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Abstract 
Syndecan-3 (Sdc3), a transmembrane heparan sulphate proteoglycan receptor, is 

highly expressed in periosteal osteoblasts during skeletal development, but its role in the 
adult skeleton is unknown. Sdc3 knock-out (Sdc3 KO) mice have normal musculature and are 
resistant to diet-induced obesity. Here I analysed the role of Sdc3 in bone metabolism using 
a Sdc3 KO mouse. 

At 3 months there was a decrease in bone volume in Sdc3 KO tibias, compared to WT 
mice. Cortical analysis of tibias of Sdc3 KO mice showed decreased cortical thickness, overall 
bone perimeter and bone strength, as compared to male WT mice. When analysing 
trabecular and cortical bone of femurs, similar results were also observed. At 6-months 
differences between Sdc3 KO mice were maintained. Furthermore, the 5th lumbar vertebrae 
(L5) also showed decreased bone volume at 3 months of age in Sdc3 KO mice compared to 
WT mice.  

Interestingly, Sdc3 appears to have a differential effect on pre and postnatal bone 
development as Sdc3 KO P2 pups have significantly increased tibial length and bone volume 
as compared to WT pups. 

Dynamic bone histomorphometric analysis at 3 months of age revealed significant 
reduction in bone formation of Sdc3 KO mice when compared to WT mice. Similar results 
were observed at 6 months of age in Sdc3 KO mice compared to WT. Histomorphometric 
quantification of osteoclasts in Sdc3 KO mice at 3 months of age revealed a significant 
reduction in osteoclast numbers, when compared to male 3-month-old WT mice. This 
difference was maintained at 6 months of age. Bone marrow adiposity was also quantified at 
3 and 6 months of age and revealed a 60-fold increase and 2-fold increase in bone marrow 
adipocytes in 3-month-old and 6-month-old Sdc3 KO mice, respectively, vs WT mice of the 
same age.  

Assessment of anabolic response of bone to mechanical loading using dynamic 
histomorphometry revealed that Sdc3 KO mice have a blunted response to mechanical 
loading when compared to WT mice. 

In vitro studies mirrored the in vivo findings, revealing that there was an 
approximately 50% decrease in Sdc3KO osteoclast number compared to WT, although 
interestingly, Sdc3 KO osteoclasts had increased resorptive activity in vitro when compared 
to WT. Gene expression studies revealed a decrease in Tnfrsf11a (encoding RANK) and in 
Fzd7 in M-CSF-dependent Sdc3 KO macrophages versus WT. 

In vitro studies on osteoblasts revealed a reduction in mineralisation in Sdc3 KO 
osteoblast cultures generated from bone chips, bone marrow stromal cells (BMSCs) and from 
calvaria together with the observation of the presence of fat cells in these cultures, in 
contrast to WT. Osteoblast differentiation markers: Alpl, Runx2 and Bglap showed a 
significant decrease in Sdc3 KO by qPCR. Interestingly Lgr4 expression was also significantly 
decreased in Sdc3 KO cultures suggesting inhibition of Wnt signalling. Protein studies showed 
decreased non-phosphorylated β-catenin after Wnt3a stimulation in Sdc3 KO cultures 
suggesting that the canonical Wnt signalling pathway may be impaired in the absence of 
Sdc3. 

These results indicate that the low bone volume phenotype in Sdc3 KO mice is due 
to reduced bone formation, likely due to impaired differentiation and/or function of 
osteoblasts. Increased osteoclast activity, despite decreased osteoclastogenesis, may be 
contributing to the phenotype. The underlying mechanism may involve disruption of the Wnt 
signalling pathway. These data provide first evidence of the novel role of Sdc3 in regulating 
bone metabolism in adult mice. 
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1 Introduction 
1.1 Bone: Function, structure and matrix 

 
The skeletal system is composed mainly of cartilage and over 200 bones, which 

are mesoderm-derived tissues1. Bone, a specialised connective tissue, is a dynamic 

tissue able to adapt to mechanical stimuli and is constantly regenerated throughout 

life due to bone turnover2–4. It has several functions, such as protecting the internal 

organs and structures, aiding in mobility by providing levers for the muscles, housing 

bone marrow, and therefore playing a role in haematopoiesis, actively participating 

in mineral homeostasis, and serves as the biggest reservoir of minerals, including 

calcium and phosphate, and also contains growth factors and cytokines5.  

There are two types of bone structure in long bones, cortical (compact) bone, 

which is the outer casing of bones, and cancellous (trabecular, spongy) bone, which 

is located internally to cortical bone at the epiphysis and metaphysis of long bones 

and the interior of vertebrae2. In cortical bone, as can be seen in Figure 1.1, densely 

packed fibrils form concentric lamellae which form cortical osteons, and between the 

lamellae are lacunae where osteocytes are entrapped5–8. The cortical osteons are 

known as Haversian systems which surround the Haversian canal where we can find 

small blood vessels and nerves5. These blood vessels can interconnect forming 

Volkmann’s canals. Cortical bone has an outer and an inner surface, the periosteal 

and the endosteal surfaces, respectively5. The compact arrangement of cortical bone 

allows it to have mechanical and protective functions6.  

Trabecular bone, which is the metabolically active component of the bone, is 

made up of plates and rods which are connected between each other giving it a 

spongy/honeycomb appearance which helps provide structural support9. In between 

the trabecular bone we can find bone marrow and blood vessels. Although trabecular 

bone is not compact like cortical bone, and therefore has reduced strength, it has a 

higher surface area which allows it to be in close contact with bone marrow, vessels 

and compact bone facilitating its role in haematopoiesis2,10. 
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Figure 1.1: Representation of the internal structure of a human femur together 
with a close up of the interior of cortical and trabecular bone. The cylindrical bone 
shaft, called the diaphysis, which expands near the end to form the metaphysis 
where trabecular bone can be found. At the end of the bone is the epiphysis. The 
outer layer of the cortical bone is the periosteum. The Haversian system, also 
known as osteon, has a central canal called Haversian canal surrounded by 
concentric layers of matrix called lamellae which are the building blocks of the 
Haversian system9. 
(https://www.britannica.com/science/cancellous-bone/media/1/92222/66017) 

 

 

Bone is a composite tissue made up of an organic matrix and an inorganic 

matrix, which allows the skeleton to be both rigid and strong but also maintain some 

form of elasticity3. The organic matrix of bone contains predominantly type I collagen, 

osteocalcin, osteonectin, osteopontin, fibronectin, bone morphogenic proteins 

(BMPs), cytokines and growth factors11, all aiding in cell differentiation and bone 

growth and differentiation.  

Collagen in bone, and other tissues, is arranged in fibrils which group together 

to form collagen fibres10,12, as can be seen in Figure 1.2. This is what gives bone its 

flexibility and provides the tensile and compressive strength of bone. Collagen Type I 

is the most abundant type of collagen in bone and is the major protein in bone12. The 

remaining non-collagenous components, such as proteoglycans, which will be 

described in greater detail later on in this chapter in section 1.7, and glycosylated 

proteins, may only make up to 10% of the organic matrix but have important 

functions during mineralisation, osteoblast function and bone remodelling10,13. The 

inorganic matrix is made up of mineral crystals of calcium and phosphate in the form 

https://www.britannica.com/science/cancellous-bone/media/1/92222/66017
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of hydroxyapatite, Ca10(PO4)6(OH)2, which are associated with collagen fibril surfaces 

and allow bone its stiffness14–16.  

Bone is also composed of four different cell types, osteoclasts, osteoblasts, 

osteocytes and bone lining cells. 

 

 

Figure 1.2: Hierarchical structural levels of bone. Cortical bone, which is the 
compact bone, surrounds the bone marrow and is made up of organised cortical 
osteons (also called Haversian systems) where osteocytes can be found. Trabecular 
bone is less organised and made up of connected plates and rods and is mostly 
found in the metaphysis and epiphysis of long bones and in the interior of 
vertebrae. Both types of bone contain both collagen fibres and mineral14. 

 

 

1.2 Bone cells 

 
Bone cells are derived from haematopoietic stromal cells (HSCs) and from 

mesenchymal stromal cells (MSCs). HSCs give rise to the bone resorbing cells known 

as osteoclasts and MSCs give rise to the cells involved in bone formation and 

mineralisation, osteoblasts and osteocytes17. 

 

1.2.1 Osteoclasts 

 
Osteoclasts are multinucleated cells, derived from HSCs and formed by fusion 

of mononuclear progenitors of the monocyte/macrophage lineage18. Osteoclasts are 

present in all mineralised tissue, having the capacity to resorb the mineralised tissue, 

and also cartilage and teeth19, playing a central role in bone remodelling.  
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There are two cytokines essential and sufficient to promote 

osteoclastogenesis, macrophage-colony stimulating factor (M-CSF; also known as 

CSF-1)18, and receptor activator of nuclear factor-κB ligand (RANKL)20, as can be seen 

in Figure 1.3. M-CSF stimulates proliferation and survival of osteoclast precursors21, 

motility and cytoplasmic spreading of mature osteoclasts22, and induces expression 

of receptor activator of nuclear factor-κB (RANK)23.  

Another factor which plays a role in regulation of osteoclastogenesis is 

osteoprotegerin (OPG)24. It is now known that OPG, which acts as a decoy receptor 

for RANKL, is able to bind to RANK blocking RANKL’s capacity to bind RANK20, and it 

is the balance between OPG and RANKL that regulates osteoclastogenesis and 

therefore bone resorption25. 

 

 

Figure 1.3: Mechanisms involved in osteoclastogenesis. (A) BMSCs, osteoblasts 
and osteocytes express M-CSF and RANKL. When M-CSF interacts with c-fms and 
RANKL interacts with its receptor RANK, this activates the osteoclast precursor 
promoting cell fusion in order to form a mature osteoclast which is then capable of 
resorbing bone. (B) OPG interacts with RANKL and inhibits osteoclastogenesis.  
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When M-CSF binds to its receptor c-Fms, this results in the recruitment of 

adaptor molecule c-Src22 which in turn stimulates phosphatidylinositol-3 kinase (PI-

3K) activity26, stimulating protein kinase B (AKT) pathway activation, which stimulates 

cell survival27. On the other hand, c-Fms can interact with growth factor receptor 

bound protein 2 (Grb2) which mediates the activation of extracellular signal-

regulated kinases (ERK)28. The activation of the ERK pathway leads to 

phosphorylation of microphthalmia transcription factor (MITF) and a partner protein, 

transcription factor binding to IGHM enhancer 3 (TFE3), resulting in activation of 

transcription factors therefore stimulation of osteoclast development and function29 

(Figure 1.4). M-CSF  is also able to stimulate the expression of RANK in precursor cells, 

which allows the cells to respond to RANKL23.  

PU.1, a transcription factor part of the E26 transformation-specific (ETS) 

family which is only present in hematopoietic cells30, is essential for macrophage and 

osteoclast development as mice lacking PU.1 have osteoclast-deficient osteopetrosis 

due to an arrest in macrophage and osteoclast development31. This transcription 

factor has therefore been shown to be important at an earlier stage during 

osteoclastogenesis. 
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Figure: 1.4: M-CSF/C-FMS signalling pathway in. M-CSF induced activation of c-
fms, whose expression is regulated by PU.1, results in the proliferation and survival 
of osteoclast precursor cells through activation of the ERK and Pi3K pathways. 
(Created with BioRender.com) 

 

 

When RANKL binds to RANK it activates at least five different signalling 

cascades that regulate osteoclast differentiation, maturation and activation. These 

are inhibitor of NF-κB kinase (IKK), c-Jun N-terminal kinase (JNK), p38, extracellular 

signal-regulated kinase (ERK) and Src pathways32 (Figure 1.5). An initial step upstream 

of these pathways is the binding of TNFR-associated cytoplasmic factors (TRAFs) to 

the cytoplasmic domain of RANK33,34. TRAF235, TRAF536 and TRAF637,38 are the three 

TRAFs that have been shown to bind to RANK after its activation but binding of TRAF6 

to RANK has been shown to be essential for osteoclastogenesis as its deletion leads 

to osteopetrosis due to lack of osteoclast activity38,39. Recruitment of TRAF6 to RANK 

results in the formation of the signalling complex which contains transforming growth 

factor beta (TGF-β)-activated kinase (TAK)1 and TAK-1-binding protein (TAB)2 which 

activates all three mitogen-activated protein kinase (MAPK) pathways40, ERK, by 
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activation of MEK1/241, JNK, by activation of MKK742, and p38, by activation of 

MKK3/843,44. These induce activation of their downstream activator protein-1 (AP-1), 

through the induction of its critical component c-Fos, and MITF. After TRAF6 

recruitment, there is also the activation of the NF-κB pathway by activation of 

inhibitory complex formed of κB protein kinases (IKK) -α, -β and -ϒ, known as  NF-κB 

essential modulator (NEMO) which induces phosphorylation and degradation of IκB-

α and the release of p65/p50 heterodimers, which translocate into the nucleous45. 

This then induces the expression of transcription factors c-Fos and nuclear factor of 

activated T-cells, cytoplasmic 1 (NFATc1), necessary for osteoclast differentiation45. 

Initial activation of NFATc1 via TRAF6 binding to RANK is not enough to fully activate 

it46.  

 

 

Figure 1.5: RANK/RANKL signalling in osteoclasts. Binding of RANKL to its receptor 
RANK recruits TRAF6. This in turn activates downstream pathways MAPK, JNK, ERK, 
Pi3K and NF-κB through IKKs, promoting differentiation of osteoclast precursors to 
osteoclasts. (Created with BioRender.com) 
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In order to fully stimulate NFATc1 the calcineurin pathway needs to be 

activated46,47 (Figure 1.6). Firstly, the binding of RANKL to RANK phosphorylates Fc 

receptor common ϒ subunit (FcRϒ) and DNAX-activating protein (DAP)12 molecules48. 

These associate with triggering receptor expressed in myeloid cells-2 (TREM2) and 

osteoclast-associated receptor (OSCAR)49. FcRϒ harbours the immunoreceptor 

tyrosine-based activation motif (ITAM)49. Phosphorylation of ITAM activates 

phospholipase C ϒ (PLCϒ)50 and Ca2+ signalling, in a Syk-dependent manner51 crucial 

for total activation of NFATc149. Activated PLCϒ activates calcium signalling and the 

CaMK/CREB pathway52. Activation of calcium signalling also activates calmodulin-

dependent phosphatase calcineurin53. Calcineurin then dephosphorylates serine 

residues in NFATc1 which allows for its nucleus translocation and activation54. This 

then allows NFATc1 to bind to its own promoter which results in the 

autoamplification of NFATC1 expression46. On the other hand, the CREB pathway and 

its subsequent translocation in to the nucleus induces c-Fos which is required for 

NFATc1 expression52.  
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Figure 1.6: Co-stimulatory calcium signalling in osteoclasts. In addition to RANKL 
signalling, the calcium pathway also plays a costimulatory role in 
osteoclastogenesis providing robust NFATc1 activation. (Created with 
BioRender.com) 

 

 

RANKL also activates the PI3K/AKT pathway through binding of TRAF6 to 

RANK coupled with activation of c-SRC55. C-SRC activation leads to activation of PI3K, 

which generates phosphatidylinositol-(3,4,5)-phosphate (PIP3) at the cell membrane 

which then recruits Akt56. Activation of Akt is important for cell survival and 

osteoclast differentiation due to inactivation of proapoptotic proteins55. 

It is the interaction between these different pathways that then allows for the 

expression of osteoclast-specific genes (Figure 1.7). 
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Figure 1.7: Signalling pathways involved in osteoclast differentiation. M-CSF and 
RANKL are the main two cytokines essential for osteoclastogenesis. Binding of M-
CSF to its receptor c-FMS induces the activation of ERK and Akt pathways which are 
important for cell proliferation and survival of osteoclast precursor cells. Binding of 
RANKL to RANK recruits TRAF6 which in turn activates the Akt, JNK, MAPK and ERK 
pathway and also NF-κB promoting osteoclast differentiation. Costimulatory 
calcium signalling increases NFATc1 induction. (Created with BioRender.com) 

 

 

Bone resorption requires multiple steps in which mature osteoclasts need to 

adhere to the bone and only then can they degrade the organic and inorganic phases 

of bone57. The initial step required for osteoclast resorptive capacity is osteoclast 

polarization. This requires αvβ3 integrin, which is the most important integrin for 

bone resorption as mice lacking β3 are osteosclerotic due to dysfunctional 

osteoclasts58. Integrins are heterodimeric membrane receptors that mediate the 

interactions between the cell-cell, cell-extracellular matrix and can mediate 

osteoclastic bone recognition59,60. This integrin is able to recognize the amino acid 

motif Arg- Gly- Asp (RGD), present in bone-residing proteins, including fibronectin, 
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vitronectin, osteopontin and bone sialoprotein61,62. In osteoclasts, these integrins 

cluster at adhesive sites called podosomes63. Podosomes enable osteoclasts to 

spread and attach to the bone substrate, creating a sealing zone and inducing 

osteoclast polarization61,64. Osteoclasts resorb bone by secreting proteases, mainly 

cathepsin K and hydrochloric acid that dissolve the matrix and release the mineral 

into the extracellular space under the ruffled border, the resorption lacuna, also 

known as the Howship’s lacuna65,66. The sealing zone is made of podosomes rich in 

filamentous actin (F-actin) that form a ring adjacent to the ruffled border67,68. The 

ruffled border is a resorbing organelle formed by fusion of intracellular acidic vesicles 

facing the resorption lacuna67,69. The low pH in the resorption lacuna is generated via 

an active secretion of protons, initiated by the activity of carbonic anhydrase II (CAII) 

and followed by the action of vacuolar H+-adenosine triphosphate (H+-ATPase) pump, 

both at the ruffled border membrane and in intracellular vacuoles69–72. An energy 

dependent chloride/bicarbonate (Cl-/HCO3
-) exchange on the cell surface is 

responsible for maintaining intra-osteoclastic pH73. Electroneutrality is maintained by 

a high number of ruffled membrane Cl- channels, which allows a flow of chloride 

anions into the resorptive lacuna, an action parallel to the H+-ATPase74. This coupled 

action determines and limits secretion of HCl into the resorptive microenvironment74. 

This acidification leads to solubilization of the mineral phase of bone, therefore 

exposing the organic phase. The products of this degradation are endocytosed by the 

osteoclast and transported to and released at the cells antiresorptive surface to the 

extracellular matrix75,76. 
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Figure 1.8: Mechanism of osteoclastic bone resorption. Osteoclasts adhere to the 
bone surface through integrin αvβ3 which creates a sealing zone made up of 
podosomes rich in F-actin forming an actin ring. Hydrochloric acid and acidic 
protease cathepsin K are secreted into the resorption lacunae. The acid is 
generated via a combined action of a vacuolar H+-ATPase pump, coupled with a 
chloride channel and a chloride-bicarbonate exchanger situated on the cells non-
resorptive surface. The acidic environment in the resorption lacunae leads to 
solubilization of the mineral phase of the bone, exposing the organic phase which 
is degraded by cathepsin K. 

 

 

1.2.2 Osteoblasts 

 
Osteoblasts, the bone-forming cells, are derived from mesenchymal stromal 

cells, a non-hematopoietic pluripotent stromal cell that also gives rise to a variety of 

other skeletal component cells, including chondrocytes, adipocytes, myoblasts, 

tendon cells and fibroblasts77,78. Unlike osteoclasts, osteoblasts are mononucleated 

cells. The primary function of osteoblasts is to form bone by the synthesis and 

secretion of bone extracellular matrix (ECM) proteins able to induce mineralisation 

of this ECM79. Integrins regulate osteoblast adhesion enabling them to form a 

monolayer which is linked by cadherins80,81. Upon activation, osteoblast secrete 

matrix which includes collagen type I, and noncollagenous proteins such as 

osteopontin, osteonectin, bone sialoprotein, matrix gla-protein (MGP) and 
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osteocalcin82,83. Ectoproteins are also important for bone formation. These include 

ectonucleotide pyrophosphatase/Phosphodiesterase 1 (ENPP1) which hydrolyses 

ATP generating inorganic pyrophosphate (PPi), an inhibitor of hydroxyapatite 

formation84. Another important ectoprotein is  tissue-nonspecific alkaline 

phosphatase (TNAP), which has a crucial role in mineralisation of the extracellular 

matrix85–89 as it hydrolyses PPi generating phosphate for the formation of 

hydroxyapatite90. Progressive ankylosis gene (ANK), also an ectoprotein, exports 

pyrophosphate generated intracellularly to the extracellular domain91.  

Osteoblast commitment, differentiation and function all depends on a 

number of signalling pathways, which include TGF-β/bone morphogenic protein 

(BMP) signalling, wingless-type MMTV integration site (Wnt) signalling, Hedgehogs 

(Hh), Notch and fibroblast growth factors (FGFs)78.  

 

 

Figure 1.9: Different signalling pathways regulating osteoblast differentiation. 
Osteoblast differentiation is regulated by various developmental signals and a 
series of signalling pathways, including BMP, Wnt, FGF, Hh, PThrP and TGF-β 
pathways.92  
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BMP signalling 

At an initial stage in osteoblast differentiation, BMP2 or BMP4, members of 

the TGFβ family originally discovered as inducers of ectopic bone93,94, bind to their 

type I and type II BMP receptor on the MSC surface resulting in the recruitment and 

phosphorylation of small mother against decapentaplegic (SMAD) proteins SMAD1, 

SMAD5 or SMAD895. SMADS are cytoplasmic signal transducers from the membrane 

to the nucleous95. These then form a complex with SMAD4 which translocates into 

the nucleus regulating gene expression by activating Runt-related transcription factor 

2 (Runx2)96. Runx2 has been shown to be a master transcription factor essential in 

osteoblastogenesis as Runx2-deficient mice die shortly after birth due to complete 

lack of osteoblasts and bone97. 

Runx2 positively regulates the expression of osteoblast marker genes collagen 

type 1 (Col1a1), alkaline phosphatase (ALP), osteopontin (OPN), osteonectin (ON) and 

osteocalcin (OC)98–100, and can also regulate the expression of zinc-finger-containing 

transcription factor Osterix101. Osterix forms a complex with NFAT2 that binds to DNA 

and controls the transcription of target genes OC, OPN, ON and Col1a1100. Although 

Runx2 is a major transcription factor regulating osteoblast commitment and 

differentiation, it has been shown that at a later stage Runx2 negatively controls 

osteoblast differentiation as 3-week-old mice overexpressing Runx2 have osteopenia 

as a result of reduced number of mature osteoblasts102.  

BMP-2 is also able to stimulate the expression of a number of nuclear 

transcription factors such as homeobox-containing transcription factors Distal-less 

homeobox 5 (Dlx5)103 and glioma-associated oncogene family zing finger 2 (Gli2)104, 

which can either stimulate Runx2 expression, or act as co-activators of Runx2. 

 

TGF-β signalling 

Similar to BMP signalling, TGF-β, whose members of its pathway also include 

BMPs, first binds to receptor type II and then is recognized by receptor type I forming 

a complex in which receptor type II phosphorylates receptor type I allowing signal 

transduction105. After phosphorylation, receptor regulated SMADs (R-SMADS) bind to 

receptor type I promoted by an adaptor protein, SMAD anchor for receptor activation 

(SARA)106. The interaction of SARA with receptor type I recruits SMAD2107–109 and 
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SMAD3110,111 to the activated receptor complex. This in turn leads to phosphorylation 

of SMAD2 and SMAD3 and association of Co-SMAD SMAD4111–114. Thereafter, the 

SMAD complex translocates into the nucleus where they form a complex with FAST-

1 which in turn activates transcription of target genes115. 

Both BMP and TGF-β signal through SMAD4, which has been shown to be 

important for positive regulation of osteoblast formation and function, and skeletal 

development92. Studies on mutations in SMAD4 have demonstrated its importance 

during embryonic development116, bone homeostasis117 and growth plate formation 

and organization118. In humans, inactivating mutations in SMAD4 causes a disease 

called Myhre syndrome characterized by short stature and facial dysmorphism119,120. 

 

Wnt signalling 

The Wnt signalling pathway is also important during osteoblast 

differentiation121. It can be divided into three categories: the Wnt/β-catenin 

pathway, which is also known as the canonical Wnt pathway122, the noncanonical 

Wnt/planar cell polarity123 and the Wnt/calcium pathway124. In humans there are 19 

Wnt proteins, while in mice there are 18125. Wnt proteins have been classified into 

canonical (Wnt1, Wnt2, Wnt2b/13, Wnt3, Wnt3a, Wnt8a/d, Wnt8b, Wnta10a, 

Wnta10b, Wnt9a/14, Wnt9b/15 and Wnt16) and non-canonical (Wnt4, Wnt5a, 

Wnt5b, Wnt6, Wnt7a, Wnt7b, Wnt11 and Wnt16)126. From the 19 Wnt 

proteins,Wnt1, Wnt3a, Wnt4, Wnt5a, Wnt7b, Wnt10b and Wnt16 are expressed in 

osteoblasts and play a role in bone127. 

Canonical signalling is initiated by binding of Wnt ligands to a dual receptor 

complex comprised of a transmembrane G-protein coupled receptors of the frizzled 

(Fzd) family, of which there are a total of ten, and a co-receptor of the LRP family, 

LRP5 or LRP6128. In addition to the usual Wnt ligands, mammals also express 

endogenous enhancers with the most known being the R-spondins (RSPO) ligand 

family129. These are a group of four secreted proteins that can bind to Fzd receptors 

together with an lipoprotein receptor-related protein (LRP) co-receptor, possibly 

LRP6129,130, but more recently it was proven that they function as ligands of LGR4 (also 

known as Grp48), LGR5 and LGR6 which in turn potentiates Wnt/β-catenin 

signalling131. The binding of Wnt to the Fzd receptor results in the phosphorylation of 
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the LRP co-receptors which in turn leads to the recruitment of Axin and the tumour 

repressor protein APC through the interaction with dishevelled (DVL)132, forming a 

complex that also includes glycogen synthase 3 β (GSK-3β)133, casein kinase I 

(CKI)134,135 and FRAT1, which all together form a complex136,137 (Figure 1.10). This 

complex prevents phosphorylation of β-catenin and subsequent proteosomal 

degradation resulting in the stabilization of β-catenin136,138. This in turn leads to 

accumulation of β-catenin in the cytoplasm which then translocates into the nucleus 

where it associates with the lymphoid-enhancing factor/T-cell factor (Lef/Tcf) family 

of high mobility group (HMG)-type transcription factor and displace Groucho139, 

stimulating the expression of target genes Lef1, Tcf7, Nkd2 and Axin2138,140–143, and 

also Runx2 during osteogenesis144 and OPG in mature osteoblasts145. In the absence 

of Wnt β-catenin is phosphorylated in the Axin complex by CKI and then by GSK-3β 

which in turn targets it for ubiquitin-mediated degradation132,135,146–149. 

LGRs function as agonists of the Wnt pathway. Lgr5 knockout mice have been 

shown to have total neonatal lethality due to ankyloglossia and gastrointestinal 

distension, but showed no skeletal defects150. On the other hand, LGR4 has been 

shown to play a major role in bone formation and remodelling, and osteoblast 

maturation and mineralisation as studies of mice lacking Lgr4 have delayed 

embryonic bone formation and decreased differentiation and function of 

osteoblasts, and also decreased postnatal bone formation and bone volume151. This 

was due to a downregulation of activating transcription factor 4 (ATF4) and its 

downstream targets, osteocalcin, bone sialoprotein and collagen151. It has also been 

shown that ATF4 can directly interact with Runx2152, which is essential for osteoblast 

differentiation, demonstrating how the different pathways interact with each other. 

Wnt signalling is not just modulated by these agonists but also by extracellular 

antagonists which include secreted frizzled-related proteins (Sfrps) and Wnt 

inhibitory factor 1 (Wif1), which act as decoy receptors and directly sequester Wnt 

ligands inhibiting both canonical and non-canonical signalling153,154. Sclerostin155,156 

and Dickkopf (DKK1)157,158 function by binding to LRP5/6 and Kremen 1/2 allowing 

specific inhibition of canonical Wnt signalling154.  

The canonical Wnt pathway has been shown to be important in bone 

homeostasis and osteoblast formation due to studies of patients with mutations in 
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proteins, which are part of this pathway, that cause diseases with either high bone 

mass (sclerosteosis159 and Van Buchem disease160,161) and low bone mass 

(osteoporosis pseudoglioma syndrome162). Van Buchem disease is associated with 

the deletion of an enhancer regions downstream in the Wnt/β-catenin signalling 

which causes reduced expression of the Wnt antagonist sclerostin (SOST)160,161.  

Similar to van Buchem disease, sclerosteosis is a rare autosomal recessive 

disease in which the SOST gene is also affected but in this case it is due to loss-of-

function mutations which cause skeletal malformations in the hand, thickened and 

sclerotic bones due to unrestricted bone growth and therefore increased bone 

mass159,163. Osteoporosis pseudoglioma syndrome is associated with a loss of 

function mutation in the low-density LRP5 which causes severe reduction in 

trabecular bone which leads to multiple fractures and bone deformities162.  

Due to the number of human diseases associated with mutations in this 

pathway and the variety of mutations, there is huge interest in the canonical Wnt 

pathway as its study could further the understanding of the mechanisms involved in 

bone homeostasis and be used to develop new therapeutic approaches to treat 

disease characterised by low bone mass such as osteoporosis. Indeed some advances 

have already been made, including the anabolic agent, romosozumab, an anti-

sclerostin antibody that inhibits sclerostin, stimulating modelling-based bone 

formation164. And while it is a promising form of treatment, there are some 

limitations to the drug such as the inconvenient treatment administration, although 

not as inconvenient as teriparatide which is administered sub-cutaneous daily. 

However, romosozumad also has side-effects, such as increased cardio-vascular 

disease risk164, highlighting the need for alternative anabolic agents for treatment of 

osteoporosis. 
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Figure 1.10: Wnt signalling pathway in osteoblastogenesis. In the absence of Wnt 
ligands, β-catenin is phosphorylated and degraded. In the presence of Wnt ligands, 
these bind to a complex formed by Frizzled (FZD) and co-receptors LRP5/6. Axin 
then binds to this complex, which together with dishevelled (DVL) inhibits β-
catenin phosphorylation. Β-catenin can then accumulate in the cytoplasm, 
translocating into the nucleus where it associates with TCF/LEF transcription 
factors, which displaces Groucho, controlling target gene transcription (Adapted 
from Baron & Kneissel, 2013137). 

 

 

Hedgehog Signalling 

The Hedgehog (Hh) signalling pathway plays a critical role in bone 

development and homeostasis. The segment polarity gene Hedgehog was originally 

discovered in Drosophila165. The Hh signalling pathway regulates the transcription of 

many target genes166. In mammals there are three different Hedgehog genes, Indian 

hedgehog (Ihh), Sonic hedgehog (Shh) and Desert hedgehog (Dhh),which are found in 

different tissues and have different functions166. Ihh was found to be crucial for 

osteoblast development and differentiation and skeletal morphogenesis, since Ihh 
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null mice completely lack osteoblasts in endochondral bones, in part due to failure to 

express Runx2167,168.  

 

Notch signalling 

Notch signalling is also important in osteoblastogenesis. The Notch receptor 

family comprises a group of type I transmembrane proteins that control cellular fate 

decisions during development169,170. Notch is a single pass transmembrane receptor 

that is activated by direct contact with the membrane-bound ligands Delta 1-4 and 

Serrate/Jagged 1 and 2 which leads to the cleavage of the Notch extracellular domain 

near the transmembrane region and release of the Notch intracellular domain 

(NICD)170–172. Cleavage of the NICD is mediated by the γ-secretase complex which 

contains either presenilin 1 (PS1) or 2 (PS2) as the catalytic subunit173. As a result of 

this cleavage, NICD translocates into the nucleus where it interacts and forms a 

complex with members of the CSL (CBF1/Su(H)/Lag-1) family of transcription factors, 

c promoter-binding factor 1 (CBF1), suppressor of hairless [Su(H)] and longevity 

assurance gene-1 (Lag-1)169,170. This interaction converts the CSL receptors from 

transcriptional repressors to activators169. Activation of Notch induces gene 

expression of Hairy Enhancer of Split (Hes) 1 or 5174,175, and HES-related repressor 

protein 1-3176. In osteoblasts, the expression of Hey1, a Notch target gene, was shown 

to interact with Runx2 inhibiting its transcriptional activity which in turn inhibited the 

differentiation of MSCs in to osteoblasts172,177. 

In muscle satellite cells, Notch has been shown to cooperate with syndecan 

3178, a transmembrane proteoglycan which will be explained later in this chapter. 

Sdc3 and Notch reside in a complex where Sdc3 can facilitate Notch processing by 

ADAM17/ tumour necrosis factor-α-converting enzyme (TACE) and NICD 

generation178. 

 

FGF signalling 

Fibroblast growth factors (FGF) are a family of polypeptides, comprising of 22 

members, that control proliferation and differentiation of various cells types179,180 

and are also known regulators of bone formation and development181,182. In 

osteoblasts, FGFs, which include FGF2 and FGF23, interact with their FGF receptors 
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(FGFRs) inducing receptor dimerization and autophosphorylation, and downstream 

kinase cascades180,183,184. The interaction between FGF2/23 and its receptor requires 

the intervention of heparin sulphate proteoglycans (HSPGs) that bind both the ligand 

and the receptor stabilizing them185,186. In osteoblasts, FGF2 activates various 

pathways which include MAP kinases, ERKs, p38 MAP kinase and PKC187–189. FGF2 

signalling through ERK stimulates AP1 expression and can also mediate 

phosphorylation and transcriptional activity of Cbfa1/Runx2188,190,191. This also 

involves activation of the PKC pathway, affecting osteocalcin gene expression, 

therefore demonstrating the importance of FGF signalling in the control of osteoblast 

differentiation188,190,191. P38 MAP kinase was also shown to be involved in increased 

IL6 synthesis which is induced by FGF in osteoblasts192.  

Osteoblasts are also regulators of bone resorption by secreting M-CSF and 

RANKL, which are essential in osteoclastogenesis19. Osteoblasts are also able to 

secrete OPG, a decoy receptor for RANKL, a key extracellular regulator of osteoclast 

development20. 

After osteoblasts have fulfilled their main function of forming bone, they 

either undergo programmed cell death (apoptosis)193, become flattened cells on the 

bone surface called bone lining cells17, or become entrapped within lacunae of 

mineralised matrix as osteocytes194.  

 

1.2.3 Osteocytes 

 
Osteocytes are the most abundant cells of mature mammalian bones, 

comprising 95% of all bone cells in and adult skeleton195. Once osteoblasts are 

embedded into the bone matrix, they cease their activity becoming osteocytes. 

Osteocytes are small dendritic-like cells with numerous long and thin processes which 

connect with each other and with cells on the bone surface7. The osteocyte resides 

within a lacuna and their processes are contained within canals called canaliculi, and 

this system, the lacunocanalicular system, acts as a channel for metabolic 

exchange196,197. The interconnected network formed by osteocytes allows them to 

sense and respond to local and systemic stimuli to regulate bone remodelling198. It is 

thought that osteocytes regulate bone remodelling by regulating both osteoclasts 
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and osteoblasts via the release of soluble mediators. A major way in which osteocytes 

regulate osteoclast activity is through osteocyte death which occurs at 

microdamaged bone sites, and targets the osteocytes for removal by osteoclasts199. 

Studies by Nakashima et al. and Xiong et al. showed that osteocytes are the main 

source of RANKL, the major osteoclast differentiation factor, which shows their 

importance in osteoclastogenesis200,201. But both groups provided evidence that 

osteocytes play a role in regulating the effects of mechanical loading on bone 

remodelling200,201. By deleting RANKL specifically in osteocytes, the mice developed a 

severe osteopetrotic phenotype, and by unloading the mice Xiong et al. reported that 

there was an increase in RANKL produced by osteocytes during tail suspension201.  

The Wnt pathway plays a major role during osteoblastogenesis. There are two 

antagonists of this pathway produced by osteocytes, Sclerostin and DKK1, able to 

regulate bone remodelling by inhibiting bone formation202,203. A study by Robling et 

al.204 showed that mechanical loading decreased the expression of sclerostin and 

DKK-1 in osteocytes. The decrease in the production of these Wnt pathway 

antagonists by osteocytes resulted in upregulation of β-catenin signalling in 

osteoblasts accompanied by an increase in bone formation. On the other hand, 

unloading resulted in increased expression of sclerostin and DKK-1 and reduction in 

bone formation. 

