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Thesis Abstract 

Degenerative diseases related to ageing are becoming some of the most prevalent health 

problems experienced by our population. Disorders of the brain and bone such as 

Alzheimer’s disease (AD), Osteoporosis and Osteoarthritis (OA), respectively, occur in 

such a large proportion of the ageing population and it is believed that they may be 

mechanistically linked in their development.  

This group of studies investigated the idea that proteins locally expressed in the Central 

Nervous System (CNS) may have roles in the bone and provide a mechanistic insight into 

the development of disease processes. A number of in vitro models were utilised in order 

to gain an understanding of the effects that known stimuli of bone resorption and 

formation (PTH, TNFα and 1,25D) had on APP, APLP-2 and NGF in the osteoblast to 

osteocyte differentiation process. In vivo studies were also performed to address the 

effects of App gene knock-out in the long bones of young mice and showed a development 

related defect in cortical bone remodelling. This study revealed a potential role for APP 

in the process of bone remodelling, which led onto the investigation of the effects of APP 

on osteocytes in vitro. There was no obvious effect of soluble APP695 (sAPP695) on 

osteocyte viability or expression of genes associated with bone resorption or formation.   

As the ageing population is at high risk of hip fracture and dementia, a screening study of 

a population of neck of femur fracture (NOF) patients was conducted to determine 

relationships between the genes of interest and expression of a number of genes involved 

in the CNS, bone formation and bone resorption as well as skeletal structure. This study 

provided a novel insight into the NOF cohort as a whole, as well as differences between 

non-dementia and dementia patients by virtue of their gene expression and skeletal 
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structure of the femur. The overall findings from this chapter suggest a link between AD 

and osteoporosis through common molecular pathways, which we now believe APP and 

BACE1, previously referred to only in the context of the brain, to be a part of. These 

findings give rise to potential alternative treatment strategies for osteoporosis and fracture 

prevention through the targeting of the novel brain-related proteins. 

As cleavage of APP leads to the formation of the neurotoxic amyloid beta (Aβ) peptide, 

a known contributor to the development of AD, it was important to investigate the effects 

of this peptide on skeletal development through the use of an in vivo model. Utilisation 

of the AppNL-G-F/NL-G-F familial AD mouse model revealed an accelerated loss of 

cancellous bone in the 29-week-old male cohort when compares with wild-type littermate 

control animals, providing strong evidence for roles of Aβ and its precursor APP in the 

bone maintenance process observed throughout life. It was also shown that these Aβ 

peptides were present in the bone marrow of the femorae of these mice, which was 

coupled with an increased number of osteoclasts in these knock-in animals. To further 

elucidate what the presence of these peptides in the proximity of bone cells could do, 

human osteocytes were exposed to increasing concentrations of Aβ1-42 peptides in vitro. 

This cell culture study revealed that osteocyte death could be initiated when exposed to 

the highest, 15 µM concentration of Aβ1-42 peptides over a 96 hour time course. 

Furthermore, Aβ1-42 peptides were also capable of upregulating the mRNA expression of 

markers characteristic of resorption: RANKL, RANKL:OPG and MMP13. This finding, 

together with the reduction in bone seen with ageing in the mouse model provides a new 

insight into the possible mechanistic link between Alzheimer’s disease and osteoporosis 

by virtue of Aβ. 

The final study conducted was focused around the efficacy of a new potential therapeutic 

agent for the treatment of pain associated with knee OA. NGF has previously been 
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characterised for its roles in the central nervous system, and in the bone in fracture 

healing, however its role in other bone pathology such as knee osteoarthritis has not been 

appreciated previously. Pentosan polysulphate sodium (PPS) was successful in 

dampening expression of nerve growth factor (NGF) and its pro-protein form (pro-NGF), 

CNS-related proteins involved in the pain response, in primary human osteocytes exposed 

to TNFα, a pro-inflammatory cytokine. This study was the first study to demonstrate that 

osteocytes could express NGF and pro-NGF and that PPS could block the proposed pain 

response initiated by upregulation of NGF in response to pro-inflammatory stimuli.  

Overall, the studies conducted in this thesis were designed and implemented to ascertain 

a new understanding of the current literature about the links between the CNS and bone 

by virtue of APP, APLP2 and NGF as well as build upon the understanding of the 

relationship between Alzheimer’s disease and bone loss. 
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Chapter 1 

Literature Review 

Conventional chapter 

The aim of this review was to investigate the current literature surrounding links that have 

been found between the bone and the brain in the in vitro and in vivo contexts. This review 

focuses mainly on the amyloid beta (A4) precursor protein and its homologues amyloid 

beta (A4) precursor-like protein-2 and nerve growth factor in the bone and diseases of 

ageing such as Osteoporosis, Osteoarthritis and Alzheimer’s disease.  
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Abstract 

Diseases of ageing currently place a large burden on society physically, psychologically and 

economically. Two leading causes of death and disability in the ageing population are dementia 

and osteoporosis. Dementia is an umbrella term used to describe a group of disorders occurring 

as a result of cognitive decline. The most common form of dementia is Alzheimer’s disease 

(AD), which through unknown pathological mechanisms results in progressive and detrimental 

hippocampal atrophy and subsequently, severe cognitive impairment. Osteoporosis is a 

degenerative skeletal disease in which homeostatic bone remodelling is significantly disrupted 

causing marked decreases in bone mineral density, frailty and increased risk of fracture. Both 

of these conditions, without appropriate and timely diagnosis impair daily life and ultimately 

result in death both primarily and from consequential health complications. While the current 

literature contains strong evidence supporting bone disease and dementia as two separate 

systems, similarities between brain and bone degenerative diseases have sparked research 

interest in favour of there being a mechanistic link, which may be by virtue of neurotrophins. 

There is, however, no concrete evidence to support the notion that bone disease can result in 

neurodegenerative disease, or vice versa. This review of the literature will focus on the studies 

which have investigated the links between bone and brain pathology, specifically cognitive 

decline and osteoporosis.  
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Musculoskeletal Background 

 Structure and Function of Bone Tissue 

The bone is a dynamic and complex tissue comprised of numerous vital minerals and cell types. 

The organic matrix of bone is comprised primarily of organic type 1 collagen and inorganic 

hydroxyapatite-like mineral, which is a combination of calcium (Ca2+) and phosphate (PO43-), 

impregnated with bone-derived proteins and their peptide derivatives (1). The main functions 

of the bone are classically regarded as providing mechanical support and protection of other 

organs, storage of vital minerals, such as Ca2+ (2, 3) and to support the formation of bone 

marrow, the major source of immune cells in the body. With the advent of intensive research 

into the function of bone cells, in particular the osteocyte (4-6) we now know that the essential 

roles of the skeleton and its constituent cells are far more wide-reaching. 

There are two main types of bone found in the body: cortical and cancellous. Cortical bone is 

the major bone type, comprising 80% of all bone tissues with its main function to provide 

mechanical function, structural integrity and protection to internal organs (7). Cancellous bone 

constitutes the remaining 20% of bone; it is imperative for bone strength, houses the bone 

marrow and serves as the major metabolic component of bone (8). Although both types undergo 

bone remodelling, the coordinated process by which damaged bone is resorbed by the activity 

of osteoclasts and new bone laid down by the activity of osteoblasts, cancellous bone is 

constantly being repaired and restored due to it being a more metabolically active bone type, 

which is exposed to high levels mechanotransduction (9) .   

The three main cells residing in the bone are the osteoclast, osteoblast and osteocyte. Each of 

these cell types work together to create a highly interconnected homeostatic skeletal system, 

exemplified by their interactions during bone remodelling (10, 11). This process occurs 
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throughout development and continues on throughout the entire lifetime of vertebrates to 

preserve bone integrity and stability.    

Osteoclasts  

Osteoclasts are terminally differentiated cells derived from haemopoietic cells of the 

monocyte-macrophage cell lineage (12, 13). The main function of the osteoclast is to resorb 

the bone mineral matrix during the catabolic phase of bone remodelling. Mature, osteoclasts 

are large, multinucleated cells, which can be found on the surface of calcified bone tissue and 

within the Howship’s lacunae (14).  Colony Stimulating Factor-1 (CSF-1) or Macrophage 

Colony Stimulating Factor (M-CSF) is an essential growth factor for myeloid lineage-derived 

cells, which have the potential to differentiate into a number of different cell types including 

macrophages, monocytes and osteoclasts (15, 16). M-CSF is a critical co-stimulatory cytokine 

for the formation and activation of osteoclasts (17), working in concert with receptor activator 

of nuclear factor kappa-B (NF-κB) ligand (RANKL). RANKL is a member of the tumour 

necrosis factor (TNF)-ligand superfamily designated TNFSF11 and is the primary 

differentiation factor for osteoclasts (18). RANKL can bind to two possible receptors, RANK 

(TNFRSF11A), or the decoy receptor osteoprotegerin (OPG; TNFRSF11B) (19, 20).  

The coupling process of osteoblast mediated bone formation and osteoclast mediated bone 

resorption is controlled through the RANK/RANKL/OPG system (18-20). Osteoblast-lineage 

cells express RANKL and M-CSF, and together with osteoclasts and their precursors form the 

basic multicellular unit (BMU) characteristic of physiological bone remodelling. The 

RANKL/RANK interaction initiating resorption can be strongly or partially inhibited by OPG, 

which acts as a molecular chaperone, competing with RANKL to bind to RANK, and also 

preventing RANKL translocation to the plasma membrane (19, 21) . Osteoclastogenesis occurs 

when osteoclast precursor cells located in the bone marrow or peripheral blood come into 
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contact with and recognise osteoblast secreted RANKL and M-CSF (22) through their 

respective membrane-bound receptors – RANK and c-Fms (23) (Fig. 1). The M-CSF/c-Fms 

interaction is critical for triggering proliferation of myeloid progenitors into committed pre-

osteoclasts (15). Following expansion of the precursor pool, RANKL-RANK signalling 

triggers fusion and differentiation events required to form a mature multi-nucleated osteoclast 

capable of bone resorption. Mature osteoclasts attach to the bone surface via cell surface 

expressed adhesion molecules including v3 integrin, and the cytoskeleton rearranges to form 

an F-actin ring, resulting in the formation of a sealing zone on the basolateral surface of the 

cell. Through the ruffled border in this zone, the osteoclast pumps hydrogen ions through the 

coordinated function of intracellular carbonic anhydrase-2 (CA2) and the integral plasma 

membrane  multi-subunit vacuolar ATPase (V-ATPase) to dissolve the bone mineral, and 

collagenases, principally cathepsin-K but also matrix metallopeptidase (MMP)-13 and MMP-

14 (24), which break down the organic matrix, forming resorption pits on the bone surface in 

cancellous bone, the endocortical surface of cortical bone, and the inner surfaces of Haversian 

canals in cortical bone (Fig. 1) (25). 

A large number of locally produced and systemic factors influence the bone remodelling 

process, many through the regulation of the RANKL/RANK/OPG axis. These include the 

active hormone form of vitamin D, 1, 25(OH) 2-vitamin-D3 and parathyroid hormone (PTH). 

Both of these are endocrine hormones, which promote osteoclast resorption through inducing 

membrane bound expression of RANKL by osteoblasts and osteocytes (26) In addition, the 

pro-hormone form of vitamin D, 25(OH)vitamin D (25D), has also been shown to negatively 

regulate osteoclastic resorptive activity through osteoclastic expression of the 1-alpha 

hydroxylase, CYP27B1 (27). Osteocalcin (OCN) an osteoblast-derived protein (28) and 

tumour necrosis factor - α (TNFα) (29, 30) both regulate osteoblast-lineage expression of 

RANKL. Sclerostin (SOST), an osteocyte-derived protein that inhibits the Wnt/β-Catenin 
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signalling pathway, also induces RANKL secretion (22, 25) and stimulates osteoclast activity 

(22) 

An imbalance in the activity of osteoclasts over bone formation can result in the development 

of a number of bone diseases. The main primary pathologies associated with increased 

osteoclast activity and bone resorption are osteoporosis (31, 32), a disease of low bone mass 

and fragility and Paget’s disease of the bone, where there is excessive bone resorption by 

abnormal osteoclasts (33). In contrast, a suppression in osteoclast activity results in the 

development of osteopetrosis, a disease characterised by a high bone mass but poor bone 

quality phenotype, which can also be detrimental to health (34).  
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Figure 1: Schematic diagram illustrating the initiation and progression of 

osteoclastogenesis. Haematopoietic stem cells (HSCs) from the bone marrow differentiate into 

monocytic cells under the stimulation of M-CSF. RANKL expressed by osteoblasts and 

monocytes bind to RANK on the cell surface, promoting the differentiation of pre-osteoclastic 

cells into active, resorbing osteoclasts on the bone surface. Binding and recognition of M-CSF 

and RANKL via their respective receptors MCSF-R and RANK on the surface of pre-

osteoclastic cells initiates the differentiation from pre-osteoclasts into active, resorbing 

osteoclasts on the calcified bone surface.  
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Osteoblasts 

Osteoblasts are anabolic bone cells derived from bone marrow mesenchymal stem cell (BMSC) 

lineage cells (35). The primary function of the osteoblast is to synthesise and secrete new bone 

matrix either during development (modelling) or in response to osteoclastic resorption during 

bone remodelling. As previously mentioned, osteoblasts also regulate bone resorption and 

remodelling through expression of RANKL, M-CSF and OPG, and evidence suggests that it is 

the immature osteoblast that likely perform this function (36, 37). Differentiation of osteoblast 

progenitors is stimulated by the expression of runt-related transcription factor-2 (Runx2) and 

downstream expression of osterix (Osx), and by Wnt/β-catenin signalling (38) (Fig. 2). Many 

pathways have been recognised for their roles in the differentiation and maturation of the 

osteoblast. The Hedgehog signalling pathway, the first initiator of osteoblast differentiation, is 

responsible for the generation of Runx2 and Osx, both of are critically required for the 

development of mature osteoblasts (39). The NOTCH signalling pathway is best characterised 

for its role in the inhibition of osteoblast differentiation by virtue of downstream activation of 

Hairy and Enhancer of Split (HES) and HES-related with YRPW motif (HEY) family 

transcription factors (40).  

Osteoblasts have three possible cellular fates once they have surpassed the pre-osteoblastic 

phase of differentiation. Osteoblasts can produce osteoid and embed themselves into their bone 

mineral matrix, where they undergo further differentiation into pre-osteocytes and then into 

mature osteocytes (Fig. 2) (41). The second fate for the osteoblast is to remain on the bone 

surface in a quiescent state as a bone lining cell (42), a cell type that is the least well-

characterised. Finally, the majority of bone matrix-producing osteoblasts (approximately 80%) 

undergo programmed cell death (apoptosis), in order to control osteocyte spacing and maintain 

homeostasis within the bone environment (43).  
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Osteocytes  

The osteocyte is the most numerous cell type in the bone tissue, comprising 90-95% of all bone 

cells in humans. It is also, historically, the most difficult bone cell type to study due to its 

location deep within the bone mineral matrix (44). As previously mentioned, osteocytes are 

mature, differentiated osteoblasts that have become embedded into the bone matrix (Fig. 2). 

One of the early functions that osteocytes play in the bone is the mineralisation of the organic 

bone matrix, termed osteoid, during bone formation (6, 22, 45) In the transition phase from 

osteoblast to osteocyte, there is a reduction in cytoplasmic volume and the development of 

dendritic processes, which extend out of the osteocyte and form a highly interconnected 

syncytium of cells (46). The osteocyte dendritic processes communicate via gap junctions and 

hemichannels, which allow for the transport of small molecules, such as ions both intra- and 

extracellularly (47). Osteocytes communicate these events to the cells lining the bone, forming 

a type of detection system which results in the stimulation and activation of osteoclasts and 

osteoblasts on the bone surface to initiate the bone remodelling process (48-50).  

Osteocytes have been well documented for their expression of M-CSF and RANKL, critical 

cytokines involved in the control of osteoclast-mediated bone loss (37, 51-53). In the osteocyte-

specific deletion of RANKL in mice, modified mice developed an osteopetrotic phenotype, 

indicating that osteocyte-produced RANKL in adult bone is imperative for induction of 

osteoclastic formation and activation (25, 53, 54).  

As the major mechanosensory cell type in bone, osteocytes sense and respond to a large number 

of stimuli. Mechanical loading of bone and joints on the osteocyte lacuna-canalicular network 

has bone anabolic effects through inhibition of osteocyte-specific protein, sclerostin via the 

canonical Wnt signalling pathway (55, 56). This pathway is currently under investigation for 

its potential linkage between osteoporosis and dementia, which will be discussed below.    
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Osteocytes are also known to have systemic roles, such as the control of phosphate 

homeostasis, by virtue of their expression of the protein hormone, fibroblast growth factor-23 

(FGF23) (57). They also tightly regulate the release of calcium from within the skeleton for 

milk production during lactation during times of Ca2+ deficiency in pregnancy, by the process 

of osteocytic osteolysis (58). Osteocytes are regulated by a number of osteotrophic factors, 

such as the hormone and pro-hormone forms of vitamin D, 1α, 25-dihydroxyvitamin D3 

(1,25D) and 25-hydroxyvitamin D (25D), respectively (59). Other factors that are known to 

regulate osteocyte activity include PTH and SOST, which are important regulators of serum 

calcium and bone remodelling (3, 4). It is important to note that we are likely still only at the 

beginning of our understanding of the roles of osteocytes in systemic processes, and indeed in 

osteocyte biology per se, in particular in humans.  
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Figure 2: Differentiation of Osteoprogenitor cells into Osteocytes. Osteoprogenitor cells 

are derived from the mesenchymal stem cell (MSC) lineage. Under the promotion of Runx2, 

Osx and β-Catenin, MSCs preferentially differentiate into osteoprogenitor cells, which go 

on to form pre-osteoblast cells. Osteoblasts can then either go on to undergo programmed 

cell death (apoptosis), differentiate into inactive osteoblasts (bone lining cells) or form active 

bone-matrix secreting osteoblasts, which then become embedded into the matrix to form 

osteocytes. Differentiation markers produced at each point are indicative of the stage of 

differentiation and the cell type.  

Runx2 – Runt-related transcription factor 2; Osx – Osterix; Col-1 – Type I Collagen; Alp 

– Alkaline Phosphatase; Opn – Osteopontin; Ocn – Osteocalcin; Dmp1 – Dentin matrix 

acid phosphoprotein 1; Mepe – Matrix extracellular phosphoglycoprotein; Fgf23 – 

Fibroblast growth factor 23; Sost – Sclerostin.  

 

 



12 

 

Osteoporosis 

Osteoporosis is a systemic degenerative disease of the bone, characterised by a significant 

reduction in bone mass and structural deterioration of the bone microarchitecture, resulting in 

weak and brittle bones. The dysregulation in bone remodelling that results in the reduction of 

bone density puts individuals with osteoporosis at high risk for low-energy fractures, which 

can be detrimental to the health of these individuals. The primary sites affected by osteoporosis 

are the distal radius, vertebra of the spine and the hip. There are a number of non-modifiable 

as well as modifiable risk factors predisposing an individual to the development of primary 

osteoporosis. Non-modifiable risk factors include gender (females > males), increasing age, 

family history/genetic profile and other comorbidities such as chronic kidney disease and RA 

and drugs used to manage symptoms such as glucocorticoids. Modifiable, lifestyle-related risk 

factors include smoking, alcohol consumption, Vitamin D and calcium deficiencies and 

inactivity/disuse.   

Osteoporosis is defined by the World Health Organisation (WHO) as a bone mineral density 

(BMD) of at least 2.5 standard deviations (SD) below the average of a normal healthy woman 

for post-menopausal women and a BMD <2.5 SDs (T-score <-2.5) (60, 61) of a healthy man 

over 50 years of age. A diagnosis is made based on the BMD score attained from dual-energy 

X-ray absorptiometry (DEXA) measured at the hip and lumbar spine. There are currently over 

4.7 million Australians living with osteoporosis or osteopenia, the prodromal stage before 

osteoporosis (T-score between -1 and -2.5). The most recent Australian Institute of Health and 

Welfare (AIHW) data reports that between 2016-17 there were 7382 hospitalisations for 

osteoporosis-related injuries alone (62). Large cohort studies such as the Dubbo Osteoporosis 

Study (63) and the Geelong Osteoporosis Study (64) have been imperative in the understanding 

of the effects of osteoporosis on morbidity and mortality within Australia, as well as forming 

new ideas for management of this disease.  
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Primary/idiopathic osteoporosis has the highest incidence rate and includes juvenile, 

postmenopausal and senile osteoporosis. Juvenile osteoporosis as the name suggests, occurs in 

children and adolescents and is usually linked to genetic mutations causing a low bone density 

and skeletal fragility (65). Post-menopausal osteoporosis occurs as the result of the sudden and 

sharp depletion in circulating oestrogen. This does not affect all post-menopausal women, 

however in those with a positive diagnosis, bone loss associated with ageing becomes 

accelerated leading to a substantial loss in cancellous bone and a loss of cortical bone to a lesser 

extent (66). Oestrogen is a known inhibitor of the RANK/RANKL signalling pathway, 

providing a protective effect against osteoclastic bone resorption. In post-menopausal women 

it has been established that RANKL expression by bone marrow mononuclear cells of post-

menopausal women in comparison to pre-menopausal women (67). Menopause is also 

associated with increased secretion of the gonadotropins, luteinising hormone (LH) and follicle 

stimulating hormone (FSH). An elevated LH level in particular is a risk factor for AD in both 

women and men (68). LH and FSH are known to stimulate TNF-α production in post-

menopausal women and TNFα is well known to cause increased bone resorption, through either 

RANKL or RANKL-independent mechanisms. TNF-α has also been shown to stimulate 

amyloid precursor protein (APP) promoter activity (69) and evidence exists that at least FSH 

is capable of direct stimulation of osteoclastic bone resorption (70). 

