

H07  N/A   SA_00104  RTC Reverse Transcription Control 

H08  N/A   SA_00104  RTC Reverse Transcription Control 

H09  N/A   SA_00104  RTC Reverse Transcription Control 

H10  N/A    SA_00103 PPC Positive PCR Control  

H11  N/A    SA_00103 PPC Positive PCR Control  

H12  N/A    SA_00103 PPC Positive PCR Control  
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Figure Appendix D.1: Relative expression of Vegf in OcnVEGFKO versus WT control shows 

successful deletion of Vegf. RNA was extracted from 16 week old snap frozen calvaria and 

reverse transcribed. qPCR determined the relative expression of Vegf following the bone 

specific deletion of Vegf. Raw data represented in a table format and WT normalised to 

100% to calculate the relative % of Vegf following conditional deletion (n=3; a). Significant 

decrease in Vegf expression is demonstrated in graphical format following OcnVEGFKO. Data 

is represented as mean value ± SEM, (n=2; b). 

Table Appendix D.2: Proportions of lacunae above/below the threshold of small osteocyte 

lacunae, for each individual animal. 
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Figure appendix D.4: Changes in ellipticity, Imax, Imin and thickness along the tibial 

length following OcnVEGFKO. Line graphs represent means for female and male WT versus 

OcnVEGFKO ± SEM (n=4 female and 4 male mice from individual litters). Data plotted for 

measurements along the tibial length (10 to 90%), representative of overall effect of 

genotype. 
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Figure appendix D.5: No significant difference in tibia length of 4 week old mice following 

OcnVEGFKO. The length of the tibia was assessed using the slice number taken from 

medium resolution scans (18µm voxel size). No significant differences were identified in 

males or females. Data is represented as mean value ± SEM, n=3. 
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Figure appendix D.6: No change in total protein concentration following OBVEGFKO in 

male and female LOBs. Cells were plated at 500,000 cells per well and LOBs were treated 

with Adenovirus-GFP (WT) and Adenovirus-Cre (OBVEGFKO) for 6 days, followed by 

treatment with low serum media for 24 hours. Protein was lysed and protein 

concentrations recorded using a BCA assay. WT versus OBVEGFKO ± SEM (n=4 individual 

LOB isolations). 

WT OcnVEGFKO 
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