 

 

1.3 Bone development 

 
Skeletogenesis is a key event during embryonic development. It starts once 

multipotent mesenchymal cells arise from the ectoderm and mesoderm. These layers 

give rise to multiple early derivatives, including ectoderm-derived neural tube, 

mesoderm-derived notochord, paraxial mesoderm and lateral plate mesoderm which 

in turn give rise to the skeleton and other organs205. The neural crest cells from the 

dorsal margins of the closing neural tube migrate into the anterior part of the skull, 

where they give rise to many of the skeletal and connective tissue components of the 

head, while prechordal mesodermal cells produce cartilage and bones in the 

posterior part of the skull205. The Paraxial mesoderm gives rise to somites which form 
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the axial skeleton, whereas lateral plate mesodermal cells form the appendicular 

skeleton205,206. Once cells migrate to specific sites of the future bones in the body, 

and commit to a skeletal fate they start to produce a matrix rich in components which 

are tightly controlled in a spatial and temporal manner205,207. These mesenchymal 

cells gather, forming high density cell condensations that outline the shape and size 

of future bones, with a high up-regulation in versican, tenascin, syndecan 3, N-CAM 

and N-cadherin208. Within these condensations, the transformation of the 

mesenchymal cells leads to two major modes of bone formation, or osteogenesis: 

endochondral bone formation and intramembranous bone formation. 

 

1.3.1 Endochondral bone formation 

 
The process by which a cartilage intermediate is formed and replaced by bone is 

called endochondral ossification (Figure 1.11). Endochondral ossification is 

responsible for the development of the appendicular skeleton, facial bones, 

vertebrae and the medial clavicles209. In foetal development, the process of 

endochondral ossification begins with the formation of mesenchymal condensations 

of osteochondroprogenitors208,210. The cells in the condensations can differentiate 

into chondrocytes which secrete a matrix rich in type II collagen and the proteoglycan 

aggrecan, and have a genetic program driven by SOX9211. The primordial cartilage 

continues growing and elongating through recruitment of more mesenchymal 

progenitors and proliferation of chondrocytes which mature, exit the cell cycle, 

downregulate type II collagen expression and undergo hypertrophy, forming an 

avascular cartilaginous template surrounded by the perichondrium210. These mature 

hypertrophic chondrocytes secrete a unique extracellular matrix, different from that 

of proliferating chondrocytes, composed of collagen X212. At the same time, 

hypertrophic chondrocytes attract blood vessels through the secretion of angiogenic 

factors, and direct adjacent perichondral cells to differentiate into osteoblasts which 

secrete bone matrix, forming a bone collar surrounding the hypertrophic 

chondrocytes1,210. The invasion of blood vessels allows for the influx of osteoblast 

precursors, osteo(chondro)clasts and hematopoietic cells209. The osteoblasts that 

invade the cartilage lay down bone matrix upon the cartilaginous mould to form 

trabecular bone while the osteo(chondro)clasts degrade the extracellular 
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cartilaginous matrix through secretion of matrix metalloproteases (MMPs), such as 

MMP9213. These events result in the formation of the primary ossification centres 

that propagate towards the distal ends of the budding bone214. Through continuous 

proliferation of chondrocytes, the mould enlarges further and secondary ossification 

centres are formed together with a change of chondrocyte shape and size forming 

columns of stacked cells in a specific orientation which direct the lengthening of the 

bone211,215. This developmental structure is called the growth plate and is found in 

both ends (e.g. long bones) of the bone called epiphyses1,209,210. Postnatally, this 

growth plate continues to be responsible for linear bone growth until skeletal 

maturity is reached in which the growth plate disappears (e.g. in humans during 

adolescence)210. In smaller mammals such as mice or rats the growth plate does not 

disappear with ageing but longitudinal growth ceases216.  
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Figure 1.11: Endochondral ossification. Mesenchymal cells agglomerate together 
forming condensations (A). These cells then differentiate into chondrocytes (blue) 
which are surrounded by the perichondrium (orange) (B). Chondrocytes then 
continue to proliferate and undergo maturation, becoming prehypertrophic 
chondrocytes (brown) to then hypertrophic chondrocytes (green) and later 
terminal hypertrophic chondrocytes (orange) forming a template of the future 
bone at which point they may undergo apoptosis (yellow) (C). These hypertrophic 
chondrocytes attract blood vessels (red lines) through the secretion of angiogenic 
growth factors, which in turn attracts osteoblasts which secrete bone matrix 
(black), forming the bone collar (black) which surrounds the hypertrophic 
chondrocytes (D). (Adapted from Long & Ornitz, 2013)211 

 

 

The growth plate is characterized by four populations of cells organized into 

morphologically different zones: the resting cell zone, composed of round 

chondrocytes, the proliferation zone, composed of proliferating chondrocytes 

organized into longitudinal columns, the maturation or prehypertrophic zone, 

comprises maturing chondrocytes which express Ihh (encoding the paracrine factor 

Indian hedgehog) and Col10a1 (encoding collagen X), and the hypertrophic zone, 

which is formed by enlarged chondrocytes in which the extracellular matrix becomes 

calcified before the cells are eventually invaded by blood vessels210 (Figure 1.12).  
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Figure 1.12. Diagram of a growth plate showing the different cartilage zones. 
(Adpated from Vu et al.213)  

 

 

1.3.2 Intramembranous bone formation  

 
Compared to endochondral bone formation, intramembranous bone formation 

is the least understood. It is the process by which many of the flat bones, such as 

craniofacial bones and the clavicle, are formed217. In intramembranous ossification, 

which occurs during embryonic development, multipotent mesenchymal cells in 

condensations differentiate directly into osteoblasts, due to an upregulation of 

Wnt/β-catenin signalling218. These cells are then able to produce a collagenous matrix 

rich in collagen type I, osteopontin and osteocalcin, and can synthesize bone matrix 

resulting in the formation of the flat bones210.   
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1.4 Bone modelling 

 
During development and growth, bones continuously increase in mass and 

length, achieving their final mass and shape by a process called bone modelling219. 

During bone modelling, bone is removed from one site and deposited at a different 

one, a process that depends on genetic, dietary, hormonal and physical factors17,219. 

During bone modelling, bone formation and bone resorption are not coupled 

biologically220, for example, with ageing there may be widening of the bones due to 

endosteal resorption of old bone and periosteal apposition of new bone5.  

According to Wolff’s law, bone adapts and changes in response to the stresses 

it is placed under221. Bone modelling primarily occurs during growth and is less 

frequent in adults, however, modelling may be increased in the adult skeleton such 

as during increases in mechanical loading. Examples of this are the arm used for 

serving in tennis players which has increased bone mass compared to the other 

arm222 or after daily administration of teriparatide via sub-cutaneous injection223,224. 

 

1.5 Bone remodelling 
 

Bone has the capacity of growth but also the capacity of regeneration and 

remodelling throughout life. Bone undergoes a continual adaptation during 

vertebrate life to attain and preserve skeletal size, shape and structural integrity, and 

its overall homeostasis225. This is due to bone remodelling, which is the process 

responsible for the removal and repair of damaged bone to maintain the integrity of 

the adult skeleton and mineral homeostasis until death225. In contrast to bone 

modelling in which there is either bone formation or resorption occurring in one area, 

remodelling involves the coordinated actions of osteoclasts, osteoblasts and 

osteocytes. Together, these cells are called a bone remodelling unit (BRU).  

There are four distinct and sequential phases of bone remodelling: quiescence, 

resorption, reversal and formation, illustrated schematically in Figure 1.13. Bone 

remodelling starts and ends at the quiescent phase. 
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Quiescence 

During the quiescent phase there is no bone resorption or formation until the next 

remodelling cycle begins. At this stage bone contains osteocytes embedded within its 

matrix and bone lining cells covering the bone surface226.  

 

Resorption 

A remodelling signal, which may be in the form of a mechanical strain on the 

bone or a hormonal signal (e.g. by the parathyroid hormone (PTH)), which is detected 

by osteocytes initiates the remodelling cycle227. It has been suggested that osteocytes 

are able to sense mechanical stress which in turn leads to the recruitment of 

osteoclast progenitors and osteoblasts228. After bone lining cells retract, these 

produce collagenase and, together with matrix metalloproteinases (MMPs) released 

by osteoblasts, digest the unmineralised matrix229,230.  The recruited osteoclast 

precursors differentiate into multinucleated osteoclasts which in turn degrade the 

mineralised matrix225, through a process described in detail in section 1.2.1. Briefly, 

mature osteoclasts bind to the bone becoming polarised and forming a sealed 

compartment in which the pH reduces to 4.5 through the action of proton pumps and 

Cl- channels72,231. Cathepsin K then degrades the exposed organic matrix which is 

then endocytosed and transported to the basolateral surface and released into the 

extracellular matrix75,76. This results in the formation of the “Howship’s lacunae” 

where osteoclasts remain resorbing bone for up to 12 days17. 

 

Reversal 

Once the resorption phase is complete, reversal phase is initiated with 

osteoclasts undergoing apoptosis and being removed by phagocytosis, leaving the 

Howship’s lacuna free of osteoclasts3. It is also at this stage that osteoblasts are 

recruited to initiate the bone formation phase. The mechanisms by which osteoblasts 

are recruited are still not fully understood but it is thought that during resorption, 

factors such as TGF-β and insulin-like growth factors I and II (IGF1/2), which were 

embedded within the bone matrix are released232 or that osteoclasts are in fact the 

ones that produce these factors which recruit osteoblasts233. Interestingly, a recent 

study by Ikebuchi et al. reported that RANK produced by maturing osteoclasts, binds 
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osteoblastic RANKL triggering RANKL reverse signalling, which in turn activates Runx2 

therefore promoting bone formation234. This is an indication that the processes of 

bone resorption and bone formation are coupled.   

 

Formation 

This phase may take up to 6 months to complete as opposed to the resorption 

phase that takes just up to 12 days235. Osteoblasts can synthesize collagenous organic 

matrix and are able to form new bone through a process explained in detail in section 

1.2.2. Briefly, osteoblasts secrete collagen type I and other non-collagenous proteins 

in order to form an organic nonmineralised matrix which later is mineralised with the 

help of ALP82,83.  

Once formation is complete, osteoblasts either undergo apoptosis, become 

embedded within the matrix becoming osteocytes or differentiate into bone lining 

cells which cover the bone surface17,193,194. This new environment is maintained in a 

quiescent phase until the next remodelling cycle is activated. 

 

 

Figure 1.13: Bone remodelling cycle. The remodelling cycle is composed of a 
quiescent phase, a resorption phase in which osteoclasts resorb bone, a reversal 
phase in which osteoclasts undergo apoptosis and osteoblasts are recruited to 
begin the formation phase, forming new bone and finally returning to the 
quiescent phase until a new remodelling signal leads to activation of another 
remodelling cycle. 
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1.6 Systemic regulation of bone remodelling 

 
Bone undergoes continuous remodelling cycles carried out by bone resorbing 

osteoclasts and bone forming osteoblasts while also under the control of 

mechanosensing osteocytes in order to maintain a healthy skeleton. The balance 

between these processes controls bone homeostasis, and all the cells interact with 

each other through the duration of the cycle. Apart from cellular factors, hormonal 

factors such as vitamin D3, PTH, calcitonin, and oestrogen, also play a major role in 

the maintenance of skeletal integrity throughout ageing (Figure 1.14).  

 

 

Figure 1.14: Systemic regulation of bone remodelling. The bone remodelling 
process is controlled by bone cells, which include osteoclasts, osteoblasts, 
osteocytes and bone lining cells which are controlled by various systemic factors, 
such as vitamin D, oestrogen, PTH, calcitonin and other hormones all of which 
positively or negatively regulate bone remodelling. Image adapted from Siddiqui et 
al.236.  

 
 
Vitamin D 

Vitamin D is a secosteroidal prohormone whose role is to regulate metabolism 

of calcium and phosphate by promoting their absorption from the gut and decrease 

PTH concentrations, essential for bone remodelling237,238. Vitamin D has two major 
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isoforms: Vitamin D2 (ergocalciferol) which is synthesized from ergosterol by 

ultraviolet (UV) B radiation in plants, fungi and yeast; and Vitamin D3 (cholecalciferol), 

which is synthesized by 7-dehydrocholesterol on the skin surface238.Both vitamins D2 

and D3 can be obtained in small quantities through diet but only D3 is obtained 

through exposure to UVB light. Vitamin D needs both 25- and 1α-hydroxylation to 

become the active hormone 1,25-dihydroxyvitamin D (1,25- (OH)2D)239.  

Vitamin D (both vitamin D2 and D3) binds to vitamin D-binding protein (VDBP) 

in circulation and is first delivered to the liver. In the liver, vitamin D is metabolized 

by vitamin D 25-hydroxylases (including mitochondrial P450 enzymes CYP2R1 and 

CYP27A1) to 25-hydroxyvitamin D (25(OH)D, also known as calcitriol), which is the 

major circulating form of vitamin D in serum238,240. 

The second important site where 25(OH)D is further metabolized is the 

kidney, where it is converted into the hormonally active 1,25(OH)2D, by the enzyme 

25(OH)D 1α-hydroxylase (CYP27B1) in the proximal tubule238,240. 1α,25(OH)2D is the 

active form of vitamin D and when entering the blood, is delivered to different targets 

such as the intestine, bone and kidneys where it is known to regulate calcium and 

phosphate metabolism240. 1,25(OH)2D can then open up the calcium channels in the 

intestine which in turn stimulates the formation of calcium binding protein in the 

intestinal cells stimulating the absorption of calcium and phosphate from the 

intestine240. This in turn facilitates mineralisation of bone.  

A stimulator of renal synthesis of 1α,25(OH)2D is PTH, which if increased 

stimulates the production of 1α,25(OH)2D241,242. But due to a feedback loop, elevated 

serum levels of active vitamin D lead to a decrease in the release of PTH240.  

The kidney also produces the inactivating enzyme 25(OH)D 24-hydroxylase 

(24,25(OH)2D, also known as CYP24), which catabolizes both 25(OH)D and 1,25(OH)2D 

into biologically inactive calcitroic acid239.  

Vitamin D deficiency can lead to decreased calcium in circulation, called 

hypocalcemia, which leads to the increase of PTH levels, known as secondary 

hyperparathyroidism, in order to stimulate hydroxylation of 25(OH)D in the kidney to 

its active form 1α,25(OH)2D. In turn, increased levels of PTH leads to increased bone 

turnover, which leads to bone loss243. 
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Parathyroid Hormone 
The parathyroid hormone (PTH) is secreted by the parathyroid glands in 

response to reduced levels of serum calcium, therefore maintaining calcium 

homeostasis244. It acts peripherally on the kidneys and on bone and indirectly on the 

intestine to maintain serum calcium homesotasis225,245. In bone, PTH binds to a seven-

transmembrane G-protein-linked receptor, the PTH receptor, on the surface of 

osteoblasts and stromal cells242,245. This in turn, activates protein kinase A, protein 

kinase C, and calcium intracellular signalling pathways in these cells and induces 

transcriptional responses that lead to the expression of M-CSF and RANKL, therefore 

inducing osteoclast differentiation and activation, which later leads to bone 

resorption245.  

 
Oestrogen 

Oestrogen, the main female sex hormone, is one of the major inhibitors of 

osteoclastogenesis. In osteoclasts, oestrogen suppresses RANKL and M-CSF-induced 

activator protein-1-dependent transcription through a reduction of c-Jun activity, 

thus directly suppressing RANKL-induced osteoclast differentiation246. Moreover, 

oestrogen can stimulate the expression of OPG, the RANKL antagonist, in osteoblasts 

therefore inhibiting osteoclastogenesis247. During oestrogen deficiency, osteoclast 

differentiation and activity is increased due to a higher expression of RANKL248,249, 

but also an increase in production of M-CSF by bone marrow cells250. In osteoblasts 

and osteocytes, oestrogen has an antiapoptotic effect due to the activation of 

Src/Shc/ERK signalling pathway251 and the downregulation of JNK252, therefore 

enhancing osteogenic differentiation and activity. Oestrogen has the ability to 

modulate bone cell activity therefore playing an essential role in maintaining bone 

homeostasis.    

 

Calcitonin 

 Calcitonin is one of the hormones which play a role in bone remodelling. It 

binds exclusively to osteoclasts through calcitonin receptors and causes a rapid 

decrease in resorptive activity253. Calcitonin is secreted mainly by thyroid C cells in 

response to elevated serum calcium levels254. The main functions of calcitonin in 

calcium homeostasis are to inhibit bone resorption, decrease calcium reabsorption 
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in the kidney, thus increasing urinary calcium excretion, and to regulate 1α,25(OH)2D3 

production in the kidney254. There is, however, no evidence for an important 

physiologic effect of calcitonin in adults, as thyroidectomy, which leads to calcitonin 

deficiency, does not lead to osteoporosis as would be expected255. 

 

FGF23 

FGF23 is a hormone produced by osteocytes whose main function is to 

regulate phosphate homeostasis and vitamin D metabolism (Figure 1.15)256. Unlike 

other FGFs, FGF23 has a low affinity to heparin sulphate, and can therefore easily 

enter circulation and act as an endocrine hormone256. 

 In the kidney, together with its co-receptor Klotho, FGF23 decreases the 

threshold for renal tubular reabsorption of phosphate by decreasing the abundance 

of phosphate transporters256. Therefore, when FGF23 is increased, serum phosphate 

levels are maintained at significantly lower levels than normal257. In addition, FGF23 

regulates vitamin D by increasing the expression of 24-hydroxylase and inhibiting the 

expression of 1α-hydroxylase, thus reducing the concentration of active 1,25(OH)2D, 

a critical regulator of calcium homeostasis256,257. Abnormally increased levels of 

FGF23 result in lower circulating levels of 1,25(OH)2D which may contribute to the 

low concentration of serum phosphate, as intestinal phosphate absorption is 

regulated by 1,25(OH)2D257. 
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Figure 1.15: Regulation of calcium and phosphate homeostasis. Serum calcium 
and phosphate levels are regulated by the action of 1,25(OH)2D), FGF23 and PTH 
on the intestine, bone and kidney. (Adapted from Carpenter et al.)257 

 

 

Central Nervous System 

Increased body weight  has been shown to have a strong correlation with bone 

mass, and obesity has been considered a protective factor against osteoporosis 

especially in postmenopausal women258. It has been demonstrated previously that 

signalling between the brain and bone tissue is fundamental in mediating bone 

metabolism and energy regulation259. This idea that the brain and bone are 

connected was initially a product of the discovery of Leptin in 1994260.  

Leptin is a small polypeptide hormone secreted primarily by adipocytes and is 

involved in the regulation of food intake and energy expenditure258. Obese people 

have increased circulating levels of leptin, however interestingly, Ducy et al. first 

reported that leptin-deficient mice (Ob/Ob) and leptin receptor deficient mice 

(db/db) had increased bone mass phenotype due to increased bone formation which 
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suggest leptin is an inhibitor of bone formation261.  Intracerebroventricular infusion 

of leptin were also performed on these mice which corrected the increased bone 

phenotype which suggested that the effects of leptin are controlled by the central 

nervous system (CNS)261. It was thought that if leptin is an inhibitor of bone formation 

and obese individuals have increased levels of this hormone that they have decreased 

bone mass and not increased bone mass, but it was later shown that most obese 

individuals lack sensitivity to leptin262. 

This strengthens the idea of crosstalk not just between the CNS and bone but also 

between adipocytes and bone. 

 

 

1.7 Proteoglycans 

 
Proteoglycans are glycoproteins composed of a specific core protein 

substituted with one or more glycosaminoglycan (GAG) polysaccharide chains 

covalently linked, with the exception of hyaluronan which lacks a protein core263,264. 

Proteoglycans are part of ECM, but also present in every tissue compartment, on the 

cell surface, intracellularly in granules and in the nucleus264. They can be divided into 

small leucine-rich proteoglycans (SLRPs), modular proteoglycans and cell-surface 

proteoglycans, which some SLRPs can also be part of (Figure 1.16)265,266. Functions 

depend on their location, but they are known to stabilize ligand-receptor interactions 

or cell-cell interactions, regulate cell proliferation, migration and sensitivity to growth 

factors, and activate signalling pathways, all through their GAG chains267.  
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Figure 1.16: Proteoglycan classification. Based on location and binding, 
proteoglycans can be divided into small leucine-rich proteoglycans (SLRPs), 
modular proteoglycans, which include hyalectans and non-hyaluronan-binding 
proteoglycans, and cell-surface proteoglycans, which include syndecans and 
glypicans265,266. (Adapted from Schaefer and Schaefer, 2010) 

 

 

GAGs consist of repeating disaccharide structures which contain galactose and 

hexosamine267. They can be divided into sulphated and non-sulphated GAGs268. In the 

sulphated GAGs there are keratan sulphates (KS), chondroitin sulphates (CS), 

dermatan sulphates (DS) and heparan sulphates (HS), with only hyaluronan being 

part of the non-sulphated GAGs266,268. GAGs are a key component of bone matrix and 

cell surface helping modulate the activity of growth factors important for bone cell 

formation and activity and increase bone toughness269,270. However, ageing results in 

a reduction of GAGs in bone matrix and therefore a decrease in toughness of bone 

possibly contributing to the decline of bone quality271. Research has shown that 

GAGs, including sulphated hyaluronan and CS, can inhibit sclerostin, a known Wnt 

pathway inhibitor, therefore enhancing bone regeneration272. It has also been shown 

that HS GAGs improve osteogenesis by modulating Wnt signalling273. 
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1.7.1 Heparan Sulphate proteoglycans 

 
Heparan sulphate proteoglycans (HSPGs) are the most ubiquitous cell surface 

and ECM glycoproteins, with the common characteristic of containing one or more 

HS chains274–276. HSPGs can be divided into different groups based on the structure 

of their core protein, those being glypicans, syndecans and perlecans. Glypicans and 

perlecans bear only HS GAG chains, while syndecans have both HS and, in some cases, 

CS chains277. Perlecans are secreted and mainly distributed in the ECM, whereas 

glypicans and syndecans are cell surface HSPGs linked to the cell membrane via 

glycosylphosphatidylinositol linkage or through a transmembrane domains, 

respectively278,279.  

 

1.7.1.1 Syndecans 

 
Syndecans are a family of four (in mammals) type I transmembrane 

glycoproteins that have HS chains attached to their extracellular domains and in the 

cases of syndecan1 and 3, CS chains too274 (Figure 1.17). As only syndecans 1 and 3 

contain HS and CS chains and syndecans 2 and 4 contain only HS chains, they can be 

divided into two subfamilies280,281. Syndecans contain three distinct domains in their 

core protein, N-terminal polypeptide domains, an ectodomain where GAGs are 

attached to specific serine residues, a single hydrophobic transmembrane domain 

and a short C-terminal cytoplasmic domain, composed of a variable (V) region flanked 

by two conserved C1 and C2 regions274,282  

Syndecans can bind a variety of extracellular ligands increasing their 

concentration at the cell surface and mediate several cell-cell and cell-matrix 

interactions via their covalently attached HS chains280. By associating with the 

cytoskeleton, syndecans aid in cell adhesion by stabilizing the cytoskeleton and in 

turn increasing adhesion strength280. Additionally, syndecans have the ability to shed 

their extracellular domain by proteolytic cleavage which may reflect their distinct 

functions between the different members of the syndecan family, although this is still 

unclear283. 
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Figure 1.17: The Syndecan family. Syndecans are a family of four transmembrane 
proteoglycans. All four have heparan sulphate GAG attachments with the 
exception of Syndecan 1 and 3 which also have chondroitin sulphate attachments. 
In parenthesis is their molecular weight based on SDS-PAGE migration of the core 
protein without GAG chains284. (Adapted from Bellin et al., 2003) 

 

 

Syndecans are named based on the order they were discovered and the tissue 

from which they were originally cloned. Syndecan 1, the first syndecan to be cloned, 

is found in epithelial and plasma cells285, whereas Syndecan 2, also known as 

fibroglycan, is mainly expressed in mesenchymal cells286,287, such as fibroblasts and 

smooth muscle. Syndecan 3, first described as N-syndecan, the least studied of the 

syndecans, was first discovered in the rat brain and can also be found in developing 

musculoskeletal tissues288,289. On the other hand, syndecan 4, also known as 

ryudocan and amphiglycan, is ubiquitously expressed279,290. 

 

1.7.1.1.1 Syndecan 1 

 
Syndecan 1 was the first mammalian syndecan to be cloned285, but its 

existence was known before this. Studies identified an HSPG intercalated in the 

plasma membrane of mouse mammary gland epithelial cells and rat 
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hepatocytes278,291. It was found to be predominantly expressed on the basolateral 

surface of epithelial cells where it associates with the actin cytoskeleton292. The major 

function of syndecan 1 appears to be to negatively regulate the adhesion and 

migration of leucocytes293,294.  

However, syndecan 1 appears to play a role in endothelial mechanosensing 

and regulation of endothelial phenotype295. Voyvodic et al. investigated the role of 

syndecan 1 in controlling the shear stress-induced signalling and flow-mediated 

phenotypic modulation in endothelial cells295. By performing studies on mice lacking 

syndecan 1 it was reported that these mice have a pro-inflammatory phenotype in 

endothelial cells with an altered response to atheroprotective flow295. However, Sdc1 

KO mice have increased inflammation due to increased ICAM-1 and leukocyte 

recruitment, highlighting the role of Sdc1 in immune responses296. 

On the other hand, a study by Ren et al. demonstrated that syndecan 1 plays 

an important role in multiple myeloma mediating increased Wnt/β-catenin signalling 

and cell growth297. They also demonstrated that Wnts bind to HS side chains of Sdc1 

which in turn activates the Wnt pathway through Wnt receptor Frizzled297. This study 

also demonstrated that Sdc1 binds osteoblast-produced R-spondin through its HS 

chains which in turn activates LGR4 therefore repressing Fzd degradation, all of which 

is essential for optimal stimulation of Wnt signalling in multiple myeloma297. 

Although Sdc1 plays a major role in cell adhesion and motility, it has not yet 

been shown to play a role in the skeleton.  

 

1.7.1.1.2 Syndecan 2 

 
Syndecan 2 was originally known as fibroglycan, but later Bernfield et al. 

changed its nomenclature to what it is currently known as274. It is mainly produced 

by mesenchymal cells, which explains where its original name of fibroglycan 

originated from, but unlike Sdc1, it was not found to be expressed by epithelial cell 

lines286,298. Sdc2 is also expressed in the adult brain, heart, kidney, liver, spleen and 

cultured hepatocytes, fibroblasts and neurectodermal cells287,298. During 

development, syndecan 2 is expressed at sites of cell-cell and cell-matrix interactions 

especially in mesenchymal condensations, and continues to be expressed in the 
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perichondrium, periosteum, and connective tissue cells299. David et al. found Sdc2 

was highly expressed in the periosteum during early osteogenesis and its expression 

increased during osteoblast differentiation, therefore being linked to osteoblast 

differentiation both during development and adulthood299. 

Studies by Mansouri et al., found overexpression of Sdc2 lead to the 

enrichment on the bone surface with HS resulting in increased bone mass due to 

bone resorption inhibition273. However, this overexpression also lead to decreased 

osteoblasts, possibly due to decreased Runx2 expression, and osteoclasts together 

with RANKL levels273. Syndecan 2 overexpression was also associated with bone 

marrow cell apoptosis, although osteoblast survival and activity was not altered, 

which was suggested to be due to the downregulatory effect it had on Wnt/β-catenin 

signalling in particular through deregulation of the GSK3 pathway273. This study 

therefore highlighted the effect syndecans have on the Wnt pathway, essential for 

osteogenesis and bone development but also the importance of HS GAGs in 

osteoblast differentiation and activity. 

 

1.7.1.1.3 Syndecan 3 

 
Syndecan 3 is the least studied of the syndecans. It was first described by 

Carey et al. in neonatal rat Schwann cells and was therefore given the name of N-

syndecan288. It was thought to provide cell surface binding sites for extracellular 

proteins, such as ECM adhesion proteins, growth factors and cell-cell adhesion 

molecules288. Syndecan 3 was later found to be highly expressed in the embryonic 

chicken limb bud by Gould et al. and was given the name by which it is currently 

recognised, Syndecan 3289. It was also shown to be highly expressed in mesenchymal 

condensations during chondrogenesis and therefore thought to mediate the 

adhesive cell-matrix interactions and cytoskeleton reorganization involved in the 

process of condensation289. Further studies were performed in order to understand 

the role syndecan 3 played in limb development and it was later reported that it is 

expressed in the progress zone beneath the apical ectodermal ridge and precartilage 

condensations in the developing limb bud300. It was suggested that syndecan 3 may 

be involved in the maturation of chondrocytes during endochondral ossification by 

playing a role in the regulation of the proliferative phase of the process300,301. 
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Syndecan 3 was also shown to be highly expressed in the peripheral layers of 

the periosteum around the diaphysis where osteoblasts are differentiating and 

depositing the intramembranous bone collar300,302. This indicates that syndecan 3 

may play a role in regulating osteoblast differentiation and osteogenesis. On the 

other hand, syndecan 3 was found to be highly expressed in the calvaria, which is 

formed through intramembranous ossification, differently from long bone 

development, highlighting its role in osteoblast differentiation300. Therefore, it was 

suggested that syndecan 3 may be important during early development of the 

skeleton especially during condensations, essential for the formation of the 

skeleton300.  

Interestingly, a study by Koyama et al., reported that syndecan 3 was involved 

in skeletal development due to the increased expression of syndecan 3 in the 

epiphysis and the perichondrium which surrounds the mesenchymal condensations 

of long bones303. 

Syndecan 3 has since been shown to be a cell surface receptor for heparin 

binding growth-associated molecule (HB-GAM)304, which, similar to syndecan 3, is 

highly expressed by differentiating osteoblasts during the formation of the periosteal 

bone collar305.  

Sdc3 KO mice were shown to exhibit muscular dystrophy with extensive fatty 

infiltrations in the muscles, reduced locomotion, hyperplasia of myonuclei and 

satellite cells, and an increase of centrally nucleated myofibers in uninjured 

muscles306. It was later reported that Sdc3 KO satellite cells proliferate at a slower 

rate and have increased apoptosis due to an impairment of the Notch signalling 

pathway by reduced Notch target gene induction and impaired NICD 

accumulation178. More recently it was reported that Sdc3 deletion leads to improved 

muscle regeneration after repeated acute muscle injuries, rescued muscle 

histopathology and function in dystrophic muscle tissue and improves muscle ageing 

reducing fat infiltration in the muscle307. 

The co-expression of syndecan 3 and HB-GAM in differentiating osteoblasts 

during bone formation and the role syndecan 3 plays in regulating chondrocyte 

proliferation in developing limbs suggests Sdc3 is involved in skeletogenesis308, 

however the exact role of Sdc3 in bone homeostasis is still not fully understood. 
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1.7.1.1.4 Syndecan 4  

 
Syndecan 4, the last member of the syndecan family to be identified, can 

promote intracellular adhesion, similarly to syndecan 1309. It was also found to be 

expressed during wound healing after incisional wounding of the skin310. Woods and 

Couchman found syndecan 4 to be associated with focal adhesion that contain  

vinculin and either integrin β1 or β3311. Syndecan 4 also has the ability to bind 

fibronectin through its GAG chains, activate protein kinase Cα (PKCα) and the small 

GTPase RhoA311. These together with the integrins stabilize focal adhesion sites311. 

Interestingly, a study on Xenopus by Muñoz et al., found that syndecan 4 

regulates non-canonical Wnt signalling by forming a complex with Frizzled 7 and 

interacts with Dishevelled (Dsh), activating its translocation to the plasma membrane 

which leads to activation of the non-canonical Wnt pathway312. It was also shown 

that syndecan 4 is essential for convergent and extension movements in Xenopus 

embryos312. 

Syndecan 4 not only plays a role in wound healing, it also appears to support 

fracture repair as its loss leads to impaired fracture healing and proinflammatory 

signals in adults313. Bertrand et al. reported that Sdc4 deletion was associated with 

inhibition of chondrocyte proliferation and reduced aggrecanase activity in 

uncalcified cartilage of the epiphysis although this did not lead to a growth phenotype 

at birth313. However, Sdc4 did not play any major role during endochondral bone 

development as no prominent differences were observed in early development 

between Sdc4 KO and WT mouse embryos313. These findings highlighted Sdc4 

redundancy during skeletal development313. This was associated with a 

compensatory up-regulation of syndecan 2 in developing cartilage in the Sdc4 KO 

mice313. 

 

1.8 Osteoporosis 

 
Our bones constantly undergo changes throughout our lives. Humans reach 

peak bone mass in their late 20s by which point they start to slowly loose bone, 

although during the menopause women suffer rapid bone loss. This is due to an 

imbalance between bone formation and bone resorption during remodelling, where, 
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in ageing, bone formation is unable to keep up with the increase in bone resorption 

therefore there is a decrease in bone accrual. This may lead to osteoporosis. 

 Osteoporosis, which literally means “porous bone”, has been defined as an 

age-related metabolic bone disorder, characterised by low bone mass and 

microarchitectural deterioration of bone tissue, which consequently leads to 

enhanced bone fragility and therefore increased susceptibility to fracture314. It is a 

huge and increasing public health problem as it affects millions of people worldwide, 

predominantly postmenopausal women. Osteoporosis is considered a silent disease 

as it may be symptomless in the absence of fractures, however fractures are a 

complication of this process which may lead to increased pain, disability and even 

death. The most common osteoporotic fractures are vertebral compression 

fractures, fractures of the hip, proximal humerus and forearm315, but when bone 

density is reduced the fracture risk in other bones is also increased316. Another 

consequence of age-related bone loss is the increase in bone marrow adiposity which 

also contributes to increased fragility317. Despite the progress made over the years in 

prevention and treatment options there are still many challenges to overcome in 

these areas. 

 

1.8.1 Epidemiology 

 
Incidence and prevalence 

Osteoporosis is an age-related disease which affects millions of people world-

wide making it a serious public health burden. According to the International 

Osteoporosis Foundation, 1 in 3 women and 1 in 5 men aged fifty and over are at risk 

of an osteoporotic fracture318. The prevalence of osteoporosis increases with age and 

is twice as high in women than in men of the same ages, and adults with prior 

fractures are 50-100% more likely to sustain another fracture in a different 

bone315,319. The reason for women being at higher risk is due to their peak bone mass 

being lower than men’s and the rapid bone loss observed after the menopause. It is 

also known that women live longer than men which also increases their risk of 

osteoporotic fracture315. With the exception of lung cancer, osteoporotic fractures 

account for more combined deaths than any cancer320. 
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Osteoporosis causes over 8.9 million fractures annually worldwide, which 

accounts for approximately 1000 fractures per hour321. Western countries have a 

higher incidence of fractures than other regions in the worlds. In Europe, the 

prevalence of osteoporosis was estimated at 27.6 million people in 2010, of which 22 

million were women322. In the year 2000 there were an estimated 9 million 

osteoporotic fractures, 1.6 million of those were of the hip, 1.7 million were of the 

forearm and 1.4 million were of the spine321. In 2010, the economic cost of these 

fractures was 37 billion euros in Europe and up to 20 billion dollars in the United 

States of America322,323. 

Globally, major osteoporotic fracture frequency varies greatly being highest 

in Europe and lowest in Africa (Table 1.1)321. Interestingly, within Europe, Eastern 

Mediterranean has the lowest values while Scandinavia has the highest321. The 

geographical variation between fracture incidence is most marked for hip fractures 

with Europe showing higher values of incidence and Western Pacific and Americas 

not being too far off321. Reports have shown that hip fracture rates in northern 

Europe and North America have started to decline among both men and women 

which has been associated with an increase in BMD in the elderly, thought to be due 

to an increase in obesity324. Developing countries such as in Africa have a lower 

incidence partly due to the lower risk but also because of lower life expectancy325. In 

Asian countries such as China, osteoporotic hip fractures, have increased dramatically 

between 1990 and 1992 and 2002 and 2006, and this is thought to be due to 

westernization of the population326. Due to urbanization, walking, which protects 

against hip fractures, has reduced due to an increase reliance on cars and buses. 

Squatting, which strengthens the spine, has also become uncommon due to the use 

of chairs and western-style toilets. A decrease in sun exposure, which leads to vitamin 

D deficiency, due to people moving into multi-storey buildings with no outdoor 

space326. It is still unclear why there are such differences in prevalence of fractures in 

different regions worldwide but this can be partly explained by the heritability of 

skeletal size which is greater in those of African heritage and lowest in those of 

Caucasian heritage327. Diet and exercise is also related to differences in bone mass 

worldwide as climate may be too327. 
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Osteoporotic fractures lead to a great degree of disability, which in some 

cases can even cause death, and have huge medical costs worldwide. As longevity of 

the population is increasing, the frequency of osteoporotic fractures is predicted to 

rise, although this increase in fracture rates may also be due to the increase in 

sedentarism.  

 

 

Table 1.1: Estimated number of osteoporotic fractures in men and women aged 50 
or over in 2000 by WHO region (a includes Australia, China, Japan, New Zealand and 
the Republic of Korea)321. 