Due to the reduction in bone strength and mass, osteoporosis leads to a significant increase in 

fracture risk, which is detrimental to human health and wellbeing. Hip fractures associated with 

frailty and osteoporosis usually occur at the femoral neck (56%), pertrochanteric region (38%) 

or subtrochanteric region (5.8%). When these fractures occur in the ageing population, they are 

usually a result of a fall or minimal trauma, associated with poor bone quality and strength. 

The AIHW reported in 2016 that ~95% of hospitalisations associated with hip fracture had >1 

comorbidity (hypotension, anaemia, delirium or type II diabetes mellitus) (62).  Hip fracture is 
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associated with premature death, when compared to the normal healthy population without a 

sustained hip fracture (71).  

Osteoarthritis  

Osteoarthritis (OA) is a chronic musculoskeletal disorder of unknown aetiology. The hallmark 

features of OA are articular cartilage degradation, synovial inflammation and abnormal bone 

remodelling (72-74). In Australia, 9.3 % of the population have a reported OA diagnosis, with 

the majority of those people being female. The risk for developing OA increases with a myriad 

of factors such as age (75) with risk increasing substantially after the age of 45 (76), obesity 

(77), genetic predisposition (78), biomechanical stress (79) and systemic inflammation (79). 

OA most commonly affects the joints of the hands, knees, hips, spine and feet. The pain 

associated with the onset and development of OA results in a reduction in the quality of life of 

individuals with an OA diagnosis. OA is diagnosed based on radiographic changes in at least 

one joint, indicated by the presence of osteophytes. 

Like osteoporosis, OA is a leading cause of disability in the world. OA is the most commonly 

diagnosed form of arthritis in Australia, however OA of the knee holds the highest prevalence 

within Australia (74, 80). Knee OA (KOA) affects up to 50 % of people aged over 65 years 

(76). Without and in some cases, with pharmacological management of KOA, there is still a 

high degree of pain associated with the degeneration of the articular cartilage component. The 

most common explanation for KOA is “mechanical wear and tear” associated with ageing, 

substantial load bearing and disease; however, the chronic inflammatory response is being 

investigated as not only a result of OA, but also as a contributor to neurodegenerative disease, 

which will be explained. As OA is associated with inflammation, inflammatory mediators are 

the main drug targets. Treatment for OA is classified as either pharmacologic or non-

pharmacologic. The main pharmacologic treatments to date are non-steroidal anti-
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inflammatory drugs (NSAIDs) (81) and cyclooxygenase-2 (COX-2) inhibitors, which target 

inflammation and pain. Intraarticular cartilage injections are another mode of treatment, which 

attempt to reduce swelling associated with disease progression and pain (82). Unfortunately 

the reported analgesic effects are quite variable between patients and also very short-lived, 

therefore making this treatment option controversial (83). The main non-pharmacologic 

approach to treating OA is physical activity. Different exercise approaches such as land-based 

exercise and swimming have been shown to improve function and reduce pain in knee and hip 

OA (84, 85). Due to the large degree of heterogeneity between treatment outcomes in OA, a 

new approach to treating underlying cellular changes occurring throughout OA development 

should be investigated.  
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Central Nervous System Background 

The Central Nervous System  

The Central Nervous System (CNS) is considered the master regulator of the body. The two 

main components of the CNS are the brain and spinal cord. The brain and spinal cord work 

together to control the central regulation of the body. The CNS is composed of a number of 

cell types, the main type being the neuron. Neurons communicate with each other in a highly 

regulated network via axons and synapses, which extend out from the cell soma. These cells 

control bodily functions dependent on the brain region in which they are located. For example, 

neurons located in the hippocampal region control the formation and storage of memories, both 

semantic and episodic. In neurodegenerative diseases, specifically in AD, the hippocampal 

neurons are thought to be attacked by misfolded proteins existing as extracellular neurotoxic 

oligomers and intracellular neurofibrillary tangles, leading to the degeneration of neurons and 

a loss of function of the brain tissue in this region (86). Another example can be seen in 

Amyotrophic Lateral Sclerosis (ALS) where motor neurons located in the motor cortex of the 

brain and control skeletal muscle contractions are targeted and destroyed, leading to severe 

disability and ultimately death (87). Microglia and astrocytes are the other types of cells found 

in the CNS. Microglia account for 10-15% of CNS cells and play the role of the resident 

macrophage-like cell in the brain, responding to noxious stimuli and foreign molecules. Under 

homeostatic conditions, microglial cells recognise and take up foreign bodies, basically acting 

as antigen-presenting cells. Under pathological conditions, microglia become activated and 

stressed. When this occurs, it can be detrimental to the brain tissue, as it can result in 

inflammation and oxidative stress.  
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The Amyloid Beta (A4) Precursor Protein  

The Amyloid Beta (A4) Precursor Protein (APP) is a 100 kDa type I transmembrane 

glycoprotein, which is encoded by the APP gene located on chromosome 21q (88). APP is 

composed of an extracellular domain, a transmembrane domain and a 50 amino acid (AA) long 

cytoplasmic tail domain (89). APP can be alternatively spliced at two exons to form isoforms. 

To date there are at least 10 known isoforms of APP, however the most common are the 

APP695, APP751 and APP770 amino acid forms (90). APP695 is predominantly expressed in 

the CNS whereas APP751 and APP770 can be found in peripheral tissues (91). APP is a 

member of the APP family, which in mammals includes the amyloid precursor-like proteins 

APLP1 and APLP2 and the amyloid precursor-like (APPL) in Drosophila (92). APP and 

APLP2 are both expressed ubiquitously while APLP1 expression is restricted to the brain (93).  

APP has been widely researched for its physiological functions in the central nervous system 

(CNS) (94) as well as for its roles outside of the CNS. Izumi et. al established that the promoter 

region of APP was highly homologous between the human APP and mouse App genes whereas 

homology differed substantially in rats, indicating that murine models were closer to humans 

(95). In order to study the physiological functions of APP and its homologues, murine knock-

out models have been developed. One of the first murine models developed was the single App 

knockout (APP KO) model by Zheng et al. in 1995 (96). APP KO mice were generated through 

the deletion of the 3.8 kB promoter encoding sequence and first exon to prevent App mRNA 

transcription. Results from this study revealed that at 14 weeks, the homozygous APP KO mice 

were fertile and viable but displayed reduced body weight, decreased locomotor activity, 

reduced forelimb grip and reactive gliosis (96). Further research into this model has identified 

a role for APP in vascular function in male APP KO mice (97). These results indicate functional 

roles for APP in development of the brain and vasculature as well as in neuroprotection.  Full-

length APP undergoes a series of proteolytic processing events, which result in the production 
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of a number of smaller protein fragments. These protein fragments are produced either through 

the non-pathogenic or pathogenic cleavage of APP by a family of secretases (α, β and γ) (98).  

Proteolytic Processing of APP  

There are two main proteolytic pathways known for full-length APP regulation, the non-

amyloidogenic (α-secretase) and amyloidogenic (β-secretase) pathways. Cleavage of APP via 

the α-secretase pathway is non-pathogenic the initial cleavage event by α-secretase occurs 

within the amyloid beta (Aβ) domain, rendering production of the Aβ peptide impossible. The 

α-secretase enzyme first cleaves APP near the plasma membrane, which generates the 

production of the N-terminal fragment – soluble APP-alpha (sAPPα) and C-terminal fragment 

83 (CTF-α/C83) (88). C83 is membrane-bound, whereas the sAPPα fragment is released into 

the extracellular space or into intracellular vesicles. Further processing of the membrane bound 

C83 terminal domain by γ-secretase, results in the release of the p3 peptide into the extracellular 

space and the APP intracellular domain (AICD), which is released into the cytoplasm (99). 

These cleavage events produce products thought to be involved in several neurodevelopmental 

events such as: neuroprotection, synaptic plasticity, cell adhesion as well as neuronal 

differentiation and proliferation (100). APP is initially cleaved at the N-terminus of the Aβ 

domain, located in the trans-Golgi network or in endosomes by the β-secretase cleaving 

enzyme-1 (BACE-1). This event generates the N-terminal C99 fragment and soluble APP-β 

fragment (sAPPβ), which like sAPPα, can be taken up by intracellular vesicles or released 

extracellularly. The membrane-bound C99 fragment is then cleaved by γ-secretase at the 

endoplasmic reticulum.  Subsequently, the APP-CTFβ is cleaved by γ-secretase, resulting in 

the formation of the AICD and release of the Aβ peptide (usually between 1 and 43 amino 

acids in length) into the extracellular space (101) (Fig. 3).  
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Figure 3: Proteolytic processing of Amyloid Beta (A4) Precursor Protein  

(A) In contrast, APP can also be processed by α-secretase in a process known as ectodomain 

shedding. APP is cleaved by α-secretase resulting in the soluble APPα (sAPPα) product and 

an APP-CTF-α fragment. Processing by γ-secretase of the APP-CTF-α fragment results in 

the formation of the p3 peptide and the AICD. There is no production of Aβ via this 

proteolytic cleavage pathway, thus it is rendered non-amyloidogenic. (B) Cleavage of APP 

by β-secretase occurs in the N-terminus of the Aβ region, which forms a secreted APPβ 

(sAPPβ) fragment and a C-terminal fragment (APP-CTFβ). The CTFβ then undergoes 

cleavage by γ-secretase resulting in the formation of the APP Intracellular Domain (AICD) 
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Physiological Roles of APP  

 

Functional roles for APP that have been identified within the CNS, include aiding in neuronal 

proliferation (102, 103), neurite outgrowth (104), synaptogenesis (105) and neurogenesis 

(106). The full extent of the physiological functions of APP are still not elucidated both within 

the CNS, as well as in the peripheral organs.  In order to study the function of the App gene in 

vivo, a number of animal models have been created. Models of genetic deletion, conditionally 

expressed or overexpressed have been developed. These models have been established in a 

number of different species including C. elegans (roundworm) (107), dropsophila (fly) (108, 

109), Danio rerio (zebrafish) (110), as well as numerous murine models. The expression of 

APP at the mRNA and protein level is now known not to be restricted to the brain. Different 

approaches to assess expression of App at the mRNA level have been used such as RNA 

sequencing (RNAseq), Microarray and Serial Analysis of Gene Expression (SAGE). Each of 

these techniques detect different levels of the candidate gene in different tissue types. App was 

detected in the bone marrow by Microarray and SAGE, but not by RNAseq for example. 

Detailed information for mRNA expression of APP is not available for bone. APP expression 

has been identified in a number of tissues at the protein level, including but not limited to, 

kidney, liver, heart, bone, lungs, cerebrospinal fluid (CSF), serum and pancreas (111). The 

levels of expression vary between tissue types with the highest levels of expression found in 

brain tissue and CSF and the lowest detected in the heart.  

The Amyloid Beta (A4) Precursor like Protein-2 

The other ubiquitously expressed member of the APP family, Amyloid Beta (A4) Precursor 

like Protein-2 (APLP2) has a similar expression pattern and shares a high degree of homology 

with APP. The main structural difference between APP and APLP2 is the lack of the Aβ 

domain in APLP2. Cleavage of the Aβ domain is responsible for the release of the peptide, 
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which can lead to the formation of pathological Aβ peptides, thus APLP2 expression does not 

exhibit pathological effects by virtue of Aβ. Due to the high degree of sequence homology 

shared between the APP and APLP2 proteins, it is possible that they may be functionally 

related.  The individual physiological roles carried out by APLP2 are similar to that of APP 

and include cell growth, survival, metabolism and immune receptor expression (104). Like 

APP, APLP2 has been recognised for its potential role in tumour cell proliferation and 

migration. This can be seen in specifically Ewing’s Sarcoma and Pancreatic cancer (112). It 

was shown to be abundantly expressed in these cancers and functioned by assisting cancer cells 

in the avoidance of death by T cells (113).  

A combined App and Aplp2 knocked out in C57Bl/6 mice (App-/- and Aplp2-/-) resulted in post-

natal death in 80% of the colony. It was proposed that App and Aplp-2 genes held similar roles 

in postnatal development supporting a functional relationship between these genes (114, 115). 

Several studies went on to show that APP and APLP2 may possess roles in insulin and glucose 

homeostasis, growth (116) neuronal plasticity, synaptic morphology (92) and spatial learning 

(94). In contrast, the other member of the APP family, APLP1, located exclusively in the CNS 

and did not produce the same effects when alleles were knocked out. In the nervous system-

specific APLP1 KO mouse, the main finding was a deficit in postnatal growth, but locomotor 

activity and grip strength remained unchanged when compared to wild-type control mice (115). 

If APLP2 function is dependent on or regulated by APP, it may be useful to also investigate 

the expression of APLP2 in the context of the bone, to elucidate possible related functionality.      
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The Amyloid Beta (Aβ) Peptide  

The amyloid beta (Aβ) peptide is typically a 39 – 43 amino acid length protein produced by 

the proteolytic processing of APP. The two main variants of Aβ studied are the 40 and 42 

residue proteolytic fragments. Aβ1-40 is the predominant form produced in the brain, whereas 

Aβ1-42 is the main variant found in Aβ plaques, a pathological hallmark of Alzheimer’s disease 

(117). The insoluble Aβ1-42 protein was first isolated from deposits in cerebrovascular amyloid 

angiopathy in human AD subjects upon post-mortem brain processing by Glenner and Wong 

in 1984 (118) and confirmed by Masters et al. in 1985 in the context of Down’s Syndrome and 

AD (119). The discovery of Aβ1-42 gave rise to the Amyloid Cascade Hypothesis (120), that 

senile plaques containing Aβ1-42 could interfere with neuronal function and initiate the 

hyperphosphorylation of Tau protein, leading to the accumulation of fibrillar Tau tangles (121), 

and mediating neuronal cell death. In the context of Alzheimer’s disease Aβ can be measured 

in the plasma and cerebrospinal fluid (CSF) as a possible biomarker of disease. The Aβ1-42/1-40 

ratio has been used as an indicator of disease severity for a number of years, however results 

have been controversial between studies with some reporting that a decreased Aβ1-42/1-40 ratio 

correlated with disease onset and others have reported no clear relationship between disease 

onset, plasma or CSF Aβ1-42/1-40 ratios.  Results from the Australian Imaging, Biomarker & 

Lifestyle Flagship of Ageing (AIBL) study, a longitudinal study of participants over the age of 

60, found that using plasma Aβ1-42/1-40 provided a reliable biomarker for prediction of amyloid 

detection using Positron Emission Transmission (PET) scanning in these patients with a 77% 

sensitivity rate (122).  

Despite APP being identified in peripheral tissues in a number of studies, there is not a large 

amount of evidence to support production of Aβ outside of the brain. To date, there have been 

a total of two studies to establish the production of Aβ in the bone (123, 124). Li et al. 

demonstrated increased mRNA expression of APP and Aβ1-42 in osteoporotic bone biopsies 
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from humans and ovariectomised rats compared to control subjects. It was also established that 

Aβ1-42 has the potential to stimulate osteoclast differentiation and activation, however the 

mechanism behind this observation was not alluded to (124). This is an area that requires 

further investigation at the molecular level.  

Ageing, Dementia & Alzheimer’s Disease  

Ageing is a phenomenon commonly associated with death and disease. This process results in 

a number of changes, such as marked differences in body composition, energy production and 

energy utilisation. These changes can be detrimental to human health and well-being and result 

in the development of disease. During ageing, it is common for people to exist with chronic, 

low grade inflammation, referred to as “inflammaging” (125). Though low grade, the chronic 

nature of inflammaging is thought to create a damaging cellular environment (126). Studies 

have shown that inflammation and oxidative stress as a result of these inflammatory cascades 

can be a contributing factor in the development of neurodegenerative disease as well as bone 

disease. With increasing age, it is common for individuals to develop a number of 

comorbidities, of which neurodegenerative disease, bone disease and cancers are the most 

common (127). A clear common link between the development of AD and bone diseases, such 

as osteoporosis, is age.  

“Dementia” is an umbrella term used to describe a group of neurodegenerative disorders, 

resulting from a dysregulation in the normal processes controlling brain functions and resulting 

in alterations in cognition. Dementia covers a number of different pathologies including 

Frontotemporal dementia, vascular dementias, Lewy Body dementia, dementias associated 

with Parkinson’s disease, Huntington’s disease, brain injury and alcohol consumption and 

finally Alzheimer’s disease (AD) (Fig. 4). AD is the most prevalent dementia in the world, 

accounting for up to 70 % of all dementia diagnoses (128). In 2015 Alzheimer’s disease 
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International (ADI) estimated a 5.2% global prevalence of dementia, equating to 46.8 million 

people living with dementia worldwide. The number of global dementia cases, based on no 

improvement in interventional therapies, is set to rise to 131 million by the year 2050 (128). 

Data now shows that there are at least 10 million cases of mild cognitive impairment (MCI) 

that progress to dementia every year (129). In 2017, dementia and AD were the second leading 

cause of death in Australians over the age of 75 behind coronary heart disease, and AD was the 

primary cause of death for females (11%) (130).  

Development of AD can be due to gene mutations, which can be detected through gene 

sequencing, however the most common type of AD is sporadic in nature, with no associated 

gene mutations. Sporadic, late-onset AD (sLOAD) is the most prevalent form of AD, 

accounting for up to 95% of all AD cases. The pathological mechanism underlying its 

development is still in question, however the most widely accepted explanation for its 

pathogenesis is the Amyloid Cascade hypothesis (120, 131-133) (Fig. 5). Individuals at high 

risk for AD development are commonly over the age of 65 and female (134), however the 

highest risk factor for development is allelic variation in the Apolipoprotein E4 (APOEε4) gene 

(135). In AD, genetic inheritance of the APOEε4 allele has been known to increase the risk of 

development in an age-dependent manner, which increases significantly in individuals after the 

age of 65. APOE is normally involved in mobilisation and redistribution of cholesterol and in 

the brain has been shown to aid in neuronal growth and repair (136) and the immune response 

(137). The APOEε4 isoform binds to Aβ at a rapid rate, which is thought to increase the density 

of the Aβ fibrils, making them more difficult clear from the brain (138).  
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Figure 4: A visual representation of the prevalence of the most common dementia 

subtypes in Australia. Alzheimer’s disease (60 – 70%); Vascular dementia (10 – 20%); 

Frontotemporal dementia (10%); Lewy Body dementia (4%); Early onset AD (1 – 5%); 

Other types seen in neurological diseases (< 1%). – Data adapted from The Queensland 

Brain Institute – 8 Aug 2019 
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Alzheimer’s disease Development  

The pathological hallmarks observed in AD are the formation of extracellular Aβ plaques and 

intracellular neurofibrillary tangles (NFTs) in the mediotemporal lobe (hippocampus, 

amygdala and entorhinal cortex) and its related neural networks in the brain (139). Initially, the 

development of Aβ plaques interfere with the normal functioning of the neurons through 

directly blocking synaptic transmission of neurotransmitters, which in turn initiates the 

hyperphosphorylation of Tau protein and formation of NFTs thus blocking transport of 

essential nutrients such as glucose within the neurons (Fig. 5). The brains response to these 

unwanted disruptions is to activate the resident macrophages of the brain, the microglia to take 

up and degrade Aβ plaques. This process induces chronic inflammation as the microglia are 

unable to successfully remove Aβ, which compromises brain integrity and neuronal viability 

(86, 140). As a result of these changes occurring in the brain, individuals developing AD 

exhibit symptoms such as a deterioration in episodic memory, behavioural disturbances, 

inability to recognise family members, an inability to carry out usual everyday tasks and 

eventually as the disease progresses to end stage an inability perform essential motor functions 

and eventual death (141).  

Therapeutic Intervention  

There is currently no proven prevention therapy or cure for AD. As is the case with most 

diseases of ageing, lifestyle modifications have been investigated for risk reduction and 

potential therapies, with a reported figure of one third of all AD cases could be prevented 

through lifestyle modifications (142, 143). Therapeutic treatments for AD have not been 

successful despite the in-depth understandings of the Aβ and Tau components of the disease. 

Targeting of neurotransmitters, which regulate normal brain activity has been the most 

successful therapy to date. The most commonly prescribed interventional drugs in clinical 
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practice are the Acetylcholinesterase Inhibitors (AChEI), marketed under the names Tacrine, 

Donepezil (144, 145), Rivastigmine (146) or Galantamine (147, 148). The use of AChEIs in 

AD was proposed based on the Cholinergic Hypothesis, which proposes that at the later stages 

of the disease there is a loss of cholinergic neurons, causing a marked reduction in circulating 

Acetylcholine (ACh) as a result of long-term oxidative stress from the generation of 

extracellular Aβ (149) and intracellular Neurofibrillary Tau tangles (150, 151). A dramatic loss 

of cholinergic neurons and activity in the forebrain, cerebral cortex and hippocampus (152) 

causative of a reduction in patient cognition and memory in cases of mild/moderate AD has 

also been observed (153). AChEIs target the AChE enzyme responsible for the degradation of 

Ach, one of the most important neurotransmitters in the brain, which controls muscle 

contraction, pain response activation and endocrine regulation (150). These drugs act centrally 

and provide vast improvements to memory and cognitive ability; however, these improvements 

are only short term, lasting from 1 – 3 years, as the pathological changes cannot be reversed by 

the AChEIs. Without the development of a deeper understanding of AD mechanisms and the 

contribution of other molecules to AD development, the burden of AD will continue to worsen. 
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Figure 5: Schematic representation of the development of Alzheimer's disease based on 

the Amyloid Cascade Hypothesis. 1. Initiation - Following the preferential cleavage of 

APP, Aβ peptides are released into the extracellular space where they oligomerise and 

accumulate into Aβ plaques. 2. Neuronal Inflammation and Degeneration - Aβ plaques 

localise to neuronal axons and local inflammatory cells; microglia and astrocytes are 

activated in an attempt to clear the plaques. The inability to degrade Aβ plaques initiates 

neuronal inflammation and degeneration. The subsequent disruption in intracellular tau 

protein phosphorylation results in tau hyperphosphorylation and the formation of 

neurofibrillary tau tangles, which disrupt the metabolic processes within the neurons. 3. 

Disease - These events lead to eventual neuronal cell death and brain tissue death, causing 

atrophy and the symptoms associated with Alzheimer’s disease.  
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Early Onset Familial Alzheimer’s disease  

Early onset Familial Alzheimer’s disease (eFAD) is a subtype of AD, accounting for up to 1-

5% of all AD cases worldwide (Fig. 3). The large variation in cases has been estimated to 

incorporate undiagnosed individuals with eFAD. This subtype of AD affects individuals under 

the age of 65 and from as young as 30, with reports of development of pathological changes 

occurring up to 22 years before symptom presentation (154).  Autosomal dominant mutations 

in the APP gene itself as well as missense mutations in the presenilin-1 (PSEN1) and presenilin-

2 (PSEN2) genes (155) have been identified as known initiators of this genetic subtype of 

disease (98, 156). Mutations in the APP gene increase the rate of production of Aβ1-42, reduce 

the clearance of Aβ1-42 and increase the Aβ1-42: Aβ1-40 ratio. These mutations result in an 

increased Aβ production throughout life. PSEN1 and PSEN2 are subunits of the γ-secretase 

enzyme, responsible for the second stage cleavage of APP. There have been a number of 

murine models established with these mutations in order to understand the development of 

eFAD. Using in vivo and in vitro knock-in models containing mutated PSEN1 and PSEN2 have 

shown early formation and deposition of Aβ1-42 as well as an increased production of Aβ1-42 in 

a dose-dependent manner (157).  
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Current Links between Brain and Bone  

Osteoporosis and Alzheimer’s Disease/Dementia  

Osteoporosis and Alzheimer’s disease share a myriad of risk factors. These common risk 

factors shared between these debilitating diseases have formed the basis for the hypothesis that 

they are linked in their development. Risk factors shared between osteoporosis and AD include: 

Age (> 65), gender (with prevalence in females being greater than males in both diseases), 

chronic inflammation, APOEε4 genotype, inactivity, Vitamin D deficiency, alcohol 

consumption and smoking. As well as sharing many common risk factors, it has been observed 

that osteoporosis and hip fracture occur at an increased rate in AD patients (158-160). Studies 

have focused on determining links between increased risks of dementia in osteoporosis patients 

(161), increased risk of osteoporosis specifically in AD patients (162) and low bone mineral 

density (BMD) and bone loss as risk factors for progression from mild cognitive impairment 

(MCI) to AD (163). However, there is still a large gap in our knowledge as to whether or not 

these pathologies are causal of each other by virtue of an underlying biological mechanism.  

It is well established that bone mineral density (BMD) reduces throughout the ageing process 

(164-166). As reduction in BMD is one of the earliest indicators of the development of 

osteoporosis, it may also serve as a possible indicator of risk for the development of AD. Yaffe 

et.al conducted a prospective cohort study measuring calcaneal and hip BMD and cognition in 

an ageing cohort of post-menopausal women who were not undergoing oestrogen replacement 

therapy. Groups were stratified based on BMD T-scores: T-score <-2.5 – low BMD; T-score 

>-2.5 – regular BMD. An 8% reduction in cognitive scores of women in the low BMD group 

(T-score <2.5) when compared to women with a “normal” BMD was reported and women in 

the low BMD group had a 32-33 % greater odds ratio of cognitive deterioration (167). A recent 

meta-analysis conducted by Xiao-Ling et.al analysed over 30 papers in this research area and 
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concluded that there was an association between declining BMD, specifically in the femoral 

neck region, and AD, and AD patients were at a marked risk of developing osteoporosis and 

had a markedly reduced BMD when compared to all control groups (167). As vertebral and hip 

fractures in the elderly can be deleterious to quality of life, it is important to identify factors 

that put the elderly at increased risk of fracture. Positive associations between dementia, AD 

and fracture risk have been established in a number of studies (168-171). The Concord Health 

and Aging Project, a longitudinal study, which followed a cohort of 1705 community-dwelling 

men over a 6 year period found that the individuals who went on to develop dementia (n = 93), 

but not MCI (n = 120), had the highest risk of hip fracture (n = 43), but not vertebral fracture 

(n = 32) or other non-vertebral fracture (172). A retrospective cohort study of 10,052 patients 

investigated the difference in hip fracture development between newly diagnosed AD 

individuals and non-AD controls between 1988 and 2007 in the UK. Multivariate analysis 

established an overall increase in hip fracture among the AD cohort (173).  

As previously mentioned, Aβ has been detected in osteoporotic human vertebral bone tissue 

(124) and has been shown to stimulate RANKL-induced osteoclastogenesis (174) in Tg2576 

mice carrying the Swedish mutation of APP, which increases Aβ production. With the 

reduction in oestrogen occurring at the time of menopause, women may be at higher risk of 

development of osteoporosis and AD by virtue of increasing Aβ production. Further 

investigation into this relationship could provide evidence for detection of early pathological 

changes associated with AD development through routine testing of bone biopsies from post-

menopausal fracture patients and oestrogen deficient male osteoporotic fracture patients. Aβ 

overproduction has also been linked to reduced activation of osteoblasts in vivo also using the 

Tg2576 mouse model of AD (175). In this model, the authors demonstrated a reduction in 

osteoblast formation, bone formation and enhanced osteoclast formation, suggesting a role for 

the APPSwe mutation in development of osteoporotic bone loss. These findings suggest that 
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overproduction of Aβ may contribute not only to the disruption in neuronal function seen AD 

brain but may also contribute to the development of osteoporosis through disrupted bone 

remodelling.  

Inflammation, Osteoarthritis and Alzheimer’s disease  

Inflammation is a process by which the body’s immune system responds to exposure to a 

foreign pathogen or pain stimulus. This response is mediated by a number of pro-inflammatory 

cell-types, cytokines and chemokines in an attempt to remove foreign molecules or signal pain. 

Inflammation is usually a beneficial process elicited to reduce the effects of infection and tissue 

damage, however if it occurs in a chronic and unregulated manner it can be detrimental to 

human health (176). There are two types of inflammatory response, type 1 and type 2. Type 1 

is activated in response to rapidly replicating microorganisms such as bacteria and viruses and 

activates and adaptive immune response. Cell types involved in the innate immune response 

include T helper 1 (Th1) cell-associated cytokines interferon- γ (IFN-γ) and interleukin-12 (IL-

12). Type 2 occurs in response to physical trauma resulting in damage to tissue and disruption 

to tissue integrity. A type 2 response elicits the activation of basophils, macrophages, mast 

cells, TH2 cells and eosinophils at the site of damage to begin the tissue healing process.   

The involvement of chronic and acute inflammation has been recognised in a myriad of 

neurodegenerative disorders including AD (177) and ALS (178). It is also well characterised 

in the development of other peripheral diseases such as OA, rheumatoid arthritis (RA), 

Diabetes Mellitus, Obesity (179) and Myocardial Infarction (MI) (180). The inflammation 

induced in these diseases occurs in response to destruction of tissue due to extrinsic factors. 

Inflammation has been well characterised in AD mouse models (181) and in human AD 

patients (182-184), supported by the discovery of number of pro-inflammatory chemokines 
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and cytokines shown to be upregulated in AD (TNF-ɑ (185), IL-1 (186), IL-6 , IL-12 and IL-

23 (187)).  

The brain is believed to be an immuno-privileged site; however, this is not necessarily the case 

in the context of disease. With increasing age, inflammation and disease status, the blood-brain 

barrier (BBB), which is usually tightly regulated and impermeable, becomes permeable or 

“leaky” (188). A leaky BBB can result in the admission of larger peripheral molecules into the 

brain. Peripheral inflammation is under investigation as a potential contributor to the 

development of neurodegenerative disease (189). Evidence for the peripheral production of Aβ 

from different tissues may contribute to the development of AD. One research group 

parabiotically joined Tg APPswe/PS1dE9 mice containing humanised AD mutations with wild 

type littermates to test whether circulating Aβ could be transferred via the bloodstream. A 

positive transfer of humanised Aβ between Tg APPswe/PS1dE9 after 12 months of parabiosis 

was detected in the circulation and brains of wild type mice, as were signs of cerebral amyloid 

angiopathy and Aβ plaques (190). These findings suggest that it is possible for Aβ to travel 

through the blood stream and across the blood brain barrier of otherwise normal animals and 

initiate disease, supporting the periphery as a source of Aβ production.  

As one of the major underlying components of OA disease progression and severity is 

inflammation, it has been proposed that the inflammation occurring in distal joints may 

contribute to the development of AD (189, 191). Very little research has been conducted into 

the connections between OA and AD. In a paper by Kyrkanides et al., (191) findings supported 

the hypothesis that systemic inflammation typically seen in OA could potentially contribute to 

development and progression of AD in transgenic OA mice (191).  

There is a high prevalence of pain-associated disorders in dementia patients. In one study of 

28,047 participants, all with reported dementia subtypes (AD, vascular or other), 49.07 % of 
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the population suffered from at least one pain-associated disorder including OA, osteoporosis 

and headache. The most common of the three was OA, with 29.27 % of all individuals with an 

OA diagnosis (192). In humans, clinical research conducted on individuals undergoing knee or 

hip arthroplasty for OA showed a significant increase in mortality 5-years post-operation in 

patients with both OA and AD, in comparison to OA controls (193). Women over the age of 

65-years lose cortical bone at an increased rate (194) and this is a feature of both osteoporosis 

and OA (195, 196).  

Wnt/β-catenin Pathway Signalling and Dikkopf-related protein 1  

The Wingless-related integration site (Wnt) signalling system is an evolutionarily conserved 

pathway crucial for embryonic development of all vertebrates and invertebrates (197). The Wnt 

proteins are a group of secreted glycoproteins, which ultimately regulate the proliferation of all 

cell types throughout growth and development. There are three different types of Wnt 

signalling pathways: The classical Wnt/β-catenin pathway, the planar cell polarity (PCP) 

pathway and the Wnt/Ca2+ pathway. The canonical Wnt/β-catenin (classical) pathway has been 

shown to play roles in the development and maintenance of bone as well as the CNS. In the 

context of bone, Wnt/β-catenin signalling is essential for osteoblast proliferation and 

differentiation (198). In the CNS Wnt signalling has been shown to be important in the 

processes of axon guidance, neuroblast migration, neural crest formation and neuronal 

proliferation and differentiation (199). Dysregulation of Wnt signalling is well characterised in 

the context of cancer. Without the proper regulation of the pathway, normal processes 

regulating cellular proliferation go unchecked resulting in uncontrolled cancer cell proliferation 

(200, 201).   

In order for successful Wnt signalling to occur, Wnt molecules must bind to low-density 

lipoprotein related-receptor proteins 5 and 6 (LRPs) and Frizzled (Fzd) receptors to form a 
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receptor trimeric complex (202). The formation of this complex can be inhibited by a number 

of Wnt pathway inhibitors. The potent antagonist of Wnt signalling, Dikkopf-related protein 1 

(Dkk1) is involved in regulation of the bone and brain microenvironments. Dkk1 blocks Wnt 

activity through binding to the Wnt co-receptors LRP5 and 6. Through this competitive binding 

of LRP5/6, Dkk1 prevents Wnt from forming a signalling complex with its cognate membrane 

receptor, Frizzled (Fz) as well as its co-receptors LRP5/6.  

When Dkk1 is expressed at homeostatic levels in the body, it plays crucial roles in limb 

development (203), neural tube development and neurodevelopment (204). In the bone, 

secreted Dkk1 inhibits osteogenesis and osteoblast activity and mediates bone loss. With 

ageing, it has been shown that dysregulation leading to over expression of Dkk1 can be 

causative of inflammatory events, bone erosion, low BMD giving rise to the potential to 

develop osteoporosis (205). To support this, it has been demonstrated Dkk1 depleted mice 

display an increase in bone mass and mineralisation (206). Overexpression of Dkk1 can inhibit 

neuronal proliferation and differentiation, which can ultimately result in neuronal degradation 

and death (207). As Dkk1 can negatively regulate bone remodelling and CNS functions, it has 

brought to the attention of researchers that it may be a missing link between the bone and the 

brain. 

Recent literature has proposed a possible role for this canonical Wnt signalling pathway 

antagonist in AD (207). As previously mentioned, Wnt proteins have been identified for their 

crucial roles in CNS and bone development and the regulation of bone remodelling, therefore 

it is plausible that Wnt proteins may provide a connection between neuronal and skeletal 

dysfunction (208). Activation of the canonical Wnt-signalling pathway by overexpression of 

the agonist Wnt3a or β-catenin or by inhibition of glycogen kinase synthase-3 in N2a cells was 

shown to reduce expression levels and activity of β-APP cleaving enzyme (BACE1), which in 

turn led to the reduction of Aβ peptides (207). Other studies focused on the dysregulation of 
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the canonical Wnt pathway and its negative effects on the brain and bone (208, 209). 

Dysregulation of this signalling in the brain also has been linked with microglial activation and 

recruitment of inflammatory cells. The recruitment process then creates an inflammatory 

response and as a result, oxidative stress, which is known to be damaging to cells can occur. 

This process is thought to contribute to the AD pathogenesis and progression as it can damage 

neurons and other cells of the neurovascular unit.  Furthermore, oestrogen is thought to be both 

neuroprotective as well as protective against Dkk1 (208), thus overexpression of Dkk1 by 

virtue of disruption to the Wnt signalling pathway may be more likely in the aging population 

and in particular post-menopausal women with decreased oestrogen levels.  

Nerve Growth Factor  

Nerve growth factor (NGF) is well characterised in the literature as a neurotrophic factor with 

its main roles being carried out in the CNS, with other functions recognised in the endocrine 

and immune systems (210). NGF has been characterised in peripheral tissue containing sensory 

and nerve inputs such as within the bone and cartilage in fracture and normal states (211).  Its 

reported physiological properties include promoting neurite growth, survival and 

differentiation in both peripheral sensory and sympathetic neurons (210). NGF and its 

precursor pro-NGF elicit their responses through binding to receptors or tyrosine kinase 

receptor (TrkA) or pan-neurotrophin receptor (p75NTR) respectively (212). TrkA and p75NTR 

were once thought to be exclusively expressed in the CNS, however it has also been 

demonstrated that they are also expressed in cancer tissues such as breast (213-215)  and 

prostate (216, 217), where they are implicated in both carcinogenesis and survival, depending 

on expression levels. Deep somatic structures such as muscle, joints and bone are innervated 

with type C-fibres and activation of free nerve endings is usually associated with dull pain 

sensations (218). NGF and its precursor form (pro-NGF) have been implicated in pain 

associated with inflammation in OA, where osteoarthritic chondrocytes show high levels of 
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NGF mRNA expression (219). Despite its involvement in pain nociception, NGF has been 

correlated with improved outcomes of fracture (220) as well as reduce fracture healing time in 

TBI patients (221).  Due to its expression being highly reported in both the brain and the bone, 

NGF may provide evidence of a potential linking molecule between AD and bone diseases by 

virtue of its involvement in pain and inflammatory pathways.  

Insights from Down’s syndrome  

Down’s syndrome (Down syndrome, Trisomy 21; DS) is a neurological chromosomal 

condition and has an incidence rate of 1 in every 800 live births. Individuals with DS display a 

number of behavioural and cognitive symptoms such as attention problems and 

obsessive/compulsive behaviours. A small proportion of individuals are also affected by autism 

spectrum disorders, which negatively influence communication skills as well as their 

intelligence quotient (IQ). As chromosome 21 is triplicated in DS, there is also a triplication of 

the APP gene, which as previously mentioned resides on chromosome 21. With recent reports 

of increases in lifespan to 50 years of age noted in the literature, the development of 

osteoporosis and AD in DS individuals is of high significance (222, 223).  It has been reported 

that approximately 50% of all DS individuals will go on to develop Early Onset AD. The 

EOAD seen in DS individuals has been linked to mutations in the APP gene, like that seen in 

genetic-linked AD in non-DS individuals. Post-mortem brain analysis has shown the presence 

of both senile Aβ plaques and neurofibrillary tangles in the brain tissue of DS individuals with 

an AD diagnosis (224). The same study also revealed that prevalence of EOAD is not only 

higher in DS individuals, but is also more aggressive in nature, progressing quite rapidly 

leading to an early deterioration (224). Development of AD is usually detected in the third 

decade of life and reduces life expectancy significantly in people suffering from both DS and 

AD.  
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DS individuals are smaller in stature and have an overall lower bone mass and BMD compared 

to age and gender-matched controls (225). In 2013, McKelvey et.al, conducted a study into the 

effects of DS on bone turnover and bone density in a cohort of 30 DS subjects using DXA 

imaging and blood derived bone turnover markers. DXA imaging revealed 53.3% of the study 

group had a low BMD (Z-score < -2) at one of multiple sites (lumbar spine, distal radius, 

femoral neck and proximal femur). Serum P1NP was significantly reduced in the low BMD 

group, but there was no change in serum CTX between groups, suggestive of a reduction in 

bone formation (226).  

Transgenic mouse models of DS have provided a great insight into the phenotypes associated 

with ageing in DS. Fowler et.al investigated the transgenic DS mouse model (Tg Ts65Dn) to 

determine effects of DS on bone structure and function. Marked changes were observed in the 

cortical and trabecular bone of the femorae and tibiae, with an overall decrease in the number 

of osteoclasts and osteoblasts per bone surface, as well as reduced serum levels of markers such 

as TRAP5b and procollagen type 1 N propeptide (P1NP), indicative of a decrease in bone 

resorption and formation respectively (227). 

With recent reports of increases in lifespan to 50 years of age noted in the literature, the 

development of osteoporosis and AD in DS individuals is of high significance (222, 223). 

These studies provide a strong link between the development of AD and osteoporosis in the 

context of DS.  Further investigation into EOAD and osteoporosis in DS may provide insights 

into the underlying mechanisms linking these diseases at a molecular level.  
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Conclusions  

With the number of diagnoses of Alzheimer’s disease, osteoporosis and osteoarthritis set to 

increase substantially over the next 30 years, it is imperative that the common mechanisms 

linking these deliberating diseases be further elucidated. The amount of research being 

conducted into ageing and degenerative diseases is constantly increasing, however there is still 

no effective therapy to combat an underlying mechanistic pathway consistent with the 

development and progression of these diseases. In order to further elucidate the links between 

age-related diseases of the skeletal and nervous systems, it is imperative that possible molecular 

targets be further studied and established. APP, APLP2, Aβ and NGF expression in the bone 

have been investigated to a certain point, however further investigation is still required to 

understand physiological as well as pathological roles in the bone.  
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Hypothesis and Aims  

Hypothesis  

Neurotrophic factors (APP, APLP2, BACE1 and NGF) are expressed in the bone 

microenvironment and perform physiological and pathological roles in bone remodelling.  

Aims 

1. To perform a number of different study types, which allow for a thorough investigation 

of the potential physiological roles and effects of APP, APLP2 and NGF in the bone.   

2. To determine expression at the mRNA and protein levels of these neurotrophic factors 

in the bone and relate them to structure and function in normal and diseased states.  

3. To understand the effects of different regulators of skeletal development and 

homeostasis on APP, APLP2 and NGF.  

4. To uncover a mechanism, which links osteoporosis and Alzheimer’s disease together 

at the cellular level.  
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Chapter 2 

 

Characterisation of the expression of APP and its homologue 

APLP2 in the context of the osteocyte and bone 

 

Conventional chapter 

Having identified gaps in the knowledge surrounding the physiological roles of APP and 

APLP2 in Chapter 1, the aim of this Chapter was to establish expression of these proteins in 

the context of bone. In this Chapter a number of cell culture models of osteoblast to osteocyte 

differentiation (SaOS2, NHBC, and NOF) were investigated for APP and APLP2 mRNA 

expression across the differentiation process. The effects of osteotropic hormones PTH and 

1,25D were also investigated for their effect on APP and APLP2 mRNA expression. APP 

protein expression was established under normal conditions as well as under the stimulation of 

the pro-inflammatory cytokine, TNF-α in primary human osteocytes isolated from bone 

specimens. The effects of treating primary human osteocytes with soluble APP695 (sAPP695) 

were also explored to determine whether APP could elicit changes in osteocyte viability or 

gene expression. Finally, this chapter culminated in the analysis of the skeletal phenotype of 

the global App knock-out mouse model.  
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Preface 

The aim of this Chapter was to explore the expression of APP and its homologue APLP2 in 

bone and in particular, the osteocyte. APP was examined at the mRNA level in the human 

osteosarcoma-derived cell line (SaOS2), normal human bone-derived primary osteoblasts 

(NHBCs), these cells differentiated into an osteocyte-like stage and in primary human 

osteocytes isolated directly from bone. Following on from these expression studies, the effects 

of the osteotropic factors 1,25(OH)2-vitamin D3 (1,25D), being the active hormonal form of 

vitamin D, and Parathyroid Hormone (PTH) on APP expression over the differentiation from 

osteoblast to osteocyte were examined. The effect of tumour necrosis factor-α, a known pro-

inflammatory cytokine on APP expression was also investigated in osteocytes, showing a 

concentration-dependent increase in expression. The App gene knockout murine model was 

also investigated for a skeletal phenotype. These experiments culminated in a final study 

whereby the effects of the secreted 695 amino acid splice variant of APP, sAPP695, on 

differentiated human osteocytes in vitro were studied. The combination of these experiments 

provides insight into the expression and regulation of APP by human and murine bone-derived 

cells. This research also provides the first insight into the effects of sAPP695 on osteocytes. 