 Expected number of fractures by site 

(thousands) 

All osteoporotic 

fractures 

WHO region Hip Spine Proximal 

Humerus 

Forearm No. % 

Africa 8 12 6 16 75 0.8 

Americas 311 214 111 248 1406 15.7 

South-East Asia 221 253 121 306 1562 17.4 

Europe 620 490 250 574 3119 34.8 

Eastern 

Mediterranean 

35 43 21 52 261 2.9 

Western Pacific 432 405 197 464 2535 28.6 

Total 1672 1416 706 1660 8959 100 

 

 

Genetic Factors 

Genetic risk factors play a major role in the development of osteoporosis. 

Studies with twins have demonstrated that over 50% of the variance in bone mass is 

genetically determined328. Although it was determined that there is a stronger 

genetic component to the determination of bone mass in the spine but not as much 

in the proximal femur and forearm, suggesting that environmental factors may play 

a more important role in determining bone mass variation in these last sites as 

opposed to what is observed in the spine328. Another twin study also found that the 
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age in which women start the menopause is genetically determined329, providing 

evidence that, at least in women, genetic factors play an important role in 

determining bone loss330. Makovey et al., also performed a large twin study 

investigating the genetic effects on bone loss and found that at least 40% of the 

variance in bone loss for the spine, forearm, and whole body in peri- and 

postmenopausal women is genetically determined, although this excluded the 

femoral neck as there was no significant difference331. Similar studies were 

performed with male twins, which in contrast to studies with female twins, during a 

16 year period, no genetic effects on bone loss in the radial bone were found332. 

Indeed, it was suggested that environmental factors were the major cause in the 

variation observed in bone mass and density loss with ageing332.  

Genome-wide linkage studies which included over 200 thousand individuals 

have revealed 56 loci related to BMD variation which clustered within the RANK-

RANKL-OPG, MSC differentiation, endochondral ossification and Wnt-signalling 

pathways333. Fourteen of those loci were also associated with fracture risk including 

LRP5 and DKK1333. In addition to these genes, WNT3a was also shown to be strongly 

associated with deceased hip BMD, LRP4 was associated with decreased BMD in the 

lumbar spine and DKK2 was shown to be associated with decreased BMD in the 

femoral neck, but these last 2 genes showed lower significance334. There have been 

many other genes identified which are associated with osteoporosis, but these 

require further studies as there are many other factors that can regulate gene 

expression including epigenetic and environmental factors. Therefore, before the 

identified variants can be used in the risk assessment, they would require further in 

vivo and in vitro studies. 

 

1.8.2 Pathophysiology 

 
As mentioned earlier, peak bone mass is reached in the second decade of 

human life. However, the skeleton constantly undergoes a process called bone 

remodelling. The process of remodelling requires the activity of bone resorbing 

osteoclasts, which remove mature and damaged bone, and bone forming 

osteoblasts, which replace this with new bone. This process allows the skeleton to 

maintain its structural integrity and is controlled by mechanical and endocrine 
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stimuli. Osteocytes first sense mechanical strain which leads to the activation of bone 

remodelling where, in normal physiological conditions, osteoclasts resorb a specific 

amount of bone and then through the action of osteoblasts, new bone matrix is 

deposited. The process of mineralisation is controlled by the endocrine system which 

includes the actions of PTH, oestrogens and vitamin D. 

 

Bone remodelling in osteoporosis 

Osteoclast-mediated bone resorption is a fast process as osteoclasts typically 

undergo apoptosis within approximately 12 days. In contrast, bone formation can 

take up to 6 months which means that if there is an increase in osteoclast function 

and an inadequate response in bone formation this can result in loss of bone mass 

and microarchitectural deterioration of the skeleton315. This is what happens in the 

ageing skeleton, in which there is a negative imbalance in the remodelling cycle. It 

was originally thought that osteoporosis was only due to oestrogen deficiency335, but 

subsequently it was proposed that there were two forms of osteoporosis, either 

related to oestrogen deficiency due to the menopause or due to calcium deficiency 

and ageing of the skeleton336. Although it is known that oestrogen plays a major role 

in the differentiation and activation of bone cells, it is now known that that there are 

multiple factors controlling bone remodelling and can cause bone mass loss and 

deterioration of the skeleton leading to osteoporosis.  

 In age related osteoporosis, which affects both sexes later in life, osteoblasts 

are less capable of refilling the resorption pits which leads to decreased trabecular 

and cortical thickness337. In contrast, postmenopausal osteoporosis is characterised 

by a marked decrease in oestrogen levels which leads to an increase in 

osteoclastogenesis and subsequently osteoclast activity, but also to an increase in the 

activation frequency of BRUs and bone marrow adipocyte number and size249,338,339.  

This increased osteoclast activity in postmenopausal osteoporosis not only leads to 

rapid trabecular and cortical thinning but also leads to an increase in perforated 

trabecular plates which can lead to crush fractures, for example of the vertebrae338. 

Postmenopausal women will therefore suffer from both postmenopausal bone loss 

and age related bone loss which can therefore explain why women are more prone 

to developing osteoporotic fractures than men338 (Figure 1.18). 
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Figure 1.18: Fracture incidence with increasing age in women and men.  Data 
shown is incidence of vertebral, forearm, and femur and hip fractures in women 
and men, also demonstrating the difference in fracture incidence observed 
between women and men. Adapted from Eastell et al.315. 

 

 

Oestrogens and osteoporosis 

Oestrogen deficiency is critical to the pathogenesis of osteoporosis and 

although it was originally thought that age-related bone loss was caused by an 

increase in bone resorption it is now known that impaired bone formation also 

contributes to this process. Ivey and Baylink340 found that bone formation was unable 

to adequately compensate to the increase in bone resorption caused by oestrogen 

deficiency. It has been shown that the reduced bone formation during oestrogen 

deficiency is due to a lack of response to mechanical loading, which is required for 

the activation of bone remodelling341. Osteocytes are the major producers of 

sclerostin, a Wnt signalling antagonist, which is inhibited during mechanical loading 

therefore enhancing Wnt signalling and consequently osteoblastogenesis and later 

bone formation202. However, during oestrogen deficiency sclerostin synthesis is 

enhanced due to lack of response of osteocytes to mechanical loading therefore 

inhibiting bone formation342,343. 
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 Although men do not have the equivalent of the menopause and 

testosterone is the main male sex steroid, it has been found that oestrogen deficiency 

is closely related to decreased distal forearm BMD in older men344. 

Fat mass also has an effect on BMD as it has been shown that increased body 

weight is associated with increased BMD345. But interestingly, the enzyme aromatase, 

which is found in gonadal tissue and highly expressed in white adipose tissue, can 

convert adrenal androgens such as androstenedione, or testosterone to oestrogen, 

protecting the skeleton against osteoporosis346. On the other hand, oestrogen 

downregulates adipogenic differentiation and maturation but during oestrogen 

deficiency, especially after the menopause, adipocyte infiltration precedes 

osteoblastogenesis which is accompanied by a decline in bone mass347. 

 

Calcium, vitamin D and parathyroid hormone in osteoporosis 

Parathyroid hormone and 1,25-dihydroxyvitamin D are important in the 

pathogenesis of osteoporosis. With age, there is a decrease in calcium intake and 

sometimes vitamin D deficiency, due to diet, immobilization or being housebound 

due to other pathologies and side-effects from the medication, and therefore 

reduced sunlight exposure. Intestinal absorption of calcium and renal function also 

decreases in ageing. There is a decrease in the capacity kidneys have to hydroxylate 

25-hydroxyvitamin D into its active form348. The active form of vitamin D, 1,25 (OH2) 

D3, is both necessary for intestinal absorption of calcium and phosphorus and can 

also inhibit PTH synthesis348. The reduced calcium supply leads to secondary 

hyperparathyroidism where the parathyroid glands increases PTH secretion which 

will in turn stimulate bone resorption to release calcium and later the hydroxylation 

of vitamin D in the kidney to the active form243. The raised serum PTH stimulates bone 

remodelling units which consequently leads to bone loss243. Vitamin D deficiency and 

hyperparathyroidism can also contribute to neuromuscular impairment which 

increases the risk of falls and consequently the risk of fractures349,350.  

 

RANK/RANKL/OPG pathway in osteoporosis 

RANKL is required for osteoclastogenesis. RANKL, produced by osteoblasts 

and osteocytes, is a ligand for the receptor activator of NF-κB (RANK) found on 
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osteoclast progenitors and is capable of activating osteoclast differentiation and 

function19. On the other hand, OPG, a decoy receptor for RANKL, is also produced by 

osteoblasts and osteocytes and acts by blocking RANKL/RANK interactions therefore 

inhibiting osteoclastogenesis20. In vitro studies with bone marrow cells from 

untreated postmenopausal women have found that there is increased surface 

expression of RANKL on these cells, compared with bone marrow cells obtained from 

oestrogen replete women, thus contributing to increased bone resorption during 

postmenopausal oestrogen deficiency249. Interestingly, it has also been shown that 

oestrogen enhances osteoblastic OPG secretion therefore playing a major role in 

downregulating bone resorption351. During oestrogen deficiency, OPG levels 

decrease, while RANKL expression is increased leading to increased osteoclast 

differentiation and activity therefore contributing to the development of 

osteoporosis248,249. It has since been shown that oestrogen replacement can partially 

reverse these effects by decreasing surface expression of RANKL on bone marrow 

cells, and oestrogen replacement improves BMD in postmenopausal osteoporosis249. 

 

1.8.3 Clinical aspects 

 

1.8.3.1 Clinical features 

As uncomplicated osteoporosis is an asymptomatic disease it only becomes 

apparent when a patient suffers a fragility fracture due to minimal trauma. The most 

common osteoporotic fractures are of the hip, wrist and vertebrae, although later in 

life fractures of the femur become more common352. In patients with osteoporosis 

and in older people, fractures are often the result of a fall or due to a minimal 

trauma338,353. Vertebral collapse without symptoms is also a very common clinical 

feature, although some patients may present with acute onset of sharp pain over the 

involved region or discomfort352. This may later lead to loss of height and dorsal 

kyphosis, which is also known as dowager’s hump352.  

 

1.8.3.2 Diagnosis 

The World Health Organization defines osteoporosis by BMD, measured by 

dual-energy x-ray absorptiometry (DXA) at the lumbar spine, total hip or femoral neck 
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of 2.5 standard deviations (SD) or more bellow the population mean for young 

healthy adults327 (Table 1.2). DXA is an X-ray-based technique that quantifies bone 

mineral content (BMC) by using X-ray sources of different energies allowing 

subtraction of the attenuation of radiation by soft tissues from the total attenuation 

to determine the attenuation caused by bone mineral315. 

Women and men over the age of 50, and especially postmenopausal women 

should be assessed for osteoporosis. This risk is evaluated in the individual based on 

the presence of clinical risk factors, which include previous fragility fractures, genetic 

predisposition, smoking, alcohol consumption, early-onset menopause, decreased 

BMI and other factors involved in secondary osteoporosis such as anorexia nervosa, 

type 1 and type 2 diabetes, certain drugs and gastrointestinal diseases, among 

others315. There are also conditions related to increased risk of falling that lead to 

greater risk of hip fractures which include Parkinson’s disease, dementia, vertigo, 

vision impairment and alcoholism316,354.  

 

Table 1.2: World Health Organisation Diagnostic Criteria for Osteoporosis327. 

Group Diagnostic criteria 

Normal BMD BMD within 1 SD of the mean of a young adult reference 
population 

Osteopenia BMD between 1.0 and 2.5 SD below the mean of a young 
adult reference population 

Osteoporosis BMD 2.5 or more SD below the mean of a young adult 
reference population 

Severe Osteoporosis Osteoporosis with one or more fragility fractures 

  
 
 
 Other than DXA, considered the gold standard for diagnosis327, quantitative 

computed tomography can also be used to diagnose osteoporosis and is proven most 

useful in assessing cancellous bone density rather than cortical bone. Although one 

of the main advantages is that it provides a measure of true volumetric density rather 

than an area adjusted result as is the case of DXA, it also has disadvantages which 

include a high exposure to radiation354. Simple radiographs can also be used to 

diagnose in the presence of fractures such as subclinical vertebral fractures, which is 

a strong risk factor for subsequent fractures354.  
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A prerequisite for the definition of primary osteoporosis is that diseases and 

drugs that cause secondary osteoporosis are excluded327. Low bone density can be 

secondary to hyperthyroidism, primary hyperparathyroidism, hypercortisolism, 

myeloma, or osteomalacia (Table 1.3)354. 

 

Table 1.3: List of drugs and disease that are associated with increased fracture risk 
(adapted from Eastell et al.315). 

Drugs and diseases associated with secondary osteoporosis 

Drugs 

- Glucocorticoids 

- Aromatase inhibitors 

- Proton pump inhibitors 

- Glitazones 

- Anti-epileptics 

- Loop-acting diuretics 

- Heparin and warfarin 

- Antidepressants 

Endocrine diseases 

- Anorexia nervosa 

- Hypogonadism 

- Cushing syndrome 

- Vitamin D deficiency 

- Hyperparathyroidism 

- Hyperthyroidism 

- Diabetes mellitus 

Gastrointestinal disease 

- Malabsorption 

- Inflammatory bowel diseases 

Rheumatological diseases 

- Rheumatoid arthritis 

- Ankylosing spondylitis 

Haematological diseases 

- Multiple myeloma 

- Systemic mastocytosis 

- Leukaemia 

Neurological diseases 

- Stroke 

- Immobilization 

- Parkinson disease 

Other diseases 

- Congestive cardiac failure 

- Chronic obstruction lung disease 

- Chronic renal insufficiency 

- Osteogenesis imperfecta 

- Marfan syndrome 

- Ehlers-Danlos syndrome 

- Human immunodeficiency virus 

infection (and its treatment) 
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Apart from the above-mentioned diagnostic tools, risk assessment tools have 

also been developed such as the Fracture Risk Assessment Tool (FRAX). FRAX is an 

algorithm which was developed in 2008 to evaluate fracture risk of patients based on 

individual patient models that integrate the risks associated with clinical risk factors 

with or without BMD and is now incorporated into clinical practice guidelines355. It 

estimates the 10 year probability of major osteoporotic fractures and a 10 year 

probability of hip fracture alone356. But like many algorithms FRAX has its limitations 

such as only taking into account an average dose or exposure322. 

 

1.8.4 Management 

 

In the management of osteoporosis, the aims of intervention are to prevent 

bone loss in individuals at risk of osteoporosis or in patients with osteoporosis and 

reduce the incidence of osteoporotic fractures325. 

The choice of intervention and the cost-effectiveness of any management 

strategy is determined by absolute fracture risk, therefore younger people at a lower 

risk will receive lifestyle recommendations whereas older people at a higher risk will 

receive pharmacological interventions325. When considering pharmaceutical 

intervention, general preventive measures should be implemented for at risk 

patients and these include avoidance of modifiable risk factors such as smoking and 

excessive alcohol consumption. Patients should start vitamin D and calcium 

supplementation, increase protein intake, and weight-bearing322. These general 

measures can slow down bone loss but do not restore BMD and cannot be used as a 

form of therapy for patients at high risk of fracture356. 

Medications used in the treatment of osteoporosis are divided in to two 

categories: antiresorptive therapy, such as bisphosphonates, oestrogens, calcitonin 

and denosumab (monoclonal antibody to RANKL); and bone forming treatments, 

such as teriparatide and most recently, Romosozumab325.   
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1.8.4.1 Antiresorptive agents 

Antiresorptive agents target the formation, function and survival of osteoclasts 

therefore reducing bone resorption rates but this is followed by a decrease in 

osteoblast activity357.  

Bisphosphonates include alendronate, risedronate, ibandronate and zoledronic 

acid, and are the most commonly used agents for managing osteoporosis. They are 

synthetic analogues of the naturally occurring compound pyrophosphate and act by 

binding to calcium phosphate mineral component of bone. Osteoclasts can then 

resorb the calcium phosphate with the bound bisphosphonate which subsequently 

suppresses osteoclast activity358. They have been shown to reduce hip fracture risk 

by up to 50%359 and vertebral fracture by 40 to 70%360. 

Bisphosphonates can be administered orally, however ibandronate and 

zoledronate can be given intravenously. The choice between the different treatments 

depends on side-effects, compliance, cost and convenience. Due to the fact that they 

are poorly absorbed by the intestine, oral bisphosphonates should be administered 

in the morning on an empty stomach with water, 30 to 60 minutes prior to a meal 

and patients should remain upright for at least 30 minutes post administration361. 

The reason being is that oral bisphosphonates can cause gastrointestinal 

disturbances such as in cases of gastro-oesophageal reflux. On the other hand, 

intravenous bisphosphonates can cause flu-like symptoms and in addition patients 

with severe pre-existing kidney disease may suffer acute renal failure and all 

bisphosphonates are contraindicated in severe kidney impairment315. Furthermore, 

there are potential concerns with long-term suppression of bone turnover associated 

with prolonged treatment with bisphosphonates as there are reports of this leading 

to atypical femoral fractures362. A rare side-effect associated with high dose 

intravenous bisphosphonate therapy is osteonecrosis of the jaw which is defined as 

the presence of exposed and necrotic bone in the maxillofacial region363. The 

occurrence of such side-effects and the administration methods may account for 

poor treatment compliance. 

Another type of antiresorptive treatment is denosumab, a monoclonal 

antibody directed against RANKL which is administered every 6 months for 36 months 

via subcutaneous injections315. It acts by binding to RANKL and preventing the 
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interaction of RANKL with its receptor RANK which results in rapid and profound 

inhibition of bone resorption364. Denosumab reduces the risk of vertebral and non-

vertebral fractures, and hip fractures in women with osteoporosis364.  As denosumab 

is administered every 6 months as a subcutaneous injections it encourages greater 

adherence to treatment than that observed during bisphosphonate treatment, 

although denosumab is also associated with atypical femoral fractures and 

osteonecrosis of the jaw364. 

 

1.8.4.2 Anabolic agents 

Teriparatide, which is a recombinant human parathyroid hormone peptide, and 

PTH, a recombinant human PTH, are anabolic treatments that increase bone 

formation and lead to large increases in BMD in the spine320. They are both 

administered daily by subcutaneous injection for a limited time of 18-24 months due 

to the increased risk of bone tumours observed in rodents when treated with high 

doses of teriparatide356,365. For this reason, patients that have had previous radiation 

therapy to the skeleton or skeletal malignancies should not receive this type of 

treatment.  

Romosozumab, a more recent therapy, is a humanized monoclonal antibody 

that inhibits sclerostin which is applied subcutaneously once a month164. Phase III 

FRAME trials in female patients suffering from postmenopausal osteoporosis showed 

increases in BMD of 13% and 17% at the lumbar spine and hip, respectively, and 

reduced risk of vertebral and clinical fractures upon transitioning to denosumab366. 

However, treatment with romosozumab lead to serious adverse effects such as 

cardiovascular events compared with alendronate but not a placebo, therefore 

further studies are being performed367. 

 

1.8.4.3 Hormone replacement therapy 

Oestrogen replacement therapy, with or without progestin administration, has 

been shown to prevent bone loss and to reduce fracture risk of the spine and hip in 

postmenopausal women368. However, oestrogen treatment can lead to increased 

cardiovascular events, stroke and breast cancer risk, therefore it is only used short-

term369, and should not be administered to women with thrombophlebitis or 
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thromboembolic disorders, or with breast or uterine cancers325. Although this 

treatment has a lower cost than other anti-osteoporosis treatments the risk outweigh 

the benefits and therefore there is a lot of uncertainty about prescribing this form of 

therapy369. 

Due to the ageing population and the increase in osteoporosis among the 

population, and despite the increasing number of effective drugs to treat 

osteoporosis there is still a need to develop new therapies that have less side-effects 

and simpler treatment protocols which in turn will lead to a higher treatment 

compliance. 

 

 

1.9 Aims 

 
Studies have shown that there are a number of genetic risk factors that can 

play a major role in bone loss and osteoporosis, but research is still required to 

identify genes that regulate bone mass and other markers of osteoporotic 

phenotypes370–372. Osteoporosis is considered polygenic and although there are 

various studies identifying genes that impact bone mass it is still unclear how these 

genes interact with each other and how this affects bone development and 

maintenance371,372. Varanasi et al. identified the proteoglycan syndecan-mediated 

signalling pathway as being one of the top three site-specific pathways preferentially 

induced in the spine, which bears mechanical stress, versus the iliac crest, which 

bears less mechanical stress, in humans371. As previously mentioned, syndecans are 

a family of four of transmembrane haparan sulphate proteoglycans274,276, of which 

Syndecan 3 is the least studied of all syndecans.  Syndecans 1, 2 and 3 have been 

shown to be important during bone development due to their expression levels in 

endochondral and periosteal bone and syndecan 4 is expressed in chondrocytes and 

osteoblasts and has been shown to have an important role in osteoarthritis299,373. As 

with other members of the syndecan family, syndecan 3 functions as an extracellular 

matrix receptor and as co-receptor for growth factors 308. It plays a central part in 

condensations, a crucial phase of skeletogenesis, such as precartilage condensations, 

by setting boundaries which limits the condensation size208,300 and has a role during 
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limb development by regulating chondrocyte proliferation301,374,375. Syndecan 3 has 

also been demonstrated to be involved in the development and differentiation of the 

central nervous system, lens, sclerotomes and feather buds300. It is highly expressed 

in differentiating periosteal osteoblasts and calvaria,  suggesting it may be involved 

in regulating chondrogenesis and osteogenesis289,300,308. Interestingly, Sdc3 knock-out 

(Sdc3 KO) mice have improved  regeneration in repeatedly injured muscle and muscle 

ageing 178 and are resistant to diet-induced obesity376. So far, its role in the adult 

skeleton and age-related bone loss is unknown, but it was observed by our 

collaborator, Dr. Addolorata Pisconti, that while handling the Sdc3 KO mice for 

experimental purposes, their bones would often break easily. Therefore, the overall 

aim of this project was to investigate the role of syndecan 3 in bone metabolism. The 

specific aims were as followed: 

1. Determine the effect Sdc3 deletion on bone volume and architecture in a Sdc3 

KO transgenic mouse. 

2. Determine the effect of Sdc3 deletion on bone turnover using dynamic bone 

histomorphometry. 

3. Determine the effect of Sdc3 deletion on bone response to mechanical 

loading in the Sdc3 KO mouse. 

4. Determine the role of Sdc3 deletion on osteoclast and osteoblast 

differentiation and activity in vitro. 
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2 Materials and methods 
 

2.1 Reagents 

 
Table 2.1: List of reagents. 

Reagent Catalogue number Company 

4-nitrophenol solution N7660 Sigma Aldrich, UK 

αMEM 32571 Life Technologies, USA 

Accutase A1110501 Fisher Scientific, USA 

Acetic acid 305238 Scientific Laboratory Supplies, UK 

Acid Fuchsin F8129 Sigma Aldrich, UK 

Alexa Fluor 488  Life technologies, USA 

Alexa Fluor 800  Life technologies, USA 

Alizarin Red S A5533 Sigma Aldrich, UK 

Alamar Blue DAL1025 Fisher Scientific, USA 

Analine Blue 415049 Sigma Aldrich, UK 

Anti-Ki67 rabbit 
antibody 

Ab15580 Abcam, UK 

Β-glycerol phosphate G9422 Sigma Aldrich, UK 

Blocking buffer (TBS)927-50010 LICOR, UK 

Calcein Blue M1255 Sigma Aldrich, UK 

Calcein Green C0875 Sigma Aldrich, UK 

Cetylpyridinium 
Chloride 

C0732 Sigma 

Chloroform C2432 Sigma Aldrich, UK 

Collagenase, type 1a C9891 Sigma Aldrich, UK 

Dexamethasome D4902 Sigma Aldrich, UK 

Di-butyl phthalate 524980 Sigma Aldrich, UK 

Diethanolamine D8885 Sigma Aldrich, UK 

Dimethylformamide D4551 Sigma Aldrich, UK 

DMEM D5671 Sigma Aldrich, UK 

DMSO 0231 VWR, USA 

EDTA E6758 Sigma 

Ethanol Absolute E7023 Honeywell, USA 

Ethanol (histology)  Fisher scientific 

EvoScript Universal 
cDNA Master 

07912455001 Roche, Switzerland 

Ferric acid F7134 Sigma Aldrich, UK 

Formical 2000 DCF20GAL American Master Tech, USA 

Glacial acetic acid 305238 Scientific Laboratory Supplies, UK 

Harris Hematoxylin 3801560BBE Leica, UK 

HBSS 14025 Life Technologies, USA 

HEPES H3874 Sigma Aldrich, UK 

Hydrochloric acid 320331 Honeywell,USA 

IBMX 15879 Scientific Laboratory Supplies, UK 
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Insulin 15500 Scientific Laboratory Supplies, UK 

Isopropanol 278475 Sigma Aldrich, UK 

L-Ascorbic acid 49752 Sigma Aldrich, UK 

Lightcycler 480 probes 
master 

04887301001 Roche, Switzerland 

Light green 214566 Sigma Aldrich, UK 

M-CSF Cyt-439 Prospec 

Methoxyethyl acetate 109886 Honeywell, USA 

Methyl methacrylate 1955909 Sigma Aldrich, UK 

MgCl2 M2670 Sigma Aldrich, UK 

NaCl S7653 Sigma Aldrich, UK 

Naphtol AS BI 
phosphate 

N2125 Sigma Aldrich, UK 

Naphtol AS TR 
phosphate 

N6125 Sigma Aldrich, UK 

Neutral buffered 
formalin 

 Leica, UK 

Non-immune goat 
serum 

 Vector, USA 

Non-phosphorilated β-
catenin rabbitantibody 

Ab32572 Abcam, UK 

Orange G 03756 Sigma Aldrich, UK 

Paraformaldehyde  Sigma Aldrich, UK 

Pararosanaline MKBP3538V Sigma Aldrich, UK 

PBS D8537 Sigma Aldrich, UK 

Phosphotungstic acid P4006 Sigma Aldrich, UK 

Β-actin mouse antibody Ab8226 Abcam, UK 

Perilipin rabbit antibody Ab61682 Abcam, UK 

Qiazol  Qiagen, Germany 

Recombinant Wnt3a 
antibody 

Ab219412 Abcam, UK 

RNeasy Micro kit  Qiagen, Germany 

SDS L4509 Sigma Aldrich, UK 

Sodium acetate 
anhydrous 

S2889 Sigma Aldrich, UK 

Sodium hydroxude 655104 Sigma Aldrich, UK 

Sodium phosphate 342483 Sigma Aldrich, UK 

Surgipath Paraplast 
formula R 

 Leica, UK 

Tris HCl T3253 Sigma Aldrich, UK 

Triton X-10 T6878 Rohn & Haas Company, Germany 

Trizol  Qiagen, Germany 

Tween 20 P7949 Sigma Aldrich, UK 

Uni-Trieve NB325 Innovex biosciences, USA 

Urea U6504 Sigma Aldrich, UK 
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Vectashield mounting 
medium with DAPI 

H1200 Vector, USA 

Xylene X0250 Fisher scientific, USA 

 
 

2.2 General 

 

2.2.1 Animals 

 Sdc3 KO mice on a C57Bl6 background377 were obtained from the laboratory 

of Dr. Addolorata Pisconti, University of Liverpool, United Kingdom. Animals were 

housed in a pathogen-free facility, at the University of Liverpool. All procedures were 

in accordance with the Animals (Scientific Procedures) Act 1986 and the EU Directive 

2010/63/EU and after the local ethical review and approval by Liverpool University’s 

Animal Welfare and Ethical Review Body (AWERB). Sdc3 KO were generated from 

heterozygote breeding. Control mice were littermates and age- and sex-matched on 

the C57Bl6 background.  

 

2.2.2 Mechanical testing by three-point bend test 

 To determine bone stiffness and breaking strength three-point bending tests 

were performed with a material testing machine (Zwick/ Roell Z0.5, Switzerland) 

fitted with a 50 N load cell. Femurs were mounted on two supports 8mm apart with 

the anterior part facing upwards (Figure 2.1). All femurs were mounted in the same 

way to reduce variability between specimens. 
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Figure 2.1: Diagram of a three-point bending test. 

 

Axial bending load was applied to the femurs of 3-month-old wild-type (WT) 

and Sdc3 KO male mice and tested until failure, at which point the bones fracture. 

The cross-head was lowered at 1mm/min and force was recorded after every 0.7 µm 

change in deflection. Failure and fractured points were identified from the load-

extension curve as the point of maximum load and where the load rapidly decreased 

to zero, respectively. The stiffness was defined as the slope of the linear portion of 

this curve.  

 

2.2.3 Bone imaging by microCT 

 Left legs, right legs and spines of WT and Sdc3 KO mice at 3 and 6-months-old 

were harvested and fixed overnight in Neutral buffered formalin and stored in 70% 

ethanol. Bones were then scanned by µCT using a Skyscan 1272 system (SKYSCAN, 

Belgium) with a rotation step size of 0.3° over 180°, an isotropic resolution set at 

4.5µm, X-ray source at 50 kV and 200 µA, 0.5 mm aluminium filter, no camera binning 

and no averaging. Images were reconstructed using Skyscan “NRecon” software 

(SKYSCAN, Belgium) which provides images of the analysed bones slice-by-slice. The 

reconstructed set of slices were then viewed in Skyscan’s “-Data-Viewer-” software 



61 
 

(SKYSCAN, Belgium) to allow reorientation of the scans and select a defined volume 

of interest for analysis (Figure 2.2). Using Skyscan “CT-Analyser” (SKYSCAN, Belgium) 

or “CTAN” software (SKYSCAN, Belgium) the data set was then analysed for 

morphometry using a macro (details in appendix) with a fixed threshold to 

differentiate mineralised bone from soft tissue. For trabecular analysis 

measurements were taken from 200 slices immediately distal to the growth plate of 

tibias and immediately proximal to the growth plate of femurs. For cortical analysis 

100 slices immediately distal the end of the trochanter of the femur and proximal to 

the tibio-fibular junction of the tibia (Figure 2.2). Trabecular bone was separated 

from cortical bone using a CTAN macro (details in Appendix), and the same macro 

then performed measurements of the cortical and trabecular parameters according 

to ASBMR guidelines378. Spines were also scanned with the same parameters as 

described above and analysed with the volume of interest being between the growth 

plates of the lumbar vertebrae 5 (L5) (Figure 2.3). With CTAN, a circle of 

approximately 0.9mm was used to delineate the area of interest of the vertebrae, 

encompassing as much trabecular bone as possible excluding cortical bone and then 

analysed with a macro (details in Appendix) to measure trabecular bone only. For the 

2-day-old pups, whole skeletons were scanned at a resolution of 9 µm and 

reconstructed as detailed above. The data set was analysed with Skyscan CTAN with 

a macro (details in Appendix) which allowed to differentiate soft tissue from bone 

using a fixed threshold and tibial bone volume measured between the proximal and 

distal growth plates. 

 For tibial length measurements of 3-month-old mice, the distance between 

proximal and distal growth plates was measured on the µCT scans described above 

using Data Viewer. For the tibial length measurements of the pups, the full length of 

mineralised tibial diaphysis at P2 was measured on µCT longitudinal scans of 9µm 

scans using Data Viewer.  
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Figure 2.2: Screenshots from Skyscan “Data-Viewer” – software. Images illustrate 
the selected regions for trabecular analysis of tibias (A) and femurs (B) and for 
cortical analysis of tibias (C) and femurs (D) 

 

 

Figure 2.3: Screenshots taken from Skyscan “Data-viewer”- software (A) and CT-
AN – software (B). Images show selected regions for trabecular analysis of the L5 
(A) and the region of interest (B). 
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2.3 Histology 

2.3.1 Bone histomorphometry 

 Mice received two intra-peritoneal (IP) injections of calcein (200µl IP injection 

of 2mg/ml) 5 days and 2 days before culling. Legs were then fixed in neutral buffered 

formalin for 24 hours and then stored in 70% ethanol. After µCt analysis, tibia samples 

were processed with a Leica ASP300 tissue processor (Leica Microsystems, UK) and 

dehydrated through a series of alcohol washes and cleared in xylene (Table 2.1). 

Samples were then infiltrated at 4°C under vacuum with a mixture of 88.99% methyl 

methacrylate (MMA), 10% di-butyl phthalate, 1% Perkadox 16 and 0.01% Tinogard 

for 7 days. Next, Teflon embedding blocks were filled with methyl methacrylate and 

bones were placed in the sample wells. The wells were sealed with air-tight lids and 

the blocks were left to polymerise in a water bath at 30°C at least overnight until 

polymerisation was complete. Then, lids were removed and embedding rings were 

attached by adding a mixture of two parts yellow cold curing resin powder with one-

part Technovit mounting media. Blocks were left to harden for at least 2 days before 

sectioning at 5µm with a Leica RM2265 motorised microtome (Leica Microsystems, 

UK) fitted with a tungsten steel D-profile knife. Sections were mounted on to Leica X-

tra slides, covered with kissol film and placed under pressure with a slide-press in a 

dry incubator at 37°C for 48 hours. This protocol is based on a protocol described by 

van ‘t Hof et al.379.  

Table 2.2: Dehydration steps.  

Steps Solution in basket Processing Time 

1 70% EtOH 30min 

2 80% EtOH 2h 

3 96% EtOH 2h 

4 100% EtOH 3h 

5 100% EtOH 3h 

6 Xylene 1h 

7 Xylene 12h 

 

 

2.3.1.1 Calcein staining 

 For analysis of bone formation, sections were stained, without being 

deplasticised, for 3 minutes in 0.1% Calcein Blue, pH8. The sections were washed 3 

times in water, dehydrated though a decreasing alcohol series, cleared in xylene and 
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coverslipped using the automatic coverslipper of a Leica auto stainer. The sections 

were then visualised using the Zeiss Axio Scan.Z1 slide scanner (Carl Zeiss LTd., UK) 

with a monochrome camera and a 20x lens resulting in a pixel size of 0.227 µm. Bone 

histomorphometric analysis of bone formation parameters was performed using a 

custom in-house developed image analysis program based on ImageJ, available at 

https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/  (developed by 

Prof. Rob van ‘t Hof379). 

 

2.3.1.2 Tartrate-resistant acid phosphatase (TRAcP) staining 

For analysis of bone resorption parameters, sections were stained for 

tartrate-resistant acid phosphatase (TRAcP), to identify osteoclasts, and Aniline Blue, 

to identify bone. This staining method was based on the method described by 

Chappard et al. 380 and Van ‘t Hof et al. 379.  Sections were deplasticised in 3 changes 

of 2-methoxyethyl acetate (MEA), cleared in two changes of Xylene and taken 

through a decreasing alcohol series to water (Table 2.3). The sections were incubated 

at 37°C for up to 2 hours in a staining solution of naphtol ASBI-phosphate (1.4mg/ml) 

and fast red (1.4 mg/ml) in a 0.2 M acetate buffer (pH 5.2) containing 50 mM sodium 

tartrate. After the TRAcP stain the sections were washed in two changes of distilled 

water and counterstained for 15 min using 0.33 g/l Aniline Blue and 6g/l 

phosphotungstic acid in water, and briefly washed in three changes of water. The 

sections were then coverslipped using Apathy’s serum. For the imaging of the TRAcP 

stained sections, a Zeiss Axio Scan.Z1 slide scanner (Carl Zeiss Ltd., UK) in brightfield 

mode was used with a 10× lens together with a colour camera resulting in a pixel size 

of 0.442 µm. Analysis was performed using a custom in-house developed analysis 

program based on ImageJ, available at https://www.liverpool.ac.uk/ageing-and-

chronic-disease/bone-hist/  (developed by Prof. Rob van ‘t Hof379). 

 

 

 

 

 

https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/
https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/
https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/
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Table 2.3: Deplasticizing steps. Steps performed to remove the resin from the 
sections to allow stains to penetrate the tissue. 

Steps Solution in basket Processing time 

1 MEA 20min 

2 MEA 20min 

3 MEA 20min 

4 Xylene 10min 

5 Xylene 10min 

6 100% EtOH 2min 

7 100% EtOH 2min 

8 80% EtOH 1min 

9 70% EtOH 1min 

10 50% EtOH 1min 

11 Distilled water 1min 

 

2.3.1.3 Goldner’s Trichrome staining 

 For bone marrow fat analysis, sections were deplasticized, following the 

parameters described in Table 2.3, and placed in freshly made Weigert’s Solution381, 

which is made up of equal parts of Weigert’s Iron Haematoxylin solution A and 

Weigert’s Iron Haematoxylin solution B, for 30 minutes. Next, sections were washed 

in running tap water for 10 minutes, rinsed with distilled water then stained in 

Ponceau Acid Fuchsin for 30 minutes. Next, sections were rinsed in 1% Acetic acid, 

placed in Phosphomolybdic Acid-Orange G solution for 5 minutes, rinsed in 1% acetic 

acid for 30 seconds, stained in Light Green stock solution for 10-15 minutes and 

rinsed again in 1% acetic acid for 5 minutes. Sections were then blotted dry, 

dehydrated in 3 baths of 2-propanol and 2 baths of 70% EtOH and finally slides were 

coverslipped using the Leica CV5030 automated coverslipper (Leica Microsystems, 

UK). For imaging of Goldner’s Trichrome stained sections, a Zeiss LSM800 confocal 

microscope (Carl Zeiss Ltd., UK) on brightfield mode using a 10x lens and quantified 

using and in-house developed program (FatHisto) based on ImageJ developed by 

Prof. Rob van’ t Hof. For details on solutions please see Appendix 1. 
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2.3.2 Immunohistochemistry 

For immunohistochemistry analysis, tibias were dissected and cleared of soft 

tissue, placed in neutral buffered formalin for 24 hours and then stored in 70% 

ethanol. After µCT analysis, samples were decalcified in Formical 2000 decalcification 

solution overnight on a rocking platform at room temperature. Samples were then 

processed using a Leica ASP300 tissue processor (Leica Microsystems, UK) as 

described in table 2.4. 

 

Table 2.4: Wax processing steps. 

Solution Duration Temperature 

70% EtOH 15min Room temperature 

90% EtOH 60min Room temperature 

100% EtOH 20min Room temperature 

100% EtOH 40min Room temperature 

100% EtOH 60min Room temperature 

100% EtOH 120min Room temperature 

Xylene 20min Room temperature 

Xylene 40min Room temperature 

Xylene 60min 40°C 

Wax 30min 62°C 

Wax 60min 62°C 

Wax 150min 62°C 

 

 After processing, samples were embedded within Surgipath Paraplast into 

embedding cassettes with the aid of the Leica EG1150 H embedding station. Next, 

tissue was sectioned using a Thermo-Fisher HM 355S Automatic microtome fitted 

with a Cool-cut Section Transfer System (Thermo-Fisher, USA). 

 

2.3.2.1 Perilipin immunostaining 

 Sections were dewaxed (Table 2.5), incubated in Unitrieve solution for 30 

minutes in an oven at 50°C. The Unitreve solution was then removed and the sections 

blocked in non-immune goat serum for 30 minutes. Next, sections were incubated in 
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primary rabbit perilipin antibody at 1:500 dilution in blocking buffer overnight at 4°C. 

After primary antibody incubation, samples were washed 3 times in PBS, incubated 

for an hour in a 1:200 dilution of secondary goat anti rabbit Alexa Fluor 594 

(Invitrogen), washed again 3 times in PBS and coversliped with Vectorshield 

containing DAPI and sealed with nail varnish. Controls exposed to no primary 

antibody were also performed to confirm specificity of staining. The sections were 

then visualised using the Zeiss Axio Scan.Z1 slide scanner (Carl Zeiss Ltd., UK) with a 

monochrome camera and a 20x lens resulting in a pixel size of 0.227 µm. 

 

Table 2.5: Dewax steps. Steps performed to remove the wax from the sections to 
allow stains to penetrate the tissue. 

Steps Solution in basket Processing time 

1 Xylene 2min 

2 Xylene 2min 

3 100% EtOH 1min 

4 90% EtOH 1min 

5 70% EtOH 1min 

6 Distilled water 1min 

 

 

2.3.3 In vivo loading 

 The right tibia of 10-week old WT (N=6) and Sdc3 KO (N=8) male mice were 

loaded in accordance to the model described by De Souza et al. for investigating tibial 

cancellous and cortical bone response to loading382.  Mice were kept under isoflurane 

anaesthetic throughout the procedure in order to keep tibias positioned correctly. 

Tibias were held between padded cups vertically, as shown in Figure 2.4, with both 

knee and ankle in deep flexion. Dynamix axial loads were applied with a mechanical 

test instrument (ElectroForce 3100, TA instruments, USA) through the knee joint via 

the upper loading cup, attached to the actuator, for 40 cycles at 11N and a frequency 

of 0.1 Hz, with 10 second rest between cycles, three times a week over 2 weeks382. 

The lower cup was linked to the load cell allowing the applied load to be monitored. 

The left tibia was used as a contra-lateral control. To assess bone formation, each 
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mouse received IP injections of calcein (200µl IP injection at 2mg/ml) 5 days and 2 

days before culling. Histomorphometry analysis was performed as described above. 

 

Figure 2.4: Diagrammatic representation of the loading model. Estimated position 
of the flexed mouse hind limb when placed in the loading apparatus, showing 
approximate position of the bones relative to the upper and lower loading cups 
and the loading direction383.  

 

 

2.4 Tissue culture 

2.4.1 Isolation and culture of bone marrow macrophages and osteoclasts 

Bone marrow was obtained from 8-week-old WT and Sdc3 KO female mice. 

First, after culling, animals were skinned and hind limbs were removed. All soft tissue 

was removed from bones by scraping the bones thoroughly with the aid of a scalpel. 

Tibias and femurs were separated, and the epiphyses were cut off. The diaphysis 

were opened using a 27 gauge hypodermic needle. Bones of each limb were then put 

in to a 500µl Eppendorf containing a hole in the bottom of the tube. This small 

Eppendorf was contained in a 1.5ml Eppendorf with 125µl of complete αMEM 

(supplemented with 10% FCS and 1% P/S). The Eppendorfs were centrifuged in a 1-

14 Microfuge (Sigma, UK) at 800xg for 3 minutes at room temperature. This resulted 

in the bone marrow being flushed out of the bones and collected in the larger 

Eppendorf. The pellets of each Eppendorf were resuspended, collected and 

transferred to a petri dish containing 10ml of standard αMEM supplemented with M-

CSF at 100 ng/ml. Cells were incubated for 3 days at 37°C in a humidified 5% CO2 

atmosphere to allow the attachment of the cells. After 3 days medium was removed, 

cells were washed in PBS to remove all non-adherent cells and fresh media 

supplemented with M-CSF at 100ng/ml. Cells were left to grow until confluent with 

medium changes performed every 3 days.  
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For osteoclast generation, confluent macrophages were lifted by removing 

medium, washing in PBS and adding 2.5ml of Accutase. Cells were then incubated for 

3 minutes at 37°C in a humidified 5% CO2 atmosphere to allow cells to detach. When 

detached, 5.5 ml of medium was added to the tissue culture dish and the resulting 

cell suspension transferred to a 15ml tube making sure most of the cells were 

transferred. The cell suspension was then centrifuged at 300xg for 3 minutes. 

Supernatant was discarded and pellet resuspended in 5 ml of medium. Cells were 

then counted with the aid of a TC20 automated cell counter (Bio-Rad, USA).  

For RANKL dose response assays cells were plated (15x104 cells/ml) in a 96-

well plate in a total volume of 150µl, 5 wells for each RANKL concentration (0, 10, 25, 

50 and 100ng/ml). Cells were incubated at 37°C in a humidified 5% CO2 atmosphere 

in standard αMEM supplemented with 25ng/ml of M-CSF and the appropriate 

concentration of RANKL (kindly donated by Dr Jim Dunford, University of Oxford, 

Oxford, UK) for up to 7 days with medium changes every other day. 

For resorption assays, prior to seeding, dentin slices were sterilised and 

placed in the well of a 96-well plate. Next, cells were added (15x104 cells/well) to the 

dentin slice in a drop of 25µl, incubated for 1 hour for cells to attach to the dentin 

slice and the remaining 125µl of medium added containing M-CSF at 1:4000 dilution 

and 100ng/ml of RANKL. Cells were incubated at 37°C in a humidified 5% CO2 

atmosphere with half the medium exchanges performed every 2-3 days.  

To obtain RNA, macrophages were plated on 6-well plates (6x105 cells/well) 

and cultured in complete αMEM. For generation of macrophages, the culture media 

was supplemented with M-CSF (100ng/ml) while to generate pre-osteoclasts and 

osteoclasts media was supplemented with M-CSF (25ng/ml) and RANKL (100ng/ml). 

Macrophages were cultured until confluent, pre-osteoclasts were cultured for 

approximately 2 days and osteoclasts were cultured for 5 to 6 days. 

 

2.4.1.1.1 Tartrate resistance acid phosphatase (TRAcP) staining 

After end of the culture period, cells were fixed in 4% PFA for 10 minutes and 

washed twice in PBS. For TRAP staining solution I mixed solution 1 and 2 together 

(details of solutions can be found in appendix 1), filtered the solution mix and added 

50µl of the mix to each well. The plate was incubated for at least 30 minutes at 37°C. 
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Before removing the stain, plates were checked under the microscope for red 

osteoclasts. After confirming osteoclasts were stained, staining solution was 

removed, cells were washed in distilled water and stored in 70% ethanol at 4°C until 

osteoclast counts were performed. For the osteoclast counts, TRAP positive cells with 

more than 3 nuclei were counted with the aid of a microscope. Osteoclast nuclei 

counts were taken from wells stimulated with 100ng/ml of RANKL, also of TRAP-

positive cells containing more than 3 nuclei. 

 

2.4.1.1.2 Resorption assay 

After 14 days of culture (as detailed in section 2.3.1), medium was removed, 

cells were washed in PBS and fixed in 4% PFA for 10 minutes at room temperature. 

Cells were then stained for TRAP and TRAP positive cells were counted using a 

microscope. Next, dentin slices were cleaned and imaged using an Olympus reflected 

light microscope fitted with a 5x lens and a Zeiss camera. Pits are visible as dark areas 

on a light grey background using this technique (see figure 5.3 in chapter 5). 

Resorption was measured using custom software based on ImageJ developed by Prof 

van ‘t Hof. 

 

2.4.1.1.3 RNA extraction of osteoclasts and macrophages 

Extraction of RNA was performed using the RNeasy Micro kit (Qiagen, 

Germany) according to the manufacturer’s instructions as follows: Medium was 

removed from wells and cells were washed gently once in PBS. To the washed cells, 

700µl of Qiazol was added to each well to lyse the cells. The cell lysates were collected 

through thorough scraping. This was transferred into separate microcentrifuge tubes.  

The lysates were vortexed for 1 minute in order to homogenize the samples. 

The lysates were incubated at room temperature for 5 minutes. To each sample, 

140µl of chloroform was added and then shaken vigorously. The samples were 

incubated at room temperature for 2-3 minutes and then centrifuged in a 5415 R 

centrifuge (Eppendorf, Germany) at 12,000g for 15 minutes at 4°C. The upper 

aqueous phase (~350µl) was transferred to a new microcentrifuge tube and 1.5 times 

the volume in the tube (~525µl) of 100% ethanol was added and mixed by pipetting 

up and down.  
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To the spin columns provided by the kit, 700µl of the sample was added and 

these were centrifuged at 8,000g for 15 seconds at room temperature. Flow-through 

was discarded and procedure was repeated if needed. To each sample, 500µl of RPE 

buffer was added and the tubes were centrifuged at 8,000g for 15 seconds at room 

temperature. Flow-through was discarded and 500µl of RPE was added again and 

tubes centrifuged at 8,000g for 2 minutes at room temperature.  

To elute the RNA from the spin columns, they were transferred to a new 

Eppendorf and 30µl of RNase-free water was added. Tubes were centrifuged at 

8,000g for 1 minute, at room temperature. A further 30µl of RNase-free water was 

added and tubes were centrifuged at 8,000g for 1 minute. Finally, RNA quantities and 

purities were assessed using the NanoDrop 2000TM spectrophotometer (Thermo 

Fisher, USA). RNA samples were stored at -80°C until used. 

 

2.4.2  Osteoblast culture 

2.4.2.1 Osteoblasts isolation 

Bone chips 

 To isolate osteoblasts from bone chips, after obtaining bone marrow from 

femurs and tibias as described above, the clean bones were cut into small fragments 

using a scalpel. The fragments were then transferred to a T25 flask containing 5ml of 

1mg/ml collagenase. Flasks were then incubated in a shaking water bath at 37°C for 

1 hour. Next, the supernatant was discarded and bone chips were washed vigorously 

in HBS at least 3 times until fragments were separated from each other. When 

fragments were no longer clumping together, HBS was removed and 5ml of complete 

αMEM added. Flasks were incubated for 5 days in a humidified incubator at 37°C with 

5% CO2. After 5 days, medium was removed, bone chips were washed in PBS and 

fresh medium was added. Flasks were maintained for up to 1 month, with half 

medium changes performed twice a week, until confluency was reached at which 

point cells were trypsinized, bone chips removed and cells transferred to a T75 flask 

and cultured until confluent. When confluency was reached, the cells were plated in 

6 well plates (6x105 cells/well) for RNA/DNA/Protein studies and grown in complete 

αMEM until confluent, in 12 well plates (100 000cells/well) for mineralisation assays 

by growing cells in complete DMEM (supplemented with 10% FCS and 1% P/S) 
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containing 2mM of BGP and 50µg/ml of L-Ascorbic Acid  for 21 days with half medium 

changes performed every other day, in 96-well plates (15 000 cells/well) for alkaline 

phosphatase assays and on coverslips in 12-well plates (100 000 cells/well) for cell 

proliferation assays. 

 

Calvaria 

 For isolation of osteoblasts from calvaria, WT and Sdc3 KO 2-day old pups 

were sacrificed, sprayed with 70% ethanol and the scalp was delicately removed. 

Then, coronal and lambdoid sutures were identified and cuts were performed around 

them with the aid of scissors. The calvarial bones were removed and transferred to a 

petri dish containing 10 ml of PBS. After all calvaria were dissected from an individual 

litter, these were transferred to a T25 flask and washed twice in HBS. After washes, 

HBS was removed, 5ml of 1mg/ml collagenase was added and flasks were incubated 

in a shaking water bath at 37°C for 10 minutes. Then, supernatant was discarded and 

a second collagenase digestion was performed for 30 minutes. Next, supernatant was 

kept in a 15 ml falcon tube which was then centrifuged at 300g for 3 minutes, 

supernatant discarded, the pellet was resuspended in 1 ml of complete αMEM and 

the tube was set to one side. The flask containing the calvaria was washed twice in 

PBS and 5ml of 4mM EDTA was added. Flasks were incubated in a shaking water bath 

at 37°C for another 10 minutes. Next, the supernatant was kept as described before 

and flask containing calvaria was washed twice in HBS and a final collagenase digest 

was performed for 30 minutes. After, supernatant was kept as described before and 

all 3 fractions were combined and transferred to a T75 flask and medium was added 

to make up 15 ml. to the flask containing the calvaria, fresh medium was added. Both 

flasks were incubated in a humidified incubator at 37°C with 5% CO2 until cells 

reached confluence. When confluence was reached, cells were plated in 12-well 

plates (100 000cells/well) and after reaching confluence were grown in osteogenic 

medium made up of complete DMEM containing 2mM of BGP and 50µg/ml of L-

Ascorbic Acid for 21 days with half medium changes performed every other day. 
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Bone marrow stromal cells 

 For isolation of MSCs, bone marrow was extracted as described previously 

(2.4.1), transferred to a 15ml falcon tube and resuspended in 12ml of complete 

αMEM. Next, the cells were plated directly in to 12-well plates, 1 ml per well, and 

grown until confluent. When confluence was reached cells were grown in either 

osteogenic conditions, made up of complete DMEM containing 2mM of BGP and 

50µg/ml of L-Ascorbic acid or adipogenic conditions, made up of 1µM of 

Dexamethasome, 0.5mM of IBMX and 10µg/ml of insulin in complete αMEM. 

 

2.4.2.2 Mineralisation assay 

For mineralisation assays, cells grown in 12-well plates in osteogenic medium 

were fixed, after 21 days, in ice cold 70% ethanol, washed with water and stained 

with 40mM Alizarin Red S for 20 minutes on a rocker. Next, plates were washed 

overnight in water and air dried. To destain and quantify the mineralised nodules, 

experimental wells were incubated in a destaining solution made of 10% (w/v) 

cetylpyridinium chloride in 10mM sodium phosphate (pH 7) for 30 minutes on a 

rocker at room temperature. The de-staining solution was then harvested from the 

wells and added to a 96-well plate together with standards made up of the destaining 

solution. Plates were read on a SPECTROstar nano plate reader (BMG LABTECH, 

Germany) measuring absorbance at 562nm analysed with the plate reader software 

MARS (BMG LABTECH, Germany). 

 

2.4.2.3  Alkaline phosphatase assay 

For the ALP assay, osteoblasts from bone chips were plated at 15x103 

cells/well in a 96-well plate and cultured in 150µl complete αMEM with 10% FCS for 

24 hours (or to confluency).  Cell viability was determined by, performing an Alamar 

blue assay. Alamar Blue (100µl/well) was added to the osteoblast cultures containing 

fresh DMEM, and the plates were incubated in the dark for 2 hours at 37°C. Alamar 

blue signal was quantified by fluorescence using a FLUOstar Optima plate reader 

(BMG LABTECH, Germany) with plate reader software (BMG LabTech, Germany), set 

to excitation 560nm and emission 590nm. Next, the medium with Alamar blue was 

removed, cells were washed and fixed in 4% PFA and stored in the freezer until the 
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ALP assay was performed. To perform the ALP assay, plates were defrosted overnight 

at 4°C, 100µl of substrate solution (20mM paranitrophenyl phosphate (PNPP) in 1M 

Diethanolamine and 1mM MgCl2, pH 9.8) was added to experimental wells and 

standards, a serial dilution of paranitrophenyl which is the reaction product, were 

added to blank wells. This assay involved a colour change from colourless to yellow 

relative to enzyme activity. Alkaline phosphatase enzyme activity was measured 

using the conversion of PNPP by measuring absorption at 405 nm on a SPECTROstar 

nano plate reader (BMG LABTECH, Germany) at 1 min intervals for 30 minutes. The 

slope of the resulting curve was calculated using Excel. Alkaline phosphatase 

measurements were corrected for cell number by dividing by the Alamar Blue signal. 

 

2.4.2.4  Cell proliferation assay 

For proliferation assays, cells plated on to coversilps and cultured until semi 

confluent were fixed in methanol, permeabilized with 0.1% Triton X-10 and blocked 

in 10% FCS in PBS. Coverslips containing cells were then incubated in a 1:250 dilution 

of Anti-Ki67 rabbit primary antibody, washed in PBS, incubated in a secondary goat-

anti-rabbit Alexa Fluor 488 antibody at 2µg/ml, and washed again in PBS. 

Immunostained coverslips were finally mounted on a slide with Vectashield mounting 

medium containing DAPI. Imaging was performed using a Zeiss Axio Scan.Z1 slide 

scanner (Carl Zeiss Ltd., UK) in fluorescence mode for DAPI and AF488 using a 10x 

lens, and Ki-67 positive (green and blue) and negative (blue) nuclei quantified using 

a macro on ImageJ. 

 

2.4.3  Adipocytes 

For adipocyte generation, MSCs were obtained as mentioned above, grown to 

confluence and then stimulated for up to 17 days with adipogenic medium by adding 

1µM of Dexamethasome, 0.5mM of IBMX and 10µg/ml of insulin to complete αMEM. 

At the end of the culture period, RNA was extracted by the triple extraction method 

described below. 
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2.5 Molecular analysis 

2.5.1  RNA, DNA and Protein extraction 

Cells were lysed with Trizol and triple extraction was performed as previously 

described384. Briefly, each well was washed in PBS and 700µl of Trizol was added to 

each well. Then, cell lysates were collected with the aid of a cell scraper and pipetted 

into a microcentrifuge tube. Tubes were vortexed for approximately 1 minute to 

homogenize cells. Tubes were incubated at room temperature for 5 minutes. Then, 

140µl of chloroform was added to each tube and then shaken vigorously. Tubes were 

incubated at room temperature for 2-3 minutes and then centrifuged at 12,000g for 

15 minutes at 4°C. The upper aqueous phase (350µl) was transferred to a new 

microcentrifuge tube. The remaining phases were kept on ice to later extract DNA 

and protein.  

For RNA: 

To the tube containing the aqueous phase, 350µl of isopropanol was added, 

tubes were shaken vigorously and incubated at room temperature for 10 minutes. 

Next, the tubes were centrifuged at 12,000g for 15 minutes at 4°C. Supernatant was 

discarded and the pellets were washed in 525µl of 100% ethanol and 21µl of 3M 

sodium acetate. The tubes were centrifuged at 7500g for 5 minutes at 4°C. 

Supernatant was discarded, and the pellets washed again in 700µl of 100% ethanol 

and centrifuged at 7500g for 5 minutes at 4°C. The supernatant was discarded, and 

the pellets were left to airdry for 5-10 minutes. 40µl of RNase free water was added 

to tubes which were then incubated at room temperature for 1 minute. Finally, tubes 

were incubated at 55.5°C for 10-15 minutes and stored at -80°C until used. 

For DNA: 

The remaining aqueous phase overlying the interphase was removed carefully 

and 300µl of 100% ethanol was added to each tube. Tubes were mixed vigorously 

without vortex and incubated for 2-3 minutes at room temperature. Tubes were then 

centrifuged at 2000g for 5 minutes at 4°C to pellet the DNA. The phenol-ethanol 

supernatant was transferred to a new tube and kept on ice until protein isolation was 

performed. To the tube containing the pellet of DNA, 700µl of 0.1M sodium citrate in 

10% ethanol, pH 8.5, was added to resuspend the pellet. Tubes were centrifuged at 

2000g for 5 minutes at 4°C and supernatant was discarded. The resuspension step 
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was repeated, the supernatant discarded and pellet was resuspended in 1.05ml of 

75% ethanol. Tubes were incubated for 10-20 minutes with occasional mixing by 

gentle inversion. After incubation, tubes were centrifuged at 2000g for 5 minutes at 

4°C and supernatant was discarded. DNA pellet was airdried for 5-10 minutes and 

then resuspended in 300µl of 8mM NaOH. Tubes were centrifuged at 12,000g for 10 

minutes at 4°C to remove insoluble materials and supernatant was transferred to a 

new Eppendorf and pH was adjusted with 1M HEPES buffer to pH 7-8 and 1mM EDTA 

was added. DNA was stored at -20°C for future work. 

For protein: 

The phenol-ethanol supernatants were loaded into dialysis membranes which 

were then transferred into a large beaker containing 0.1% SDS solution. Membranes 

were left to dialyse for 16 hours at 4°C. After 16 hours, the SDS solution was refreshed 

and membranes were incubated for a further 4 hours at 4°C. After 4 hours, the 

solution was refreshed again, and membranes were incubated for 2 hours at 4°C. 

During dialysis, the samples partitioned in to three phases: a colourless supernatant, 

a globular mass and a colourless, viscous liquid. After 2 hours, the globular mass was 

removed from the membrane and resuspended in 200µl total solvent in 8M urea in 

Tris-HCl, pH 8 and 1% SDS in molecular-grade water with a 1:1 ratio of the Tris-HCl 

and the SDC. Protein samples were stored at -20°C until further use. 

 

2.5.2  cDNA synthesis 

cDNA was synthesized using the EvoScript Universal cDNA Master (Roche, 

Switzerland) according to the manufacturer’s instructions. Briefly, before setting up 

reactions all reagents were vortexed and centrifuged briefly. To a new Eppendorf, 

1µg of RNA sample was added, 4µl of 5x concentrated reaction buffer and PCR grade 

water to a final volume of 18µl. Tubes were mixed well, centrifuged briefly and 

incubated for 5 minutes at room temperature. After incubation, 2µl of 10x 

concentrated enzyme mix was added and mixed well. Tubes were then placed in a 

SimpliAmp Thermal Cycler (Thermo Fisher, USA) and the following protocol was 

followed: 
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Table 2.6: Reverse transcription protocol performed on a thermal cycler. 

Step Temperature Duration 

1 42°C 15min 

2 85°C 5min 

3 65°C 15min 

4 4°C ∞ 

2.5.3 Quantitative PCR 

For gene expression studies, the LightCycler 480 probes master (Roche, 

Switzerland) was used. Firstly, a master mix was prepared as follows: 

 

Table 2.7:  RT-qPCR master mix ingredient list. A different master mix was made up 
for each gene of interest. 

Reagent Volume for 1 sample 

Probes Master (2x) 5µl 

Primer forward 0.4µl 

Primer reverse 0.4µl 

Probe 0.2µl 

Water 3µl 

 
 
 
Table 2.8: RT-qPCR master mix ingredient list for primer/probe assays. A different 
master mix was made up for each gene of interest. 

Reagent Volume for 1 sample 

Probes Master (2x) 5µl 

Primer/Probe assay 0.5µl 

Water 3.5µl 

 

 After master mix was prepared, for each sample 9µl of master mix and 1µl of 

cDNA was added to a well in a 96-well PCR plate making up a total reaction volume 

of 10µl. For all RT-qPCR, the Mono Color Hydrolysis Probe/UPL protocol was followed 

using the following settings:  
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Table 2.9: RT-qPCR run program. 

Step Cycle(s) Temperature Time 

Pre-incubation 1 95°C 10min 

Amplification 45 95°C 10sec 

60°C 30s 

72°C 1s 

Cooling 1 40°C 30s 

 

All RT-qPCR was performed using the Lightcycler 480 (Roche, Switzerland) and 

every sample was analysed in triplicate. CT values were obtained and expression 

relative to HMBS (housekeeping gene) was calculated.  The housekeeping gene 

(HMBS) was chosen based on a study by Stephens et al.385. All primer/probe sets 

(Table 2.10) used had either been pre-validated by the lab group or validated Roche 

or Taqman RealTime ready single assays (Table 2.11). 

 

Table 2.10: Primer/ probe sets. 

Gene name Forward (5’-3’) Reverse (5’-3’) Probe 

Hmbs TCCCTGAAGGATGTGCCTAC AAGGGTTTTCCCGTTTGC 79 

TnfrsfF11a GTGCTGCTCGTTCCACTG                                             AGATGCTCATAATGCCTCTCCT                                 25 

Dcstamp ACAAACAGTTCCAAAGCTTGC GACTCCTTGGGTTCCTTGCT 11 

Nfatc1 TCCAAAGTCATTTTCGTGGA                                           TTTGCTTCCATCTCCCAGAC                           50 

Ctsk CGAAAAGAGCCTAGCGAACA                                        TGGGTAGCAGCAGAAACTTG                                         18 

Sdc3 CAGCTCCCTCAGAAGAGCATA CAGGAAGGCAGCGAAGAG 12 

Runx2 CCACAAGGACAGAGTCAGATTA

CA                     

TGGCTCAGATAGGAGGGGTA                                          60 

Alpl AAGGCTTCTTCTTGCTGGTG GCCTTACCCTCATGATGTCC 16 

Bglap AGACTCCGGCGCTACCTT CTCGTCACAAGCAGGGTTAAG 32 

Tnfrsf11 TGAAGACACACTACCTGACTCCT

G 

CCACAATGTGTTGCAGTTCC 88 

Opg ATGAACAAGTGGCTGTGCTG CAGTTTCTGGGTCATAATGCAA 69 

Col1a1 CTCCTGGCAAGAATGGAGAT                                AATCCACGAGCACCCTGA                   79 

Fgf2 TATGGATCTCCACGGCAAC GTCCACTGGCGGAACTTG 26 
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Table 2.11: RealTime ready single assays. 

GENE Assay ID Company 

Pparg (BC006779) 313623 Roche 

Adipoq 310252 Roche 

Axin2 315714 Roche 

Wnt10b 310539 Roche 

Ctnnb1 300053 Roche 

Lgr4 318678 Roche 

Atf4 318371 Roche 

Lgr5 310756 Roche 

Lgr6 318676 Roche 

Lrp5 310507 Roche 

Lrp6 310543 Roche 

Wnt3a 301106 Roche 

Smad6 300938 Roche 

Postn 316725 Roche 

On 313324 Roche 

Sdc1 Mm00448918_m1 Taqman 

Sdc2 Mm04207492_m1 Taqman 

Sdc4 Mm00488527_m1  Taqman 

Fzd1 317881 Roche 

Fzd7 310548 Roche 

 
 

2.5.4  Western blotting 

Osteoblasts (6x105 cells/well) were cultured in 6 well plates, serum starved 

overnight and stimulated with Wnt3a at 50ng/ml. After stimulation, the cells were 

lysed with Trizol as described above (2.4.1) and the protein concentration was 

determined by BCA protein assay. Twenty to 30 µg of protein were separated by 

denaturing 10% polyacrylamide gel (BioRad, UK) electrophoresis and transferred to a 

nitrocellulose membrane with a semi-dry Trans-Blot Turbo Transfer System (BioRad, 

UK) for 7 minutes at 25 volts and 2.4 amps. Membranes were blocked in LICOR 

blocking buffer for 1 hour at room temperature and incubated in non-phosphorylated 

(active) β-catenin rabbit primary antibody at 1:1000 dilution in LICOR blocking buffer 

overnight at 4°C. Following 3x 15-minute washes in TBS-T, membranes were 

incubated for 1 hour in secondary goat-anti-rabbit Alexa Fluor 800 antibody at 

1:10000 dilution. Following further washes in TBS-T membranes were reprobed with 

primary β-actin mouse antibody at 1:5000 dilution for 1 hour at room temperature, 

washed in TBS-T and incubated in secondary rabbit-anti-mouse Alexa Fluor 680 
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antibody at 1:10000 dilution for one hour at room temperature. After 3 final washes 

in TBS-T, membranes were visualised using the Odyssey CLx imaging system and 

analysed using Image Studio lite.   
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3. Syndecan-3 deletion induces a low bone volume phenotype 
in adult mice 

 

3.1 Introduction 
 

The skeleton plays an important role in providing support, protection of vital 

organs, aiding movement,  providing an environment for bone marrow, thus playing 

a role in haematopoiesis,  storage of minerals such as calcium and phosphorus and a 

reservoir of growth factors and cytokines, having also an important endocrine 

function 386–388. Bone is a metabolically active dynamic tissue that undergoes 

continuous changes with development and ageing 14,225,389. The two processes which 

are involved in the development and maintenance of bone are remodelling and 

modelling225. Bone remodelling begins during foetal development and continues 

throughout adult life, during which there is a coordinated turnover of bone by bone 

resorbing osteoclasts and bone forming osteoblasts, both of which work at the same 

bone remodelling unit (BRU)315,337,390. In ageing and especially in post-menopausal 

women there is an imbalance during bone turnover at each BRU which can lead to 

bone loss and a variety of metabolic disorders of the skeleton, such as 

osteoporosis337,390–393. In contrast to remodelling, bone modelling is a process in 

which bone is first formed and undergoes shaping or reshaping 337,387,390. Unlike what 

happens in bone remodelling, where osteoclast and osteoblast function is coupled, 

in modelling these cells work independently from one another 337,387. The process of 

modelling happens in response to mechanical loading and physiologic influences 

which allow the skeleton to adapt to the prevailing loads4,5,337,390.  

Osteoporosis is a skeletal disease characterized by low bone mass and 

microarchitectural deterioration of bone tissue with a consequent increase in bone 

fragility and susceptibility to fracture 316. This disease causes more than 8.9 million 

fractures annually worldwide, with one in three postmenopausal woman and one in 

five men being affected by it worldwide 320,394,395. Over the years several drugs have 

been developed that can prevent fractures due to osteoporosis. In the past two 

decades, bisphosphonates have been used as primary treatment for osteoporosis 

due to their low cost and efficacy315. They have a high affinity to bone and when taken 
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up by osteoclasts they are able to inhibit bone-resorbing activity315,360. Unfortunately, 

there is poor patient compliance and persistence to the treatment due to side-

effects, strict dosing requirements and because osteoporosis is a silent disease 

patients cannot detect improvement in symptoms and fail to appreciate the benefits 

of the treatment396,397. As such, it is important to continue to do research into 

possible new therapeutic approaches, especially anabolic, which have the capacity to 

stimulate bone formation398,399, that are more effective, less disruptive to the daily 

routine of the patient and perhaps with fewer side-effects. As I have outlined in detail 

in the Introduction in Chapter 1, current anabolic treatments available for patients 

with severe osteoporosis include Teriparatide (recombinant parathyroid hormone) 

and Romosozumab (anti-sclerostin antibody) but these also have limitations such as 

cost, subcutaneous administration and side-effects, hence the importance of 

research into other forms of anabolic teatment391.  

The understanding of which pathways and what factors may be controlling 

the process of bone ageing is still incomplete, oversimplified and one of the most 

difficult challenges in the field of osteoporosis 390,400,401. Identification of the 

mechanisms of action involved in osteoporosis could lead to exciting new approaches 

to diagnosis and treatment and also improved use of existing treatments for diseases 

such as osteoporosis 337,390. 

To ascertain the role of Sdc3 in the maintenance of prenatal and postnatal 

bone morphology I used microCT to analyse bones of Sdc3 KO and WT mice. 

 

3.2 Methods 
 
 To assess the effect of knocking out Sdc3 on bone morphometry, left hind legs 

and spines of WT and Sdc3 KO mice aged 3 and 6-months and whole skeletons of 2-

day old pups were harvested and fixed overnight in paraformaldehyde (4%) and 

stored in 70% ethanol. Bones were then scanned by µCT using a Skyscan 1272 

(Bruker, Belgium) and trabecular and cortical morphometry was analysed and leg 

lengths were measured (for details please see Chapter 2). Measurements of Sdc3 KO 

were normalised to those of the WT. 
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 In addition, flexural strength of femurs from 3-month-old mice was evaluated 

by dynamic three-point bending test on unfixed femurs of WT and Sdc3 KO mice using 

the ZWICK-mechanical testing machine (ZWICK, Switzerland). 

The weights of female and male WT and Sdc3 KO mice were recorded from 

week 1 after birth until 24 weeks of age. 

 Statistical analysis of the data was performed by an unpaired Student’s t test. 

 

3.3 Results 
 

3.3.1 Mouse weights 

 

 Body weights of WT and Sdc3 KO mice were taken weekly, from week 1 after 

birth to 24 weeks of age (N number can be found in Table 3.1). Although there was 

variation at different weeks of age, there were no significant differences noted 

between WT and Sdc3 KO males (Figure 3.1) or females (Figure 3.2).  

 

 
Figure 3.1: Weight of male WT and Sdc3 KO mice. No significant differences were 
seen during the 24 weeks of weighing. Values shown are means ± SD. N number 
can be found in table 3.1. 
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Figure 3.2: Weight of female WT and Sdc3 KO mice. No significant changes seen 
between WT and Sdc3 KO weights during the 24 weeks. Values shown are means 
± SD. N numbers can be found in table 3.1. 
 

 
Table 3.1: Number of mice (N) by age, gender and genotype. There is a higher 
variability in N number in the Sdc3 KO due to the collaborative nature of this work. 

 

Week 

WT Sdc3 KO 

Female Male Female Male 

1 10 12 9 11 

2 10 13 26 26 

3 10 13 14 14 

4 10 13 33 39 

5 10 13 30 32 

6 10 13 30 30 

7 10 13 21 21 

8 10 13 38 34 

9 10 13 14 30 

10 10 13 27 43 

11 10 13 - - 

12 10 13 27 12 

24 5 4 37 9 
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3.3.2 Morphometry of tibias and femurs of 3-month-old mice 

 

Trabecular analysis 

Trabecular analysis of tibias (Figure 3.3 A; Table 3.2) and femurs (Figure 3.3 

B; Table 3.2) of male Sdc3 KO mice showed a significant reduction in bone volume, 

when compared to male WT control mice. There was a 34% (p<0.001), 13% (p<0.001) 

and 24% (p<0.001) decrease in bone volume per tissue volume (BV/TV), trabecular 

thickness (Tb.Th) and trabecular number (Tb.N), respectively, of Sdc3 KO tibias. On 

the other hand, there was an increase of 10% (p<0.01), 50% (p<0.001) and 20% 

(p<0.001) in trabecular separation (Tb.Sp), trabecular pattern factor (Tb.Pf) and 

structure model index (SMI), respectively, in Sdc3 KO tibias, as shown in Figure 3.3 A. 

As Tb.Pf and SMI are increased in Sdc3 KO this suggests trabeculae are less connected 

and are more ‘rod-like’ than ‘plate-like’. The morphometric analysis of the trabecular 

bone of femurs showed very similar values to those found in the analysis of the tibias. 