Together, the findings presented here provide new information as to the expression and local 

effects of APP in osteocytes and bone.  
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Introduction 

Production of APP by osteoclasts (124, 174) and osteoblasts (175, 228) as well as detection of 

Aβ (124) in bone tissue has been previously reported, however expression during the 

differentiation process from osteoblast to osteocyte has not yet been investigated. It is now well 

documented that osteocytes are key regulators of bone effector cell activity (6) and are capable 

of regulating osteoclast (22, 37, 53, 59) and osteoblast (3, 47) behaviour indirectly through 

expression of remodelling regulatory genes, such as Receptor Activator of Nuclear Factor 

kappa-B ligand (RANKL) and Osteoprotegerin (OPG) (229), as well as sclerostin (SOST) (3, 

22). They do so in response to a number of external stimuli such as lactation during pregnancy 

and mechanical loading or unloading (6, 230). In some cases, these situations trigger osteocyte 

apoptosis, which is known to upregulate expression of known apoptotic regulatory genes BAX 

and BCL2 (231, 232). Although apoptosis is thought to be a response to noxious stimuli, it can 

occur in osteocytes in order to maintain bone homeostasis and integrity (233), such as that seen 

in the context of micro-crack propagation (55).  

Studies have investigated a potential relationship between cognition and Vitamin D status using 

population-based study approaches (234, 235). Based on the associations found between 

Vitamin D status and cognitive decline in these studies, a number of mouse models of AD have 

been investigated in the context of Vitamin D status and the effects of Vitamin D on cognition 

at a mechanistic level (236). Since vitamin D is well characterised as an osteotropic factor, 

such models may also reveal potential links between skeletal APP expression and cognition. 

The effects of the global knock-out of the App gene in the mouse genome has been investigated 

by one group previously. There were significant effects on the skeleton, with a reduction in 

both the cortical and cancellous bone thickness of long bones resultant from impaired bone 

development, providing a basis for a physiological role of App in skeletal development [175].  
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In this thesis chapter, expression and regulation of APP in osteoblast lineage cells was 

investigated in order to reveal the role(s) of this molecule in the bone and potentially 

systemically.  
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Hypotheses and Aims 

Hypotheses 

1. APP expression is related to bone remodelling and may be regulated by markers of 

bone cell activity such as PTH, 1,25D and TNF-α. 

2. Bioactive sAPP695 will have intrinsic effects on osteocyte behaviour. 

3. Global knock-out of App negatively affects skeletal development.  

Specific Aims 

1. Investigate the relative basal mRNA expression level of APP throughout the 

differentiation process of the human osteoblast-osteocyte transition model, SaOS2, and 

in human primary osteocytes derived from bone biopsies; 

2. Determine effects of osteotropic factors 1,25D and PTH on APP mRNA expression 

throughout the differentiation process in both SaOS2 and NHB cells; 

3. Determine whether APP is expressed at the protein level; 

4. Examine the effects of sAPP695 on osteocyte survival and gene expression 

5. Determine the effects of global App gene deletion in aged mice on the skeleton. 
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Materials and methods 

Cell Culture  

SaOS2 cells were obtained from the American Type Culture Collection (ATCC) and passaged 

in α-MEM (Gibco, NY, USA) supplemented with 10 % foetal calf serum (FCS), 10 mM 

HEPES buffer, 0.2 M L-Glutamine and penicillin/gentamycin in a humidified tissue culture 

incubator at 37 °C and 5 % CO2. For experimentation, cells were plated at 2 x 104 cells/cm2 

and cultured until confluence was reached. Once confluence was achieved, medium was 

replaced with fresh medium containing 50 µg/ml ascorbate 2-phosphate (Sigma, St Louis, 

USA) and 1.8 mM potassium di-hydrogen phosphate (KH2PO4). Cells were cultured over a 35-

day period and media were changed every 2-3 days. Cells were treated either with human 

recombinant 50 nM PTH1-34 (Sigma), or PBS vehicle control for 24 hr at each time point.  

Normal Human Bone Cells (NHBC) were grown from femoral trabecular bone pieces taken 

from patients undergoing total hip replacement (THR) surgery for end-stage osteoarthritis and 

cultured as described previously (237). NHBC were grown in α-MEM containing 10% Foetal 

Calf Serum (FCS), 10 mM HEPES, 0.2 M L-Glutamine and penicillin/streptomycin at 37 °C 

until confluence was achieved. The same processes were undertaken with Neck of Femur 

(NOF) trabecular bone pieces. For experimentation, the cells were cultured under mineralising 

conditions in 5 % FCS, 10 mM HEPES, 0.2 M L-Glutamine, Pen/Strep, 1 % ascorbate 2-

phosphate and 1.8 mM KH2PO4. Briefly, NHBC were plated at a density of 2 x 104 cells/cm2 

and cultured under differentiating conditions over differing periods of time.   
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Isolation of Primary Human Osteocytes 

Human primary osteocytes were also isolated by sequential digestion from cancellous bone 

biopsies taken from the trochanteric region of the femur, collected from patients undergoing 

total hip replacement surgery for neck of femur fracture. Samples were processed in a sterile 

Class II biohazard hood. Samples were cut into 1 x 1 x 1 cm cubes and washed between 1 and 

3 times with PBS to remove blood and fat cells. Osteocytes were then isolated from the bone 

chips using the previously established method (238). Following the first 4 isolation steps and 

washes, the 5th and 6th bone fractions were pooled together and plated onto collagen coated 8-

well chamber slides in primary osteocyte media (α-MEM supplemented with 10 mM HEPES, 

0.2 M L-Glutamine, Pen/Strep,  2.5 % FCS, 1 % KH2PO4) (238). After allowing cells to attach 

for 72 h, medium was replaced with osteogenic media. In some cases, cells were treated with 

0.5 ng/ml recombinant human (rh)-TNF-α for 24 h.  

 

RNA Extraction and Analysis 

Cell layers were scraped into 750 µl Trizol reagent (Life Technologies, NY, USA), and total 

RNA extracted according to the manufacturer’s instructions. The quantity and quality of RNA 

were measured using a NanoDrop spectrophotometer (Thermo Scientific, Adelaide, Australia), 

with a 260/280 value of >1.8 considered acceptable. 1 µg of RNA was reverse transcribed into 

cDNA using the iScript RT kit (BioRad, CA, USA). RT- PCR was performed on a CFX 

Connect Real Time PCR System (BioRad) using SYBR Green Fluor qPCR Mastermix 

(Qiagen, Limburg, The Netherlands) according to the manufacturer’s instructions. Relative 

gene expression was calculated using the Delta CT method and normalised to expression of 

18S or Beta Actin (ACTB) levels.  
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Table 1: Forward (F) and reverse (R) primer sequences for real-time RT-PCR analysis 

 

 

 

  

Gene of 

Interest 

Direction Oligonucleotide Sequence (5’ – 3’) 

18S F 

R 

GGAATTCCCGAGTAAGTGCG 

GCCTCACTAAACCATCCAA 

APP F 

R 

ATCCTGCAGTATTGCCAAGAAG 

CACAAAGTGGGGATGGGTC 

APLP2 F 

R 

GCCCAGATGAAATCCCAGGT 

ATATCTGCACGCTGCTCCTG 

BACE1 F 

R 

GCAGGGCTACTACGTGGAGA 

GTATCCACCAGGATGTTGAGC 

BAX F 

R 

TCCCCCCGAGAGGTCTTTT 

CGGCCCCAGTTGAAGTTG 

BCL2 F 

R 

TGGGATGCCTTTGTGGAACTGTACG 

TAGATAGGCACCCAGGGTGATGCAAG 

MCSF F 

R 

CAGTTGTCAAGGACAGCAC 

GCTGGAGGATCCCTCGGACTG 

MMP13 F 

R 

GGATCCAGTCTCTCTATGGT 

GGCATCAAGGGATAAGGAAG 

OPG F 

R 

GCTCACAAGAACAGACTTTCCAG 

CTGTTTTCACAGAGGTCAATATCTT 

RANKL F 

R 

CCACCCCCGATCATGGT 

TCAGCCTTTTGCTCATCTCACTAT 
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Oligonucleotide Primer Design for RT-PCR 

Primers for the mRNA-specific amplification of human and mouse App and Aplp2 genes were 

designed from published gene sequences to flank intron/exon boundaries using Amplify 3x 

design software (Madison, Wisconsin, USA). Primers predicted target specificity for the genes 

of interest and were tested using BLAST analysis (NCBI). Primers were purchased from 

Geneworks (Thebarton, SA, Australia). All primers were validated for mRNA specificity using 

a non-reverse transcribed template control.  

 

Immunostaining of Isolated Osteocytes with α-APP 22C11 Monoclonal Antibody  

Cells were washed twice with 1 x PBS and fixed with Histochoice clearing agent (Merck 

KGaA; Damrstadt, Germany) for 30 min. Fixative was removed and cells were washed 

thoroughly with ddH2O a total of three times. Blocking buffer (1 x PBS, 5 % normal rabbit 

serum) was added to each well and incubated at RT in a humid chamber for 30 min. Cells were 

incubated with either 22C11 primary antibody or 1B5 negative control IgG antibody for 45 

min at 4°C. Wells were washed and Alexa Fluor 647 secondary antibody (1:2000 D.F) added 

to each well and incubated at RT for 1 h. Following washes, cells were immersed in 

fluorescence stabilising FluoroBrite™ D-MEM (Gibco) and imaged by confocal microscopy 

at 60 x magnification.   

 

Treatment of NHBC with sAPP695  

Cell Culture  

NHBC were plated at a density of 5 x 104 cells/ml in 12-well plates, 9 x 103 cells/400 µl in 

chamber slides and 5 x 103 cells/200 µl in 96-well plates. After 24 h in proliferation media to 
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allow attachment to surfaces, media was changed to low serum mineralisation media (α-MEM, 

0.5 % FCS, 1 % ascorbate, 1 % KH2PO4 and 1 % dexamethasone). Media changes were 

performed 2-3 times per week and cells were differentiated up to day 28 when they reached a 

mature osteocyte-like phenotype (237, 239, 240). 

  

sAPP695 Preparation 

Aliquots of sAPP695 (9 mg/ml stock solution) were supplied by Professor Roberto Cappai, 

The University of Melbourne (recombinantly expressed and purified in-house). A 0.5 µM 

working stock was made up in differentiation media and 1.0 nM and 10 nM treatments were 

made in differentiation media containing 2 % B27 cell growth supplement (Gibco, Dun 

Laoghaire, Ireland) in place of FCS due to a requirement for serum-free reaction conditions 

(241). Day 28 differentiated NHBC were treated with either 1 or 10 nM concentrations of 

sAPP695, with control wells containing normal media supplemented with 2% B27. Cells were 

cultured for either 24, 72 or 96 hours in normal culture conditions as mentioned previously.  

 

Cell Viability Staining and Confocal Imaging 

NHBC were cultured for 28 days in 8-well cell-imaging chamber slides (Eppendorf. NSW, 

AUS) and treated with respective concentrations of sAPP695 at time points previously 

mentioned (238, 242). These were stained with Calcein AM (R&D Systems, Inc, MN, USA) 

and Ethidium Homodimer-3 (Biotium, CA, USA) (1:2000) into serum-free media and added 

to each well of 8-well chamber slides. Following the addition of the dyes to each well, chamber 

slides were incubated at 37°C for 30 min. Following incubation confocal imaging was 

conducted using an Olympus Fluoview FV3000 Confocal Laser Scanning Microscope. An 

average of 5 images were taken for each well (2 wells per treatment per time point) at 10 X 
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magnification. All cell counts were conducted using ZEN Black software (Zeiss, Oberkochen, 

Germany). Background was removed using the remove all structures feature and cells were 

counted manually based on size and the original image. Live osteocytes in chamber slides were 

stained with SiR-actin (Cytoskeleton Inc., Denver, CO, USA) (1:10000), Calcein AM (1:2000) 

(Biotium) and NucSpot Live 488 Nuclear Stain (1:5000) (Biotium, CA, USA). This was used 

as a qualitative, observational technique to determine changes in cell morphology.  

 

App Knock-out Mouse Model  

Tissues from 60-day-old male and female APPKO mice, containing a germline deletion of the 

App gene on a C57Bl6/J background were obtained with approval from the University of 

Adelaide Animal Ethics Research Committee from Professor Roberto Cappai (The University 

of Melbourne) using a scavenger license. Because this mouse strain is bred using an APPKO 

x APPKO strategy, wild-type (WT) C57Bl6/J control mice, matched for age and gender, were 

obtained from the University of South Australia Animal Facility and humanely killed. Femora 

and L1 vertebrae of all mice were dissected, fixed in 10% buffered formalin for 1 week and 

stored in 70 % Ethanol (EtOH) until imaging took place.   

 

Micro-Computed Tomography 

Femora and L1 spinal vertebra were scanned using the Skyscan 1174 compact micro-CT 

scanner (Bruker microCT, Kontich, Belgium). All scans were performed at a fixed 6.4 µm 

threshold, with 0.8 degree of movement and a frame average of 2. Oversized scans were 

conducted on each femur and L1 vertebra; images were reconstructed using the N-Recon 

software (Bruker). Reconstructed images were realigned either sagittal for femora analysis or 
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coronal for vertebral analysis using Data Viewer. Analysis was conducted on trabecular bone 

1mm below the growth plate of the femur, and cortical bone in the mid-shaft where no 

trabecular bone was present. The region of interest (ROI) for cortical bone was defined as 0.5 

mm above the geometric mid-point calculated by subtracting the measurement at the distal end 

of the femur from that at the proximal end and dividing by 2. Vertebral analysis of was 

conducted on the full length of the vertebra. 

 

Statistical Analyses  

All statistical analysis was performed using GraphPad Prism (v7.02). To determine differences 

between treatment groups, non-parametric, two-tailed Student’s t-tests were applied to the 

datasets. Analysis of the investigated µCT parameters was performed using two-tailed, 

parametric, Welch’s t-tests, as the data were normally distributed.  
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Results 

APP mRNA expression in SaOS2 cells differentiated for 35 days in vitro 

In order to test if human osteoblast lineage cells express APP and its homologue APLP2, we 

first utilised the SaOS2 model (human osteosarcoma cell line) of human osteoblast to osteocyte 

transition (243). SaOS2 cells were cultured for a total of 35 days, over which time they 

differentiate to a mature osteocyte-like stage (243), and RNA was extracted at days  0, 7, 14, 

21, 28 and 35. In order to determine the effects of PTH, a regulator of bone formation, cells 

were also treated with 50 ng/ml recombinant PTH at each time-point for 24 h. Real-time RT-

PCR analysis for mRNA expression of APP revealed a differentiation-dependent increase in 

basal levels of APP (Fig. 1a). Treatment with PTH did not alter APP expression until D35, 

where APP was significantly suppressed (Fig. 1a). Analysis of APLP2 mRNA expression 

showed up-regulatory effects of PTH at days 7 and 28 (Fig. 1b).  

The effects of 1,25D on these cells were also investigated. Treatment of SaOS2 cells with 1 

and 10 nM 1,25D over 4 weeks showed a bimodal distribution of expression of APP (Fig. 2a) 

with increases in expression observed at weeks 0 and 2 and reductions observed at weeks 1 and 

4. There was also a dose-dependent increase in APP mRNA expression over the first 3-weeks 

of differentiation, suggesting that APP expression may be 1,25D responsive. Interestingly, at 

week 4, 1,25D did not alter APP expression, suggesting that 1,25D may not affect APP 

expression in the mature osteocyte (Fig. 2a). APLP2 expression followed a similar pattern as 

APP (Fig. 2b), with a significant upregulation in expression stimulated by 1 & 10 nM 1,25D 

at wk 3 but this was not observed at any other time-points.  
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Figure 1: APP and APLP2 mRNA expression in response to 50 ng/ml PTH over 

a 35-day treatment period. (A) APP mRNA expression was unaffected by PTH 

treatment at the early stages of differentiation but appeared to be suppressed at D35, 

when cells reached a mature osteocyte-like phenotype (***p = 0.0003);  (B) PTH 

was shown to upregulate APLP2 mRNA expression at D7 (* p = 0.0140) and D28 

(* p = 0.0134) but there were no effects observed at other time points during 

differentiation.    

One-way ANOVA with multiple comparisons; Mean ± SEM; n = 3 
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Figure 2: APP and APLP2 mRNA expression in differentiating SaOS2 cells over a 4-

week treatment period with 1 nM or 10 nM 1,25D or 50 nM PTH. A. APP mRNA 

expression was significantly upregulated compared to untreated (UT) with 10 nM 1,25D at 

week 0 and 2 (****p <0.0001 respectively). APP was also upregulated by 1 nM 1,25D at 

week 2 (****p < 0.0001); there was no observable change with PTH treatment; B. A similar 

pattern of expression is observed with APLP2 being significantly upregulated compared to 

UT by 1 & 10 nM 1,25D at week 2 (**p = 0.0031 & ****p < 0.0001 respectively) but this 

was not seen at any other time point. At week 4 there was only a significant upregulation 

of APLP2 by 1 nM 1,25D (*p = 0.0107). There were no changes observed by 50 nM PTH 

at any time point when compared to UT. 

One-way ANOVA with multiple comparisons; Mean ± SEM; n = 3 

** 

* 

**** 



56 

 

APP mRNA is expressed by Normal Human Bone Cells differentiated in vitro for 

4 weeks and responds to treatment with 1,25D and PTH 

In order to test if APP expression was also a feature of human primary osteoblastic cells, we 

assayed NHBC cultures derived from the proximal femur of patients undergoing total hip 

replacement surgery for primary hip osteoarthritis. These cells were differentiated to a mature 

osteocyte-like stage over 4 weeks (3, 242, 244-247). APP was expressed at the mRNA level at 

each time point over the 4-week period, albeit with a bimodal distribution of expression with a 

peak in expression being observed at weeks 1 and 2 (Fig. 3a). APP was again 1,25D responsive 

but unlike the findings with SaOS2, a dose response of induction was observed at each time 

point tested. PTH treatment at 50 nM significantly upregulated APP mRNA expression at 

weeks 0 and 4 (Fig. 3a). 

The effects of these treatments on APLP2 mRNA expression were not as pronounced, with a 

significant reduction in expression seen at week 2 induced by PTH and a significant increase 

in expression observed at week 4 (Fig. 3b) by all treatments. For reasons unclear, at time 0 it 

was not possible to detect expression of APLP2 in the 10 nM 1,25D and 50 nM PTH samples 

(Fig. 3b).  
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B 

Figure 3: APP and APLP2 mRNA expression in differentiating NHB cells treated 

with 1 or 10 nM 1,25D or 50 nM PTH. A. APP mRNA expression was increased by 

1 nM 1,25D at weeks 2 & 4 (*p = 0.0143 & *p = 0.0125 respectively). The 10 nM 

1,25D treatment upregulated APP expression at each time point when compared to 

UT (****p <0.0001 weeks 0, 2 & 4 and **p = 0.0088 week 1). 50 nM PTH 

significantly increased APP gene expression at weeks 0 (p < 0.0001) and 4 (p = 

0.0207) when compared with UT. B. APLP2 mRNA expression was significantly 

reduced by 50 nM PTH at the week 2 time point (**p = 0.0059) and was significantly 

increased by 1 nM 1,25D (**p = 0.057), 10 nM 1,25D (***p = 0.0007) and 50 nM 

PTH (*p = 0.0252).  
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APP and APLP2 are expressed at appreciable levels in NOF cancellous bone 

biopsies differentiated for 42 days  

The gene expression patterns of APP and APLP2 were also examined in human proximal 

femoral bone obtained from patients undergoing total hip replacement for fragility neck of 

femur fracture (NOF), as a result of osteoporosis. Primary human osteoblasts derived from 

NOF cancellous bone were analysed over 42 days to determine patterns of expression with 

differentiation and mineralization (OD450). As mineralisation is a key readout associated with 

osteoblast to osteocyte transition (45), it was important to determine whether APP and APLP2 

could be considered markers of immature or mature osteoblasts or osteocytes (Fig. 4). 

Mineralisation is also a dynamic process and can be positively or negatively controlled by the 

differentiating or mature osteocyte (5). In general, APP mRNA expression peaked between 7 

and 14 days, over the early phase of mineralisation, and decreased thereafter as mineralisation 

and cell maturation increased (Fig. 4a & c). APLP2 expression was similar but appeared to be 

less time dependent (Fig. 4b & d). Overall, however, APP and APLP2 expression correlated 

positively with each other, and both correlated negatively with mineralisation (Fig. 4g & h). 