Sdc3 KO mice showed a 30.5% (p<0.001), 12.5% (p<0.001) and a 21% (p<0.01) 

decrease in BV/TV, Tb.Th and Tb.N, respectively. There was an increase of 9% 

(p<0.05), 50% (p<0.001) and 18% (p<0.01) in Tb.Sp, Tb.Pf and SMI, respectively, in 

Sdc3 KO compared to WT mice, as shown in Figure 3.3B. These results demonstrate 

that Sdc3 KO mice have a low bone volume phenotype, which is illustrated in Figures 

3.3 C-F. Crossectional images of 3D µCT reconstructions show a decrease in trabecular 

bone of Sdc3 KO tibias (Figure 3.3 D) and femurs (Figure 3.3 F), showing the rod-like 

appearance of the Sdc3 KO trabeculae in comparison to the plate-like trabeculae of 

WT mice. 
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Figure 3.3: Trabecular morphometry of tibias and femurs of 3-month-old WT and 
Sdc3 KO mice. Morphometry analysis of trabecular bone from the tibias (A) and 
femurs (B) of 3-month old male Sdc3 KO (N=13 and N=10, respectively) shows a 
decrease in bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), 
and trabecular number (Tb.N), and an increase in trabecular separation (Tb.Sp), 
trabecular pattern factor (Tb.Pf) and structure model index (SMI) as compared to 
WT (N=12 and N=13, respectively). Crossectional images of 3D µCT reconstructions 
of whole bone from tibias (C and D) and Femurs (E and F) show altered trabecular 
bone architecture and low bone volume in Sdc3 KO (D and F) as compared to WT 
(C and E). Images of a stack of 200 slices were taken from 20 slices away from the 
growth plates. Note the decrease in trabecular bone volume and connectivity, and 
the rod-like appearance in Sdc3 KO, as opposed to WT. Measurements shown in A 
and B relating to Sdc3 KO are shown as percentage of average WT. Data are shown 
as means ±SD. Significance is denoted by *p<0.05, **p<0.01, ***p<0.001. 
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Table 3.2: MicroCT analysis of trabecular bone in tibias and femurs of WT and Sdc3 
KO male mice at 3-months of age. Tibias and femurs of WT mice have significantly 
higher bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), and 
trabecular number (Tb.N) and significantly lower trabecular separation (Tb.Sp), 
trabecular pattern factor (Tb.Pf) and structure model index (SMI), than Sdc3 KO mice. 
Values shown are means ± SD. Significance (Sdc3 KO vs WT mice) denoted by *p<0.05, 
**p<0.01, ***p<0.001. 

 Tibias Femurs 

WT (N=12) Sdc3 KO (N=13) WT (N=13) Sdc3 KO (N=6) 

BV/TV (%) 20 ± 2 13 ± 2*** 20 ± 3 14 ± 3*** 

Tb.Th (µm) 56 ± 3 49 ± 2*** 57 ± 4 50 ± 5*** 

Tb.Sp (µm) 170 ± 20 187 ± 11** 181 ± 19 197 ± 14* 

Tb.N (mm) 4 ± 1 3 ± 0.3*** 4 ± 0.5 3 ± 0.4** 

Tb.Pf (1/mm) 18 ± 4 25 ± 3*** 15 ± 3 22 ± 4*** 

SMI 2 ± 0.17 2 ± 0.14*** 2 ± 0.2 2 ± 0.2** 

 

 

Cortical analysis 

Cortical analysis of tibias of male Sdc3 KO mice showed a decrease of 4% 

(p<0.01), 8% (p<0.001), 9% (p<0.05) and 28% (p<0.05) in BV/TV, cortical thickness 

(Cort.Th), periosteal perimeter (P.Pm) and mean polar moment of inertia (MMI; 

predictor of bone strength), respectively, as compared to male WT mice (Figure 3.4 

A; Table 3.3). Endosteal perimeter (E.Pm) was decreased by 5% in Sdc3 KO tibias but 

did not reach significance (p=0.06). When analysing femurs, there was a significant 

decrease of 5% (p<0.05) and 9% (p<0.01) in P.Pm and E.Pm, respectively (Figure 3.4 

B; Table 3.3). BV/TV, Cort.Th and MMI of femurs showed no significant differences 

between genotypes. Together with the overall decrease in trabecular bone volume, 

these data suggest that Sdc3 KO mice may have weaker bones than WT mice. 
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Figure 3.4: Cortical morphometry of tibias and femurs of 3-month-old WT and 
Sdc3 KO mice. Cortical analysis of tibias (A) showed a significant decrease in bone 
volume per tissue volume (BV/TV), cortical thickness (Cort.Th), periosteal perimeter 
(P.Pm) and mean polar moment of inertia (MMI) in Sdc3 KO male mice (N=11) as 
compared to WT male mice (N=12). Analysis of the femurs (B) showed that overall 
P.Pm and endosteal perimeter (E.Pm) were decreased in Sdc3 KO male mice (N=5) 
as compared to WT male mice (N=7). Measurements shown in A and B relating to 
Sdc3 KO are shown as percentage of average WT. Data are shown as means ±SD. 
Significance is denoted by *p<0.05, **p<0.01, ***p<0.001. 
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Table 3.3: MicroCT analysis of cortical bone in tibias and femurs of male WT and 
Sdc3 KO mice at 3-months of age. Cortical analysis of tibiae shows a decrease in 
cortical thickness (Cort.Th), periosteal perimeter (P.Pm) and mean polar moment of 
inertia (MMI) in Sdc3 KO mice when compared to WT mice. Cortical analysis of femurs 
shows a significant decrease in P.Pm and endosteal perimeter (E.Pm) of Sdc3 KO 
when compared to WT mice. Values shown are means ± SD.  Significance (Sdc3 KO vs 
WT mice) denoted by *p<0.05, **p<0.01, ***p<0.001. 

 Tibias Femurs 

WT (N=12) Sdc3 KO (N=11) WT (N=7) Sdc3 KO (N=5) 

Cort.Th (µm) 260 ± 16 238 ± 10*** 217 ± 20 207 ± 14 

P.Pm (mm) 4 ± 0.5 4 ± 0.1* 6 ± 0.23 6 ± 0.1* 

E.Pm (mm) 2 ± 0.2 2 ± 0.1 5 ± 0.3 4 ± 0.1** 

MMI (mm4) 0.2 ± 0.1 0.1 ± 0.02* 0.6 ± 0.1 0.5 ± 0.1 

 
 

3.3.3 Morphometry of tibias and femurs of 6-month-old mice 

 

Trabecular analysis 

Trabecular analysis of tibias (Figure 3.5 A; Table 3.4) and femurs (Figure 3.5 

B; Table 3.4) of male Sdc3 KO mice continued to show a significant reduction in bone 

volume at 6-months of age, when compared to male WT control mice of the same 

age. There was a 31% (p<0.001), 13% (p<0.001) and 21% (p<0.01) decrease in bone 

volume per tissue volume (BV/TV), trabecular thickness (Tb.Th) and trabecular 

number (Tb.N), respectively, of Sdc3 KO tibias. On the other hand, there was an 

increase of 55% (p<0.01) and 17% (p<0.001) in, trabecular pattern factor (Tb.Pf) and 

structure model index (SMI), respectively, in Sdc3 KO tibias, as shown in Figure 3.5 A. 

As Tb.Pf and SMI continue to be increased in Sdc3 KO at 6-months of age, it suggests 

trabeculae remain less connected and are more ‘rod-like’ than ‘plate-like’. The 

morphometric analysis of the trabecular bone of femurs showed very similar values 

to those found in the analysis of the tibias. Sdc3 KO mice showed a 36% (p<0.001), 

17% (p<0.001) and a 23% (p<0.01) decrease in BV/TV, Tb.Th and Tb.N, respectively. 

There was an increase of 64% (p<0.001) and 17% (p<0.001) in Tb.Pf and SMI, 

respectively, in Sdc3 KO compared to WT mice, as shown in Figure 3.5 B. Both tibias 

and femurs showed no significant difference in trabecular separation (Tb.Sp) 

between Sdc3 KO and WT mice. 
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Figure 3.5: Trabecular morphometry of tibias and femurs of 6-month-old WT and 
Sdc3 KO mice. Trabecular analysis of tibias (A) and femurs (B) showed a significant 
decrease in bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th) 
and trabecular number (Tb.N), and an increase in trabecular pattern factor (Tb.Pf) 
and structure model index (SMI) in 6-month-old Sdc3 KO male mice (N=6 for both 
tibias and femurs) as compared to WT male mice (N=10 for both tibias and femurs). 
Measurements shown in A and B relating to Sdc3 KO are shown as a percentage of 
average WT. Data are shown as means ±SD. Significance is denoted by **p<0.01, 
***p<0.001. 
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Table 3.4: MicroCT analysis of trabecular bone in tibias and femurs of male WT and 
Sdc3 KO mice at 6-months of age. Tibias and femurs of WT mice have significantly 
higher bone volume per tissue volume (BV/TV), trabecular thickness (Tb.Th), and 
trabecular number (Tb.N) and significantly lower trabecular separation (Tb.Sp), 
trabecular pattern factor (Tb.Pf) and structure model index (SMI), than Sdc3 KO mice. 
Values shown are means ± SD. Significance (Sdc3 KO vs WT mice) denoted by 
**p<0.01, ***p<0.001. 

 Tibias Femurs 

WT (N=10) Sdc3 KO (N=6) WT (N=10) Sdc3 KO (N=6) 

BV/TV (%) 18 ± 2 13 ± 2*** 19 ± 2 12 ± 2*** 

Tb.Th (µm) 62 ± 2 54 ± 3*** 64 ± 3 53 ± 3*** 

Tb.Sp (µm) 204 ± 16 211 ± 18 212 ± 17 225 ± 19 

Tb.N (mm) 3 ± 0.4 2 ± 0.4** 3 ± 0.4  2 ± 0.4*** 

Tb.Pf (1/mm) 15 ± 2 24 ± 5*** 14 ± 2 23 ± 4*** 

SMI 2 ± 0.1 2 ± 0.2*** 2 ± 0.1 2 ± 0.2*** 

 
 
Cortical analysis 

Cortical analysis of tibias of male 6-month-old Sdc3 KO mice showed a 

decrease of 13% (p<0.001), 21% (p<0.01), 12% (p<0.001) and 53% (p<0.015) in  

cortical thickness (Cort.Th), periosteal perimeter (P.Pm), endosteal perimeter (E.Pm) 

and mean polar moment of inertia (MMI; predictor of bone strength), respectively, 

as compared to male WT mice (Figure 3.6 A; Table 3.5). BV/TV showed no significant 

change between Sdc3 KO and WT tibias at 6 months of age. When analysing femurs, 

there was a significant decrease of 5% (p<0.01), 11% (p<0.001), 15% (p<0.001) and 

35% (p<0.001) in Cort.Th, P.Pm, E.Pm and MMI, respectively (Figure 3.6 B; Table 3.5). 

BV/TV of femurs showed a significant increase of 5% (p<0.01) in Sdc3 KO compared 

to WT mice. Together with the overall decrease in trabecular bone volume, these 

data continue to suggest that Sdc3 KO mice may have weaker bones than WT mice. 
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Figure 3.6: Cortical morphometry of tibias and femurs of 6-month-old WT and 
Sdc3 KO mice. Cortical analysis of tibias (A) showed a significant decrease in bone 
volume per tissue volume (BV/TV), cortical thickness (Cort.Th), periosteal perimeter 
(P.Pm) and mean polar moment of inertia (MMI) in Sdc3 KO male mice (N=6) as 
compared to WT male mice (N=10). Analysis of the femurs (B) showed a significant 
decrease in BV/TV, Cort.Th, P.Pm, endosteal perimeter (E.Pm) and MMI in Sdc3 KO 
male mice (N=6) as compared to WT male mice (N=10). Measurements shown in A 
and B relating to Sdc3 KO are shown as percentage of average WT. Data are shown 
as means ±SD. Significance is denoted by **p<0.01, ***p<0.001. 
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Table 3.5: MicroCT analysis of cortical bone in tibias and femurs of male 6-month 
old WT and Sdc3 KO mice. Although cortical thickness (Cort.Th) and endosteal 
perimeter (E.Pm) increase in Sdc3 KO as they age, these values are still reduced in 
comparison with WT mice. Periosteal perimeter (P.Pm) and mean polar moment of 
inertia (MMI) are all significantly reduced in SDC3 KO when compared to WT. Values 
shown are means ± SD. Significance (Sdc3 KO vs age-matched WT mice) denoted by 
*p<0.05, **p<0.01, ***p<0.001. 

 Tibias Femurs 

WT (N=10) Sdc3 KO (N=6) WT (N=10) Sdc3 KO (N=6) 

Cort.Th (µm) 272 ± 9 236 ± 7*** 227 ± 7 215 ± 8** 

P.Pm (mm) 6 ± 1 4 ± 1* 6 ± 0.2 6 ± 0.2*** 

E.Pm (mm) 3 ± 0.1 2 ± 0.1*** 5 ± 0.4 4 ± 0.2*** 

MMI (mm4) 0.4 ± 0.2 0.2 ± 0.1** 1 ± 0.1 1 ± 0.1*** 

 
 
 

3.3.4 Analysis of WT and Sdc3 KO 2-day-old pups 

 
 I have shown in the previous section that Sdc3 deletion induces a low bone 

volume phenotype in adult mice. However, it has previously been shown that Sdc3 is 

involved in skeletal development300,302. Therefore, to understand whether the adult 

low bone volume mouse phenotype could be due to impaired skeletal development 

I analysed the skeletons of 2-day old pups.  

 

Analysis of whole skeletons 

To understand the possible effects of knocking out Sdc3 on skeletal 

development, whole skeletons of 2-day-old WT and Sdc3 KO mice were anatomically 

examined. This showed no obvious defects in the anatomy of Sdc3 KO pups when 

compared to WT pups (Figure 3.7 A and B). Both WT and Sdc3 KO pups seem to have 

developed at the same rate. 
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Figure 3.7: Whole skeleton of P2 mice. Analysis of the whole skeletons of P2 pups 
shows no major anatomical differences in the skull (1), spine (2), sternum (3) and 
tibias (4), between WT (A; N=15) and Sdc3 KO (B; N=17) mice.  

 
 

Bone volume analysis of tibias 

The right whole tibias of 2-day-old WT and Sdc3 KO mice were analysed by 

µCT. There was an increase of 0.33 mm3 in tibia bone volume in the Sdc3 KO pups 

when compared to the WT pups (p<0.001; Figure 3.8). 

 

 

Figure 3.8: Bone volume analysis of tibias of 2-day-old pups. (A) Analysis of tibias 
shows a 0.33 mm3 increase in bone volume (BV) in Sdc3 KO mice, significantly 
different from WT mice (p<0.001). (B) Sdc3 KO average bone volume was 1.15 mm3 
±SD, which is higher than WT control mice whose average bone volume was 
0.82mm3 ±SD.  

 

Tibia length assessment 
 
 Next, I measured the full length of the mineralised diaphysis of the tibias of 2-

day-old WT and Sdc3 KO pups with the aid of Data Viewer (Bruker, Belgium). Sdc3 KO 
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pups have longer tibias than WT with these measuring 3.17 mm on average and Sdc3 

KO measuring 3.40 mm (p<0.05; Figure 3.9). 

 

 
Figure 3.9: Tibia lengths of 2-day old WT and Sdc3 KO pups. P2 Sdc3KO mice have 
significantly longer tibias than WT mice. Error bars show SD, significance is denoted 
by *p<0.05. 

 
 

3.3.5 Tibial length in adult mice 

 
  

In order to assess whether the difference in long bone length is maintained in 

adulthood, the length of the tibiae of 3- and 6-month-old male WT and Sdc3 KO mice 

were measured and compared. With the aid of Data Viewer (Bruker, Belgium), 

measurements were taken from the middle of the condyles to the point of the distal 

tibiofibular junction.  

In contrast to what was seen in the 2-day-old pups, Sdc3 KO mouse tibias were 

shorter than those of WT mice at 3 months of age (Figure 3.10). Although the 

difference may seem very small with WT tibias measuring 10.57 mm and Sdc3 KO 

tibias measuring 10.33 mm, this difference was highly significant (p<0.001). 

At 6 months of age, tibial length of WT and Sdc3 KO mice was measured using 

the exact same method as used for the 3-month-old mice. Analysis of the tibia lengths 

showed a difference of 0.4mm with WT measuring 10.9 mm and KO measuring 10.5 

mm (Figure 3.10). As with the 3-month old mice, Sdc3 KO tibiae were significantly 

shorter than tibias of WT mice at 6 months of age (p<0.01). 
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Figure 3.10: Length of tibiae at 3 and 6 months of age of WT and Sdc3 KO mice. 
Sdc3 KO mouse (N=7) tibiae lengths are significantly shorter than tibias of WT mice 
(N=6) at 3 months of age. Sdc3 KO mice are still significantly different than WT mice 
at 6 months of age with WT mice (N=14) increasing their tibiae lengths by 0.33 mm 
and Sdc3 KO mice (N=10) only increasing by 0.17 mm as they mature. Error bars 
show SD, significance is denoted by **p<0.01 and ***p<0.001. 

 
 

3.3.6 Three-point bending test of femurs of 3-month-old WT and Sdc3 KO mice 

 

 The biomechanical properties of the long bones of Sdc3 KO mice were likely 

to be altered due to the changes in bone morphometry. Sdc3 KO mice show 

differences in both trabecular and cortical parameters, in which MMI suggests they 

are weaker than WT mice, so indeed to investigate the strength of the femurs of 3-

month-old male WT and Sdc3 KO mice, 3-point bending was carried out (Figure 3.11). 

Bone strength was significantly lower in Sdc3 KO vs WT mice, as evidenced by the 

27% (p<0.001), 41% (p<0.001) and 18% (p<0.05) reduction of the maximum force 

required to break, work to break and stiffness, respectively, of Sdc3 KO mice femurs 

in comparison to WT mouse femurs. This reduction in Sdc3 KO bone strength is 

expected and reflects the lower periosteal and endosteal perimeter, cortical 

thickness and MMI of Sdc3 KO mice revealed by the µCT analysis. 
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Figure 3.11: Three-point bend test at 3 months of age. Three-point bend test 
shows a reduction in the mechanical strength, work to break and stiffness of Sdc3 
KO femurs (N=15) when compared to WT mouse femurs (N=10). Graphs show Sdc3 
KO femurs require less work to fracture which indicates they are weaker than WT 
mouse femurs. Maximum load was defined as the highest point on the Load-
extension curve. Work to break was defined as the total area under the Load-
extension curve. Stiffness was defined as the slope of the linear region of the Load-
extension curve. Error bars show SD, significance is denoted by *p<0.05 and 
***p<0.001.  

 
 

3.3.7 Morphometry of WT and Sdc3 KO mouse spines 

 
Trabecular analysis of 3-month-old mouse spines 
 

Micro-Ct analysis of the 5th lumbar vertebrae (L5) of 3-month-old male WT 

(N=11) and Sdc3 KO (N=11) mice showed a decrease, in Sdc3 KO as compared to WT 

mice, of 18% in BV/TV (p<0.001) mostly due to a 17% decrease in trabecular thickness 

(p<0.001) as trabecular number was not affected (Figure 3.12).  
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Figure 3.12: Analysis of L5 morphometry at 3 months of age. µCT analysis shows 
a decrease in overall bone volume/tissue volume (BV/TV) and a reduction in 
trabecular thickness (Tb.Th) in Sdc3 KO mice when compared to WT mice. 
Measurements were normalised to 100% for the WT. Error bars show SD, 
significance is denoted by ***p<0.001. 

 
 
Trabecular analysis of 6-month-old mouse spines 
 

Micro-CT analysis of the L5 of 6-month-old male WT (N=6) and Sdc3 KO (N=7) 

mice showed no significant difference was reached possibly due to low N number 

(Figure 3.13).  

 
 

 
Figure 3.13: Analysis of L5 shows no significant changes at 6 months of age. Bone 
volume/Tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular separation 
(Tb.Sp), trabecular number (Tb.N), trabecular pattern factor (Tb. Pf) and structure 
model index (SMI) showed no significant difference between Sdc3 KO and WT 
mice. Measurements were normalised to 100% for the WT. Error bars show SD. 
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3.4 Discussion 
 

Syndecans, a family of transmembrane proteoglycans, are known to function 

as membrane receptors to a wide variety of ligands and participate in cellular 

interactions 280,402. Syndecans appear to play a role during bone development by 

regulating chondrocyte proliferation, regulating skeletogenic condensations and 

chondrogenesis and osteogenesis208,301,306,313,374,375. Syndecan 3 is the least studied of 

all four syndecans and it is still unknown whether syndecan 3 may be involved in 

maintenance of the adult skeleton. In this chapter, the results have provided 

evidence that deletion of Sdc3 leads to a decrease in overall bone volume and an 

increase in bone fragility in adult mice.  

In this chapter I have shown that male Sdc3 KO mice have decreased 

trabecular bone volume by at least 30% in tibias and femurs at 3 months of age 

(Figure 3.3). They have a decrease in trabecular number, poor connectivity and 

trabeculae are more “rod like” than “plate like”, which can lead to an increase in bone 

fragility. Furthermore, these mice show cortical thinning and a decrease in overall 

bone perimeter (Figure 3.4). These architectural changes lead to a low MMI, a 

geometric predictor of whole bone strength meaning that these bones could be 

prone to fragility fractures. The low MMI correlated with the decrease in maximum 

force required to break, work to break and stiffness in Sdc3 KO mouse femurs (Figure 

3.11). At 6-months of age similar values were observed between Sdc3 KO and WT 

tibias and femurs as those seen at 3 months of age. These findings suggest these mice 

suffer with early onset osteoporosis. They may also suggest that Sdc3 may be 

important for up regulation of bone formation and adult bone mass maintenance. 

However, it is unclear whether the low bone volume phenotype of Sdc3 KO mice is 

due to a decrease in bone formation or increase in bone resorption or both.  

A study by Strader and colleagues has shown that Sdc3 KO mice are resistant 

to diet-induced obesity and are leaner than WT mice when given a high fat diet 376. 

They studied the effects of a high-fat and low-fat diets on Sdc3 KO mice and their 

wild-type controls. Interestingly, they demonstrated that when given a high-fat diet, 

Sdc3 KO mice were partially resistant to obesity due to a reduction in food intake by 

male mice and an increase in energy expenditure in females, relative to that of WT 
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controls376. It has been shown that there is a link between appetite, energy 

metabolism and bone remodelling which may indicate that the underlying 

mechanisms involved in this link may also play a role in development of the Sdc3 KO 

phenotype403. Given the importance of the effect of weight on bone mass, the 

weights of my Sdc3 KO and WT control mice were taken from 1 to 24 weeks of age 

with ad libitum access to a chow diet. No significant differences were seen in both 

male and female Sdc3 KO and WT mice therefore the change in bone volume cannot 

be explained by a change in weight (Figure 3.1 and 3.2).   

Findings by Koyama et al.302 suggested that syndecan 3 may play a role during 

early development by demonstrating that during the development of chick limbs the 

mesenchymal condensations are surrounded by a thick layer of connective tissue, the 

perichondrium, that is rich in syndecan 3. It was later shown that syndecan 3 is 

important during the condensation phase in development as it is able to set 

boundaries and limit condensation size208. It has also been shown that syndecan 3 is 

highly expressed in the periosteum  of developing long bones of chicks and in 

association with the differentiating osteoblasts of the periosteum300. This suggests 

syndecan 3 may be important during skeletogenesis and in regulating the onset of 

bone differentiation possibly due to a role in cell-cell interactions, which are crucial 

during development, and interactions between cells and the extracellular matrix. 

Although syndecan 3 is found in early development its exact role is still unclear. 

Although I have found that Sdc3 KO mice have low bone volume in adulthood, it is 

still unknown whether this could be early onset osteoporosis or a change during early 

development.  In order to further understand this, the whole skeletons and tibias of 

2-day-old pups were analysed (Figure 3.7, 3.8 and 3.9). Remarkably, the opposite of 

what is seen in the adult Sdc3 KO mice was observed in the 2-day-old pups, with the 

phenotype being reversed. At first, when observing the whole skeletons there are no 

major anatomical differences between Sdc3 KO and WT pups but upon closer 

investigation, Sdc3 KO tibias were longer and had increased overall bone volume 

when compared to WT. As Sdc3 is known to play a role in restricting condensation 

size in early skeletal development, knocking Sdc3 out may cause the difference in 

tibiae length as this inhibition or restriction may be released, thus explaining the 

longer bones seen in of Sdc3KO P2 pups264,274,280,404–407. The data found in these 
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papers highlights the importance of Sdc3 during early development possibly by 

having a role in regulating cell proliferation and interactions. 

Measurements of tibia lengths were also taken at 3 and 6 months of age. 

Although at 2 days old Sdc3 KO pups had longer tibias than those of WT pups, at 3 

months of age they become shorter compared to WT mice and remain shorter than 

controls as they mature (Figure 3.9 and 3.10). Although the difference in leg lengths 

at 3 and 6 months was significant this was only a 2% and a 4% change from WT, 

respectively. This absolute difference in tibial length was so small that there was no 

need to change the height, during microCT analysis, of the stack of slices as this would 

only equate to approximately 2 slices which is within the margin of error of the ROI. 

The spines of 3 and 6-month old mice were also analysed showing only a 

significant decrease in BV/TV in 3-month-old Sdc3 KO mice which reflects a highly 

significant decrease in trabecular thickness, when compared to age matched WT mice 

(Figure 3.12). At 6 months of age no significant changes were observed between Sdc3 

KO and WT mice (Figure 3.13). This may be due to the fact that long bones loose bone 

volume at a faster rate than vertebral bones, but most likely due to the low number 

of replicates used in this analysis408,409.  

Given the global burden of osteoporosis it would be of interest to understand 

whether Syndecan 3 could be used as a therapeutic approach, possibly by 

overexpressing it in certain cells.  Interestingly, a recent paper by Mansouri et al.410 

investigated the function of endogenous cellular GAGs during bone remodelling by 

using a transgenic mouse model overexpressing Sdc2 in osteoblasts. This led to an 

increase in bone volume in mice due to an enrichment in heparan sulphate on the 

bone surface. They saw a significant increase in trabecular bone volume and number 

in both young and mature mice and a decrease in trabecular separation in mature 

mice, but no changes in cortical bone. In contrast, overexpression of Sdc2 also 

inhibited resorption by inhibiting osteoclastogenesis and therefore decreasing bone 

remodelling, modulated bone formation by increasing osteoblast activity in younger 

mice but reduced osteoblast number in older mice which led to a decrease in bone 

formation rate in the older mice. It also appeared to have different impacts on 

angiogenesis depending on the age of the mice, by increasing pro-osteogenic 

endothelium in young mice, which also supports osteogenesis, but strongly 
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decreasing these types of vessels in the mature mice overexpressing Sdc2.  This 

proteoglycan overexpression also inhibited the Wnt- β-catenin pathway and 

increased apoptosis in mesenchymal precursors in bone marrow. They concluded 

that GAGs could have an important role during osteogenesis but may also interfere 

with the crosstalk between the bone surface and marrow cells, altering osteoblast 

function273. These findings highlight how these proteoglycans have different effects 

at different ages and in different cells which is also comparable to the syndecan 3 

knockout in which I see an increase in bone volume in early developmental stages 

but then see a decrease in bone volume in young adulthood when comparing to WT 

mice of the same ages. And although Sdc3 and Sdc2 are structurally different and 

have different expression patterns this study by Mansouri et al.410 highlights the 

importance of investigating the different effects Sdc3 may have on different bone 

cells and how these cells could affect each other. 

In another study Bertrand et al.313, analysed the functional role of Sdc4 during 

normal bone development and during bone fracture repair by using Sdc4 KO mice 

generated via a lacZ-knockin strategy. As with Sdc3 KO mice, the Sdc4 KO pups 

showed no obvious postnatal abnormalities, although no measurements of long 

bones were taken, when compared to their WT littermates. In this study they showed 

that the deletion of Sdc4 was associated with only minor changes in bone 

development, with Sdc4 KO mice having no major anatomical differences in the 

skeleton, no major differences in size and morphometric analysis of calcified tissue 

showed no significant differences when compared to WT littermates. They also found 

that the loss of Sdc4 is compensated for by a marked up-regulation of Sdc2 during 

bone development, but there is a lack of this compensation in adult bones during 

fracture repair. This could be due to age or the activity of cytokines involved in 

inflammation313.  Taking this into account it is important to understand whether the 

remaining syndecans have any compensatory effect in the absence of Sdc3, which 

seems unlikely during adulthood when considering the significant low bone volume 

seen in the adult Sdc3 KO mice. But, on the other hand, this could possibly explain 

why during early development Sdc3 KO pups have increased bone volume when 

compared to WT pups, although the effect of other syndecans on early skeletogenesis 

is unknown. Interestingly, a recent paper by Kehoe et al.411 that aimed to examine 
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the role of Sdc3 in joint inflammation, showed that Sdc3 also has a role during stress 

conditions such as arthritis, having both pro- and anti-inflammatory properties 

depending on the tissue and the nature of the inflammatory insult. They showed that 

in the joint Sdc3 is pro-inflammatory due to the fact its deletion reduces leukocyte 

recruitment and the clinical manifestation of arthritis. Though it seems that in the 

skin and in the cremaster muscle Sdc3 is anti-inflammatory due to an enhanced 

leukocyte interaction with the endothelium and recruitment after deletion of the 

proteoglycan411. These studies demonstrate how different syndecans have very 

distinct functions which could be due to diverse extracellular domain sequences, 

respective GAG chain structures and specific GAG binding sites, and glycosylation 

variation of the extracellular domain, with the cytoplasmic domain having the most 

conserved areas but still some variation among the family of four313,407,412,413. These 

structural features allow syndecans to interact with different types of ligands, such 

as growth factors, cytokines, extracellular matrix proteins and glycoproteins, and 

other proteins which could promote different responses in the cell which may also 

be dependent on different syndecans406,407.  

Studies, such as that done by Shimazu et al.301, have shown the importance of 

Sdc3 in chondrogenesis and regulation of chondrocyte proliferation, but none have 

yet shown the importance of syndecans in bone homeostasis289,301,308.  Therefore, 

considering that this model has shown that by knocking Sdc3 out, mice have a low 

bone volume phenotype it is important to investigate osteoblast and osteoclast 

function in vivo and in vitro as it is possible that this phenotype is due to decreased 

bone formation, or increased bone resorption, or possibly a combination of both. In 

the next chapters I will be looking into this on a cellular level. 
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4 Low bone volume phenotype in Sdc3 KO mice is associated 
with reduced bone remodelling 

 

4.1 Introduction 

 
 In the previous chapter I have described µCT morphometric analysis of long 

bones and spine of Sdc3 KO mice. Adult Sdc3 KO mice have decreased trabecular and 

cortical bone volume. By performing 3-point bend tests on the mouse femurs, it was 

shown that there is less force required to break Sdc3 KO bones versus WT bones, 

which indicates that the bones of Sdc3 KO mice are more fragile than bones of the 

WT. Interestingly Sdc3 KO pups were shown to have longer tibias with increased bone 

volume when compared to WT pups. This suggests syndecan 3 to be important for 

normal bone maintenance in adulthood but also in utero given the difference in 

phenotype in early development when compared to adult and mature mice.  

It is known that syndecan 3 plays an important role in the condensation phase, 

critical during skeletogenesis, and is a regulator of chondrocyte 

proliferation208,300,375,414. It has increased expression during limb development, where 

it is found in the perichondrium and periosteum, and in the developing calvaria, but 

its exact role is still unknown300,302. Sdc3 also plays an important role in growth plate 

proliferation and maturation of chondrocytes301. However, the role and mechanisms 

in which Sdc3 is involved and its specific function in the maintenance of adult bone 

homeostasis is unclear. Apart from syndecan 3, so far only syndecan 2 has been 

shown to have a role in bone. Sdc2, which also has a role during condensation of 

prechondrogenic core and the perichondrium, was found to be highly expressed 

during osteoblast differentiation410. Therefore, Mansouri et al. created a mouse 

model with syndecan 2 overexpression in osteoblasts to further understand its role 

in osteogenesis273. They found that Sdc2 overexpression in osteoblasts lead to 

increased bone formation but also found that Sdc2 can support osteoclastogenesis, 

osteogenesis and other mesenchymal precursor populations273. Taking this study into 

account it may be of interest to investigate osteoblast function and bone formation 

in the Sdc3 KO as a reduction in osteoblastogenesis may be a reason for the low bone 

mass phenotype. But it is also important to investigate osteoclast function as Sdc3 
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KO may possibly have increased osteoclastogenesis or overactive osteoclasts.  In 

order to fully understand the mechanisms underlying the low bone volume 

phenotype of Sdc3 KO mice, dynamic bone histomorphometry of Sdc3 KO and WT 

adult mice was performed.  

Mechanical loading is an important factor for the maintenance of bone 

mass415. Studies have shown that increased mechanical loading results in an increase 

in bone mass while in contrast, lack of mechanical loading leads to a rapid bone 

loss415. Therefore, the effect of mechanical loading on Sdc3 KO and WT mice was also 

investigated. As human osteoporosis is associated with increased bone marrow 

adiposity416–419 and whilst preforming histology, voids in the bone marrow of Sdc3 KO 

mice were observed suggestive of the presence of an increased number of 

adipocytes, quantification of the bone marrow adipose tissue was also performed in 

Sdc3 KO versus WT mice. 

 

4.2 Methods 

Male Sdc3 KO and WT mice (3 and 6 months old) received two injections of 

calcein (200µl IP injection of 2mg/ml) 5 days and 2 days before euthanizing. Mouse 

skins were removed and the hind limbs were fixed overnight in 4% PFA. Tibias were 

then dissected and fixed in neutral buffered formalin for 24 hours and stored in 70% 

ethanol at room temperature. After µCT analysis, the left tibia was processed for 

MMA embedding and the right tibia for paraffin embedding.  

For analysis of bone formation, MMA embedded sections of the left tibia 

taken from 3-month-old WT (N=12) and Sdc3 KO mice (N=11) and from 6-month-old 

WT (N=8) and Sdc3 KO mice (N=7) were stained, without being deplasticised, with 

Calcein Blue (Sigma). The sections were dehydrated through an alcohol series, 

cleared in xylene and coverslipped using the automatic coverslipper in the Leica auto 

stainer. These were then visualised using the Zeiss Axio Scan.Z1 slide scanner with a 

monochrome camera and a 20x lens resulting in a pixel size of 0.227 µm.  

For analysis of bone resorption parameters, MMA embedded sections of the 

left tibia taken from 3-month-old WT (N=13) and Sdc3 KO mice (N=13) and from 6-

month-old WT (N=10) and Sdc3 KO mice (N=7) were deplasticised in 

monoethanolamine (MEA) and stained for tartrate resistant acid phosphatase 
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(TRAcP) activity to visualise osteoclasts and counterstained using Aniline Blue to 

visualise bone, as described by Van ´t Hof et al.379 and adapted from Chappard et 

al.380 (for details please see Chapter 2). For the imaging of the TRAcP stained sections, 

a Zeiss Axio Scan.Z1 slide scanner was used with a 10× lens together with a colour 

camera resulting in a pixel size of 0.442 µm.  

For quantification of bone marrow adiposity, MMA embedded sections of left 

tibias of 3-month-old WT (N=6) and Sdc3 KO mice (N=4) and 6-month-old WT (N=6) 

and Sdc3 KO mice (N=6) were deplasticised in MEA and stained with Goldners 

Trichrome method. To confirm the presence of fat cells in the marrow space, a 

Perilipin (Abcam) immunostain was performed on dewaxed paraffin embedded 

sections of 3-month-old WT (N=3) and Sdc3 KO mice (N=3). Sections were incubated 

in Unitreve solution, blocked with goat serum and incubated in a 1:500 dilution of 

perilipin rabbit primary antibody, washed in PBS, incubated in 1:200 dilution of the 

secondary goat anti rabbit Alexa fluor 594 (Invitrogen). Imaging was performed using 

the Zeiss LSM800 confocal microscope with a colour camera and a 10x lens, resulting 

in a pixel size of 0.908 µm.   

To assess for anabolic response to mechanical loading, the right tibias of 3-

month-old male Sdc3 KO (N=11) and WT (N=8) mice where held in the loading cups 

and dynamic axial loads where applied through the knee joint three times a week 

(Mondays, Wednesdays and Fridays) for 2 consecutive weeks (for details please refer 

to Chapter 2). During the final week of loading mice received two injections of calcein 

(200µl IP injection of 2mg/ml) 7 days and 3 days before euthanizing. After 

euthanizing, mouse skins were removed and hind limbs dissected and placed in 4% 

PFA to fix overnight. The left (not loaded) and right (loaded) mouse tibias were then 

dissected and fixed in neutral buffered formalin for 24 hours and stored in 70% 

ethanol at room temperature until analysed by µCT.  After µCT analysis, 

histomorphometric analysis of bone formation was performed as described above. 

All bone histomorphometric analysis of measurements of the region of 

interest, which included proximal tibial metaphysis and excluded primary spongiosa, 

was performed using a custom in-house developed image analysis program based on 

ImageJ, available at https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-

hist/  (developed by Prof. Rob van ‘t Hof379). For bone marrow adiposity 

https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/
https://www.liverpool.ac.uk/ageing-and-chronic-disease/bone-hist/
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quantification, the same program was used but set to quantify the circular voids 

within the bone marrow.  

Statistical analysis was performed using a paired two-tailed Student’s t test 

for mechanical loading, and otherwise an unpaired two-tailed Student’s t test.  

For details on the methods used in this chapter please see Chapter 2. 