This could mean that while these genes are expressed in mature cells, they are associated with 

an anti-anabolic/pro-catabolic role (5).  
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Figure 4: APP and APLP2 mRNA expression over 42-day differentiation of 

cancellous bone derived osteoblasts from two donors. A. Donor 1 - APP mRNA 

expression vs mineralisation. B. Donor 2 - APP mRNA expression vs mineralization. 

C. Donor 1 – APLP2 mRNA expression vs mineralization. D. Donor 2 – APLP2 

mRNA expression vs mineralization. E. Donor 1 – APP and APLP2 are expressed at 

similar mRNA levels over the 42-day differentiation period. F. Donor 2 – Expression 

patterns of APP and APLP2 differ slightly at day 21 and day 42. G. Donor 1 – A 

moderate, negative relationship was observed between APP mRNA expression and 

mineralisation. H. Donor 2 – A strong, negative relationship was observed between 

APP mRNA and mineralisation.   
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Recombinant TNF-α upregulates APP and IL-6 in a dose-dependent manner in 

human NHBCs  

As TNF-α is a known pro-inflammatory cytokine and is involved in the bone remodelling 

pathway as a negative regulator of osteoblast/osteocyte anabolic activity (246), the effects of 

recombinant human TNF-α on APP expression were investigated in human bone cells. TNF-α 

has also been shown to induce APP expression in adipocytes (248). IL-6 is known to be 

stimulated by TNF-α in a concentration-dependent manner so was tested as a control response 

gene and displayed a positive upregulation in mRNA expression at 0.1, 0.5 and 1 ng doses 

(Fig. 5a). APP mRNA expression followed the same trend as IL6 in response to TNF-α and 

was significantly increased at each concentration when compared to UT (Fig. 5b).   

 

 

  



62 

 

 

 

 

 

  

Figure 5: APP mRNA expression in primary human osteocytes is stimulated by 

increasing TNF-ɑ levels in a similar pattern to known inflammatory cytokine 

involved in bone resorption IL-6. A. IL-6 mRNA expression is significantly 

upregulated with increasing concentrations of TNF-ɑ (**** - p <0.0001). B. APP 

mRNA expression is also significantly upregulated under the stimulation of increasing 

concentrations of TNF-ɑ (*** p = 0.0002; **** p <0.0001).  

n = 3/treatment; one-way ANOVA,* p < 0.05 

UT 0.1 0.5 1 
0

2

4

6

8

10

IL-6

Concentration (ng)

IL
-6

:A
C

T
B

 m
R

N
A

****

****
****

UT 0.1 0.5 1 
0.00

0.05

0.10

0.15

0.20

0.25

APP

Concentration (ng)

A
P

P
:A

C
T

B
 m

R
N

A

***

****
****

A B 



63 

 

The APP protein is detectable in freshly isolated human osteocytes and 

upregulated with TNF-α treatment  

In order to test if APP expression is a feature of human osteocytes in vivo, we isolated 

osteocytes from patient-derived bone biopsies using a sequential enzymatic/EDTA digestion 

technique (238, 242). The late fractions of the digest shown to constitute osteocytes, were 

cultured untreated for 72 h to allow attachment and then immunostained using the anti-human 

APP MAb 22C11, and these stained positive (Fig. 6). When osteocytes were treated with the 

pro-inflammatory cytokine rh-TNF-α (0.5 ng/ml), the intensity of the staining was increased 

(Fig. 6). The 22C11 staining was confirmed to be specific by substituting an isotype-matched 

negative control IgG for the primary MAb step (Fig. 6). Despite repeated attempts, it was not 

possible to isolate sufficient cell numbers to allow for RT-PCR analysis for APP mRNA 

expression levels. 
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Figure 6: The regulation of APP expression in response to rh-TNF-α in freshly 

isolated osteocytes. Full-length APP 22C11 MAb tested against isolated human 

osteocytes either untreated or treated with 0.5 ng rh-TNF-α and NOF bone sections. 

Row 1.  Untreated isolated osteocytes stained with DAPI live cell stain and 22C11 MAb 

(1 - 3). Negative staining for IgG control 1B5 (4); Row 2. 0.5 ng rh-TNF-α treated isolated 

osteocytes stained with DAPI and 22C11 MAb shows intense levels of stain compared to 

untreated (1 – 4). 
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Effect of sAPP695 on human osteocyte viability  

Having established that human osteocytes expressed both APP mRNA and APP protein, we 

next investigated the potential functional consequences of expression. To do this, we tested the 

effects of the sAPP695: the physiologically produced, α-secretase cleaved, soluble species of 

APP, (249), over a 96 hour time course. We first sought to examine the effect of sAPP695 on 

osteocyte viability. Known apoptosis-related genes BAX (pro-apoptotic) and BCL2 (anti-

apoptotic) mRNA levels were measured at each time point. Expression of BAX was not affected 

by exposure to 1 or 10 nM sAPP695 at any time point when compared to UT but was 

significantly increased by 10 nM when compared with 1 nM sAPP (Fig. 7a). BCL2 mRNA 

expression was unchanged over the time-course and with treatments (Fig. 7b). Finally, the 

BAX: BCL2 mRNA ratio was not significantly altered at any time point between UT and 

treatments, however it was significantly upregulated by 10 nM at 72 h when compared to 1 nM 

sAPP (Fig. 7c), consistent with a pro-apoptotic effect.  

As the sAPPα cleavage product is produced through the non-amyloidogenic pathway, it was 

hypothesized that it would have no effect on osteocytes. However, at 24 h there was a 

significant increase in the number of dead cells observed when comparing the highest 

concentration, 10 nM sAPP695 to the untreated cells (Fig. 7d). This observation may be due 

to sAPP695 having toxic effects at 10 nM. There was no significant change in the number of 

dead osteocytes when treated with 1 nM sAPP695. At 72 h there was no significant difference 

observed with either the 1 or 10 nM sAPP (Fig. 7e). Finally, when analysing the number of 

dead osteocytes at the 96 h time point, we did not observe any changes between the control and 

treatment wells (Fig. 7f). These findings suggest that sAPP695 at a 1 nM concentration does not 

affect osteocyte viability in a time-dependent manner, however initial exposure of osteocytes 

to a 10 nM dosage has the ability to initiate osteocyte death, likely through induction of 

apoptosis. Initial exposure of osteocytes to the highest concentration of sAPP695 resulted in a 
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significant death response at 24 h, and those dead cells would likely have detached from the 

well and not been present for assay at later time points. The surviving cells likely proliferated 

over the time course together resulting in an apparent plateau in the total cell number.  
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Figure 7: The addition of sAPP695 to differentiating osteocytes in vitro over 96 hours has 

effects on BAX mRNA and cell viability. Effects of 1 and 10 nM sAPP695 on osteocyte 

viability. A. BAX mRNA expression was unchanged when compared with UT at each time 

point, however there was a significant increase at 72 h between 1 & 10 nM treatments (** p = 

0.0012). B. BCL2 was not significantly regulated in response to 1 or 10 nM sAPP695 when 

compared to UT at any time point. C. the BAX: BCL2 ratio is significantly increased at 72 h by 

10 nM sAPP695 compared with the 1 nM treatment (**p = 0.0052) but there was no difference 

compared with UT. D. The number of dead cells was significantly increased at 24 h by 10 nM 

sAPP695 (**p = 0.0024) compared to UT but was not affected by 1 nM sAPP695 (p = 0.0982). 

E. There was no concentration-dependent change in the number of dead cells observed at 72 h 

when compared to UT (p > 0.9999 respectively). F. There was no observable change between 

UT and treatments at 96 h (p > 0.9999 respectively).  

Experimental triplicates; One-way ANOVA (Kruskal-Wallis); * p < 0.05 
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Effect of sAPP695 on human osteocyte function-related gene expression  

Next, the effect of sAPP695 treatment on markers of bone remodelling was investigated. There 

was no significant change in expression of the bone resorption initiator RANKL when compared 

to the control at any time point (Fig. 8a). The same was seen for the RANKL inhibitor gene, 

OPG (Fig. 8b). Thus, there was no effect of sAPP695 on the RANKL:OPG mRNA ratio (Fig. 

8c). Expression of another important osteoclastogenesis factor, MCSF was also analysed, and 

was found to be significantly down-regulated, only at 24 h by the low dose (1 nM) treatment 

of sAPP695 (Fig. 8e). Overall, sAPP695 had little effect on the mRNA levels of expression of 

bone remodelling genes.  

In order to examine possible effects of sAPP695 on osteocytic osteolysis related genes, we 

examined the expression of two related proteases, CTSK and MMP13 (48, 240); as shown (Fig. 

8d & f), there were no effects of sAPP695 on the expression of these markers. 
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Figure 8: Response of bone resorption related markers to 1 and 10 nM sAPP695 over 96 h 

time-course. A. RANKL is not altered in response to 1 or 10 nM sAPP695 at any time point (p 

> 0.990); B. OPG mRNA expression is not significantly up or downregulated by 1 or 10 nM 

sAPP695 at any time point (24 h: p > 0.990 respectively; 72 h: p = 0.9253 & p = 0.3227; 96 h: 

p > 0.9990 & p = 0.4826); C. The RANKL:OPG ratio is not affected by 1 or 10 nM sAPP695 (p 

> 0.9990); D. There are no time or concentration-dependent effects on mRNA expression of 

CTSK (p > 0.9990); E. MCSF is significantly upregulated at 24 h by 1 nM but not 10 nM 

sAPP695 (**p = 0.0016 & p = 0.7946 respectively) when compared to UT but not at any other 

time point (p > 0.9000).  

Experimental triplicates; One-way ANOVA with multiple comparisons; * p > 0.05 
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Effect of sAPP695 on endogenous APP processing 

We also sought to determine if expression levels of APP itself or the protease known for 

cleaving APP via the amyloidogenic pathway, BACE1 were altered through exposure to 

sAPP695. Both APP and BACE1 mRNA was significantly reduced compared to control at 24 

h (Fig. 9a & b). Similarly, APP expression was dampened by the 10 nM concentration of 

sAPP695 at 24 h (p = 0.0255), however there was no effect on BACE1 at this time point. 

Finally, we saw that at 96 h there was a significant reduction in APP mRNA expression at the 

10 nM dose of sAPP695 (Fig. 9a), an effect that was not observed in the 1 nM sAPP695 treated 

osteocytes at this time point. 
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Figure 9: Effects of sAPP695 on APP and BACE1 mRNA expression over a 96 h time 

course. A. APP mRNA expression is significantly reduced at 24 h by both 1 & 10 nM sAPP 

695 when compared to UT (***p = 0.0009 & #p = 0.0255 respectively). At 72 h there was 

no change in mRNA expression however at 96 h there was a significant reduction at the 10 

nM concentration (##p = 0.0088). B. At 24 h in BACE1 mRNA expression was dampened 

by 1 nM sAPP (*p = 0.0120) treatment but not with 10 nM sAPP. There were not observable 

effects of sAPP695 on BACE1 expression at any other time points. 

Experimental triplicates; one-way ANOVA; * p < 0.05 



74 

 

Effects of App Knockout (APPKO) on skeletal phenotype  

To examine whether the expression of APP in bone could have functional consequences in an 

in vivo context femoral trabecular and cortical bone of WT C57Bl/6J mice and age- and sex-

matched APP KO mice were analysed for a skeletal phenotype. Cortical width, endosteal and 

periosteal bone perimeters were analysed by micro-CT and reconstructed (Fig. 10).  

Initial analysis of the cortical bone thickness in a 1 mm ROI at the midpoint revealed no 

difference between genotypes in the male cohort (Fig. 10a), however a significant increase in 

this parameter was observed in the female group (Fig. 10b). In both male and female APP KO 

mice (n = 4/gender) there was a significant decrease in both endosteal perimeter (Fig. 10c & 

d) and periosteal perimeter (Fig. 10e & f) when compared to their age and gender-matched 

controls, suggesting a defect in periosteal bone formation and/or endosteal bone 

resorption/remodelling in APP KO animals. 

 

 

 

 

  



75 

 

 

 

  

C
t.
T

h
 (

m
m

)

WT KO
0.00

0.05

0.10

0.15

*

E
n
d
o
st

e
a
l P

.m
. 
(m

m
)

WT KO
0

1

2

3

4

5
*

E
n
d
o
st

e
a
l P

.m
. 
(m

m
)

WT KO
0

1

2

3

4

5 *

C
t.
T

h
 (

m
m

)

WT KO
0.00

0.05

0.10

0.15

A 

B
.P

m
 (

m
m

)

WT KO
0

5

10

15

*

B 

B
.P

m
 (

m
m

)

WT KO
0

2

4

6

8

10 *

C D 

E F 



76 

 

 

 

 

 

 

 

 

  

Figure 10: There is a cortical bone phenotype in both male and female APPKO mice 

when compared to WT controls. Cortical bone microCT analysis conducted at the 

femoral midshaft in a 1 mm ROI. A. Cortical thickness (Ct.Th) was not significantly 

changed between male APP KO and WT mice; B. Cortical thickness was significantly 

increased in female APPKO when compared to WT (* p = 0.02); C. APPKO males 

endosteal perimeter was significantly reduced (*p = 0.018) when compared to WT; D. 

APPKO females endosteal perimeter was significantly reduced (*p = 0.034) when 

compared to WT; E. Periosteal perimeter (B.Pm) was significantly reduced in male APPKO 

mice (*p = 0.04); F. B.pm was also significantly reduced in female APPKO mice  (*p = 

0.021).  

n = 4/genotype/gender; Student’s Two-tailed T-Test; * p < 0.05; mean + SEM 



77 

 

Cancellous bone analysis of the Vertebra and Femora 

As changes in vertebral bone volume occur with age and disease such as osteoporosis, it was 

important to determine whether the knock-out of App had an effect on the vertebrae. These 

bones consist mainly of cancellous bone contained in a thin cortical shell. Consistent with the 

long bone cancellous bone analyses, trabecular bone parameters in the lumbar vertebrae (L1) 

were not different between WT and APP KO mice in either gender (Fig. 11a & b).  

Analysis of the cancellous bone compartment in a 2 mm ROI below the growth plate showed 

no significant differences in either gender between WT and KO (Fig. 11c & d). This result 

indicates that skeletal phenotype was restricted to the cortical bone.  
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Figure 11: Analysis of the cancellous bone volume fraction (% BV/TV) in both the 

vertebra and femora did not reveal any changes between genotypes in both genders. 

A. Vertebral % BV/TV was unchanged between male WT & APPKO mice (p = 0.2639). B. 

There is no significant effect on vertebral % BV/TV in female APPKO mice (p = 0.1047). 

C. There is no significant change in femoral % BV/TV between WT and KO males (p = 

0.307). D. There is no significant change in femoral % BV/TV in female APPKO mice when 

compared to WT control animals (p = 0.935). E. Three-dimensional reconstruction of 

vertebra. F. 3D reconstruction of femur.  

n = 4/genotype/gender; Student’s Two-tailed T-Test; * p < 0.05; mean + SEM 
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Discussion 

This study provides a number of unique insights into APP and APLP2 mRNA expression by 

human osteoblasts and osteocytes in vitro. Not only has it been shown that APP and APLP2 

are responsive to 1,25D and PTH, known regulators of osteoclastic resorption (250), osteoblast 

activity (251) as well as osteocyte functions (59), but they are also co-regulated in models of 

osteoblast to osteocyte transition. As the bone is such a diverse microenvironment, containing 

a number of different regulatory pathways, it is important that the effect of known osteotropic 

modulatory molecules is characterised.  

Regulation of APP expression in response to TNF-ɑ has not been investigated in human 

primary osteocytes until now. In the bone, increased levels of TNF-ɑ stimulate the upregulation 

of IL-6, another pro-inflammatory cytokine. Overexpression of IL-6 in transgenic mice results 

in increased bone turnover, reduced osteoblast number, increased osteoclast number and a 

subsequent development of osteopenia (252). Stimulation of IL-6 expression by TNF-ɑ has 

been shown to have direct effects on osteoclastogenesis, independent of inflammation (253). 

The parallel increase in APP mRNA expression with increasing concentrations of rh-TNF-ɑ 

highlights the potential role for APP in the initiation of osteoclastogenesis. Alternatively, the 

increase in APP may indicate a compensatory negative feedback loop, whereby APP is 

increased to block IL-6 for example and prevent osteoclastogenesis, however the APPKO 

phenotype suggests that a lack of App may also prevent osteoclast activity as seen with the 

increase in cortical thickness in the female mice. 

Overall, gene expression analysis of NHBs treated with 1 nM sAPP695 revealed no significant 

changes in mRNA expression of the genes examined when compared with the untreated 

control. It appeared that the 10 nM concentration of sAPP695 had a protective effect on 

osteocytes. At each time point there was a reduction in the expression levels of bone resorption 
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markers such as RANKL and MMP13. These findings indicate that high levels of APP in the 

bone may not be indicative of disease and may have physiological roles in bone remodelling, 

which is supported by the results indicated by the mouse model. In order to further elucidate 

the function of APP in the bone, it would be beneficial to determine expression of the secretases 

responsible for the processing of APP (α, β and γ-secretases).  

The results observed from the 60-day-old APPKO mouse model revealed a cortical bone 

specific phenotype. The female-specific increase in cortical thickness observed may pertain to 

aberrant cortical bone formation or a decrease in cortical bone resorption. The endosteal surface 

has a high rate of osteoclast-mediated bone resorption, therefore the significant reduction in 

endosteal perimeter observed in both genders is indicative of a defect in this process. This 

parameter is a major contributor to femoral bone strength as narrower structures are inherently 

weaker than wider tube-like structures of a given wall thickness. There has been one other 

study to investigate the effects of the knock-out of App on the skeleton (228). In that study, a 

reduction in both trabecular and cortical bone parameters were observed, which authors 

believed to be due to a decrease in osteoblast-mediated bone formation. It is difficult to define 

the mechanism behind this observation without performing histological analysis of the femora 

of these mice; for example, performing tartrate resistant acid phosphatase (TRAP) staining 

could elucidate whether there was an increase in TRAP-positive osteocytes in the cortical bone. 

However, taken together this study suggests a pro-catabolic role for APP in the skeleton, at 

least in a site-specific manner, both in terms of osteoblast/osteocyte mediated bone 

mineralisation, and promoting endocortical remodelling. 

Study Limitations  

In order to optimise studies for the future, it is important to address limitations. One of the first 

points to address in this study is the number of biological replicates used for the cell culture 
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experiments. The number of biological replicates was 1, with experimental triplicates and 

technical triplicates for the PCR analysis. It is important that in the future with this work, based 

on availability of samples that this be replicated with at least 2 – 3 more donors to confirm the 

pattern of APP and APLP2 expression in differentiating osteoblasts is consistent over the time 

points investigated. In order to further improve upon this study and increase the power of the 

results, collecting protein lysates and conducting Western Blot assays would make for a much 

stronger experiment. The ability to demonstrate expression at the mRNA and protein level is 

important for establishing its functionality in a tissue and can contribute to the establishment 

of other involved pathways. The treatment of mature human osteocytes with 1 and 10 nM 

sAPP695 revealed 24 h as the main time point where changes in gene expression were 

observed. There is a possibility that this APP species produces effects in an acute manner, 

therefore a long-term time 96 h treatment window may be too long to observe sAPP695 activity 

in vitro. To improve on this study, it would be beneficial to perform a short-term time course, 

investigating the effects of sAPP695 at 3, 6, 12 and 24 h post exposure.  

Another limitation to this study was the use of global knock-out animals. Although the APPKO 

model has been studied widely and is a good model for establishing vital functions of App, it 

cannot be confirmed if the effects seen on the skeleton are due to pre or post-natal 

developmental defects that persist throughout life or develop as a result of ageing. The design 

and implementation of a conditional APPKO mouse model to study the effects of a loss of APP 

in osteocytes using an osteocalcin-CRE recombinase knockdown model would be a better 

model for determining effects localised within the skeletal network.  
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Chapter 3 

 

Relationships between the Bone Expression of Alzheimer’s 

Disease-Related Genes, Bone Remodelling Genes and Cortical 

Bone Structure in Neck of Femur Fracture   

 

Manuscript submitted to Calcified Tissue  

The links between osteoporosis, fracture and Alzheimer’s disease have been established in a 

number of studies previously mentioned. As APP and APLP2 had been characterised in the 

previous chapter, we next wanted to establish expression levels in a cohort of fracture patients 

and relate expression with expression of other genes associated with bone loss, gain and 

remodelling, Vitamin D and creatinine levels and finally structural bone parameters of the 

contralateral femur. 
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Mini-abstract 

We examined possible relationships between osteoporosis and dementia by analysing bone 

gene expression in patients treated for osteoporotic hip fracture. We found relationships 

between genes implicated in Alzheimer’s disease and bone remodelling, and relationships 

between Alzheimer’s disease gene expression and bone structure, supporting a common link 

between osteoporosis and dementia. 

 

Abstract 

Purpose: Neck of femur (NOF) fracture is a prevalent fracture type amongst the ageing and 

osteoporotic populations, commonly requiring total hip replacement (THR) surgery. Increased 

fracture risk has also been associated with Alzheimer’s disease (AD) in the aged. Here, we 

sought to identify possible relationships between the pathologies of osteoporosis and dementia 

by analysing bone expression of neurotrophic or dementia-related genes in patients undergoing 

THR surgery for NOF fracture.  