 

4.3 Results 

4.3.1 Dynamic bone histomorphometry analysis 

3-month-old mice 

 Dynamic histomorphometric analysis of bone formation in male 3-month-old 

Sdc3 KO mice (N=11) showed a significant reduction in BV/TV of 35% (p<0.01), 

mineralising apposition rate (MAR) of 21% (p<0.01), mineralising surface per bone 

surface (MS/BS) of 38% (p<0.01) and in bone formation rate per bone surface 

(BFR/BS) of 51% (p<0.001), when compared to male 3-month-old WT mice (N=12) 

(Figure 4.1, A; Table 4.1). Calcein double labelling showed a striking decrease of 

double label surface in Sdc3 KO compared to WT mice (Figure 4.1, B and C). These 

results support the µCT data from the previous chapter, suggesting that lack of Sdc3 

significantly reduces bone formation in long bones. 
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Figure 4.1:  Dynamic bone histomorphometry analysis at 3 months of age. 
Analysis of bone formation parameters (A) in tibias from 3-month-old male Sdc3 
KO (N=11) shows a significant decrease in bone volume per tissue volume (BV/TV), 
mineral apposition rate (MAR), mineralising surface per bone surface (MS/BS) and 
bone formation rate per bone surface (BFR/BS) as compared to WT (N=12). 
Fluorescent microscopy of tibias from WT and Sdc3 KO mice with calcein double-
labelling and Calcein Blue counterstain show many areas with double label 
(indicated by yellow arrows) in the WT mice (B), compared with significantly less 
double label surface in Sdc3 KO (C). Note that the Sdc3 KO mouse appears to have 
more single labels. Measurements were normalised to 100% for the WT in A. Data 
in A are means ± SD. Significance is denoted by **p<0.01 and ***p<0.001. 

 

6-month-old mice 

Analysis of bone formation (Figure 4.2, A; Table 4.1) from male 6-month-old 

Sdc3 KO mice (N=7) showed a significant reduction in MS/BS of 30% (p<0.05) and in 

BFR/BS of 43% (p<0.05), when compared to male 6-month-old WT mice (N=8). BV/TV 

and MAR showed no significant difference between Sdc3 KO and WT mice. Although 

the difference in bone formation parameters - MAR, MS/BS and BFR/BS - is more 

significant at 3 months of age the data analysed at 6 months of age still shows an 

impairment in bone formation, suggesting impaired osteoblast function.  
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Figure 4.2: Dynamic bone histomorphometry analysis at 6 months of age.  
Analysis of bone formation parameters (A) in tibias of 6-month-old male Sdc3 KO 
(N=7) shows a significant decrease in mineralising surface per bone surface 
(MS/BS) and bone formation rate per bone surface (BFR/BS) as compared to WT 
(N=8). Bone volume per tissue volume (BV/TV) and mineral apposition rate (MAR) 
showed no significant difference between Sdc3 KO and WT mice. Fluorescent 
microscopy of tibias from WT and Sdc3 KO mice with calcein double-labelling and 
Calcein Blue counterstain shows a higher amount of calcein double label in in the 
WT mice (B) compared to very little double label in Sdc3 KO (C), with calcein double 
labels (in green) indicated by yellow arrows. Measurements were normalised to 
100% for the WT in A. Data in A are means ± SD. Significance is denoted by *p<0.05. 
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Table 4.1: Dynamic histomorphometry analysis of bone formation parameters in 
WT and Sdc3 KO male mice at 3 and 6 months of age. Significant differences can be 
observed between Sdc3 KO and WT mice at both 3 and 6 months of age. Values 
shown are means ± SD.  Significance (Sdc3 KO vs age-matched WT mice) denoted by 
*p<0.05, **p<0.01, ***p<0.001. 

 3-month-old 6-month-old 

WT (N=12) Sdc3 KO (N=11) WT (N=8) Sdc3 KO (N=7) 

BV/TV (%) 17 ± 4 11 ± 3*** 13 ± 3 12 ± 4 

MAR (µm/day)  2 ± 0.4 2 ± 0.3** 1 ± 0.3 1 ± 0.1 

MS/BS (%) 32 ± 11 20 ± 10** 20 ± 6 14 ± 5* 

BFR/BS 

(µm3/µm2/day) 

0.6 ± 0.2 0.3 ± 0.1*** 0.2 ± 0.1 0.1 ± 0.04* 

 
 

4.3.2 Histomorphometric quantification of osteoclasts 

3-month-old mice 

Surprisingly, histomorphometric analysis of tibias (Figure 4.3, A; Table 4.2) 

from male 3-month-old Sdc3 KO mice (N=13) showed a significant reduction in 

osteoclast surface per bone surface (Oc.S/BS) of 44% (p<0.05), number of osteoclasts 

per bone surface (N.Oc/BS) of 44% (p<0.01) and number of osteoclasts per tissue 

volume (N.Oc/TV) of 57% (p<0.01), when compared to male 3-month-old WT mice 

(N=13). Number of osteoclasts per bone volume (N.Oc/BV) showed no significant 

difference between Sdc3 KO mice and WT mice. These data suggest that the reduced 

bone volume phenotype of Sdc3 KO, analysed by µCT is not due to an increase in 

osteoclast numbers but due to impaired osteoblast function in the Sdc3 KO mice. 

These data suggest that Sdc3 KO mice have reduced osteoclastogenesis. 
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Figure 4.3: Histomorphometric quantification of osteoclasts in 3-month-old mice. 
Analysis of histomorphometric parameters (A) of tibias of 3-month-old male Sdc3 
KO (N=13) shows a significant decrease in osteoclast surface per bone surface 
(Oc.S/BS), number of osteoclasts per bone surface (N.Oc/BS) and number of 
osteoclasts per tissue volume (N.Oc/TV) as compared to WT (N=13). Aniline Blue 
and TRAcP stain of a tibia from WT and Sdc3 KO mice show higher number of 
osteoclasts in the WT (B) compared to a reduced number of osteoclasts in Sdc3 KO 
mice (C), with osteoclasts (stained red) indicated by arrows. Measurements were 
normalised to 100% for the WT in A. Data in A are means ± SD. Significance is 
denoted by *p<0.05 and **p<0.01. 
 

 

 

 

 

 

 

 

 

 



112 
 

6-month-old mice 

Histomorphometric quantification of osteoclasts in tibias (Figure 4.4, A; Table 

4.2) from male 6-month-old Sdc3 KO mice (N=7) showed a significant reduction in 

Oc.S/BS of 53% (p<0.01), N.Oc/BS of 61% (p<0.01), N.Oc/BV of 62% (p<0.01) and 

N.Oc/TV of 70% (p<0.001) when compared to male 6-month-old WT mice (N=10).  

 

 

 

Figure 4.4: Histomorphometric quantification of osteoclasts in 6-month-old mice. 
Analysis of histomorphometric parameters (A) of tibias of 6-month-old male Sdc3 
KO (N=7) shows a significant decrease in osteoclast surface per bone surface 
(Oc.S/BS), number of osteoclasts per bone surface (N.Oc/BS), number of 
osteoclasts per bone volume (N.Oc/BV) and number of osteoclasts per tissue 
volume (N.Oc/TV) as compared to WT (N=10). Aniline Blue and TRAcP stain of a 
tibia from WT and Sdc3 KO mice show more osteoclasts in the WT (B) compared to 
a reduced number of osteoclasts in Sdc3 KO mice (C), with osteoclasts (stained red) 
indicated by arrows. Measurements were normalised to 100% for the WT in A. Data 
in A are means ± SD. Significance is denoted by **p<0.01 and ***p<0.001. 
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Table 4.2: Histomorphometry analysis of osteoclasts. Results show Sdc3 KO have 
significantly decreased overall osteoclast numbers compared to WT mice at both 3 
and 6 months of age. Values shown are means ± SD.  Significance (Sdc3 KO vs age-
matched WT mice) denoted by *p<0.05, **p<0.01. 

 3-month-old 6-month-old 

WT (N=13) Sdc3 KO (N=13) WT (N=10) Sdc3 KO (N=7) 

Oc.S/BS (%)  10.52 ± 5.74  5.86 ± 4.57* 4.96 ± 2.02 2.33 ± 1.76** 

N.Oc/BS (mm-1) 6.50 ± 2.75 3.62 ± 2.12** 2.96 ± 1.23 1.15 ± 0.70** 

N.Oc/BV (mm-2) 299.92 ± 145.67 199.26 ± 133.90 135.95 ± 58.38 51.53 ± 34.11** 

N.Oc/TV (mm-2) 51.71 ± 30.80 22.15 ± 12.01** 17.69 ± 8.20 5.31 ± 2.16** 

 
 
 

4.3.3 Bone marrow adiposity quantification 

3-month-old mice 

During bone histomorphometry analysis it was noted that there were round 

empty spaces in the bone marrow of Sdc3 KO compared to WT mice, which were 

suggestive of increased bone marrow adiposity (Figure 4.2 and 4.3). To confirm that 

these voids were indeed fat cells a specific adipocyte stain, perilipin (Figure 4.5 A and 

B), was used. Perilipin stained the cytoplasm of the adipocytes red, as can be seen in 

Figure 4.5 A and B, confirming the voids were adipocytes. Next, Goldners trichrome 

staining was performed (Figure 4.5 C and D) in order to quantify bone marrow 

adiposity (Figure 4.5 E and F). Percentage fat area analysis revealed a mean of 9% for 

Sdc3 KO compared to a mean of only 0.1% for WT controls (Figure 4.5 E). 

Histomorphometry analysis of bone marrow adiposity (Figure 4.5 F) in male 3-month-

old Sdc3 KO mice (N=4) revealed a 60-fold increase in bone marrow adipocytes when 

compared to WT mice (N=6). Sdc3 KO mice had a mean of 122mm-2 of fat cells per 

tissue volume (N.Fat cells/TV) and WT mice had a mean of only 2mm-2 (p<0.001). 

These data shows that Sdc3 KO mice have increased bone marrow adipose tissue 

when compared to WT mice.  
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Figure 4.5: Bone marrow adiposity quantification at 3 months of age. Perilipin 
immunostain was performed on sections of WT (A) and Sdc3 KO (B) mice to confirm 
that the voids observed in the marrow area were indeed fat cells. Positive fat cells 
are stained red and highlighted by white arrows. Goldners trichrome staining was 
performed (C and D) in order to quantify bone marrow adiposity (E and F). 
Histomorphometry analysis of tibias of 3-month-old mice revealed a highly 
significant increase in percentage fat area (% fat area; E) and number of fat cells 
per tissue volume (N. Fat cells/TV; F) in Sdc3 KO mice (N=4) when compared to WT 
(N=6). Values shown in E and F are means ± SD. Significance is denoted by 
***p<0.001. 
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6-month-old mice 

The proximal metaphysis of tibias of 6-month-old Sdc3 KO continued to be 

occupied mostly by adipocytes (Figure 4.6, B) in contrast to what was observed in the 

same region of WT mouse tibias (Figure 4.6, A). Histomorphometry analysis of bone 

marrow adiposity (Figure 4.6, C and D) of male 6-month-old Sdc3 KO mice (N=6) 

revealed a mean percentage fat area of 3% for the Sdc3 KO mice in comparison to 1% 

in the WT mice (p<0.001). Analysis also revealed that Sdc3 KO mice had a mean of 

65mm-2 of N. Fat cells/TV compared to a mean of 30mm-2 in WT mice (p<0.01). This 

indicates a 2-fold increase in bone marrow adiposity in Sdc3 KO mice when compared 

to WT mice.  

 

 

Figure 4.6: Bone marrow adiposity quantification at 6 months of age. 
Histomorphometry analysis of Goldners trichome stained tibias of 6-month-old WT 
(A) and Sdc3 KO (B) mice revealed a highly significant increase in percentage fat 
area (%Fat area; C) and in number of fat cells per tissue volume (N. Fat cells/TV; D) 
in Sdc3 KO mice (N=6) when compared to WT (N=6). Values shown in C and D are 
means ± SD. Significance is denoted by **p<0.01 and ***p<0.001. 
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4.3.4 Assessment of anabolic response of bone to mechanical loading 

As histomorphometry data suggested decreased osteoblast-mediated bone 

formation in Sdc3 KO versus WT mice and as bone responds with new bone formation 

to mechanical loading382, I performed mechanical loading to assess the ability of Sdc3 

KO osteoblasts to form new bone. This was performed by applying an axial load on 

the right tibias of 3-month-old male WT and Sdc3 KO mice. To assess whether 

mechanical loading would induce any changes in trabecular and cortical bone I used 

µCT to analyse the tibias using the same method as described in Chapter 3. Dynamic 

histomorphometric analysis was also performed to investigate bone formation 

parameters also as described above. 

 

µCT analysis of trabecular bone 

 When comparing loaded and not loaded tibias, Sdc3 KO showed significantly 

increased BV/TV (p<0.05) and Tb.Th (p<0.01), and significantly decreased Tb.Sp 

(P<0.05) and Tb. Pf (P<0.05) (Table 4.3). On the other hand, WT mice showed no 

significant changes in response to loading when comparing loaded leg to not loaded 

leg. 

 
Table 4.3: MicroCT analysis of trabecular bone in the not loaded and loaded tibias 
of male WT and Sdc3 KO mice at 3 months of age. Interestingly Sdc3 KO loaded leg 
parameter values are significantly different from the not loaded leg parameter values 
as opposed to the WT mice which show no anabolic response to loading as no 
significant differences between loaded and not loaded leg were observed. Values 
shown are means ± SD. Significance denoted by *p<0.05 and **p<0.01 (Loaded vs not 
loaded legs of Sdc3 KO mice). 

 WT (N=13) Sdc3 KO (N=16) 

Not loaded Loaded Not loaded Loaded 

BV/TV (%) 21.3 ± 2 22 ± 2 17 ± 3 18 ± 3* 

Tb.Th (µm) 57 ± 4 58 ± 5 50 ± 2 54 ± 3** 

Tb.Sp (µm) 156 ± 10 153 ± 11 166 ± 16 163 ± 14* 

Tb.N (mm) 4 ± 0.4 4 ± 0.4 3 ± 0.6  3 ± 0.5 

Tb.Pf (1/mm) 17 ± 2 16 ± 2 22 ± 4 20 ± 3* 

SMI 2 ± 0.2 2 ± 0.2 2 ± 0.2 2 ± 0.2 
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Micro CT analysis of cortical bone 

 Cortical analysis showed no significant differences when comparing loaded 

and not loaded legs of the same genotype (Table 4.4). 

 

Table 4.4: MicroCT analysis of cortical bone in the loaded versus not loaded tibias 
of male WT and Sdc3 KO mice at 3 months of age. No significant changes were 
observed between loaded and not loaded legs within genotypes. Values shown are 
means ± SD. 

 WT (N=10) Sdc3 KO (N=14) 

Not loaded Loaded Not loaded Loaded 

Cort.Th (µm)  262 ± 11  260 ± 17 243 ± 13 242 ± 13 

P.Pm (mm) 5 ± 1 5 ± 1 4 ± 0.5 4 ± 0.7 

E.PM (mm) 4 ± 1 4 ± 1 2 ± 0.1 2 ± 0.1 

MMI (mm4) 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.03 0.2 ± 0.1 

 
 
Bone formation analysis 
 Histomorphometric analysis of bone formation of the loaded versus not 

loaded legs of 3-month-old WT and Sdc3 KO mice revealed a 34% (p<0.001) and a 

36% (p<0.05) increase in MS/BS and BFR/BS, respectively, in WT mice after loading 

(Figure 4.7 A; Table 4.5). On the other hand, Sdc3 KO mice showed an increase of 

12% and 21% in MS/BS and BFR/BS, respectively, after loading, but this increase did 

not reach significance and the response was highly variable between mice. MAR 

revealed a 2% and a 4% increase in WT and Sdc3 KO mice respectively which was not 

significant (Figure 4.7 A). As can be seen in Figure 4.7 B, WT mice have many double 

labels throughout the section and appear to have a very active growth plate with 

many single and double label. On the other hand, Sdc3 KO mice sections (Figure 4.7 

C) have very little amount of double label, some single label, a very inactive growth 

plate with very little single or double label and their bone marrow space appears to 

have many adipocytes.   
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Figure 4.7: Percentage increase in bone formation parameters after loading in 
WT and Sdc3 KO mice analysed by dynamic histomorphometry. The effect of 
loading is shown by comparing not loaded leg to loaded leg of WT mice (N=6) and 
the same for Sdc3 KO mice (N=8). (A) WT have significantly increased mineralising 
surface per bones surface (MS/BS) and bone formation rate per bone surface 
(BFR/BS) when comparing loaded leg to not loaded leg, but Sdc3 KO appear to have 
a blunted response to loading. Mineral apposition rate (MAR) remains unchanged 
in both WT and Sdc3 KO. Fluorescent microscopy of tibias from WT and Sdc3 KO 
mice with calcein double-labelling and Calcein Blue counterstain show many areas 
with double label (indicated by yellow arrows) and, what appears to be, a very 
active growth plate in the WT mice (B), compared with significantly less double 
label surface in Sdc3 KO (C). Note that the Sdc3 KO mouse appears to have 
adipocytes in the bone marrow space and a growth plate with very little single 
labels. Means ± SD. Significance is denoted by *p<0.05 and ***p<0.001 (not loaded 
vs loaded legs). 
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Table 4.5: Percentage increase in bone formation parameters after loading. Values 
show significant increases in mineralising surface per bone surface (MS/BS) and bone 
formation rate per bone surface (BFR/BS) in WT mice after loading but show no 
significant changes in Sdc3 KO mice after loading, indicating a blunted response to 
loading in Sdc3 KO mice. WT mice N=6; Sdc3 KO mice N=8. Values shown are means 
± SD. Significance is denoted by *p<0.05 and ***p<0.001 (not loaded vs loaded leg 
within genotypes).  

MAR MS/BS BFR/BS 

WT (%) 1.90 ± 12.60 34.10 ± 10.55*** 36.25 ± 15.52* 

Sdc3 KO (%) 3.64 ±1 7.10 11.65 ± 32.48 20.84 ± 46.76 

 

4.4 Discussion 

In the previous chapter adult Sdc3 KO mice were shown to have a low bone 

volume phenotype with increased bone fragility, but interestingly Sdc3 KO pups had 

increased bone volume and length indicating that Sdc3 has different functions at 

different stages of development and in bone maintenance. In order to ascertain the 

underlying mechanisms involved in the low bone volume phenotype observed the 

adult Sdc3 KO mice, dynamic histomorphometric analysis was performed. In this 

chapter I have shown that Sdc3 KO mice have reduced bone formation, reduced 

osteoclast number and increased bone marrow adiposity at 3 and 6 months of age, 

when compared to age matched WT mice. Through histomorphometric analysis, Sdc3 

KO mice also have an impaired response to mechanical loading which could explain 

the reduced bone formation observed at both 3 and 6 months of age and therefore 

the low bone phenotype described in chapter 3.  

At 6 months of age, the difference in bone formation between Sdc3 KO and 

WT mice was not as pronounced as the difference observed at 3 months of age. This 

may be explained by the lower bone formation rate which is observed in older 

mice420, but also due to the variability observed between mice. Dynamic 

histomorphometry analysis of tibias showed a reduced amount of calcein double 

label in Sdc3 KO mice suggesting these mice had reduced bone formation. Therefore, 

tibiae were subjected to an axial load three times a week for 2 weeks in order to 

understand whether they had an impaired anabolic response to mechanical loading, 

which could have explained the impaired bone formation rate observed on dynamic 

histomorphometry. MicroCT analysis revealed that loading resulted in differences in 
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trabecular bone but not cortical bone with increases in trabecular bone volume being 

seen only in Sdc3 KO. Interestingly, WT mice showed no anabolic response to 

mechanical loading during µCT analysis. However, Sdc3 KO showed increases in 

BV/TV (p<0.05), Tb.Th (p<0.01) and Tb.N and decreases in Tb.Sp (p<0.05), Tb.Pf 

(p<0.05), and SMI. Although these values could indicate that Sdc3 KO are increasing 

their overall tibia bone volume after loading, it is also important to note that the 

resolution used for µCT analysis was 4.5µm, and some of the changes would have 

fallen to within this value. Therefore, the fact that a statistically significant anabolic 

response was reached in the Sdc3 KO may not represent a biologically significant 

result. In fact, this can be observed during dynamic histomorphometry analysis of 

bone formation parameters in which Sdc3 KO mice showed no change in bone 

formation parameters indicating a blunted response to loading, when compared to 

WT mice which had increased bone formation parameters. Another explanation for 

WT mice showing no response compared to the response observed in Sdc3 KO at a 

µCT level could be that as Sdc3 KO mice have lower bone volume and are less stiff, as 

observed through 3-point bending tests, the strain is expected to be higher in the 

Sdc3 KO mice, and therefore the anabolic effect stronger. Ideally, strain would have 

been calculated using either strain gages on the tibia to test both WT and Sdc3 KO 

mice or by performing the mechanical loading in a load cell in the microCT scanner 

for localized changes in strain,  hut due to time constraints this was not possible. 

Considering the reduced bone formation in Sdc3 KO mice at both 3 and 6 months of 

age and the impaired response to loading, these data could indicate that Sdc3 may 

play a role in osteoblast regulation and function.  

Bearing in mind the 60-fold increase in bone marrow adiposity, observed in 

3-month-old Sdc3 KO this could indicate an imbalance between osteoblastogenesis 

and adipogenesis, favouring adipogenesis, which is often associated with many 

pathophysiological diseases such as osteoporosis421–423. Anorexia-nervosa has also 

been linked to increased bone marrow fat and early onset osteoporosis424,425, but 

when monitoring Sdc3 KO mouse weights, I saw no significant changes between Sdc3 

KO and WT mice with both genotypes having normal weight, as shown in chapter 3 

in Figures 3.1 and 3.2. Although not specifically monitored, there was also no obvious 

difference in feeding pattern between Sdc3 KO and WT mice. Obesity has also been 
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associated with increased marrow fat426 but interestingly, as discussed earlier, Sdc3 

KO mice are resistant to diet induced obesity376, although I did not check for 

visceral/peripheral fat in our Sdc3 KO and WT mice. It is important to mention that 

this chapter only focuses on male mice who have been reported to have decreased 

energy expenditure compared to female Sdc3 KO mice376, but both were reported to 

have increased energy expenditure when compared to WT mice376. In early 

development, new-born mammals have practically no adipocytes in their bone 

marrow317,427, however, 18 month old mice have been shown to have decreased 

osteoblastogenesis428 and increased adipogenesis in the bone marrow429 and 

therefore an increase in bone marrow adiposity422,423,427. This change in balance 

between osteoblastogenesis and adipogenesis may be due to the fact osteoblasts 

and adipocytes both have a mesenchymal origin and differentiate from a common 

progenitor78,422, and there is a high degree of plasticity between both cell 

types422,423,430. It is known that different transcription factors, such as PPARγ and 

Runx2431–434, in mesenchymal stem cells control what fate the precursor will commit 

to, which in ageing is usually adipogenesis dominant422. Sdc3 could possibly play a 

role in the expression of these transcription factors by suppressing signalling 

pathways which in turn could inhibit or increase their expression and therefore could 

lead to this increase in adipogenesis and suppression of osteoblastogenesis, 

characteristic of the ageing skeleton. This could explain why Sdc3 KO mice have a 

decrease in bone formation and an increase in bone marrow adiposity. 

Histomorphometric analysis of TRAP-stained osteoclasts showed decreased 

osteoclast numbers in Sdc3 KO at 3 and 6 months of age, when compared to WT mice. 

At 3 months of age bone remodelling is still active as there is still longitudinal bone 

growth, but as mice mature and reach 6 months of age this growth ceases and there 

is very little bone remodelling435. Therefore, osteoclast number will decrease as mice 

mature in both WT and Sdc3 KO mice. With ageing there is an increase in 

osteoclastogenesis436,437, but it is important to note that the mice used in these 

experiments cannot be considered aged yet but indeed mature mice.  

The reduced bone formation observed together with increased adipocytes in 

the bone marrow and the lack of response to loading support the changes observed 

in the previous chapter in which Sdc3 KO mice were shown to have decreased bone 



122 
 

volume. The reduced osteoclast number in Sdc3 KO at both 3 and 6 months of age 

were unexpected when considering the low bone volume phenotype described in 

chapter 3 but may indicate that there is a greater level of osteoclast activity rather 

than an increase in osteoclast number in the Sdc3 KO mice.  This will require further 

in vitro studies to be performed. 

In summary, I observed a decrease in bone formation parameters, osteoclast 

number, an increase in bone marrow adiposity at 3 and 6 months of age, and a 

blunted response to mechanical loading at 3 months of age, in Sdc3 KO mice. These 

findings suggest Sdc3 KO mice may have premature ageing of the skeleton, but 

further in vitro studies are needed to understand the underlying mechanisms 

involved at a cellular level and if Sdc3 is involved in osteogenesis and adipogenesis. It 

is possible that Sdc3 plays an important role in proliferation of both osteoclasts and 

osteoblasts and may also be important in the regulation of the pathways involved in 

regulating osteoblastogenesis, adipogenesis and even osteoclastogenesis, as the 

results described in this chapter suggest that the lack of Sdc3 is directing the 

differentiation of mesenchymal stem cells to favour adipogenesis over 

osteoblastogenesis, which has been shown to occur in aged animals438. This reduction 

in osteoblastogenesis could also explain the reduced osteoclastogenesis which is 

promoted in ageing by osteoblasts437. In conclusion, the results obtained in this 

chapter together with the findings in chapter 3 imply there is increased adipogenesis 

together with decreased osteoblastogenesis and consequent decreased 

osteoclastogenesis in Sdc3 KO mice, although it will be interesting to assess 

osteoclast function in vitro to understand whether they can function normally or may 

be overactive. This will all be addressed in the next chapter with the in vitro studies. 
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5 The effect of Syndecan 3 deletion on bone cell function in 
vitro 

 

5.1 Introduction 

  

 In the previous chapter, analysis of dynamic histomorphometry showed that 

Sdc3 KO mice had decreased bone formation and a blunted response to mechanical 

loading which could partially explain the low bone volume phenotype described in 

Chapter 3. I also found that Sdc3 KO mice had increased bone marrow adiposity. All 

these results were found as early as 3 months of age in Sdc3KO. According to the 

literature, 18 month old mice have been shown to have reduced osteoblastogenesis, 

indicating that skeletal ageing is also associated with increased bone marrow 

adiposity428.  These age-related changes have also been shown to be similar to those 

that occur during human ageing, more specifically in osteoporosis, which is 

characterized by low bone mass and increased bone marrow adiposity with increased 

fracture risk417.  

 Surprisingly, when analysing osteoclast numbers, Sdc3 KO mice had reduced 

number of osteoclasts in their tibias when compared to WT tibias. The study of the 

disease osteopetrosis has contributed to a more in depth understanding of the 

molecular mechanisms that regulate osteoclast formation and activity. Osteoclast 

differentiation is regulated by M-CSF, RANKL and OPG. The mechanisms involved in 

osteoclastogenesis have been described in detail in Chapter 1, but briefly, M-CSF is 

able to bind to the cell surface of osteoclast progenitors through its receptor c-Fms, 

which in turn leads to an upregulation of RANK, which interacts with RANKL found on 

osteoblast cell surface or osteocytes, leading to increased proliferation and 

promoting osteoclastogenesis20,23. It was also discovered that OPG, a decoy receptor 

of RANKL, can compete with RANK for RANKL and therefore inhibit 

osteoclastogenesis, playing an important role in regulation of bone formation24. In 

addition, binding of M-CSF to c-Fms and RANKL to RANK activates a number of 

pathways, including ERK, Akt, MAPK and JNK, which in turn activate a number of 

important transcription factors including NFATc1, which is extremely important for 

osteoclast differentiation439. Mature osteoclasts are formed by the fusion of 
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mononucleated cells which form large multinucleated cells. For this to happen there 

are a number of factors required which include DC-STAMP and OC-STAMP440–442. 

After osteoclast fusion and maturation, there are several other factors which enable 

osteoclasts to resorb bone. Key to this is the formation of a microenvironment, 

induced by the osteoclast, between the cell and the surface of the bone which is 

acidified by hydrochloric acid, exposing the bones organic matrix which is then 

degraded by cathepsin K74,443. All these factors, and many others not mentioned, are 

important for the maintenance of healthy bone.  

Osteoblasts, also important for this maintenance, are the cells responsible for 

bone formation. These require a number of factors which regulate their formation 

and function. Runx2, a major transcription factor, was shown to be vital for osteoblast 

differentiation and bone formation  during in vivo knockout studies in which mice 

lacking Runx2 had complete lack of ossification and died soon after birth434. In 

addition, Runx2 is also able to regulate the transcription factor osterix, also required 

for osteoblast differentiation and bone formation4,77,234. Late osteoblast marker 

genes osteonectin and osteocalcin are both essential for osteoblast maturation and 

function and are able to upregulate alkaline phosphatase gene expression13.   

The Wnt/β-catenin pathway appears to be the common denominator between 

osteoblastogenesis, adipogenesis and bone response to mechanical loading444. The 

canonical Wnt/β-catenin pathway is activated by the binding of Wnt glycoproteins, 

such as Wnt3a, to a complex made up of LRP5 and LRP6 co-receptors and one of ten 

of the frizzled receptors which leads to DVL phosphorylation and the 

dephosphorylation of Axin445. This, in turn, leads to β-catenin stabilization which is 

then translocated into the nucleus, where it binds to transcription factors TCF/LEF 

activating target genes which stimulate osteoblast formation and maturation and 

inhibits adipogenesis4,7,446. In the absence of Wnt, β-catenin is phosphorylated and 

targeted for degradation inhibiting bone formation and increasing adipogenesis (for 

details of this process please refer to Chapter 1)447. On the other hand PPARG, the 

main enhancer of adipogenesis, is able to inhibit Wnt activation inducing β-catenin 

degradation and therefore stimulate adipogenesis446,448. Interestingly, bone marrow 

adipogenesis appears to be increased in Sdc3 KO mice as described in Chapter 4.  



125 
 

Taking this information into account, it is possible that Sdc3 may play a role in 

the Wnt signalling pathway. 

Therefore, in this chapter I will be investigating the effects Sdc3 deletion has on 

osteoclast formation and activity, osteoblast formation and function and adipocyte 

formation together with gene and protein studies. 

For details on the pathways mentioned above please see Chapter 1. 

 

5.2 Methods 

 

 Bone marrow, used to generate macrophages and mesenchymal stromal cells 

(MSCs), was obtained from 8-week-old Sdc3 KO and WT female mice by flushing out 

the long bones, which were also used to obtain bone chips from which osteoblasts 

were grown out. Two-day old Sdc3 KO and WT pups were also used for generation of 

osteoblasts from dissected calvaria.  

For osteoclast in vitro work, macrophages, pre-osteoclasts and osteoclasts 

were generated from bone marrow, as described in chapter 2. For osteoclast number 

quantification, RANKL dose response was performed by stimulating macrophages 

with 0, 10, 25, 50 and 100 ng/ml of RANKL. Cells were fixed and stained for TRAcP. 

TRAcP-positive cells with more than 3 nuclei were counted as osteoclasts, under 

blinded conditions. Osteoclast nuclei counts were taken from wells stimulated with 

100ng/ml of RANKL and also of TRAcP-positive cells containing more than 3 nuclei. 

For resorption assays M-CSF-dependent macrophages were seeded at 15x103 

cells/well density onto dentin slices and stimulated with 25ng/ml of M-CSF and 100 

ng/ml of RANKL for up to 7 days. Cells were later TRAcP stained for osteoclast 

quantification and then removed and resorption pits were imaged using reflected 

light microscopy. Quantification was performed using custom software based on 

ImageJ developed by Prof van ‘t Hof. For the study of genes of interest, M-CSF 

dependent macrophages were grown to confluence and stimulated with 100 ng/ml 

RANKL for 3 days to differentiate into pre-osteoclasts and 5 days to differentiate into 

osteoclasts. Total RNA was isolated from M-CSF dependent macrophages, pre-

osteoclasts and osteoclasts, using Qiazol (Qiagen) according to manufacturer’s 

instructions. After storing in -80°C, RNA was later reverse transcribed using EvoScript 
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Universal cDNA Master (Roche). Each sample was reverse transcribed 3 times in order 

to obtain 3 technical replicates. cDNA was then used to perform probe-based RT-

qPCR (LightCycler 480 Probes Master, Roche) for genes of interest.   

For osteoblast in vitro work, osteoblasts were obtained from bone chips and 

from bone marrow MSCs (BMSCs) from 8-week-old female mice and from calvaria of 

2-day-old pups. The purpose of obtaining osteoblasts from these three sources was 

to investigate any possible changes related to the different forms of ossification 

(intramembranous or endochondral) associated with these sources. These were used 

for mineralisation assays by stimulating cells in osteogenic conditions, as described 

in detail in chapter 2. After fixation, mineral was stained with 40mM Alizarin Red S. 

Quantification was performed by dissolving the alizarin Red in 10% (W/v) 

cetylpyridinium chloride in 10mM sodium phosphate and measuring absorbance at 

562 nm on a SPECTROstar nano plate reader, as described in detail in chapter 2. For 

proliferation assays, cells were cultured on coverslips, fixed, permeabilised and then 

incubated in a 1:250 dilution of Anti-Ki67 rabbit primary antibody. Imaging was 

performed using a Zeiss Axio Scan.Z1 slide scanner with a 10x lens.  For alkaline 

phosphatase assays, osteoblasts generated from bone chips were plated at 15x103 

cells/well in 96-well plates and cultured in 150 µl αMEM with 10% FCS for 24 hours. 

Alamar Blue (15 µl/well) was added to the culture and incubated for 2 more hours. 

Cell viability was measured by analysing the Alamar Blue signal using a fluorescence 

plate reader (excitation 560 nm and emission 590 nm). Next, the cells were fixed for 

10 minutes at 4ºC using 4% paraformaldehyde in PBS, washed and stored dry at -

20ºC. Alkaline phosphatase activity was measured using the conversion of para-

nitrophenyl-phosphatase to p-nitrophenyl by measuring absorption at 405 nm at 1-

minute intervals for 30 minutes. Alkaline phosphatase measurements were corrected 

for cell number by dividing by the Alamar Blue signal. For details please refer to 

chapter 2. 

For adipogenic studies, BMSCs were grown to confluence and then cultured 

for up to 17 days in adipogenic differentiation medium, as described in chapter 2. 

Afterwards, cells were either stained with Oil Red O, to visualise adipocytes, or used 

for RNA extraction by using Trizol as per the manufacturer’s instructions. RNA was 
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then reverse transcribed as described above and cDNA used for probe-based RT-qPCR 

(LightCycler 480 Probes Master, Roche) for genes of interest.  

For protein experiments, an initial experiment was performed to assess time 

response to Wnt3a stimulation of osteoblasts generated from bone chips by 

stimulating them with 50ng/ml of recombinant mouse Wnt3a protein (Cell Signalling) 

for 0, 2, 6 and 24 hours. Cells were lysed with RIPA buffer and western blot was 

performed using standard protocols described in Chapter 2. Non-phosphorylated 

(active) β-catenin rabbit primary antibody at 1:1000 dilution, secondary goat anti 

rabbit Alexa Fluor 800 antibody at 1:10,000 dilution, primary β-actin mouse antibody 

at 1:5000 dilution and secondary rabbit anti mouse Alexa Fluor 680 antibody at 

1:10,000 were used for probing. Membranes were visualised using the Odyssey CLx 

imaging system (LI-COR) and analysed using Image Studio lite (LI-COR).  In subsequent 

experiments, osteoblasts generated from bone chips were stimulated with 50ng/ml 

of recombinant mouse Wnt3a protein for a time course of 0, 15, 30, 60 and 120 

minutes and then lysed with RIPA buffer. Western blot was performed and analysed 

as described previously. To assess the optimal concentration of Wnt3a needed to 

induce β-catenin dephosphorylation, a dose response was performed by stimulating 

osteoblasts generated from bone chips with 0, 10, 15, 50 and 100 ng/ml of 

recombinant mouse Wnt3a protein for 2 hours. Cells were then lysed in RIPA buffer 

and western blotting was performed and analysed as described above.   

Statistical analysis was performed using a paired two-tailed Student’s t test. 

 For details on methods used in this chapter please refer to Chapter 2. 

  

5.3 Results 

 
5.3.1 The effect of Syndecan 3 deletion on osteoclast function in vitro 
 

Bone histomorphometry analysis revealed reduced numbers of osteoclasts in 

3-month-old Sdc3 KO compared to WT. However, firstly it was unclear whether this 

effect was centrally mediated and secondly, whether the reduced osteoclast number 

in Sdc3 KO mice translated into lower osteoclast-mediated bone resorption 
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capability. Therefore, studies were performed assessing osteoclastogenesis potential 

and bone resorption in vitro.  