Methods: Femoral bone samples from 66 NOF patients were examined for expression of the 

neurotrophic genes amyloid precursor protein (APP), APP-like protein-2 (APLP2), Beta 

Secretase Cleaving Enzyme-1 (BACE1) and nerve growth factor (NGF). Relationships were 

examined between the expression of these and of bone regulatory genes, systemic factors and 

bone structural parameters ascertained from plain radiographs. 

Results: We found strong relative levels of expression and positive correlations between APP, 

APLP2, BACE1 and NGF levels in NOF bone. Significant correlations were found between 

APP, APLP2, BACE1 mRNA levels and bone remodelling genes TRAP, RANKL, and the 

RANKL:OPG mRNA ratio, indicative of potential functional relationships at the time of 
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fracture. Analysis of the whole cohort, as well as non-dementia and dementia sub-groups, 

revealed structural relationships between APP and APLP2 mRNA expression and lateral 

femoral cortical thickness.  

Conclusion: These findings suggest that osteoporosis and AD may share common molecular 

pathways of disease progression, perhaps explaining the common risk factors associated with 

these diseases. The observation of a potential pathologic role for AD-related genes in bone may 

also provide alternative treatment strategies for osteoporosis and fracture prevention. 

Key words: Osteoporosis, neck of femur, fracture, APP, dementia, Alzheimer’s disease. 
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Introduction 

In Australia, the proportion of individuals aged 65 and over has increased from 12.3% to 15.9% 

in a twenty year period (130). This has resulted in a parallel rise in the rate of development of 

age-related pathologies. Neck of femur (NOF) fracture is a painful and debilitating fragility-

related fracture, that negatively impacts the lives of over 19,000 Australians every year (62). 

The risk of developing fragility fractures, such as NOF, increases substantially with increasing 

age (254). Other risk factors associated with the development of a NOF fracture include gender, 

with females being at greater risk than males, low bone mineral density (BMD) attributable to 

osteopenia or osteoporosis (255, 256) and prior fracture (257). Osteoporosis is one of the most 

common musculoskeletal diseases associated with increased fracture risk. The epidemiology 

of dementia mirrors that of osteoporosis. Dementia is the second leading cause of death and 

disability in Australia (258, 259) and shares many of the same risk factors as fracture and 

osteoporosis. The most commonly occurring form of dementia in Australia is Alzheimer’s 

disease (AD), which accounts for up to 70% of all dementia diagnoses. There are currently no 

effective therapeutics for the prevention or treatment of AD.  

Previous studies have sought to determine links between increased fracture risk and the 

development of AD and other forms of dementia (158, 172, 260-264). A number of risk factors 

have been identified through observational cohort studies linking these pathologies, including 

age, gender, vitamin D status, bone mineral density (BMD) and comorbidities, such as chronic 

kidney disease (265).  Data from the Australian New Zealand Hip Fracture Registry indicate 

that while 59% of hip fracture patients reported no problem with cognition prior to hospital 

admission, 41% of such patients had either not been assessed for cognition prior or were 

suffering from a cognition-related illness (266). Recent studies have reported that patients with 

a low BMD have a higher incidence of AD and subsequent risk of fracture, however underlying 

mechanisms linking these major health issues are yet to be determined (162, 267-270).  
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Hip fractures associated with frailty and OP usually occur at the femoral neck (56%), 

pertrochanteric region (38%) or subtrochanteric region (5.8%). They are often a result of a fall 

or minimal trauma, associated with poor bone quality and strength. The cellular mechanisms 

underlying fragility fracture are associated in part with dysregulated bone remodelling leading 

to net bone loss. The RANKL/RANK/OPG signalling pathway plays a prominent role in this 

process, controlling the formation and activity of the key bone resorbing effector cell in the 

bone remodelling process, the osteoclast (271). However, low bone formation rates and poor 

bone quality at key skeletal sites, as well as muscle quality and mass are other important 

determinants of bone strength and resistance to low trauma fracture. Osteocytes have emerged 

as an important controlling cell type in various aspects of bone remodelling, as well as in a 

number of systemic roles (6, 272). The presence of an intact osteocytic network is also 

important in the maintenance of bone integrity and this degrades with ageing and the onset of 

osteoporosis (273-275). Osteocyte-derived factors, such as RANKL and sclerostin, encoded by 

the SOST gene, have emerged as important therapeutic targets in the treatment of osteoporosis 

(6). Osteocyte control of RANKL-dependent osteoclastogenesis has been shown in response 

to mechanical (276, 277), as well as metabolic and dietary signals (278, 279). In adult human 

bone, osteocytes are a prominent source of RANKL (280). We have shown that pathological 

stimuli, such as orthopaedic implant derived wear particles also likely exert an effect through 

this pathway (237). Human osteocytes have also been reported to express neurotrophic factors, 

including nerve growth factor (NGF) (242) and the amyloid precursor protein (APP) (281). 

The study by Li and colleagues (281) also reported osteocyte expression of the neurotoxic 

peptide A1-42, derived from post-translational processing of APP by the beta-secretase 

BACE1, and which is a known contributor to AD pathogenesis. 

In this study, we sought to uncover links connecting the pathologies of osteoporosis and 

dementia by investigating the bone expression of AD-related and neurotrophic genes in bone 
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taken from patients undergoing surgery for NOF fracture, and relating this to bone turnover-

related gene expression, as well as bone structure. We present evidence for novel relationships 

between neuropathic gene expression, bone remodelling and bone structure, potentially 

contributing to fragility fracture and reflecting cognition in this cohort of patients. 

 

Materials and Methods 

Sample Collection 

Intertrochanteric trabecular bone biopsies, plasma and pre-surgical radiographs were collected 

from patients undergoing hip arthroplasty for a fracture NOF at the Royal Adelaide Hospital 

(RAH) Adelaide, South Australia, between July 2018 and July 2019. During preoperative 

preparation, patients or next of kin, depending on cognitive state, were asked to participate in 

this study, and informed written consent was obtained. Date of surgery, patient age, 

comorbidities, creatinine levels, vitamin D status and medication history were collected from 

patient case notes. The study was approved by the Human Research Ethics Committee of the 

RAH (Protocol no 130114; HREC/13/RAH/33). 

 

Cohort Demographics and Comorbidities 

Participants were screened upon hospital admission prior to surgery and daily thereafter using 

the Confusion Assessment Method (CAM) in association with the Abbreviated Mental Test 

Score (AMTS) (282). Perioperatively, participants were assessed for cognitive impairment 

using the Mini-Mental State Examination (MMSE) (283). In some cases, participants had a 

diagnosis of AD or dementia prior to hospital admission. Participants were excluded if their 

bone samples yielded poor RNA quality or amount (260:280nm absorbance ratio < 1.7; yield 
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< 100 ng/µl). Thus, of the 93 consented participants who provided bone biopsies and plasma 

samples, 66 were included for further analysis, including 53 females (80.3 %) and 13 males 

(19.7 %). Comorbidity data was obtained from the SA Health OACIS Medical Record 

Database from the RAH. Demographic and comorbidity data are shown in Table 1.  

 

Processing of Bone Biopsies 

During surgery tube saw cancellous bone biopsies were taken from the intertrochanteric region 

before the femoral canal was prepared for receiving the femoral stem. Samples were submerged 

in saline in a sterile container and collected from theatre within 48 hours of surgery. All samples 

were processed in a sterile biosafety cabinet. Each sample was cut into approximately 2 cm3 

cubes and washed 3-4 times with sterile 1 x phosphate buffered saline (PBS) to remove loosely 

adherent cells and debris. Samples were then stored at -80°C for up to two weeks before 

processing for RNA. Samples for histology were stored in Osteosoft solution (Merck KGaA; 

Darmstadt, Germany), for one week and processed for histological analysis.  

 

RNA Extraction  

Bone biopsies stored at -80°C between 1 and 7 days were placed into liquid nitrogen contained 

in a ceramic mortar sprayed with RNaseZap® (ThermoFisher Scientfic, MA, USA). Samples 

were pulverised using an RNaseZap-treated pestle. Bone remnants were transferred into a 1.5 

ml RNAse-free reaction tube (Eppendorf AG, Hamburg) containing 1 ml of TRIZOL reagent 

(Life Technologies, NY, USA). RNA extraction was conducted as per the manufacturer’s 

instructions (284). Complementary DNA (cDNA) synthesis was performed using iScript™ RT 

kit (Bio-Rad, Hercules, CA, USA), as per the manufacturer’s instructions.  
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Real-Time RT-PCR 

Real-time RT PCR was conducted for amyloid precursor protein (APP), amyloid precursor-

like protein-2 (APLP2), beta-secretase cleaving enzyme-1 (BACE1), 25-hydroxyvitamin D 1∝-

hydroxylase (CYP27B1), dentin matrix acid phosphoprotein-1 (DMP1), nerve growth factor 

(NGF), osteocalcin (OCN), osteoprotegerin (OPG), receptor activator of nuclear factor kappa-

B ligand (RANKL), sclerostin (SOST) and tartrate resistant acid phosphatase (TRAP). 

Oligonucleotide primers were designed to be human mRNA-specific. Primer sequences are 

shown in Supplementary Table 1. Cycle threshold (CT) values were normalised to those of 

the 18S housekeeping gene using the delta-CT method (2^-(CT1-CT2)) (285).  

 

Radiographic Analysis 

Calibrated Anterior-Posterior (AP) plain radiographs of the contralateral femur were used in 

PACS software to measure medial (M) and lateral (L) cortical thicknesses, and M-L medullary 

width and femoral width using CARESTREAM software version 5.7 (Windsor, CO, USA).   

 

Statistical Analyses 

All statistical testing was conducted using the GraphPad Prism Analysis Program v.7.02 

(GraphPad Prism, La Jolla, CA, USA). Gene expression levels were analysed using a non-

parametric, One-way Analysis of Variance (ANOVA) test, correcting for multiple 

comparisons. Relationships between the expression of various genes were tested using 

Spearman’s correlation analysis. A p value < 0.05 was considered significant for all analyses. 
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Results 

Characteristics of participants  

The mean age of the 66 patients investigated was 81.9 ± 9.15 years (range 58 – 96). Serum 

25(OH)vitamin D (Vitamin D) levels ranged from 11 – 154 nM. Serum creatinine levels were 

widely variable, ranging from 40 – 303 pM. The most common pre-fracture comorbidities 

within the study population were hypertension (65.15 %), hypercholesterolemia (30.30 %), 

osteoarthritis (25.76 %), type II Diabetes Mellitus (25.76 %), atrial fibrillation (24.24 %), gout 

(24.24 %), and osteoporosis (18.18 %) (Supplementary Table 2). Including those identified 

in-hospital, 13 (19.69 %) participants had a diagnosis of dementia. In this study, there were a 

total of 5 in-hospital deaths (7.6%), 2 males (15.4% of the male group) and 3 females (5.7% of 

the female group).  

 

Gene expression analysis of the NOF cohort  

In order to investigate potential functional relationships between genes with known roles in 

neuronal function or neurodegenerative disease and those with known roles in bone 

remodelling, real-time RT PCR analysis was performed. Initial analysis revealed high mRNA 

expression levels of APP, APLP2 and of the marker of osteoclast activity, TRAP (Fig. 1a). In 

comparison to APP and APLP2, BACE1 levels were lower although present in all bone 

samples. A strong correlation between APP and APLP2 expression was observed (r = 0.88; 

Fig. 1b). APP mRNA expression also correlated with those of BACE1 (p < 0.0001), DMP1 (p 

= 0.0004), NGF (p = 0.014), OPG (p = 0.0005), RANKL (p < 0.0001), the RANKL:OPG mRNA 

ratio (p = 0.021) and TRAP (p < 0.0001) (Fig. 1b). APLP2 mRNA expression also correlated 

with that of BACE1 (p = 0.003), however the relationship was not as strong as APP and BACE1.  

APLP2 correlated with the same genes as APP (DMP1 p = 0.033; NGF p = 0.0203; OPG p = 
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0.027; RANKL p < 0.0001; RANKL:OPG ratio p = 0.0009 and TRAP p < 0.0001). There were 

observable correlations between BACE1 and DMP1 (p = 0.0003), NGF (p = 0.017), OPG (p < 

0.0001), RANKL (p = 0.0003) and TRAP (p < 0.0001). APLP2 was positively correlated with 

the same set of genes. BACE1 was the only gene to reveal a positive correlation with age, 

however it did not correlate with the RANKL:OPG mRNA ratio, an indicator of active bone 

resorption (Fig. 1b). There was a strong negative correlation between the RANKL:OPG mRNA 

ratio and SOST mRNA expression (r = -0.659, p < 0.0001).  

 

Relationships between bone gene expression and systemic markers 

Correlation analysis was performed in order to determine whether relationships existed 

between routinely assessed serum vitamin D and serum creatinine levels and bone cell gene 

expression.  Whole cohort analysis did not reveal statistically significant relationships between 

any of the genes analysed and serum vitamin D (Supplementary Table 3). Serum creatinine 

levels, an indicator of normal kidney function (286, 287), were also tested. Interestingly, a 

significant positive correlation was observed between serum creatinine levels and OPG mRNA 

expression (r = 0.346; p = 0.006) (Supplementary Table 3). However, no other relationships 

between serum vitamin D or creatinine with bone gene expression were found. 

 

Whole cohort relationships between gene expression and bone structure  

As most NOF patients did not have bone densitometry performed prior to their fracture, BMD 

values were not available. However, physical measurements of the proximal femur from plain 

radiograph images were analysed for: 1 – lateral cortical thickness, 2 – medial cortical 

thickness, 3 – medullary width and 4 – femoral width (Fig. 2a - e).  
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Spearman’s r values were calculated between expression of genes of interest and femoral 

structural measures. Analysis of markers of bone remodeling revealed significant correlations 

between lateral cortical thickness of the femur and RANKL, TRAP, DMP1 and OPG (Table 1). 

The strongest negative correlation was observed between femoral cortical thickness and 

RANKL, followed by TRAP, OPG and DMP1 (Table 1, Fig. 3). These findings served to 

validate the approach taken and imply that femoral cortical thickness is causally related to the 

expression of these genes. There were no correlations between any of the structural parameters 

and BACE1 (Table 1). Interestingly, negative correlations were observed between APP and 

APLP2 mRNA expression and lateral cortical thickness (Table 1, Fig. 3). This suggests that 

expression of these genes is associated with loss of cortical bone thickness through influences 

on bone remodelling. 

 

Individual gene expression relationships between dementia and non-dementia  

Next, subgroup analysis was performed based on dementia status within the NOF cohort. 

Subjects were dichotomised as either non-dementia or dementia, the latter based on any 

diagnosed form. Initial analysis demonstrated a similar pattern within each group as the entire 

NOF cohort, in terms relative expression of each gene. There were no significant differences 

between the non-dementia and dementia groups for any of the genes analysed (Supplementary 

Fig. 1).  

 

Gene expression and femoral structural parameter relationships between 

dementia and non-dementia subgroups 

To determine whether relationships between neurotrophic genes of interest and remodelling 

genes differed between non-dementia and dementia subgroups, non-parametric Spearman’s 
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correlation analyses were performed. In the non-dementia group, there were significant 

correlations observed between APP and APLP2 (p < 0.0001), BACE1 (p < 0.0001), DMP1 (p 

= 0.0009), OPG (p < 0.0001), RANKL (p < 0.0001) and TRAP (p < 0.0001). Similar correlations 

were observed between APLP2 and these genes and there was also a significant correlation 

with RANKL:OPG ratio (p = 0.007), which was not observed with APP. BACE1 was shown to 

be significantly correlated with DMP1 (R = 0.42; p = 0.002), NGF (R = 0.54; p = 0.007), OPG 

(R = 0.38; p = 0.0078), RANKL (R = 0.465; p < 0.0001) and TRAP (R = 0.5; p = 0.0004) (Fig. 

4a).  

In the dementia group, there were notably fewer correlations between genes of interest (Fig. 

4b). Like in the non-dementia group, APP significantly correlated with APLP2 (p < 0.0001), 

however there was no correlation with BACE1 expression. There were weak correlations of 

trending significance between APP and NGF (r = 0.667, p = 0.083) and APP and the 

RANKL:OPG mRNA ratio (r = 0.573; p = 0.056). A strong positive correlation was, however, 

apparent between APP and TRAP mRNA (r = 0.857; p = 0.0004). Analysis of APLP2 revealed 

a similar pattern, with a strong correlation observed with NGF (r = 0.83; p = 0.015) and TRAP 

(r = 0.69; p = 0.017).  BACE1 mRNA expression was significantly correlated with OCN (R = 

0.70; p = 0.01) and OPG (r = 0.86; p < 0.0001) and the correlation between BACE1 and RANKL 

was trending (r = 0.52; p = 0.084). Interestingly, correlations between BACE1 and OCN 

expression were not observed in the non-dementia group. In addition, OCN and OPG were 

only significantly correlated in the dementia group. Finally, there was a strong negative 

relationship observed between RANKL mRNA expression and that of SOST in the dementia 

group (r = -0.86) (Fig. 4b).  

To determine whether gene expression correlated with structural femoral parameters in non-

dementia and dementia groups, Spearman’s correlation testing was performed. Analysis of the 

non-dementia group only did not reveal any significant relationships between either APP, 
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APLP2 or BACE1 and structural femoral parameters (Table 2). There were however negative 

correlations observed between lateral cortical thickness and OPG (r = -0.41), RANKL (r = -

0.45) and TRAP (r = -0.35). There were also correlations observed between the structural 

parameters lateral cortical thickness, medial cortical thickness (r = 0.354; p = 0.021) and 

femoral width (r = 0.378; p = 0.014). In addition, RANKL, RANKL:OPG and TRAP mRNA 

expression were negatively correlated with femoral width in the non-dementia group.  

Analysis of the dementia group revealed a trending negative correlation between APP and 

lateral cortical thickness (r = -0.591; p = 0.061). Analysis of the femoral regions revealed strong 

correlations between lateral cortical thickness and medial cortical thickness (r = 0.597; p = 

0.057) and a negative correlation with medullary width (r = -0.782; p = 0.006) (Table 2).  

 

Relationships between genes of interest and serum Vitamin D or creatinine  

Analyses of all genes against serum Vitamin D and creatinine levels were performed to 

determine if there were differences between dementia and non-dementia groups. There were 

no significant correlations between APP, APLP2 or BACE1 and Vitamin D or creatinine. In 

both the non-dementia and dementia groups however, there were correlations between OPG 

mRNA expression and serum creatinine levels (Supplementary Fig. 2). 
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Discussion 

Osteoporosis leading to fragility fracture of the hip and dementia are known to afflict a similar 

demographic. These diseases not only contribute to high rates of morbidity and mortality in the 

aged but also place a huge economic burden on the health care system. Patients undergoing 

arthroplasty for the management of their fracture are a diverse cohort of a wide age range, who 

suffer from a myriad of comorbidities, which makes them a difficult group to assess at the 

molecular level. In keeping with this being a ‘silent disease’ (256), only 18% of patients in this 

study had a pre-existing diagnosis of osteoporosis. This is one of the first cohort studies 

combining bone genetics, bone structure, systemic measures and co-morbidity information in 

the NOF population in Australia in an attempt to uncover links between these pathologies.  

Whole cohort analysis revealed for the first time strong coordinated expression of the CNS 

related genes APP, APLP2 and BACE1 in adult human bone tissue. Intriguingly, the expression 

of these genes was closely related to known markers of bone turnover, RANKL and TRAP, and 

osteoblast activity, OPG and DMP1. The strongest correlations were observed between APP, 

APLP2, BACE1 and RANKL and TRAP not only in the whole cohort analysis, but also within 

the dementia subgroup. These strong associations are suggestive of a linked functionality 

between genes involved in CNS homeostasis and pathology in bone remodelling. In the context 

of NOF fracture, the relationships were still existent in the non-dementia group as well as the 

dementia group, indicating that there may be an acceleration of bone loss in this subgroup, 

however this warrants further analysis of a larger cohort powered to determine differences 

between various classifications of cognitive impairment. Despite many of the relationships 

seen in both the non-dementia and dementia groups being consistent, there were unexpected 

relationships between BACE1, OCN and OPG observed solely in the dementia group. These 

correlations unique to dementia bone specimens may indicate possible alternate mechanisms 

of bone loss occurring. These observations may indicate a role for genes involved in the 
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homeostasis of the CNS in processes such as bone resorption through either direct or indirect 

mechanisms.  However, as these are associations, it is not possible to determine the driver of 

each relationship observed.  

The strong relationship evident between serum creatinine and OPG mRNA expression in the 

whole NOF cohort was an unexpected finding. Previous relationships between serum OPG and 

creatinine have been noted in the context of severe artery calcification (288), where increased 

serum OPG was found to be a potential marker for all-cause mortality in patients with chronic 

kidney disease. This relationship requires further elucidation in the context of fracture as it may 

be an indicator of other comorbidities.  

Analysis of the femoral cortical bone parameters is a useful tool to assess relationships between 

bone structure and gene expression. The cortical thickness index has been tested as a surrogate 

for BMD in hip fracture patients (289-291). In this study, the structural parameter most closely 

related to the largest number of functional genes was lateral cortical thickness. A similar pattern 

was observed within the whole cohort with inverse relationships between the expression of all 

of RANKL, TRAP, OPG and DMP1 and lateral cortical thickness, suggesting that all of these 

genes known to be related to bone remodelling are linked to increased bone loss or reduced 

bone formation at this particular site. In particular, TRAP expression was strongly correlated 

with a number of different genes and parameters, and can be a marker of not only osteoclastic 

resorption but also osteocytic osteolysis (6). This highlights the need to investigate further the 

role of osteocytes in age-related bone loss and potential accelerated bone loss in dementia. 