For the purpose of quantification, osteoclasts were generated in vitro from 

bone marrow macrophages by culturing them with M-CSF and after 3 days RANKL 

was added at increasing concentrations and cultures continued for approximately 5 

days, at which point cultures were constituted primarily of osteoclasts, containing 

also macrophages. RANKL dose response analysis showed overall decreased 

osteoclast formation in Sdc3 KO compared to WT cultures (Figure 5.1). At 100 ng/ml 

of RANKL the number of osteoclasts in Sdc3 KO cultures was decreased by two-fold 

when compared to WT cultures (p<0.05; Figure 5.1 B). 

 

 

Figure 5.1: RANKL dose response assay. (A) Representative micrographs of TRAcP 
staining of bone marrow derived M-CSF dependent macrophages, of 3-month-old 
mice, stimulated with 0, 10, 25, 50 and 100 ng/ml RANKL grown for 5 days in 96 
well plates, show less TRAcP-positive osteoclasts in Sdc3 KO cultures when 
compared to WT. (B) Quantification of osteoclast numbers shows decreased 
osteoclast formation in Sdc3 KO cultures after RANKL stimulation. Results in B 
represent means ± SD of 4 independent experiments performed in quintuplicate. 
Significance is denoted by *p<0.05. 

 

 During analysis of RANKL dose response it was noted that TRAcP-positive Sdc3 

KO osteoclasts appeared to be smaller with less nuclei than WT osteoclasts. 

Therefore, nuclei counts were performed on osteoclasts generated from M-CSF 
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dependent macrophages and stimulated with 100ng/ml of RANKL from the RANKL 

dose response experiment described above. Analysis showed that Sdc3 KO cultures 

generate less osteoclasts than WT cultures with significantly decreased osteoclast 

numbers in the 3 to 5 (p<0.001) and 6 to 9 (p<0.05) nuclei groups (Figure 5.2 A). Sdc3 

KO osteoclasts show no significant difference in percentage of total number of cells 

per number of nuclei group when compared to WT cultures (Figure 5.2 B).  

 

 

Figure 5.2: Nuclei counts and percentage of total number of cells per nuclei count 
group relative to total number of cells in culture of Sdc3 KO and WT osteoclasts. 
TRAcP positive WT osteoclasts are significantly increased in both 3 to 5 ([3-5]) and 
6 to 9 ([6-9]) number of nuclei groups when compared to TRAcP positive Sdc3 KO 
osteoclasts (A). The nuclei group [3-5] is represented by more than 50% of the 
percentage total of both Sdc3 KO and WT osteoclasts (B). Results represent means 
± SD of 4 independent experiments. Significance is denoted by *p<0.05 and 
***p<0.001. 

 
 
 To assess osteoclast function, bone resorption assays were performed on 

dentin slices (Figure 5.3 A and B). Analysis of total resorption area (Figure 5.3 C) 

showed no significant difference between Sdc3 KO and WT. Osteoclast  numbers 

showed no significant difference either (Figure 5.3 D), but interestingly, results show 

a significant increase (p<0.01) in resorption surface per osteoclast (ResSurf/Oc) in 

Sdc3 KO (Figure 5.3 E) when compared to WT cultures. These data indicate that 

although Sdc3 KO mice generate lower osteoclast numbers in vivo, these osteoclasts 

may have increased resorption activity in comparison to WT. 



130 
 

 

Figure 5.3: Osteoclast resorption assay. Representative micrographs of dentin 
slices seeded with WT (A) and Sdc3 KO (B) M-CSF dependant macrophages 
stimulated with 100ng/ml of RANKL for 5 days to generate osteoclasts. Arrows in 
white (A and B) indicate resorption pits. Osteoclasts were stained with TRAcP stain 
for visualisation and count, then removed and resorption pits analysed. Analysis 
showed no significant difference in total resorption area (C) and osteoclast number 
(Oc number; D) but showed a significant increase in resorption surface per 
osteoclast (ResSurf/Oc; E) in Sdc3 KO cultures. Results represent means ± SD from 
3 independent experiments performed in quadruplicate. Significance is denoted by 
**p<0.01. 

 

 

5.3.2 The effect of Syndecan 3 deletion on gene expression during osteoclastogenesis 
 

The results described above demonstrate that Sdc3 KO have significantly 

lower rates of osteoclast formation induced by M-CSF and RANKL in vitro in 
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osteoclastogenesis cultures, confirming the histology findings (Chapter 4). 

Interestingly, cultures of osteoclasts on dentin slices did not show a difference in 

resorption area between Sdc3 KO and WT, however the resorption area per 

osteoclast was over twofold higher in Sdc3 KO compared to WT cultures, suggesting 

that Sdc3 promotes osteoclast differentiation but decreases mature osteoclast 

resorptive activity. There are certain genes involved in the regulation of osteoclast 

formation and function such as Tnfrsf11a, encoding RANK449, which regulates 

osteoclastogenesis and Nfatc1439, one of the main transcription factors required for 

osteoclastogenesis. Late osteoclast marker genes such as Dcstamp and Ctsk are also 

essential for osteoclast fusion and function, respectively440,442,443,450. Therefore, I 

investigated expression levels of these osteoclast marker genes in samples of cDNA 

obtained from Sdc3 KO and WT macrophages, pre-osteoclasts and osteoclasts.  

I verified that there was no Sdc3 expression in Sdc3 KO cells, as expected. 

When comparing marker gene expression between Sdc3 KO and WT cultures, 

Tnfrsf11a (encoding RANK), essential for osteoclast formation451, was significantly 

decreased in Sdc3 KO macrophages compared to WT macrophages (p<0.01; Figure 

5.4 A), which may explain the reduced sensitivity to RANKL observed in the Sdc3 KO 

RANKL dose response assays, described above in section 5.3.1 (Figure 5.1).  

Previous literature has demonstrated the importance of β-catenin activation 

for osteoclastogenesis452. Interestingly, a paper by Maeda and colleagues showed 

that Wnt5a activates the FZD-mediated non-canonical Wnt pathway through 

receptor tyrosine kinase-like orphan receptor (Ror) proteins453. They found that the 

bone marrow macrophages highly expressed receptor components of Wnt5a, such 

as FZD7, which can mediate the Wnt5a-Ror2 signals and can therefore enhance RANK 

expression is osteoclast progenitor cells which in turn enhances RANKL-induced 

osteoclastogenesis453. Studies in Xenopus have revealed that FZD7 binds to SDC4 and 

Rspo3 promoting Wnt/PCP signalling via endocytosis454. Therefore, I investigated 

gene expression levels of FZD7 on the above-mentioned samples and found that it 

was significantly decreased in Sdc3 KO macrophages (p<0.01) when compared to WT 

macrophage samples, but not at the pre-osteoclast and osteoclast stage (Figure 5.4 

F). Given the effect Wnt5a-Ror2 signalling has on RANK expression, downregulation 

of Fzd7 may in turn lead to the downregulation of Tnfrsf11a (encoding RANK) 
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observed in the Sdc3 KO macrophages. Taken together, these data suggest that 

syndecan 3 may enhance osteoclastogenesis through Wnt signalling and may also be 

important in mature osteoclasts, however the exact mechanism is still unclear. 

 

 

 

Figure 5.4: Analysis of gene expression in Sdc3 KO and WT macrophages, pre-
osteoclasts and osteoclasts. M-CSF dependent macrophages (MO) were seeded at 
0.6x106 cells/ml in 6 well plates. Cells were grown to confluency for 2 days and the 
wells for pre-osteoclasts (POC) and osteoclasts (OC) were then stimulated with 
25ng/ml of M-CSF and 100ng/ml of RANKL for 3 and 5 days, respectively. Wells 
containing only macrophages were stimulated with 100ng/ml of M-CSF until 
confluency. Cells were lysed and RNA was extracted. Gene expression of osteoclast 
marker genes was quantified by qPCR relative to Hmbs. There was a significant 
decrease in Tnfrsf11a (A) and Fzd7 (F) in Sdc3 KO macrophages when compared to 
WT macrophages. Sdc3 gene expression was not seen in Sdc3 KO. Values shown 
are mean ± SD. Significance is denoted by **p<0.01 and *p<0.05. WT are N=4 and 
Sdc3 KO are N=3, and all independent experiments were performed in triplicate. 
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5.3.3 The effect of Syndecan 3 deletion on osteoblast function in vitro 
 

5.3.3.1  Mineralisation assays 

 

Bone histomorphometry revealed lower bone formation in Sdc3 KO mice 

when compared to WT mice (Chapter 4), however it was unclear whether this was 

due to a direct defect in osteoblasts or a systemic effect. Therefore, to determine the 

effect of Sdc3 deletion at a cellular level, in vitro studies were performed assessing 

osteoblast formation and function.  

Mineralisation assays showed a remarkable difference in Alizarin Red stained 

mineral between cultures of Sdc3 KO and WT osteoblasts, in which the biggest 

difference was noted in the osteoblasts differentiated from bone chips (Figure 5.5 A 

and B) where no mineral in the Sdc3 KO cultures was observed and then the 

osteoblasts generated from BMSCs (Figure 5.5 C and D) in which Sdc3 KO cultures 

showed some mineral but very little compared to WT cultures. The osteoblasts 

differentiated from calvaria (Figure 5.5 E and F) showed the least difference with both 

Sdc3 KO and WT producing mineral, although it is still noted that Sdc3 KO cultures 

form less mineral than WT. Quantification of mineral using Alizarin Red showed an 

over 2- and 6-fold reduction in mineralisation in Sdc3 KO vs WT cultures of 

osteoblasts differentiated from BMSCs (p<0.05) and from osteoblasts grown out of 

bone chips (p<0.001), respectively. Sdc3 KO cultures of osteoblasts grown out of 

calvaria also showed a significantly reduced mineralisation capacity when compared 

to WT cultures (p<0.001; Figure 5.5 G). The biggest effect was observed in cultures of 

mature osteoblasts obtained from bone chips. These results indicate that the low 

bone formation rate seen in Sdc3 KO mice in histomorphometry is due to impaired 

osteoblast function, however they do not exclude a systemic contributory effect. 
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Figure 5.5: Mineralisation assays and mineralisation quantification of Sdc3 KO 
and WT osteoblast cultures. Representative images show osteoblasts generated 
from bone chips (A and B), BMSCs (C and D) and calvaria (E and F) and cultured for 
21 days in mineralisation medium, fixed, and then stained with Alizarin Red. There 
is a significant decrease in mineral in Sdc3 KO cultures of osteoblasts from bone 
chips (Ob), bone marrow mesenchymal stromal cells (BMSC) and from calvaria 
(Calv) when compared to WT cultures (G). Results represent means ± SD from 3 
independent experiments performed in duplicate. Significance is denoted by 
*p<0.05 and ***p<0.001. 

 

   

5.3.3.2  Alkaline phosphatase assay 

Osteoblasts secrete Alkaline phosphatase (ALP) which hydrolyses 

pyrophosphate, which provides phosphate for mineralisation of bone matrix88.  ALP 

is also a bone formation marker455. Therefore, ALP activity was assessed in 

osteoblasts grown out of bone chips of Sdc3 KO and WT 8-week old female mice. ALP 

assay revealed a significant decrease in ALP activity in Sdc3 KO osteoblasts (p<0.001) 

when compared to WT cultures (Figure 5.6), indicating that the low bone formation 

rate seen in Sdc3 KO mice in histomorphometry is due to impaired osteoblast 

function. 
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Figure 5.6 Alkaline phosphatase enzyme activity assay of Sdc3 KO osteoblasts vs 
WT osteoblasts. Alkaline phosphatase (ALP) activity was measured after 
osteoblasts generated from bone chips seeded at 15x103 cells/well were cultured 
for 24 hours in 96 well plates with standard DMEM. Analysis shows a significant 
decrease in ALP activity in Sdc3 KO osteoblasts when compared to WT osteoblasts, 
with Sdc3 KO osteoblasts having an average of only 0.29nMoles/min and WT 
osteoblasts having an average of 1 nMoles/min. Alkaline phosphatase activity was 
corrected to cell number. Results represent means ± SD from 3 independent 
experiments with 6 replicates per experiment. Significance is denoted by 
***p<0.001. 

 

 

5.3.3.3  Cell proliferation assay 

The previous results show that Sdc3 KO osteoblast cultures have reduced 

mineralisation and ALP activity when compared to WT cultures, however this effect 

could be due to reduced cell proliferation in Sdc3 KO. Therefore, to determine cell 

proliferation, a Ki67 assay was performed. Although the experiments were 

performed only twice, the obtained preliminary data show no significant difference 

in number of Ki67-positive cells between Sdc3 KO and WT cultures (Figure 5.7). This 

suggests that reduced mineralisation in Sdc3 KO osteoblasts is not due to diminished 

cell proliferation. 
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Figure 5.7: Cell proliferation assay of Sdc3 KO and WT osteoblasts. Sdc3 KO and 
WT osteoblasts generated from bone chips were cultured on coverslips for 24 
hours, fixed and then stained for Ki67 and DAPI (A). Red boxes highlight the 
zoomed in images on the right (A), with the red circles on the right showing the 
Ki67 stained cells. Quantification of Ki67 positive cells (B) shows no significant 
difference between Sdc3 KO and WT cultures. Results represent means ± SD from 
2 independent experiments with 6 replicates per experiment. Values shown are 
mean ± SD. 

 

 

5.3.3.4 The effect of Syndecan 3 deletion on gene expression in osteoblasts 

The results described above showed a decrease in mineralisation in Sdc3 KO 

cultures (Figure 5.5) when compared to WT cultures and measurement of ALP activity 

(Figure 5.6) showed a reduction in the enzyme activity in Sdc3 KO osteoblasts (Figure 

5.6). Taking these into account and considering that ALP is a marker for bone 

formation455, I next examined Alpl (encoding Alkaline Phosphatase) gene expression 

by RT-qPCR of samples of cDNA obtained from Sdc3 KO and WT osteoblasts. As shown 
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in Figure 5.8 A, Alpl expression was significantly reduced (p<0.01) in Sdc3 KO 

osteoblasts, when compared to WT. Osteonectin (encoded by On) and osteocalcin 

(encoded by Bglap), both important for osteoblast maturation and function13, were 

also investigated, however I found that neither showed a significant difference in 

gene expression between Sdc3 KO and WT cultures (Figure 5.8 B and C, respectively). 

Osteoblast differentiation marker gene, Runx2 was also investigated, in addition to 

Smad6 and Pparg (Figure 5.9). As described in detail in Chapter 1, Runx2 and Smad6 

are both positive regulators of osteoblast differentiation and stimulation, whereas, 

Pparg is a negative regulator of osteoblast differentiation. Both Runx2 and Smad6 

were significantly decreased (p<0.01 and p<0.05, respectively) in Sdc3 KO osteoblasts 

when compared to WT osteoblasts (Figure 5.9 A and B). Pparg showed no significant 

difference between Sdc3 KO and WT cultures (Figure 5.9 C). 

 

 

 

Figure 5.8: Expression of genes that regulate osteoblast function in Sdc3 KO and 
WT osteoblasts. Osteoblasts generated from bone chips of Sdc3 KO and WT mice 
were grown in standard DMEM until confluent. Analysis of relative expression of 
Alpl (encoding Alkaline phosphatase, A), On (encoding osteonectin, B) and Bglap 
(encoding osteocalcin, C) was performed but only Alpl was significantly decreased 
(p<0.01) in Sdc3 KO osteoblasts compared to WT osteoblasts. Results represent 
means ± SD of 5 independent experiments performed in triplicate and expression 
is relative to Hmbs. Significance is denoted by **p<0.01. 
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Figure 5.9: Expression of genes that regulate osteoblast differentiation in Sdc3 
KO and WT osteoblasts. Osteoblasts generated from bone chips of Sdc3 KO and 
WT mice were grown in standard DMEM until confluent. Analysis of relative 
expression of Runx2 (A), Smad6 (B) and Pparg (C) showed significantly decreased 
expression in Runx2 (p<0.01) and Smad6 (p<0.05). Results represent means ± SD 
of 5 independent experiments performed in triplicate and expression is relative to 
Hmbs. Significance is denoted by **p<0.01. 

 

 

To investigate whether any of the remaining 3 syndecans could be 

compensating for Sdc3 deletion, gene expression of all syndecans was also analysed. 

Although these appeared to be decreased in Sdc3 KO osteoblasts, the differences 

were not statistically significant possibly due to the low number of repeats (Figure 

5.10, A-D), therefore there is no evidence of compensatory increase of other 

syndecans. 

 

 

Figure 5.10: Analysis of gene expression of syndecans in Sdc3 KO and WT 
osteoblasts.  Osteoblasts generated from bone chips of Sdc3 KO and WT mice were 
grown in standard DMEM until confluent. Analysis of relative expression of Sdc1 
(A), Sdc2 (B), Sdc3 (C) and Sdc4 (D) showed no significant differences between Sdc3 
KO and WT samples. Although it is clear that Sdc3 is not expressed in Sdc3 KO 
samples compared to WT samples. Results represent means ± SD of 2 independent 
experiments performed in triplicate and expression is relative to Hmbs. 

 

As mentioned earlier, Sdc3 KO mice have increased bone marrow fat and a 

blunted response to mechanical loading which could suggest involvement of Sdc3 in 
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the Wnt signalling pathway, possibly by enhancing the Wnt signalling. Therefore, I 

analysed expression levels of the main genes involved in the canonical Wnt signalling 

pathway (described in detail in Chapter 1) which included Wnt ligand Wnt3a (Figure 

5.11 A), a major upregulator of bone metabolism456. Wnt proteins bind to 

transmembrane receptors Frizzled and co-receptors LRP5/6, triggering a cascade of 

intracellular events456, therefore I analysed gene expression of Lrp5 and Lrp6 (Figure 

5.11 B and C).  Fzd1 expression is relatively high in osteoblasts457 and Fzd1 is known 

to enhance osteoblast-mediated mineralisation458, therefore Fzd1 gene expression 

was also analysed (Figure 5.11 D). 

Lgr4, Lgr5 and Lgr6 were also analysed as these potentiate Wnt/β-catenin 

signalling131 and LGR4 has been shown to play an important role in bone formation151. 

Finally, downstream effectors of the Wnt pathway were also analysed, including 

Axin2, a direct target of the Wnt pathway143, Atf4, a transcription factor activated by 

LGR4 activity promoting β-catenin expression459, and Ctnnb1 (encoding β-catenin)  

(Figure 5.10 H, I and J) required for the control of target gene expression which are 

important for osteogenesis137. Gene expression analysis showed that Lgr4 (Figure 

5.11 E) was significantly downregulated (p<0.05) in Sdc3 KO cultures but the 

remaining genes analysed showed no significant difference, possibly due to low N-

number. Interestingly, Atf4 (Figure 5.11 I), a downstream effector of LGR4 appeared 

to be downregulated in Sdc3 KO samples, as were Lgr5 and Ctnnb1. Although these 

data are preliminary as only one biological experiment was performed (n=1), it may 

indicate that Sdc3 enhances the canonical Wnt signalling pathway in osteoblasts.  
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Figure 5.11: Analysis of gene expression of Wnt signalling pathway genes in Sdc3 
KO and WT osteoblasts. Osteoblasts generated from bone chips of Sdc3 KO and 
WT mice were grown in standard DMEM until confluent. Analysis of components 
of the Wnt signalling pathway, which included Wnt3a (A; WT N=3 and Sdc3 KO 
N=2), Lrp5 (B; WT N=3 and Sdc3 KO N=2), Lrp6 (C; WT N=3 and Sdc3 KO N=2), FZD1 
(D; WT N=3 and Sdc3 KO N=2), Lgr4 (E; WT N=3 and Sdc3 KO N=2), LGR5 (F; WT N=1 
and Sdc3 KO N=1), Lgr6 (G; WT N=3 and Sdc3 KO N=2), Axin2 (H; WT N=3 and Sdc3 
KO N=2), Atf4 (I; WT N=1 and Sdc3 KO N=1) and Ctnnb1 (encoding β-catenin; J; WT 
N=1 and Sdc3 KO N=1) showed a significant reduction in relative expression of Lgr4 
in Sdc3 KO osteoblasts compared to WT osteoblasts. Results are means ± SD and 
expression is relative to Hmbs. Significance is denoted by *p<0.05. 

 

 

To understand why there is a mineralisation defect in Sdc3 KO osteoblasts, I 

further investigated osteoblast marker gene expression in osteoblasts generated 

from MSCs grown in mineralising conditions for 21 days. These genes included 

Tnfsf11 (encoding RANKL; Figure 5.12 A) and TnfrsfF11b (encoding osteoprotegerin; 

Figure 5.12 B), important for osteoblast regulation of osteoclastogenesis66, Alpl 

(encoding alkaline phosphatase; Figure 5.12 C), which as mentioned earlier is 

essential for mineralisation88, Bglap (encoding osteocalcin; Figure 5.12 D), the most 

common noncollagenous protein essential for bone formation460, and Col1a1 

(encoding collagen type I; Figure 5.12 E), which is the most common type of collagen 
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in bone, highly expressed in osteoblasts and the main component of bone matrix99. 

These showed no significant differences between Sdc3 KO and WT samples (Figure 

5.12). 

 

 

Figure 5.12: Analysis of gene expression of osteoblast marker genes in Sdc3 KO 
and WT mesenchymal stromal cells grown in osteogenic conditions. MSCs 
obtained from Sdc3 KO and WT mice were grown in standard medium until 
confluent and then in mineralising conditions for 21 days in order to generate 
mineralising osteoblasts. Analysis of relative expression showed no significant 
differences in Tnfsf11 (encoding RANKL; A), Tnfrsf11b (encoding osteoprotegerin; 
B), Alpl (encoding alkaline phosphatase; C), Bglap (encoding osteocalcin; D) and 
Col1a1 (encoding collagen type I; E) between Sdc3 KO and WT cultures. Results 
represent means ± SD from 3 independent experiment performed in triplicate and 
expression is relative to housekeeping gene Hmbs.  

 

 

5.3.3.5  Effect of Sdc3 deletion on β-catenin 

Gene expression analysis revealed a significant downregulation of Runx2 in 

Sdc3 KO osteoblasts generated from bone chips (Figure 5.9). As Runx2 is the target 

gene of Wnt/β-catenin pathway inducing MSCs to differentiate into osteoblasts144, 

Sdc3 could enhance Wnt/β-catenin pathway. As described in chapter 1 in section 

1.2.2, activation of the Wnt pathway leads to nuclear translocation of the non-

phosphorylated form of β-catenin, which in turn controls target gene transcription. 

Therefore, I quantified β-catenin at a protein level in osteoblasts stimulated with 

recombinant Wnt3a in order to activate Wnt/β-catenin signalling.  In order to decide 

the amount of Wnt3a to use an initial literature review was performed revealing the 
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concentration used ranged between 20-100 ng/ml456,461,462. Karner et al., stimulated 

ST2 cells, which are an osteoblast-adipocyte bipotent progenitor cell line, with 

50ng/ml of Wnt3a461, Sebastian et al., stimulated osteoblasts generated from calvaria 

from Lrp5/6 KO mice with 100ng/ml of Wnt3a456 and Grol et al., stimulated calvarial 

osteoblasts obtained from P2X7 KO mice and MC3T3-E1 osteoblast like cells with 

20ng/ml of Wnt3a462. Taking these data into account, I decided to use a concentration 

of 50ng/ml of recombinant mouse Wnt3a protein to stimulate cells with. To do so, 

osteoblasts were generated from bone chips and after reaching confluency were 

placed in serum-free medium containing fortified serum replacement TCM. After 12 

hours, osteoblasts were stimulated with 50ng/ml of Wnt3a for 0, 2, 6 and 24 hours. 

Cells were then lysed and Western Blot performed. Analysis showed that the active 

form of β-catenin, which is the non-phosphorylated form, increased slightly after 2 

hours of incubation with Wnt3a (Figure 5.13 A, B and C). Analysis also showed that 

levels of non-phosphorylated (active) β-catenin showed no significant difference 

between Sdc3 KO cultures and WT cultures (Figure 5.13 C), but there appeared to be 

a trend towards lower levels in the Sdc3 KO cultures which may suggest a 

downregulation of the Wnt signalling pathway in the absence of Sdc3. To capture 

potential earlier effect of Wnt3a on β-catenin dephosphorylation, I performed 

another time course on both Sdc3 KO and WT osteoblasts which included 15, 30, 60 

and 120 minutes of stimulation with 50ng/ml of recombinant mouse Wnt3a protein. 

Western blot analysis showed no significant changes between WT and Sdc3 KO 

cultures although there still appeared to be a trend towards decreased levels of active 

β-catenin in the Sdc3 KO when compared to WT osteoblasts (Figure 5.14 A and B). 

This could suggest that Sdc3 KO osteoblasts are unresponsive to Wnt3a stimulation.  

In order to find the optimal concentration of Wnt3a for activating the β-

catenin pathway in Sdc3 KO vs WT osteoblasts, Sdc3 KO and WT osteoblasts were 

stimulated for 2 hours with 0, 10, 25, 50 and 100 ng/ml of recombinant mouse Wnt3a 

protein. Analysis showed no significant difference in dose response between Sdc3 KO 

and WT. However, again the level of active β-catenin appeared to be lower in Sdc3 

KO (Figure 5.15) which may indicate that Sdc3 KO osteoblasts are less responsive to 

rising concentrations of Wnt3a, but this experiment was performed only once. 

Therefore, these data suggest that Sdc3 deletion has an inhibitory effect on the 



143 
 

pathway activation. Therefore, Sdc3 may have an enhancing effect on the canonical 

Wnt signalling pathway in osteoblasts.  
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Figure 5.13: Western blot analysis of non-phosphorylated β-catenin in Sdc3 KO 
and WT osteoblasts after stimulation with Wnt3a. Sdc3 KO and WT osteoblasts 
cultures generated from bone chips were stimulated under serum-free conditions 
with 50ng/ml recombinant mouse Wnt3a protein for 0, 2, 6 and 24 hours after 
overnight incubation in serum free medium containing serum replacement TCM. 
Levels of non-phosphorylated (active) β-catenin at 0 and 2h (A) and 6 and 24h (B) 
were quantified by Western blotting. All blots were probed for β-actin as a 
housekeeping protein. Quantification of non-phosphorylated β-catenin (C) shows 
a slight increase at the 2-hour time point, then a slight decrease at the 6-hour time 
point in both Sdc3 KO and WT. Quantification showed no significant differences 
between Sdc3 KO cultures and WT (N=3). The expected molecular weight for non-
phosphorylated β-catenin is 92 kDa and for β-actin is 42 kDa. 
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Figure 5.14: Western blot analysis of non-phosphorylated β-catenin in Sdc3 KO 
and WT osteoblasts after Wnt3a stimulation. Sdc3 KO and WT osteoblasts cultures 
generated from bone chips were stimulated under serum-free conditions with 
50ng/ml recombinant mouse Wnt3a protein for 0, 15, 30, 60 and 120 minutes after 
24hours in serum-free medium containing serum replacement TCM. Levels of non-
phosphorylated (active) β-catenin at the different time points were examined by 
Western blotting (A). Quantification of non-phosphorylated β-catenin (B) shows a 
no significant difference in non-phosphorylated β-catenin levels as stimulation 
time increases between WT cells and Sdc3 KO cells. N=1. The expected molecular 
weight for non-phosphorylated β-catenin is 92 kDa and for β-actin is 42 kDa. 
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Figure 5.15: Western blot analysis of non-phosphorylated β-catenin in Sdc3 KO 
and WT osteoblasts after Wnt3a dose response. Sdc3 KO and WT osteoblasts 
cultures generated from bone chips were stimulated under serum-free conditions 
with 0, 10, 25, 50 and 100 ng/ml recombinant mouse Wnt3a protein for 2 hours 
after 24hours in serum free medium containing TCM. Levels of non-
phosphorylated (active) β-catenin at the different time points were examined by 
Western blotting (A). Quantification of non-phosphorylated β-catenin (B) shows no 
significant difference in non-phosphorylated β-catenin levels in response to 
increased doses of Wnt3a stimulation between Sdc3 KO and WT cells. N=1. The 
expected molecular weight for non-phosphorylated β-catenin is 92 kDa and for β-
actin is 42 kDa. 

 

 

5.3.4 The effect of Syndecan 3 deletion on adipocyte formation in vitro 
For osteoblast in vitro studies I extracted bone marrow MSCs (BMSCs) and 

grew them in osteogenic conditions in order to induce mineralisation (section 5.3.2.1; 

Figure 5.5). During this experimental process I observed the presence of fat cells in 

the Sdc3 KO osteoblast cultures generated from BMSCs shown here in Figure 5.16. 
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As Sdc3 deletion leads to a phenotype which mimics premature osteoporosis and 

considering that Sdc3 KO mice also showed increased bone marrow adiposity during 

histomorphometric analysis in Sdc3 KO mice, in vitro studies to assess adipocyte 

formation were performed. Fat cells were not quantified as these cultures were used 

for mineralisation assay and quantification. I extracted bone marrow from the long 

bones of 8-week-old Sdc3 KO and WT female mice in order to obtain BMSCs. Cells 

were then grown in adipogenic conditions for up to 21 days. Sdc3 KO appeared to 

generate more adipocytes than WT cultures (Figure 5.17) but Oil red O staining for 

adipocyte quantification failed due to loss of cells during the processing, therefore I 

was unable to quantify them. 

 

 

Figure 5.16: Bone marrow mesenchymal stromal cells cultured in osteogenic 
conditions. Representative micrographs of WT and Sdc3 KO BMSC cultures grown 
under osteogenic conditions show the presence of possible mineral in both 
cultures (indicated by red arrows). Interestingly, Sdc3 KO cultures appear to have 
spontaneous generation of adipocytes (indicated by white arrows). Images were 
taken of representative wells from 1 of 3 independent experiments performed in 
quadruplicate. Live cells cultures were visualised using phase contrast microscopy, 
magnification 10x and 20x.  
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Figure 5.17: Bone marrow mesenchymal stromal cells grown under adipogenic 
conditions. Representative micrographs show the presence of adipocytes in both 
WT and Sdc3 KO cultures (indicated by white arrows). Images were taken of 
representative wells from 1 of 3 independent experiments performed in 
quadruplicate. Live cells cultures were visualised using phase contrast microscopy, 
magnification 10x and 20x. 

 

 

5.3.3.6 The effect of Syndecan 3 deletion on gene expression in adipocytes 

 
The results described above show that Sdc3 KO MSCs can differentiate into both 

mineralising osteoblasts and adipocytes in osteogenic conditions, but WT seem to 

form only osteoblasts under the same conditions. During histomorphometric studies, 

Sdc3 KO mice were also shown to have increased bone marrow adiposity when 

compared to WT mice. This suggests that there may be a possible dysregulation in 

the mechanisms governing osteoblastogenesis vs adipogenesis with a shift towards 

the latter in Sdc3 KO. To further understand this increased adipogenesis observed in 

Sdc3 KO, gene expression analysis was performed on mRNA obtained from the BMSC 

generated adipocyte cultures and osteoblast cultures.  

Early osteoblast marker genes of differentiation analysed included Runx2, 

which is a major transcription factor in osteoblastogenesis434, Fgf2 and On (encoding 
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osteonectin), which positively regulate osteoblast differentiation and are essential 

for bone formation 463–465. Late osteoblast marker gene analysed was Postn (encoding 

periostin), which regulates cell adhesion466.  

Adipocyte marker genes were also analysed, including early marker gene for 

adipogenesis, Pparg, which is the main regulator of adipogenesis, and late marker 

gene for adipogenesis, Adipoq (encoding adiponectin), which is highly expressed in 

mature adipocytes467. Due to the earlier suggestion of the possible involvement of 

Sdc3 in the enhancement of Wnt signalling, Wnt10b expression was also analysed. 

Wnt10b has been shown by Bennett et al., to enhance osteoblast differentiation, 

increasing postnatal bone formation468. Bennett and colleagues generated a 

transgenic mouse in which Wnt10b was expressed in mature osteoblasts and found 

that that this overexpression lead to an increase in osteoblast numbers in bone and 

an increase in bone formation468. Previous studies by the same group showed that 

Wnt10b stimulates osteoblastogenesis, inhibiting adipogenesis, by inducing Runx2, 

Dlx5 and Osterix, and supressing Pparg469.  

Interestingly, as shown in Figure 5.18, On (osteonectin; C), a positive regulator 

of osteoblast differentiation, was the only gene to be significantly downregulated 

(p<0.05) in Sdc3 KO BMSCs grown in adipogenic conditions. The remaining genes 

showed no significant difference between genotypes in BMSCs grown in either 

osteogenic or adipogenic conditions.  

Expression of Hmbs, the housekeeping gene, in WT and Sdc3 KO BMSCs grown 

in osteogenic conditions had an average CT value of 23.8 for both genotypes, while 

in BMSCs grown in adipogenic conditions Hmbs had an average CT value of 24.5 for 

WT and 25.6 for Sdc3 KO. 
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Figure 5.18: RT-qPCR analysis of osteoblast and adipogenic marker genes and 
Wnt10b in Sdc3 KO and WT BMSCs grown in osteogenic and adipogenic 
conditions.  BMSCs obtained from Sdc3 KO and WT mice were grown in standard 
medium until confluent and then in mineralising or adipogenic conditions for 21 
days in order to generate either mineralising osteoblasts or adipocytes. Analysis of 
relative expression to housekeeping gene Hmbs shows no significant differences in 
relative expression of Runx2 (A), Fgf2 (B), Postn (D), Pparg (E), Adipoq (F) and 
Wnt10b (G) between Sdc3 KO and WT. On (C) showed a significant downregulation 
in relative expression in Sdc3 KO BMSCs grown in adipogenic conditions, when 
compared to WT cells in the same conditions. Results represent means ± SD from 
3 independent experiment performed in triplicate. Significance is denoted by 
*p<0.05. 

 

   

5.4 Discussion 

 
 Adult Sdc3 KO mice have a low bone volume phenotype coupled with 

increased bone fragility. Dynamic histomorphometry showed that Sdc3 KO mice have 

decreased bone formation, decreased osteoclast numbers, increased bone marrow 

adiposity and a blunted response to mechanical loading. Sdc3 KO mice are resistant 

to high-fat diet-induced obesity and accumulate less adipose tissue376, and have 

impaired hippocampus-dependent memory377 suggesting that Sdc3 plays a role in the 
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central nervous system. This indicates that there could be a systemic factor/s 

dysregulation that account for the Sdc3 KO bone phenotype. Thus, it was essential to 

investigate the effect of Sdc3 deletion at a cellular level to understand if the effect 

observed in vivo could be replicated (or not) in vitro. Given the decreased bone 

formation coupled with increased bone adiposity and a blunted response to loading, 

one of the underlying mechanisms that Sdc3 may affect is the Wnt pathway, which is 

the major upregulator of osteoblastogenesis and inhibitor of adipogenesis and is also 

required for osteogenic response to mechanical loading470,471.  

In this chapter, I studied the effect Sdc3 deletion has on osteoclasts, 

osteoblasts and adipocytes in vitro. Osteoclastogenesis was decreased in Sdc3 KO 

osteoclasts compared to WT osteoclasts in vitro suggesting that Sdc3 may be 

important for osteoclast formation. These results are in line with the ex vivo findings 

in which Sdc3 KO had decreased osteoclast numbers. Interestingly, when 

investigating osteoclast activity, analysis of resorption assays showed increased 

resorption activity in the Sdc3 KO osteoclasts when compared to those of WT, but 

these results only explain in part the phenotype.  

Therefore, I then performed gene expression studies which showed a 

downregulation of Tnfrsf11a (which encodes RANK) in Sdc3 KO macrophages. As 

mentioned in detail in Chapter 1 (Introduction), RANK is essential for osteoclast 

formation therefore downregulation of Tnfrsf11a could be reflected by the reduced 

sensitivity to RANKL observed in in vitro Sdc3 KO osteoclastogenesis cultures, but 

these finding still do not explain why Sdc3 KO osteoclasts have a relatively increased 

resorption activity vs WT.  