Interestingly, the expression of APP and APLP2 were also correlated with this structural 

parameter, implicating these neurotrophic genes in the control of bone structure. In the 

subgroup analysis, despite the small number of participants in the dementia group, these trends 

were still observed. The inverse relationships between APP and APLP2 and cortical thickness 

suggests positive roles for these genes in net bone loss. Future studies are warranted to 
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determine if these genes contribute to cortical thinning or cortical porosity, characteristic of 

osteoporosis and fracture risk (292). 

As this was a study solely of a population undergoing emergency total hip replacement surgery 

for NOF, we cannot determine whether the relationships observed are specific to NOF or are 

generalizable to the population as a whole. However, in a time where average life expectancies 

and the ageing population are increasing, it is imperative to understand the genetic changes that 

are occurring in the bone in these later stages of life. In particular, links between cognitive 

decline and systemic manifestations of ageing and frailty, such as osteoporosis, need to be 

better understood.  
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Figure Legends  

Figure 1: Gene expression and correlation analysis for the whole NOF cohort. A. Gene 

expression of each gene of interest normalised to the 18S housekeeping gene. B. A heat map 

representation of the relationships between each gene of interest using the Spearman’s 

correlation co-efficient. r values are reported. Relationship direction and strength are indicated 

by the legend: 0 – 1.0 indicates positive relationship between genes and - 1.0 – 0 indicates a 

negative relationship between genes. The significance of r values is indicated by*p < 0.05, **p 

< 0.01 and ***p < 0.001.  

 

Figure 2: Examples of AP plain radiographic images of the hip joint with manual linear 

measurements applied conducted using the CARESTREAM program. (A) Measurement of the 

lateral cortex. (B) Measurement of the medial cortex. (C) Measurement of the femoral canal 

*measured from the most distal point of the lesser trochanter perpendicular to femoral midline. 

(D) Femoral midline measurement. (E) Measurements of the femoral neck used for analysis: 1 

– Lateral cortical thickness (µm); 2 – Medial cortical thickness (µm); 3 – Medullary width 

(mm); 4 – Femoral width (mm). 

 

Figure 3: Relationships between gene expression and bone structure. Individual NOF patient 

radiographs were assessed for the structural parameter lateral cortical thickness, measures of 

which were compared with relative gene expression from the same patient, as described in 

Materials and Methods. Significant correlations were observed between lateral cortical 

thickness and A) APP, B) APLP2, C) RANKL, D) TRAP, E) DMP1, F) OPG mRNA expression. 

r values and associated values for p are indicated. Number of pairs = 65/parameter. 
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Figure 4: Gene expression and correlation analysis of sub-groups dichotomized on any 

diagnosis of dementia. Gene expression of each gene of interest was normalised to the 18S 

housekeeping gene. Heat map representation of the relationships between each gene of interest 

using the Spearman’s correlation co-efficient (r) for A) Non-dementia and B) Dementia sub-

groups. Relationship direction and strength are indicated by the legend: 0 – 1.0 indicates 

positive relationship between genes and - 1.0 – 0 indicates a negative relationship between 

genes. The significance of r values is indicated by*p < 0.05, **p < 0.01 and ***p < 0.001. 

 

Supplementary Figure 1: Gene expression analysis for non-dementia and dementia groups. 

Real-time RT-PCR analysis of genes of interest normalised to the 18S housekeeping gene for 

non-dementia group (n = 53) versus the dementia group (n = 13). There were no statistical 

differences between groups for any gene (Student’s t-test). Data are depicted as means only. 

 

Supplementary Figure 2: Correlations between OPG mRNA expression and serum creatinine 

in non-dementia and dementia groups. A. OPG mRNA expression was moderately correlated 

with serum creatinine in the non-dementia group (n = 48). B. OPG and serum creatinine were 

positively correlated in the dementia group (n = 13).  
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Table 1: Whole Cohort Correlation Analysis of Gene Expression with Structural Parameters.  

Relative gene expression was generated by Real-time RT-PCR normalised to 18S rRNA levels.  

Structural parameters measured from plain radiographs: Lateral cortex (LC); Medial cortex 

(MC); Femoral canal (FC); Proximal femur outer (PFO). Significant correlations and their 

respective p values are bolded.  

Gene LC (1) MC (2) FC (3) PFO (4) 

 r p r p r p r p 

APP -0.329 0.007 -0.068 0.585 -0.021 0.866 -0.152 0.224 

APLP2 -0.354 0.004 -0.116 0.359 -0.007 0.958 -0.182 0.147 

BACE1 -0.196 0.118 -0.090 0.478 -0.032 0.798 -0.137 0.276 

CYP27B1 0.196 0.120 -0.007 0.955 0.140 0.270 0.175 0.166 

DMP1 -0.253 0.042 0.053 0.674 -0.012 0.923 -0.103 0.415 

NGF -0.196 0.276 -0.157 0.384 0.045 0.804 -0.104 0.565 

OCN -0.032 0.802 0.011 0.930 0.014 0.910 0.020 0.872 

OPG -0.313 0.014 0.030 0.817 0.034 0.792 -0.070 0.590 

RANKL -0.385 0.002 -0.096 0.467 -0.078 0.553 -0.294 0.023 

RANKL:OPG -0.142 0.279 -0.114 0.386 -0.217 0.095 -0.358 0.005 

SOST 0.120 0.544 0.140 0.477 0.243 0.213 0.317 0.100 

TRAP -0.316 0.013 -0.069 0.596 -0.127 0.329 -0.247 0.054 
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Table 2:  Correlation Analysis of Gene Expression with Structural Parameters in Non-dementia 

and Dementia subgroups.   

NON-DEMENTIA 

 LC (1) MC (2) FC (3) PFO (4) 

Gene r p r p r p r p 

APP -0.246 0.117 -0.252 0.108 -0.090 0.572 -0.247 0.114 

APLP2 -0.262 0.094 -0.245 0.118 -0.095 0.551 -0.256 0.102 

BACE1 -0.135 0.396 -0.147 0.353 -0.094 0.554 -0.215 0.172 

CYP27B1 0.356 0.022 0.137 0.393 -0.042 0.792 0.074 0.647 

DMP1 -0.175 0.267 0.150 0.343 -0.109 0.492 -0.118 0.458 

NGF -0.184 0.425 -0.271 0.234 0.013 0.955 -0.109 0.638 

OCN 0.086 0.589 0.028 0.862 -0.054 0.734 -0.006 0.970 

OPG -0.415 0.008 -0.087 0.593 0.120 0.461 -0.108 0.506 

RANKL -0.454 0.003 -0.195 0.227 -0.052 0.750 -0.312 0.050 

RANKL:OPG -0.143 0.377 -0.240 0.136 -0.205 0.204 -0.316 0.047 

SOST 0.192 0.445 0.158 0.531 0.238 0.341 0.269 0.280 

TRAP -0.354 0.025 -0.187 0.249 -0.129 0.428 -0.325 0.041 

DEMENTIA 

 LC (1) MC (2) FC (3) PFO (4) 

Gene r p r p r p r p 

APP -0.624 0.060 -0.224 0.537 0.261 0.470 -0.212 0.560 

APLP2 -0.479 0.166 -0.286 0.420 0.418 0.233 0.091 0.811 

BACE1 -0.264 0.435 -0.087 0.802 0.045 0.903 -0.309 0.356 

CYP27B1 -0.236 0.513 -0.297 0.407 0.200 0.584 0.200 0.584 

DMP1 -0.418 0.233 -0.559 0.098 0.200 0.584 -0.552 0.105 

NGF -0.500 0.267 -0.107 0.840 0.214 0.662 0.179 0.713 

OCN -0.345 0.299 -0.114 0.739 0.064 0.860 -0.309 0.356 

OPG -0.073 0.838 0.091 0.790 -0.155 0.654 -0.327 0.327 

RANKL -0.273 0.448 -0.219 0.541 0.055 0.892 -0.503 0.144 

RANKL:OPG -0.176 0.632 0.164 0.649 -0.018 0.973 -0.261 0.470 

SOST -0.286 0.556 -0.536 0.236 0.429 0.354 0.286 0.556 

TRAP -0.391 0.237 0.178 0.599 0.200 0.557 0.173 0.615 
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Figures  
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Figure 3. 
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Supplementary Figure 1: Gene expression analysis for non-dementia and dementia 

groups. Real-time RT-PCR analysis of genes of interest normalised to the 18S 

housekeeping gene for non-dementia group (n = 53) versus the dementia group (n = 13). 

There were no statistical differences between groups for any gene (Student’s t-test). Data 

are depicted as means only. 
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Supplementary Figure 2: Correlations between OPG mRNA expression and serum 

creatinine in non-dementia and dementia groups. A. OPG mRNA expression was 

moderately correlated with serum creatinine in the non-dementia group (n = 48). B. OPG 

and serum creatinine were positively correlated in the dementia group (n = 13). 
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Supplementary Table 1. Forward and reverse primer sequences for real-time RT-

PCR  

Gene Direction Primer Sequences (5´ – 3´) 

18S  
F 
R 

GGAATTCCCGAGTAAGTGCG  
GCCTCACTAAACCATCCAA  

APP 
F 
R 

ATCCTGCAGTATTGCCAAGAAG  
CACAAAGTGGGGATGGGTC  

APLP2 
F 
R 

GCCCAGATGAAATCCCAGGT  
ATATCTGCACGCTGCTCCTG  

BACE1 
F 
R 

GCAGGGCTACTACGTGGAGA  
GTATCCACCAGGATGTTGAGC  

CYP27B1 
F 
R 

TGGCCCAGATCCTAACACATTT  
GTCCGGGTCTTGGGTCTAACT  

DMP1 
F 
R 

GATCAGCATCCTGCTCATGTT  
AGCCAAATGACCCTTCCATTC  

NGF 
F 
R 

CACACTGAGGTGCATAGCGT  
TGATGACCGCTTGCTCCTGT  

OCN 
F 
R 

TGAGAGCCCTCACACTCCTC  
ACCTTTGCTGGACTCTGCAC  

OPG 
F 
R 

GCTCACAAGAACAGACTTTCCAG  
CTGTTTTCACAGAGGTCAATATCTT  

RANKL 
F 
R 

CCAAGATCTCCAACATGACT  
TACACCATTAGTTGAAGATACT  

SOST 
F 
R 

ACCGGAGCTGGAGAACAACA  
GCTGTACTCGGACACGTCTT  

TRAP 
F 
R 

GTGCAGACTTCATCCTGTCTCTA  
AATACGTCCTCAAAGGTCTCC  
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Supplementary Table 2: Cohort demographics and pre-fracture comorbidities.  

Cohort Demographics  n Prevalence (%) Age (mean ± SD) 

Female  53 80.30 82.4 (9.15) 

Male 13 19.70 80.2 (9.28) 

Whole Cohort 66 100.0 81.9 (9.15) 

      

Comorbidity   n Prevalence (%) Comorbidity   n Prevalence (%) 

Hypertension 43 65.15 Anaemia 4 6.06 

Hypercholesterolemia 20 30.30 Alcohol Abuse 3 4.55 

Osteoarthritis 17 25.76 Aortic Stenosis 3 4.55 

Type 2 Diabetes Mellitus 17 25.76 Asthma 3 4.55 

Atrial Fibrillation 16 24.24 Cardiac Stent 3 4.55 

Gout 16 24.24 Glaucoma 3 4.55 

Dementia 13 19.69 Paroxysmal AF 3 4.55 

Osteoporosis 12 18.18 Recurrent Falls 3 4.55 

GORD 11 16.67 Smoker 3 4.55 

Depression 8 12.12 Total Knee Replacement 3 4.55 

Hypothyroidism 8 12.12 Peripheral Vascular Disease 3 4.55 

Chronic Obstructive 
Pulmonary Disease 

7 10.61 Angina 2 3.03 

Recurrent UTI 7 10.61 Aortic Valve Replacement 2 3.03 

Anxiety 5 7.58 Breast Cancer 2 3.03 

Macular Degeneration 5 7.58 Hemi arthroplasty 2 3.03 

Myocardial Infarction 5 7.58 Hiatus Hernia 2 3.03 

Hearing Impairment 4 6.06 Ovarian Cancer 2 3.03 

Cholecystectomy 4 6.06 Parkinson’s Disease 2 3.03 

Chronic Kidney Disease 4 6.06 Pulmonary Embolism 2 3.03 

Stroke 4 6.06 Thyroid Cancer 2 3.03 

Diverticulosis 4 6.06 Urinary Incontinence 2 3.03 

Hysterectomy 4 6.06    
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Supplementary Table 3: Correlation analysis between serum Vitamin D and serum 

creatinine and genes of interest in the whole NOF cohort.  

Gene Vitamin D (R) Creatinine (R) 

APP -0.031 0.025 

APLP2 0.017 -0.043 

BACE1 0.133 0.170 

CYP27B1 0.109 -0.038 

DMP1 0.096 0.064 

NGF -0.102 0.179 

OCN 0.234 -0.001 

OPG 0.039 0.346** 

RANKL 0.009 0.150 

RANKL:OPG -0.025 -0.154 

SOST 0.260 -0.231 

TRAP 0.113 0.014 

Significance is indicated by **p < 0.01 
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Chapter 4 

 

A direct link between Alzheimer’s disease and osteoporosis: 

Amyloid Beta1-42 Peptide overexpression causes age-related 

bone loss 

 

Manuscript for submission to the Journal of Bone and Mineral Research  

 

The current literature surrounding the relationship between Alzheimer’s disease and 

osteoporosis is limited. There are a number of studies that report correlations between the 

development of these diseases, however there is little known regarding the underlying 

pathological mechanisms, which may be the missing link. It is still yet to be determined 

whether Alzheimer’s disease predisposes to osteoporosis or vice versa, therefore in order 

to further elucidate a cellular mechanism responsible for the development of these 

concomitant diseases, the effects of Aβ overexpression were explored using cell culture 

models as well as the AppNL-G-F/NL-G-F murine model of familial Alzheimer’s disease. 
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Abstract 

Alzheimer’s disease is associated with aberrant proteolytic processing of the Amyloid 

Precursor Protein (APP) and production of the amyloid beta (Aβ) peptides. Recent studies 

have suggested that there may be a causal link between the development of Alzheimer’s 

disease and concomitant degenerative disorders of the bone, such as osteoporosis. To 

examine for direct links between increased circulating levels of Aβ on the skeleton, the 

AppNL-G-F/NL-G-F knock-in mouse Alzheimer’s disease model was investigated for a 

skeletal phenotype. Long bones of skeletally mature adult 12-week old and middle-aged 

29-week old, AppNL-G-F/NL-G-F and age-matched wild-type controls were analysed for 

differences in bone micro-architectural parameters and bone cell morphology and number 

using micro-computed tomography and histological techniques, respectively. Twelve-

week-old AppNL-G-F/NL-G-F trabecular bone parameters were indistinguishable from wild-

type controls indicating normal skeletal development in the Aβ knock-in animals. 

However, 29-week old AppNL-G-F/NL-G-F mice had developed a severe bone loss phenotype 

with decreased trabecular bone volume fraction BV/TV% by 31% (p = 0.0079), trabecular 

number (Tb.N) and trabecular thickness (Tb.Th), and increased trabecular spacing 

(Tb.Sp), trabecular pattern factor (Tb.Pf) and structural model index (SMI). Histological 

analysis revealed strongly elevated osteoclast measures in the AppNL-G-F/NL-G-F mice 

compared to wild-type. To test whether bone loss could be due to a direct effect on 

osteoclastogenesis, we generated osteoclasts from normal human donor peripheral blood 

mononuclear cells (PBMC) in culture with recombinant RANKL/M-CSF but found no 

effect of added Aβ1-42 peptide. To test for an effect on osteocyte-driven 

osteoclastogenesis, primary human osteocytes were differentiated from human bone 

biopsy explant cultures. Osteocytes were treated with either 0, 1.5, 5 or 15µM of Aβ1-42 

peptide. Live/dead analysis revealed that Aβ1-42 peptide at 15µM caused osteocyte cell 
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death at 24, 72 and 96 h. Gene expression analysis of these cultures revealed a strong up-

regulation of RANKL mRNA expression relative to OPG mRNA. Together, these findings 

suggest that increased Aβ1-42 peptide levels causative of Alzheimer’s disease, could also 

play a role in age-related osteoporosis by increasing osteocyte-driven osteoclastogenesis. 

Our findings provide the first direct mechanistic link between Aβ-driven Alzheimer’s 

disease and osteoporosis. 
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Introduction 

Dementia is an umbrella term used to describe a group of neurodegenerative disorders, 

arising from different pathologies, with the most commonly occurring form being 

Alzheimer’s disease (AD). AD is currently the second leading cause of death in the 

Australian population (1), within which, AD including both sporadic and familial subtypes 

combined, accounts for up to 70% of all cases of dementia (2,3). The pathogenesis of AD 

is most commonly explained by the Amyloid Cascade Hypothesis, which was formed 

following the isolation of Amyloid Beta (Aβ) Plaques and Neurofibrillary Tangles from 

the brains of AD patients and the identification of familial AD associated mutations in 

the Amyloid Precursor Protein gene, APP (4-6).  

Aβ peptides are formed from the proteolytic processing of APP, which is ubiquitously 

expressed in the human body. APP is processed by the beta secretase cleaving enzyme 

(BACE-1) (7), which results in the release of the soluble APPβ (sAPPβ) domain and the 

membrane-bound C99 fragment. Further cleavage of the C99 fragment by gamma 

secretase (γ-secretase) (8), leads to the release of the APP intracellular domain (AICD) 

and the production of Aβ1-42 
(9,10). Under pathological conditions in the brain, such as 

inflammation and stress, Aβ1-42 peptides aggregate and form Aβ plaques (5,11). These so-

called senile plaques impair neuronal function, resulting in subsequent 

hyperphosphorylation of the Tau protein and production of pathological neurofibrillary 

tangles (12,13). 

A recent mouse model of AD is the APPNL-G-F/NL-G-F mouse, developed at the RIKEN 

Institute, Japan (14). This model was designed to express three human APP mutations 

responsible for development of familial AD (FAD), knocked into the mouse App gene. 

This results in APP protein expression at physiological levels, thus avoiding potential 
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effects of global over-expression (15), with increased levels of Aβ1-42. These mice have 

characteristic behavioural and histological brain changes consistent with AD (14,16-18), 

however the extra-neuronal phenotype is unknown. 

One of the strongest co-morbidity associations of dementia are neck of femur (NOF) 

fractures. Individuals with dementia were shown to be up to 3 times more likely than a 

cognitively intact older adult to sustain a hip fracture (19), most of which are caused by 

osteoporosis (20). The hypothesis proposing a link between the development of AD and 

fracture risk as a result of skeletal degradation has been investigated in a number of 

observational studies (21-25). More recently there have been studies investigating this in 

regards to the mechanisms that may be causative of this link between the two degenerative 

diseases (26-29). The involvement of the osteoblast and osteoclast have been researched in 

separate capacities, involvement of the osteocyte, the regulator of bone mass and the cell 

that orchestrates responses to mechanical stress. We showed recently that in patients who 

had suffered a NOF fracture, bone APP expression was high and correlated with the 

expression of BACE1, as well as the bone remodelling genes, TRAP, RANKL, OPG, and 

the RANKL:OPG mRNA ratio (30), being a key indicator of bone resorption in these 

patients (31). In addition, APP expression correlated negatively with cortical bone 

thickness in these patients, together implying a role for APP, and potentially its post-

translational products, in bone loss and in the underlying pathology of hip fracture (30).   

A number of studies have addressed potential effects of Aβ on the osteoblast (29) and 

osteoclast (26-28), however there remains a gap in knowledge regarding the potential effects 

of Aβ on the bone’s most abundant cell type, the osteocyte. The osteocyte plays numerous 

physiologic regulatory roles, including control of bone remodelling and 

mechanosensation (32). Osteocytes have been shown to express APP and Aβ in 

osteoporotic tissue by immunofluorescence (27). Indeed, we found that in addition to being 
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correlated with RANKL, expression of which is associated with osteoblasts and 

osteocytes, APP mRNA expression in NOF bone was strongly correlated to that of the 

mature osteocyte marker DMP1 (30), implying their co-expression. 

In this study we investigated whether the skeleton is affected by increased levels of Aβ1-

42 by assessing the skeletal phenotype of the AppNL-G-F/NL-G-F transgenic mouse model and 

the effects of Aβ1-42 on human osteoclasts and osteocytes.  
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Materials and Methods 

AppNL−G−F/NL−G−F Knock-In (KI) mice  

All animal experimentation was approved by the South Australian Health and Medical 

Research Institute (SAHMRI) Animal Ethics Committee (Approval No. SAM129) and 

the University of Adelaide Animal Ethics Committee (Approval No. M-2015-082). 

AppNL−G−F/NL−G−F founder mice (14) were obtained from the RIKEN Institute and re-

derived. Male AppNL−G−F/NL−G−F and wild-type controls on the same C57BL/6J 

background were aged until six-months. Mice were humanely euthanised at either 12 or 

29 weeks of age and perfusion-fixed with 4% (w/v) paraformaldehyde (PFA) in PBS. 

Brains were post-fixed in 4% (w/v) PFA in PBS for 7 days and embedded in paraffin 

wax.  