There are many very rare diseases associated with defects in osteoclast 

formation or function and many of them are due to mutations in the RANK 

pathway472. Osteopetrosis, for example, is characterized by reduced bone resorption 

which can be either due to defective osteoclast function (“osteoclast rich”) or 

reduced osteoclast numbers (“osteoclast poor”) 472,473. Thus, all forms of 

osteopetrosis lead to non-functional osteoclasts472, unlike the Sdc3 KO mouse model 

in which Sdc3 KO osteoclasts have high bone resorption per cell although their 

numbers are reduced.  
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Dissimilar to other syndecans, studies on Sdc3 are very limited. For example, 

Angsana and colleagues showed that Sdc1 is able to promote macrophage motility474, 

while a study by Benad-Mehner et al., showed that Sdc1 inhibits OPG expression, and 

in turn osteoclast formation475,however, I found no difference in Opg or Rankl 

expression. Other proteoglycans such as small rich proteoglycans (SLRPs), which 

include Decorin, Biglycan and Fibromodulin, have been shown to regulate 

osteoclastogenesis through interactions with M-CSF, RANKL, OPG and also TNFα476–

478. Both M-CSF and RANKL are essential for osteoclastogenesis and activate a series 

of pathways during osteoclastogenesis, including ERK, MAPK, JNK and AKT signalling 

pathways, but other studies, such as those by Maeda et al. have also shown that the 

non-canonical Wnt pathway can enhance osteoclast formation453. It was reported 

that Wnt5a enhanced the expression of RANK, mediated by FZD in osteoclast 

precursors, which, in turn, promoted RANKL-induced osteoclast formation453. Indeed, 

gene expression levels of Fzd7 were downregulated in Sdc3 KO macrophages when 

compared to WT cultures which may also explain the downregulation in Tnfrsf11a, 

which is induced by FZD-mediated non-canonical WNT signalling pathway in which 

FZD7 is highly expressed453. Therefore, it would have been interesting to investigate 

the effect of Sdc3 deletion on the molecular pathways in osteoclasts in more detail. 

During osteoblast in vitro studies I found that osteoblast cultures generated 

from mouse bone chips, BMSCs and from calvaria, all have impaired mineralisation, 

which is again consistent with my in vivo findings in which Sdc3 KO mice have reduced 

bone formation and a blunted response to mechanical loading. The decrease in 

mineralisation observed in Sdc3 KO cultures could be due to impaired osteoblast 

proliferation, but this was not reflected in cell proliferation studies as the number of 

Ki67+ cells showed no difference, although only preliminary, between Sdc3 KO and 

WT osteoblasts generated from bone chips. Gene expression studies showed that 

Alpl was reduced in Sdc3 KO osteoblasts, which is consistent with the reduced 

enzyme activity observed in Sdc3 KO cultures, which suggests that Sdc3 may have a 

positive effect on osteoblast maturation and function, and therefore mineralisation. 

Interestingly, to my knowledge, no other studies including the remaining syndecans 

have been performed investigating a possible effect on ALP activity.  
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Sdc3 KO osteoblast cultures also revealed decreased expression of Runx2, a 

key transcriptional regulator of osteoblast differentiation, which, interestingly, has 

been shown to induce ALP gene expression and enzyme activity in osteoblasts98, 

which could therefore explain the decrease in Alpl expression and ALP enzyme 

activity. Interestingly, Komori and colleagues performed a study on Runx2 function 

by generating mice lacking the gene434. They found that mice lacking Runx2 die just 

after birth due to complete lack of bone formation due to absence of osteoblast 

differentiation, which completely blocked intramembranous and endochondral 

ossification434, highlighting the importance of Runx2 in osteogenesis and especially in 

the development of osteoblasts97,434.  

Smad6, associated to BMP signalling and a positive regulator of osteoblast 

function together with Runx2479,480, was also shown to be significantly reduced in 

Sdc3 KO cultures. Shen et al., performed studies on the Runx2 degradation by co-

transfecting Smad6 with Runx2 and SMAD specific E3 Ubiquitination Protein Ligase 1 

(Smurf1), which interacts with Smads and BMP receptors triggering their 

ubiquitination and degradation, in COS cells and examining any possible degradation 

of Runx2 by western blot480. They found that Smad6 significantly enhanced Smurf1-

induced Runx2 degradation and that Smad6 together with Smurf1 can downregulate 

Runx2 protein480. On further investigation, Wang and colleagues found that BMP2 

activates Smad6 through the interaction of Smad1 with Runx2 (Figure 1.9), 

preventing the interaction of Smurf1 with Runx2 and inhibiting Runx2 

ubiquitination479. Both Smad6 and Runx2 are part of the BMP signalling pathway481, 

and when coupled together stimulate osteoblastogenesis479,480. As Smad6 is 

downstream from Runx2, Runx2 downregulation could explain subsequent 

downregulation of Smad6 in Sdc3 KO cultures, highlighting the importance of Smad6 

and Runx2 in osteoblast formation and function.  

 To confirm successful deletion of Sdc3 in Sdc3KO mice relative expression of 

the gene was also investigated in Sdc3 KO and WT cultures, but also of the remaining 

syndecans 1, 2 and 4 in order to assess any possible compensatory mechanism that 

could be involved in Sdc3 deletion. Sdc3 KO cultures showed no gene expression of 

Sdc3 confirming that the gene was indeed knocked out. Other syndecans showed no 
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significant difference in gene expression between WT and Sdc3 KO cultures which 

could indicate that none of them are able to compensate for the lack of Sdc3. 

 MSCs are pluripotent cells that give rise to fibroblasts, myocytes, 

chondrocytes, osteoblasts and adipocytes482. Osteoblasts and adipocytes are both 

regulated by the Wnt signalling pathway470. Given the increase in bone marrow 

adipocytes found in Sdc3 KO mice coupled with decreased bone formation and 

blunted response to mechanical loading I investigated the effect Sdc3 deletion has 

on the Wnt signalling pathway. The canonical Wnt pathway is activated through the 

binding of Wnt ligands, such as Wnt3a, to their receptor Frizzled and co-receptor 

LRP5/6. Binding of the Wnt ligands activates Axin which binds to this complex formed 

by the Wnt ligand, frizzled and LRP5/6, preventing β-catenin phosphorylation. This 

signalling is enhanced by LGR4, 5 or 6. The non-phosphorylated β-catenin then 

accumulates in the cytoplasm, translocating into the nucleus where it can then 

activate target gene expression by binding to TCF/LEF transcription factors. Analysis 

of gene expression of members of the Wnt pathway revealed that only Lgr4 was 

downregulated in Sdc3 KO cultures compared to WT cultures. Wnt3a, Lrp5 and 6, 

Fzd1, which is relatively highly expressed in osteoblasts457 and is known to enhance 

osteoblast-mediated mineralisation458, Lgr5 and 6 and Axin2 all showed no significant 

difference, but this could be due to a low number of biological replicates. 

Interestingly, preliminary data showed that Atf4, which is downstream of Lgr4, was 

downregulated in Sdc3 KO cultures, as was Ctnnb1 (encodes β-catenin). A study by 

Luo et al., investigated the role of LGR4 in bone formation and remodelling151. Mice 

lacking LGR4 exhibited prenatal and postnatal growth retardation, characterized by 

shorter limbs, such as the tibias, and decreased body weight, which suggested a role 

of LGR4 on bone formation151. LGR4 function on bone formation was assessed and 

reported to control the expression of transcription factor Atf4 and downstream 

targets, On, Bsp and collagen and early differentiation marker Runx2, all essential for 

osteoblast formation and function151. In humans, nonsense mutations in the Lgr4 

gene has been shown to be strongly associated with low bone mineral density and 

with osteoporotic fractures483. Therefore, it is possible that Sdc3 modulates Wnt 

signalling, acting as a co-receptor, through stabilization of Lgr4, but the exact 

mechanism still remains unclear. 
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Protein studies performed on samples of Sdc3 KO and WT osteoblasts 

stimulated with Wnt3a showed no significant changes in non-phosphorylated β-

catenin signal although there appeared to be a trend towards it being lower in Sdc3 

KO, and while this is preliminary data it could confirm the findings observed at a gene 

level. This data suggests that Sdc3 may enhance the Wnt pathway. With evidence 

that the Sdc3 KO mouse may have early onset osteoporosis, coupled with a blunted 

response to mechanical loading and increased bone marrow adipogenesis, it would 

be of great interest to explore the possible role Sdc3 may have on the Wnt pathway 

when considering that this pathway has been linked to cell proliferation and function, 

and to cell response to loading. 

 I also investigated the effect of Sdc3 deletion on adipogenesis due to the 

observation of adipocytes in Sdc3 KO cultures grown under osteogenic conditions and 

the increased bone marrow adiposity observed in Sdc3 KO mice. I performed gene 

expression studies on osteoblast and adipocyte marker genes on both BMSC cultures 

grown in either osteogenic or adipogenic conditions. The only gene to show any 

significant difference was Osteonectin, which was decreased in Sdc3 KO cultures 

grown under adipogenic conditions. Interestingly, a study by Delany et al., studied 

osteonectin-null mice and the effect it had on osteoblasts and bone formation464. By 

performing in vitro studies on osteoblastic cells derived from these mice and from 

WT control they discovered that the osteonectin-null cultures had decreased 

mineralisation and were able to form adipocytes in osteoblast cultures, similar to 

sdc3 KO cultures. They suggest that the presence of osteonectin may lead cell 

differentiation to favour the osteoblastic pathway rather than the adipogenic. 

Adipocytes derived from bone marrow have also been shown to supress osteoblast 

differentiation by suppressing the BMP pathway by adipokine-induced activation of 

the NF-κB signalling pathway484. Suppressed osteoblast formation due to increased 

adipogenesis may be a reason for the reduced osteoclast formation. It is also 

important to point out that there is crosstalk between BMP pathway and the Wnt 

signalling pathway485. Zhang et al., found that BMP2 can stimulate Lrp5 expression 

which inhibits β-catenin degradation and therefore enhancing non-phosphorylated 

β-catenin protein levels in osteoblasts485. But by deleting Bmp2 in vitro, osteoblast 

proliferation, differentiation and function was inhibited with osteoblast maker genes 
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Alpl and Col1a1 being significantly downregulated in the β-catenin-deficient 

osteoblasts485. On the other hand, Zhang et al., found that the Wnt pathway is also 

able to modulate the BMP pathway486. By Wnt3a stimulation or overexpression of β-

catenin/TCF4 in osteoblasts they found that this strongly induced BMP2 

transcription, suggesting that Wnt signalling acts as an upstream regulator of BMP 

signalling486. It is possible that Sdc3 is able to enhance Wnt signalling, which in turn 

induces BMP signalling and its downstream effectors such as RUNX2, essential in 

osteoblastogenesis. 

Due to the presence of adipocytes in Sdc3 KO osteoblast cultures generated 

from BMSCs grown in osteogenic conditions, I performed further gene expression 

studies of osteoblast marker genes as there was a possibility that these could be 

downregulated in Sdc3 KO explaining the increased numbers of adipocytes in these 

cultures. These studies showed no significant difference in relative expression 

between Sdc3 KO and WT cultures, but this could possibly be due to the increased 

sample variation, as can be seen by the large SD of the mean in both Sdc3 KO and WT 

cultures. As these cells were kept in culture for a prolonged time, although seeded at 

the same density, this could lead to variation in cell proliferation and apoptosis at the 

end of the experimental process which could lead to differences in gene expression 

observed between experimental replicates, resulting in high SD. Increase in number 

of replicates would be beneficial in this. 

 The above data suggest that Sdc3 enhances canonical Wnt signalling pathway 

in osteoblasts and this in turn may activate other pathways, such as the BMP 

pathway. It may be that in the Sdc3 KO the Wnt pathway is supressed, accounting for 

the increase in adipogenesis observed, which is turn decreases osteoblast function. 

Osteoblasts are one of the main generators of RANKL together with osteocytes. 

RANKL is required for activation of osteoclastogenesis through RANKL/RANK 

interaction, therefore if there is a decrease in this interaction, there would be a 

decrease in osteoclastogenesis which could explain the decreased osteoclast 

numbers observed in Sdc3 KO cultures. It would be of interest to perform more in-

depth studies of the effect Sdc3 deletion has on the Wnt pathway and how this may 

be affecting other pathways such as the BMP pathway. It would also be interesting 

to stimulate osteoblasts with recombinant BMP2 in order to stimulate osteoblast 
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differentiation as it may be possible that Sdc3 KO cultures may not respond to this 

compared to WT which, on the other hand, could have increased osteoblast 

proliferation and differentiation. Co-cultures of osteoclasts and osteoblasts could be 

of interest to investigate a possible crosstalk between these two types of cells. 
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6. Summary and Discussion 
 

Here I have shown that syndecan 3 has a novel role in bone metabolism. I 

demonstrated that deletion of Sdc3 leads to low bone volume, blunted response to 

mechanical loading and increased bone fragility, and increased bone marrow 

adiposity in 3-month-old young adult mice which is maintained as they mature, 

mimicking what is seen in premature osteoporosis. 

Interestingly, I also found that Sdc3 affects bone growth differentially 

throughout development, as P2 Sdc3 KO mice have longer tibias than WT pups, 

however, at 3 months of age this is reverted, and Sdc3 KO mice develop shorter tibias. 

This may be explained by the role Sdc3 has in early development, in which it was 

shown that syndecan 3 plays a restrictive role during the formation of mesenchymal 

condensations by setting boundaries and limiting their size208. On the other hand, 

syndecan 3 has also been shown to be highly expressed in the periosteum and 

perichondrium of developing long bones300,303, therefore suggesting it plays a role 

during skeletogenesis. This information leads to the assumption that the absence of 

Sdc3 would no longer restrict condensations and therefore would no longer limit long 

bone length, explaining the longer limbs observed in Sdc3 KO pups. However, this 

does not explain why adult Sdc3 KO mice develop shorter limbs. As Sdc3 has been 

shown to control chondrocyte proliferation and maturation in the growth plate 

during embryonic long bone development301,374,375, therefore, it is possible that this 

extends into adulthood, which could explain the shorter tibias observed in adult Sdc3 

KO mice. In the future, it would be of interest to investigate the effect of Sdc3 on the 

growth plate by also looking into to its possible role in regulating chondrocytes. 

On the other hand, I also observed increased tibial bone volume in Sdc3 KO 

pups compared to WT pups which was also not carried into adulthood at which point 

Sdc3 KO adult 3-month-old mice have decreased trabecular bone volume and 

increased trabecular thinning and separation together with cortical thinning, 

compared to WT mice, and this remains low as they reach 6 months of age. 

Furthermore, I also found that young adult Sdc3 KO mice have decreased bone 

formation even after mechanical stimulation. This blunted response to mechanical 

loading in Sdc3 KO mice is not due to a muscle dysfunction as it has previously been 
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shown that Sdc3 KO mice have improved muscle homeostasis, regeneration and 

ageing307. 

Interestingly, Raulo et al. reported that Sdc3 was a receptor for HB-GAM in 

neurons304, and similarly to what I have observed in Sdc3 KO mice, Imai et al. reported 

that young adult HB-GAM KO mice have shorter long bones, reduced trabecular bone 

volume (BV/TV), and reduced bone formation even in response to mechanical 

loading, compared to WT mice487.  An earlier study performed by the same group 

showed that HB-GAM mediates osteoblast recruitment and enhances their 

function488. Thus, if the receptor for HB-GAM, which is Sdc3, is missing then the 

pathway downstream from HB-GAM/Sdc3 would be affected. 

Strader et al. reported that Sdc3 KO mice are resistant to diet-induced obesity 

and have a leaner body phenotype, indicating that Sdc3 plays role in the central 

nervous system regulating energy balance376. The central nervous system plays an 

important role in bone metabolism and can regulate bone mass as has been shown 

through leptin deficient mice258. It could be that the in vivo phenotype may be due 

to a systemic effect of Sdc3 deletion. Therefore, to determine if that is or is not the 

case, in vitro studies were performed. Interestingly, osteoclastogenesis was found to 

be decreased in Sdc3 KO mice, like in HB-GAM KO mice, although in contrast to HB-

GAM KO model, in the Sdc3 KO bone resorption was significantly increased which 

may partly contribute to the low bone phenotype observed in Sdc3 KO. The reduced 

osteoclastogenesis may be explained, in part, by the decreased expression of 

Tnfrsf11a (encoding RANK) and Fzd7 in MCSF-dependent Sdc3 KO macrophages, 

explaining the reduced sensitivity to RANKL, and reduced osteoclast formation, 

suggesting that Sdc3 may enhance pathways which target Fzd7. Indeed, FZD mediates 

non-canonical Wnt signalling via RAC/JNK/c-Jun later inducing RANK expression453. 

Interestingly, Rspo3 was shown to bind Sdc4 which in turn associates with Fzd7, a key 

step in order to promote Wnt signalling during planar cell polarity in Xenopus454. This 

also activates JNK signalling454 therefore it may be possible that Sdc3 may associate 

with Fzd7 during cell polarisation, an important process for osteoclast function, thus 

further research would be of interest in order to investigate this possibility. 

Furthermore, Bhat et al. demonstrated that Fzd7 is induced by Notch signalling in 

human breast epithelial cells489, a signalling pathway which is also known to crosstalk 
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with Sdc3 during myogenesis178. Thus, it would be of interest to further investigate 

the crosstalk between Sdc3 and Notch in bone given that Notch plays a role in 

downregulating osteoblastogenesis, however, also regulates embryonic skeletal 

development by limiting bone growth, similar to the role Sdc3 has on condensation 

size172. 

As Sdc3 KO mouse showed decreased bone formation even after undergoing 

mechanical loading, osteoblast in vitro studies were also performed to further 

understand the role of Sdc3 in bone. Cell studies performed under mineralising 

BMSCs conditions showed that Sdc3 KO osteoblasts generated from bone chips, 

calvaria and s all have an impaired ability to mineralise their matrix. Interestingly, 

adipocytes were present in the Sdc3 KO osteoblast cultures grown under mineralising 

conditions. These observations together with the increased bone marrow adiposity 

seen in Sdc3 KO mice suggests mesenchymal progenitor cells may preferentially 

differentiate into adipocytes as opposed to osteoblasts.  

 The common pathway regulating the balance between adipogenesis and 

osteoblastogenesis and skeletal development137, and in cartilage inducing 

chondrocyte hypertrophy and cartilage boundary definition, and regulating growth 

plate organisation 490 is the Wnt pathway78. Therefore, in addition to osteoblast 

marker genes and positive regulators of osteoblast formation, which includes Smad6, 

I focused my gene expression studies on the canonical Wnt signalling pathway using 

Sdc3 KO and WT osteoblasts generated from bone chips. Alpl (encoding alkaline 

phosphatase), Runx2 and Smad6 were decreased in Sdc3 KO osteoblast cultures 

indicating that Sdc3 may play a role during early osteoblast formation and 

maturation. On the other hand, Sdc1, 2 and 4 gene expression were also quantified, 

and it was shown that there was no significant compensatory increase, suggesting a 

specific role of Sdc3 in bone metabolism. 

As for the members of the Wnt pathway, which included Wnt3a, Lrp5 and 6, 

Fzd1, Lgr4, 5 and 6, Axin2, Atf4 and Ctnnb1, only Lgr4 was shown to have significantly 

decreased expression in Sdc3 KO osteoblasts generated from bone chips. Mice 

lacking LGR4 exhibit growth retardation, although unlike Sdc3 KO mice, this happens 

both prenatally and postnatally and is driven by high osteoclasts number and high 

bone resorption151,491. However, contrary to Sdc3 KO mice, LGR4 KO mice also have 
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decreased body weight and renal hypoplasia together with impaired renal function 

which likely contributes to the phenotype151. Furthermore, the study by Sun et al. 

also demonstrated that LGR4 KO mice have decrease bone volume, however they 

also have increased BMSC cell number, with decreased apoptosis and cell migration, 

impaired fracture healing and decreased fat mass, contrary to Sdc3 KO mice492. On 

the other hand, preliminary work in this thesis, showed ATF4, downstream of LGR4, 

was decreased in Sdc3 KO cultures. Moreover, I demonstrated that, at protein level, 

non-phosphorylated β-catenin appeared to trend towards lower levels of activation 

in Sdc3 KO osteoblasts after Wnt3a stimulation. Interestingly, in the presence of 

RSPOs, which bind LGRs, the RSPO-LGR complex interacts with ZNRF3/RNF43 and 

prevents the latter from tagging FZD for degradation493. Thus, the high level of FZD 

allows for strong WNT-induced signalling494. Interestingly, inactivating mutation of 

RSPO2, which interfere with the RSPO2-LGR or -RNF43 interaction, inhibit Wnt 

signalling and induce limb abnormalities in humans495 and mice496. Thus, it is possible 

that Sdc3 acts as a co-receptor for the RSPO-LGR4 complex, enhancing Wnt/β-catenin 

signalling which in turn activates osteoblastogenesis therefore inhibiting 

adipogenesis, however, as mentioned above, LGR4 deletion does not mimic the Sdc3 

KO phenotype described here.  

In order to understand the mineralisation defect observed in Sdc3 KO 

osteoblasts, which could suggest a degree of immaturity of differentiated Sdc3 KO 

osteoblasts, further gene expression studies were performed on osteoblasts 

generated from BMSC, which included Tnfsf11, Tnfrsf11b, Alpl, Bglap and Col1a1, but 

no differences were observed. 

Sdc3 KO mice have a low bone volume phenotype together with impaired 

osteoblastic bone formation and increased bone marrow adiposity. This suggests 

either a preferential switch at the mesenchymal progenitor level from 

osteoblastogenesis to adipogenesis, or potential de-differentiation of osteoblasts 

towards the adipocyte lineage. Further studies were performed on BMSCs grown in 

osteogenic and adipogenic conditions in order to investigate the possible role of Sdc3 

in regulating MSC differentiation but found no significant differences in osteoblast 

marker gene expression, such as Runx2, Fgf2, On and Postn, adipogenic marker gene 

expression, including Pparg and Adipoq, and Wnt10b which has been shown to 
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enhance osteoblast formation468.  

Although these findings suggest that Sdc3 plays a role in bone metabolism by 

enhancing both canonical and non-canonical Wnt signalling in osteoclast lineage and 

canonical Wnt signalling in osteoblast lineage, further studies are needed to fully 

investigate these pathways and determine the mechanism of Sdc3 involvement. 

These include FGF, BMP and Notch as the crosstalk between these pathways 

regulates osteoblast differentiation481, and as syndecans have been shown to play 

roles in these pathways181, it could be that Sdc3 acts as a co-receptor in these 

pathways for specific ligands enhancing downstream responses. It would also be of 

interest to investigate the Sdc3/HB-GAM pathway as their interaction has been 

shown to regulate osteoblast recruitment and enhancement of bone formation488 as 

well as being associated with enhanced osteocyte expression during mechanical 

loading487. 

To summarize, Sdc3 deletion leads to a low bone volume phenotype together 

with increased bone marrow adiposity in young adult mice, increased bone fragility 

and a blunted response to mechanical loading. Sdc3 also appears to play different 

roles in pre and postnatal bone development. The decreased osteoclastogenesis and 

increased osteoclast bone resorption observed in Sdc3 KO may likely contribute to 

this low bone volume phenotype. It is possible that this anabolic effect of Sdc3 on 

bone is mediated through the enhancement of the Wnt/β-catenin signalling pathway, 

and it may be that the interaction between Sdc3 and LGR4 is important for this, 

however further work is required to confirm this.  

Although the phenotype described herein indicates there is an osteoblast 

dysregulation, the increased osteoclast activity likely contributes to the Sdc3 KO 

phenotype. Interestingly, it has also been shown that LGR4 competes with RANK to 

bind RANKL negatively regulating osteoclastogenesis, as LGR4 KO mice exhibit 

hyperactive osteoclasts491, similar to what I observed in Sdc3 KO osteoclast cultures. 

Therefore, it may be that Sdc3 also plays a role in inhibiting RANK-RANKL binding in 

order to control osteoclast activity. Thus, Sdc3 may be a novel therapeutic target for 

anabolic drug development for the treatment of osteoporosis. 
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Appendix 1 - Solutions and Buffers 
 
 

A1.1 - Goldner’s Trichrome staining solutions: 
 
Weigert’s Ferric Haematoxylin: 
Solution A: 

• 1g Haematoxylin 

• 100mL 96% Ethanol 

Solution B: 

• 4mL 30% Ferric chloride 

• 1mL 37% Hydrochloric acid 

• 100mL distilled water 

Working solution: equal parts of solution A and solution B 
 
Ponceau Acid Fuchsin: 
Solution A: 

• 1g Ponceau 2R 

• 100mL distilled water 

Solution B: 

• 1g Acid Fuchsin 

• 100mL distilled water 

Working solution:  

• 6mL Solution A 

• 2mL Solution B 

• 9mL 2% Acetic Acid 

• 73mL distilled water 

 
Phosphotungstic-acid (or Phosphomolybdic)- Orange G solution: 

• 3-5g Phosphotungstic acid 

• 2g Orange G 

• 100mL distilled water 

Light green solution: 

• 0.2-0.3g Light green 

• 0.2mL Acetic acid 

• 100mL distilled water 

 

A1.2 - TRAP staining Reagents for fixed cells: 
 
Reagents required: 
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Naphthol–AS-BI-phosphate 
Veronal Buffer 
Acetate buffer 
Pararosanilin 
Sodium Nitrite (NaNO2) 
Dimethylformamide 
 
Stock Buffers: 
Veronal Buffer in 100ml dH2O 
1.17g Sodium Acetate Anhydrous 
2.94g Veronal (sodium barbiturate) 
 
Acetate Buffer 0.1n, pH5.2 
a/ 0.82g Sodium Acetate Anhydrous in 100ml dH2O 
b/ 0.6ml glacial acetic acid made up to 100ml with dH2O 
Adjust pH of solution a to 5.2 with solution b 
 
 
Pararosanilin 
Add 1g to 20ml dH2O and add 5ml concentrated HCl, Heat carefully in a waterbath 
while stirring until fully dissolved do this in the fume cupboard. Filter after cooling 
to room temp. 
 
4% Sodium Nitrite 
4g in 100mls dH2O 
 
Prepare staining solution: 
Stocks to be made fresh each time: 
Naphthol –AS-BI-phosphate stock 10mg/ml in dimethylformamide 
Stable for about two weeks at 4ºC 
 
Solution 1 
Must add in this order and mix the Naphthol and Veronal buffers together very well 
before adding the next ingredients. 
       
150ul Naphthol–AS-BI-phosphate stock to be made fresh each time  
750ul Veronal buffer          
900ul Acetate buffer        
900ul Acetate buffer with 100mM tartrate     
 
Solution 2 
This needs time to react before adding to solution 1 so prepare before fixing the 
cells. 
120ul Pararosanilin        
120ul NaNO2 (4%)        
Mix solution 1 and 2 together (the above amounts give a volume of 2.94mls). Then 
filter through 0.2um filter. 
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Total volume of solution prepared using these volumes is 2.94mls 
 

A1.3 - RIPA Buffer 
 
Final Concentrations 
Triton 1% 
Na Deoxycholate 0.5% w/v 
SDS 0.1% w/v 
Tris HCL pH 7.4 50mM 
NaCl 150mM 
 
 
To make up 1l of RIPA Buffer 
10ml Triton 
5g Na deoxycholate 
1g SDS 
50ml 1M TRIS HCl pH 7.4 
8.77g  
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Appendix 2 – CTAN Macro for trabecular analysis 
 

Step 1: Filtering  

Mode Median (2D space) 

Kernel Square 

Radius 1 

Step 2: Thresholding   

Mode Global 

Lower grey threshold  70 

Upper grey threshold 255 

Step 3: Despeckle  

Type Remove white speckles (3D 
space) 

Volume Less than 100 voxels 

Apply to Image 

Step 4: Bitwise operations  

 <Region of 
Interest>=COPY<Image> 

Step 5: Morphological 
operations 

 

Type Closing (2D space) 

Kernel Round 

Radius 5 

Apply to Region of interest 

Step 6: Despeckle  

Type Remove black speckles (2D 
space) 

Area Less than 250 pixels 

Apply to Region of interest 

Step 7: Despeckle  

Type Remove white speckles (2D 
space) 

Area Less than 100 pixels 

Apply to Region of interest 

Step 8: Morphological 
operations 

 

Type Opening (3D space) 

Kernel Round 

Radius 1 

Apply to Region of interest 

Step 9: Despeckle  

Type Sweep (3D space) 

Remove All except the largest object 

Apply to Region of interest 

Step 10: Despeckle  
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Type Remove white speckles (2D 
space) 

Remove All except the largest object 

Area Less than 100 pixels 

Apply to Region of interest 

Step 11: Bitwise operations  

 <Image> =COPY <Region of 
Interest> 

Step 12: ROI shrink-wrap  

Mode Fill-out (2D space) 

Step 13: Bitwise operations  

 <Region of 
Interest>=<Image>XOR<Region 
of Interest> 

Step 14: Morphological 
operations 

 

Type Opening (3D space) 

Kernel Round 

Radius 2 

Apply to Region of Interest 

Step 15: Despeckle  

Type Sweep (3D space) 

Remove All except the largest object 

Apply to Region of interest 

Step 16: Morphological 
operations 

 

Type Closing (2D space) 

Kernel Round 

Radius 15 

Apply to Region of Interest 

Step 17: Despeckle  

Type Remove pores (2D space) 

Detected by By image borders 

Apply to Region of interest 

Step 18: Morphological 
operations 

 

Type Erosion (2D space) 

Kernel Round 

Radius 12 

Apply to Region of Interest 

Step 19: Despeckle  

Type Sweep (2D space) 

Remove All except the largest object 

Apply to Region of interest 

Step 20: Morphological 
operations 
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Type Dilation (2D space) 

Kernel Round 

Radius 12 

Apply to Region of Interest 

Step 21: Morphological 
operations 

 

Type Opening (3D space) 

Kernel Round 

Radius 4 

Apply to Region of Interest 

Step 22: Morphological 
operations 

 

Type Erosion (2D space) 

Kernel Round 

Radius 2 

Apply to Region of Interest 

Step 23: Save bitmaps (only 
ROI) 

 

File format bmp 

Step 24: Save bitmaps  

 <Image> = COPY <Clipboard> 

Step 25: 3D analysis  

 Abbreviation Unit 

Tissue volume TV µm3 

Bone volume BV µm3 

Percent bone volume BV/TV % 

Tissue surface TS µm2 

Bone surface BS µm2 

Intersection surface i.S µm2 

Bone surface/ volume ratio BS/BV 1/ µm 

Bone surface density BS/TV 1/ µm 

Trabecular pattern factor Tb.Pf 1/ µm 

Centroid (x) Crd.X µm 

Centroid (y) Crd.Y µm 

Centroid (z) Crd.Z µm 

Structure model index SMI  

Trabecular thickness Tb.Th µm 

Trabecular number Tb.N 1/ µm 

Trabecular separation Tb.Sp µm 

Degree of anisotropy DA  

Eigenvalue 1   

Eigenvalue 2   

Eigenvalue 3   

Fractal dimension FD  

Number of objects Obj.N  

Number of closed pores Po.N(cl)  
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Volume of closed pores Po.V(cl) µm3 

Surface of closed pores Po.S(cl) µm2 

Closed porosity (percent) Po(cl) % 

Volume of open pore space Po.V(op) µm3 

Open porosity Po(op) % 

Total volume of pore space Po.V(tot) µm3 

Total porosity (percent) Po(tot) % 

Euler number Eu.N  

Connectivity Conn  

Connectivity density Conn.Dn 1/ µm3 
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Appendix 3 – CTAN Macro for cortical analysis 
 

Step 1: Filtering  

Mode Median (2D space) 

Kernel Round 

Radius 1 

Step 2: Thresholding   

Mode Global 

Lower grey threshold  70 

Upper grey threshold 255 

Step 3: Despeckle  

Type Sweep (3D space) 

Remove All except the largest object 

Apply to Image 

Step 4: Morphological 
operations 

 

Type Closing (2D space) 

Kernel Round 

Radius 3 

Apply to Image 

Step 5: Bitwise operations  

 <Region of 
Interest>=COPY<Image> 

Step 6: Despeckle  

Type Remove pores (2D space) 

Detected by By image borders 

Apply to Region of interest 

Step 7: Bitwise operations  

 <Clipboard> = <Region of 
Interest> XOR <Image> 

Step 8: 3D analysis  

 Abbreviation Unit 

Tissue volume TV µm3 

Bone volume BV µm3 

Percent bone volume BV/TV % 

Tissue surface TS µm2 

Bone surface BS µm2 

Intersection surface i.S µm2 

Bone surface/ volume ratio BS/BV 1/ µm 

Bone surface density BS/TV 1/ µm 

Trabecular pattern factor Tb.Pf 1/ µm 

Centroid (x) Crd.X µm 

Centroid (y) Crd.Y µm 

Centroid (z) Crd.Z µm 
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Trabecular thickness Tb.Th µm 

Trabecular number Tb.N 1/ µm 

Step 9: 2D analysis   

Mean Polar moment of inertia MMI(polar) µm4 

Step 10: Bitewise operation <Image> = SWAP <Clipboard> 

Step 11: 3D analysis  

Tissue volume TV µm3 

Bone volume BV µm3 

Percent bone volume BV/TV % 

Tissue surface TS µm2 

Bone surface BS µm2 

Intersection surface i.S µm2 

Bone surface / volume ratio BS/BV 1/ µm 

Bone surface density BS/TV 1/ µm 

Trabecular pattern factor Tb.Pf 1/ µm 

Centroid (x) Crd.X µm 

Centroid (Y) Crd.Y µm 

Centroid (Z) Crd.Z µm 

Trabecular thickness Tb.Th µm 

Trabecular number Tb.N 1/ µm 

Step 13: 2D analysis  

Tissue volume TV µm3 

Bone volume BV µm3 

Percent bone volume BV/TV  

Tissue surface TS µm2 

Peripheral tissue surface TS(per) µm2 

Bone surface BS µm2 

Peripheral bone surface BS(per) µm2 

Bone surface / volume ratio BS/BV 1/µm 

Mean total crossectional tissue 
area 

T.Ar µm2 

Mean total crossectional tissue 
perimeter 

T.Pm µm 

Mean total crossectional bone 
area 

B.Ar µm2 

Mean total crossectional bone 
perimeter 

B.Pm µm 

Mean number of objects per 
slice 

Obj.N  

Average principal moment of 
inertia (max) 

Av.MM(max) µm4 

Average principal moment of 
inertia (min) 

Av.MM(min) µm4 

Mean eccentricity Ecc  

Crossectional thickness Cs.Th µm 
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Trabecular thickness (plate 
model) 

Tb.Th(pl) µm 

Step 14: Bitewise operations <Image> = SWAP <Clipboard> 

Step 15: 3D model  

Model creation algorithm Adaptive rendering 

Apply to Image 

Smoothing On 

Locality 1 

Tolerance 0.250000 

Step 16: Save bitmaps  
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Appendix 4 – CTAN Macro for L5 analysis 
 
 

Step 1: Filtering  

Mode Median (2D space) 

Kernel Round 

Radius 2 

Step 2: Thresholding   

Mode Automatic (Otsu mode) 

Background Dark 

Step 3: Despeckle  

Type Remove white speckles (3D 
space) 

Volume Less than 100 voxels 

Apply to Image 

Step 4: 3D analysis  

 Abbreviation Unit 

Tissue volume TV µm3 

Bone volume BV µm3 

Percent bone volume BV/TV % 

Tissue surface TS µm2 

Bone surface BS µm2 

Intersection surface i.S µm2 

Bone surface/ volume ratio BS/BV 1/ µm 

Bone surface density BS/TV 1/ µm 

Trabecular pattern factor Tb.Pf 1/ µm 

Centroid (x) Crd.X µm 

Centroid (y) Crd.Y µm 

Centroid (z) Crd.Z µm 

Structure model index SMI  

Trabecular thickness Tb.Th µm 

Trabecular number Tb.N 1/ µm 

Trabecular separation Tb.Sp µm 

Fractal dimension FD  

Number of objects Obj.N  

Number of closed pores Po.N(cl)  

Volume of closed pores Po.V(cl) µm3 

Surface of closed pores Po.S(cl) µm2 

Closed porosity (percent) Po(cl) % 

 Volume of open pore space Po.V(op) µm3 

Open porosity (percent) Po(op) % 

Total volume of pore space Po.V(tot) µm3 

Total porosity (percent) Po(tot) % 

Euler number Eu.N  

Connectivity Conn  



207 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Connectivity density Conn.Dn  

Degree of anisotropy DA  

Eigenvalue 1   

Eigenvalue 2   

Eigenvalue 3   
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Appendix 5 – CTAN macro for P2 leg analysis 
 
 

 
 
 
 

Step 1: Filtering  

Mode Median (2D space) 

Kernel Square 

Radius 2 

Step 2: Thresholding   

Mode Global 

Lower grey threshold 80 

Upper grey threshold 240 

Step 3: Despeckle  

Type Remove white speckles (3D 
space) 

Volume Less than 100 voxels 

Apply to Image 

Step 4: Save bitemaps (only 
image) 

 

File format Bmp 

Step 5: 3D analysis  

 Abbreviation Unit 

Tissue volume TV µm3 

Bone volume BV µm3 

Percent bone volume BV/TV % 

Tissue surface TS µm2 

Bone surface BS µm2 

Intersection surface i.S µm2 

Bone surface/ volume ratio BS/BV 1/ µm 

Bone surface density BS/TV 1/ µm 

Trabecular pattern factor Tb.Pf 1/ µm 

Centroid (x) Crd.X µm 

Centroid (y) Crd.Y µm 

Centroid (z) Crd.Z µm 