 

Micro-Computed Tomography Analysis  

Following perfusion fixation of mice, left hand side femora were dissected and placed in 

70% ethanol (EtOH) until time of scanning. Femora were imaged ex vivo using a Skyscan 

in Vivo 1076 Microtomograph (µCT) (Bruker, Kontich, Belgium). Femora were removed 

from EtOH, wrapped in gauze and placed in a plastic straw containing 70% EtOH to 

prevent drying of the sample and movement during the scanning.  

All scans were performed at an isotropic image pixel size of 9 µm with a 0.5 mm 

aluminium filter, at 0.6 rotation step, frame averaging of 2.0 and HU of 9872. Scans 

were reconstructed using the NRecon Reconstruction Program version 1.6.10.4 (Micro 

Photonics Inc, PA, USA). Reconstructed scans were realigned trans-axially using the 

DataViewer version 1.5.2.4 software (Bruker, MA, USA). The final dataset was then 
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analysed using the CT Analysis (CTan) version 1.15 Analysis Program (Bruker, MA, 

USA). All bone quantification from reconstructed and realigned datasets was performed 

using CTAN software (v.1.7, Bruker, MA, USA). A 2 mm metaphyseal region of interest 

(ROI) was isolated from the distal femur and trabecular bone within the ROI was 

manually traced. Parameters analysed included, bone volume fraction (BV/TV, %), 

trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, #/mm), trabecular separation 

(Tb.Sp, mm), trabecular pattern factor (Tb.Pf) and structural model index (SMI). The ROI 

analysed for cortical bone was defined as a 1mm ROI, 0.5 mm above and 0.5 mm below 

the geometric mid-point calculated by subtracting the measurement at the distal end of 

the femur from that at the proximal end and dividing by 2. Bone parameters measured for 

the cortical bone ROI included: Total volume (TV µ3), bone volume (BV µ3), Cortical 

Thickness (Tb.Th (Pl)), Tissue perimeter (T.Pm, mm), Bone perimeter (B.Pm, mm) and 

endosteal perimeter (B.Pm – T.Pm, mm).  

 

Histological Analysis   

Right hand side femurs and tibias were dissected and decalcified using Osteosoft 

solution (Merck KGaA; Darmstadt, Germany), for 4-5 weeks, with regular solution 

changes. All samples were embedded in paraffin wax and 5-micron (µm) sections were 

cut for histological analysis using a microtome. Sections were stained with Toluidine 

Blue for osteocyte number and lacunar area measurements and stained with Tartrate-

Resistant Acid Phosphatase (TRAP) for osteoclast counts and osteoclast surface per bone 

surface (Oc.S/B.S) (33). All slides were imaged using the Nanozoomer slide scanner 

(Hamamatsu Photonics K.K, Shizuoka, Japan) at 40 x magnification. All osteocyte and 

osteoclast analyses were conducted using Nanozoomer NDP View 2.7.25 software 
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(Hamamatsu Photonics). Osteocytes, trabeculae and TRAP-positive osteoclasts were 

traced using a Bamboo Pen and Touch (Wacom, Kazo, Saitama, Japan).  

 

Amyloid Beta1-42 Peptide Preparation  

Aβ1-42 peptide was obtained from the ERI Amyloid Laboratory, LLC (Oxford, CT, USA). 

Aβ1-42 at a concentration of 0.5 mg was dissolved in 100 µl of 60 nM NaOH, vortexed, 

and sonicated for 15 min in an iced water bath. 350 µl of sterile Milli-Q water and 50 µl 

of 10x PBS pH 7.4 were added to the Eppendorf tube and centrifuged for 5 min at 

maximum speed (16,000 RCF) in a tabletop centrifuge. Following this, the concentration 

was measured using a Nano-drop 2000/2000 c spectrophotometer (ThermoFisher 

Scientific Inc, Middletown, VA, USA) using the settings: molecular weight = 4514 Da, 

extinction coefficient at 1.0 cm path length E = 13.18 µM, range = 190-350 nm, analysis = 

214 nm (13,34,35). 

 

Human primary osteocyte-like cells 

Trabecular bone samples were obtained from the proximal femur from patients 

undergoing total hip replacement for neck of femur (NOF) fracture, with informed patient 

consent and ethical approval by the RAH Human Research Ethics Committee 

(HREC/14/RAH/53). Osteoblast-like cells were cultured from dissected bone as 

previously described (36). Primary human osteoblasts were differentiated for 28 days until 

cells reached a mature osteocyte-like stage (37-39). Cells were plated at a density of 5x104 

cells/ml in 12-well plates, 9x103 cells/400 µl in chamber slides and 5x103 cells/200 µl in 

96-well plates. After 24 h in proliferation media to allow attachment to surfaces, media 

was changed to low serum mineralisation media (α-MEM, 0.5% FCS, 1% ascorbate, 1% 
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KH2PO4 and 1% dexamethasone). Media changes were performed 2-3 times per week 

and cells were differentiated up to day 28 when they reached a mature osteocyte-like 

phenotype.  

Following preparation of Aβ1-42 peptide, as described above, 1.5 µM, 5 µM and 15 µM 

Aβ stock solutions were prepared in differentiation media containing 2 % B27 cell culture 

supplement (40) (Gibco, Dun Laoghaire, Ireland) and added to respective wells of day 28 

osteocyte-like cultures for treatment. At the time of treatment, media was changed from 

0.5 % FCS to 2 % B-27 cell culture supplement (Gibco). 

 

Culture of Osteoclasts from Human Peripheral Blood Mononuclear Cells 

(PBMC) 

Peripheral blood (~16 ml) was collected from three healthy volunteers into heparinised 

vacuettes. Blood was cooled to ambient temperature and then processed using 

Lymphoprep™ (STEMCELL Technologies, VIC, Australia), as per the manufacturer’s 

instructions. The PBMC layer was extracted and transferred into a 50 ml sterile tube 

containing 10 ml of α-MEM + 10 % FCS. The mixture was then topped up to 50 ml with 

PBS and centrifuged for 10 min with an alternating speed from 100 to 1200 RCF. 

Supernatant was then removed and washed with PBS and centrifuged for 10 min. 

Following removal of supernatant, remaining cells were resuspended, and cell counts 

performed. Cells were cultured in 96 well plates at a density of 2 x 105 cells per well. 

After 24 h of culture in -MEM containing 10% FCS, media were replaced with either 

osteoclastogenic media, comprising -MEM/10% FCS/recombinant human (rh-) 

RANKL (100 ng/ml) and rh-macrophage colony stimulating factor (rh-M-CSF; 25 

ng/ml), or control media without added rh-RANKL. Media were changed every 2 days 
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and at day 9 refreshed with either osteoclastogenic or control media as appropriate, or 

osteoclastogenic media also containing recombinant Aβ peptide at 5 µM or 15 µM. 

Replicate plates were fixed after 24 or 48 h with 4% w/v glutaraldehyde in PBS for 20 

min. Plates were then washed with dH2O and 100 µl of trisaminomethane (TRIS; pH 9.4) 

was added to each well and incubated for 30 min at 37°C. Plates were rinsed and acid 

phosphatase (AcP) stain, containing 0.1g sodium nitrite, 100 µl basic fuchsin, 0.035 g 

tartaric acid, 35 ml sodium acetate, 0.04 g napthol and 2 ml dimethylformamide was 

added to each well. Plates were incubated for 15 min at 37°C then rinsed in dH2O and the 

cells imaged using an inverted light microscope (Nikon) at 20X magnification.  

 

Immunohistochemistry 

DAB (3, 3’-diaminobenzidine) immunohistochemical staining was conducted on paraffin 

sections using the 82E1 mouse anti-human Aβ1-42 monoclonal antibody (IBL, MN, USA) 

for detection of soluble and fibril Aβ1-42, as advised by LS Whyte - SAHMRI. Sections 

were heated at 60°C for 15 min and taken through the rehydration steps (100% xylene, 

100% EtOH, 90% EtOH, 70% EtOH, 50% EtOH and water). Antigen retrieval was 

performed by immersing sections in formic acid (10% v/v) for 10 min. Sections were 

blocked with normal horse serum (NHS, 10% v/v in PBS) for 30 min. Slides were then 

either left unstained (primary antibody omission), stained with 82E1 antibody at a 1:200 

dilution, or with the IgG1 negative control antibody (IB5) at the same concentration. 

Sections were incubated at 4°C overnight. On day 2 sections were incubated with 0.3% 

hydrogen peroxide to block endogenous peroxidase activity for 30 min, rinsed and 

incubated with rabbit anti-mouse secondary antibody at a 1:2000 dilution for 90 min. 

Sections were then incubated with the Vectastain Elite ABC HRP kit (Cat. PK-6100) 
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(Vector Laboratories, Peterborough, UK) for 1 h at room temperature. Slides were then 

immersed in DAB substrate for 7 min, rinsed, counterstained with hematoxylin and cover 

slipped. Slides were scanned at 40 x magnification using the Nanozoomer and analysed 

using Nanozoomer software. 

 

Cell Viability and Morphology imaging using Immunofluorescence Staining 

and Confocal Microscopy 

Normal human osteocytes were cultured for 28 days in 8-well cell-imaging chamber 

slides and treated with respective concentrations of Aβ1-42 peptides at time points 

previously mentioned 
(41,42). These were stained with Calcein AM (R&D Systems, Inc, 

MN, USA) and Ethidium Homodimer-3 (Biotium, CA, USA) (1:2000) into serum-free 

media and added to each well of 8-well chamber slides. Following the addition of the 

dyes to each well, chamber slides were incubated at 37°C for 30 min. Following 

incubation confocal imaging was conducted using an Olympus Fluoview FV3000 

Confocal Laser Scanning Microscope. An average of 5 images were taken for each well 

(2 wells per treatment per time point) at 10 X magnification. All cell counts were 

conducted using ZEN Black software (Zeiss, Oberkochen, Germany). Background was 

removed using the remove all structures feature and cells were counted manually based 

on size and the original image. Live osteocytes in chamber slides were stained with SiR-

actin (Cytoskeleton Inc., Denver, CO, USA) (1:10000), Calcein AM (1:2000) and 

NucSpot Live 488 Nuclear Stain (1:5000) (Biotium, CA, USA).  
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Gene Expression Analysis  

Total RNA was extracted from duplicate wells for each time point and treatment using 

the TRIZOL method (Life Technologies, New York, USA). All samples were 

reconstituted into 20 µl of diethyl-pyrocarbonate (DEPC) treated water. Final RNA 

concentrations were measured using a Nano-drop spectrophotometer (Thermofisher 

Scientific, city, state/country). Complementary DNA (cDNA) was synthesized from 1 µg 

total RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, California, USA), as 

per manufacturer’s instructions. Real-time RT-PCR was performed using SYBR Green 

master mix reagent (Qiagen, Limburg, The Netherlands) on a Bio-Rad CFX Connect 

thermocycler (Bio-Rad, Hercules, California, USA). Melt curves and CT products were 

analysed on the CFX manager version 3.1 (Bio-Rad, Hercules, California, USA). 

Messenger RNA (mRNA) expression was analysed for APP, Beta Secretase Cleaving 

Enzyme-1 (BACE1), BCL2 Associated X Protein (BAX), B-cell Lymphoma-2 (BCL2), 

Matrix Metallopeptidase 13 (MMP13), Osteoprotegerin (OPG) and Receptor activator of 

nuclear factor kappa-Β ligand (RANKL) and normalised to levels of 18S rRNA 

(Supplemental Table 1).  

 

Statistical Analysis  

All statistical analysis was performed using GraphPad Prism (v7.02). To determine 

differences between treatment groups, non-parametric, two-tailed Student’s t-tests were 

applied to the datasets. Analysis on µCT parameters was performed using two-tailed, 

parametric, Welch’s t-tests, as the data were normally distributed.  
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Results 

Skeletal structural properties of AppNL-G-F/NL-G-F mice 

The 12-week old male AppNL-G-F/NL-G-F knock-in (KI) mice femora were analysed by µCT 

scanning for changes in both cancellous and cortical bone parameters. There were no 

micro-architectural changes between WT and KI mice in terms of either cancellous bone 

volume fraction (%BV/TV), Trabecular Number (Tb.N), Trabecular Thickness (Tb.Th), 

Trabecular Separation (Tb.Sp), Trabecular Pattern Factor (Tb.Pf) or Structural Model 

Index (SMI) (Fig. 1).  

Femora of 29-week old KI mice, however, showed a significant 33% reduction in 

%BV/TV when compared to age-matched controls (Fig. 2a; p = 0.0079). Tb.N was 

reduced by 31% in the KI femora (Fig. 2b; p = 0.0079). Tb.Th was unaffected between 

groups (Fig. 2c; p = 0.4051), Tb.Sp increased by 17% in KI mice (Fig. 2d; p = 0.0323); 

Tb.Pf also increased with a 25% change between WT and KI (Fig. 2e; p = 0.0322). 

Finally, there was a 14% increase in the SMI, a measure of erosion of trabeculae from 

plate-like to rod-like structures (Fig. 2f; 0.0406). 

Cortical bone structure was also examined by µCT analysis. 12-week old male mice 

revealed no significant differences between genotypes for any cortical bone parameter 

analysed (Fig. S1). Investigation of the 29-week old mice also did not show significant 

changes in cortical thickness (Ct.Th) (Fig. S1b). Neither the periosteal perimeter (B.Pm) 

nor cortical perimeter (T.Pm) were changed between WT and KI groups (T.Pm: p = 

0.0635; B.Pm: p = 0.1905). The endosteal perimeter, determined by subtracting the B.Pm 

from the T.Pm was also not affected in the KI group (n = 4 – 5/group; p = 0.5556). These 

observations suggest that A1-42 primarily exerts an effect on the cancellous bone 

compartment. 
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AppNL-G-F/NL-G-F mouse bone exhibits increased osteoclastic bone resorption 

To determine if the cancellous bone phenotype was associated with altered osteoclastic 

parameters, bone sections were histochemically stained for TRAP, a marker for 

osteoclasts. The total osteoclast count revealed a significant increase in the KI compared 

to the WT animals (Fig. 3a). Analysis of the osteoclast surface per bone surface (Oc.S/BS) 

revealed that KI cancellous bone had an increased surface area occupied by bone 

resorbing osteoclasts (Fig. 3b).  

 

Effect of A1-42 peptide on osteoclastogenesis  

To investigate the basis for the increased number of osteoclasts in KI bone, we exposed 

osteoclasts generated from human PBMC in response to recombinant RANKL/M-CSF to 

a high concentration of Aβ1-42 (15 µM), shown previously to be toxic to neurons (13). The 

addition of Aβ1-42 had no discernible effect on osteoclastogenesis, as determined by 

counting the number of TRAP-positive multinucleated cells (Fig. 4). This suggests that 

effects of Aβ1-42 overexpression on osteoclast formation occur by an indirect mechanism. 

 

Presence of Amyloid Beta deposits in the long bones of 29-week-old male 

AppNL-G-F/NL-G-F mice  

Immunohistochemical staining with the 82E1 MAb revealed apparent A accumulations 

in the bone marrow of the KI but not the WT mice (Fig. 5a).  Brain sections served as a 

positive control for the presence of A, and APPNL-G-F/NL-G-F brain showed a similar 
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staining pattern of 82E1 staining to the corresponding bone, whereas the control brain 

was negative (Fig. 5b). 

 

Effects of A overexpression on osteocyte bone histology and function 

Osteocytes are an important cell type in the regulation of adult bone osteoclastogenesis 

(43). Histological analysis of APPNL-G-F/NL-G-F bone revealed similar osteocyte lacunar 

numbers and lacunae size compared with age and gender matched controls (Fig. 6), 

suggesting that no gross changes in the physiology of osteocytes in the mutant animals. 

To further investigate effects on osteocytes, we exposed cultures of human primary 

osteocyte-like cells to synthetic peptides of human Aβ1-42. The three concentrations used 

in this study have been previously validated in the context of toxicity to neurons (13). 

Untreated cells for the duration of the experimental period maintained a defined actin 

cytoskeleton with rounded nuclei and abundant Calcein AM staining (Fig. 7a) indicative 

of healthy, metabolically active cells. Aβ1-42 dose-dependently disrupted this 

morphology, with Aβ1-42 at 15 µM exerting the most dramatic effect. Viable cell counting 

revealed that low levels of Aβ1-42 (1.5 µM) had no effect on osteocyte viability when 

compared to untreated cultures over a 96 h time course. Analysis of osteocytes treated 

with 5.0 µM Aβ1-42 showed a significant increase in cell death at 24 h and 72 h time points 

when compared to the control wells. Cultures exposed to Aβ1-42 15 µM exhibited early 

and sustained increased levels of cell death compared to the untreated controls (Fig. 7b).  
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Effects of exogenous Aβ1-42 peptide on human osteocyte-like cell gene 

expression   

Basal mRNA expression levels of BACE1 and its substrate APP were measured in the 

human bone-derived differentiated osteocytes (Fig. 8a). Gene markers of bone 

remodelling were also examined. As shown in Figure 8, the mRNA levels of bone 

resorption marker RANKL (Fig. 8b) and the ratio of RANKL to its inhibitor OPG were 

progressively increased from 72 h by the 15µM Aβ1-42 concentration when compared to 

the control treatment (Fig. 8d). A stimulatory effect of Aβ1-42 was also evident for the 

osteocytic osteolysis marker MMP13 (Fig. 8e) suggesting osteocyte-osteoclast 

cooperation in degrading bone in response to elevated Aβ1-42.  
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Discussion 

Previous studies have determined effects of mouse App mutations on bone, osteoblasts 

and osteoclasts (26,44-46), however this is the first study to determine a skeletal phenotype 

in the AppNL-G-F/NL-G-F knock-in model, the first model to successfully introduce three well 

characterised humanised APP mutations into the mouse App gene, representing a 

physiologically relevant APP-FAD model (14). This model avoids potential confounding 

effects of APP overexpression, where other mutant models have between a 2-3-fold 

increase in basal APP levels (15,26).  As there is an absence of Tau protein neurofibrillary 

tangles in this model, it also provides the opportunity to determine whether increased 

production of Aβ1-42, an increased Aβ42/40 ratio and increases in Aβ aggregation events 

affect bone independently of other AD causes. The global App knock-out model (App-/-) 

showed effects on the skeleton, with a reduction in cortical and trabecular thickness of 

the long bones (47), resulting from impaired skeletal development and providing a basis 

for a physiological role of APP in this process. Analysis of 12-week-old AppNL-G-F/NL-G-F 

mice showed no significant differences to wild-type controls in either cancellous or 

cortical bone measures, indicating no developmental skeletal defects in this model. Whyte 

et al., demonstrated the formation of Aβ1-42 plaques in the hippocampal region of the 

brains of 29-week old AppNL-G-F/NL-G-F male mice but not in wild-type controls (16). This is 

consistent with our finding of Aβ accumulations in both the bone marrow of these animals 

as well as brain tissue. The observed reduction in BV/TV%, driven by a decrease in Tb.N 

with increased Tb.Sp, at 29 weeks demonstrates an adult onset bone loss phenotype. 

Histological analysis revealed an increase in osteoclast surface per bone surface, 

confirming that the bone loss was due to increased osteoclastic bone resorption. The 

observation that recombinant Aβ1-42 had no augmentation effect on RANKL/M-CSF 

induced osteoclastogenesis in a stromal-free assay using human PBMC as a source of 
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osteoclast precursors, suggested increased osteoclastogenesis was by an indirect 

mechanism. In mice, osteocyte-specific conditional deletion of Rankl (Tnfsf11) under 

control of either the Dmp1 (48) or Sost (49) promoters resulted in significant reductions in 

osteoclastic bone resorption, demonstrating that in adult bone, osteocytes are a 

predominant source of control of osteoclastogenesis. Here, treatment of human osteocytes 

differentiated in vitro from bone explant culture-derived osteoblasts resulted in increased 

RANKL expression and of the RANKL:OPG mRNA ratio at the highest concentration used 

(15 µm), suggesting osteocyte support of osteoclastogenesis could be a potential 

mechanism for the observed bone loss. The expression of MMP13 was also increased was 

also increased following exposure to Aβ1-42, suggestive of osteocytic osteolysis in the 

human cells (50). This phenomenon occurs physiologically during lactation, where 

osteocytes resorb bone to release calcium into the blood stream and meet the Ca2+ demand 

(51,52), as well as under pathological conditions, such as contact with foreign wear particles 

in prosthetic implant failure (53) and in response to prolonged glucocorticoid exposure (54). 

While osteocyte lacunae measures were unchanged in the animals examined, the 

upregulation of MMP13 in osteocytes could reflect osteocyte coordination of 

osteoclastogenesis (32). 

In order to determine whether Aβ1-42 could exert its potent effects peripherally and in a 

more localised manner, immunostaining using the amino-terminal Aβ-specific 82E1 

MAb was conducted on mouse long bones, using age and gender matched brain tissue as 

a positive control. Diffuse immunostaining occurred throughout the bone marrow of both 

tibiae and femora. Staining revealed no evidence of Aβ1-42 in the bone marrow of control 

mice. The presence of Aβ1-42 in the bone marrow of aged KI mice suggests that this toxic 

peptide may possess the ability to travel via blood vessels into the bone marrow and exert 

its effects on bone mass peripherally. Alternatively, cells which make up the bone, such 
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as osteoclasts, osteoblasts or osteocytes, which we now know express APP and BACE1, 

may be a source for the production of Aβ1-42 in these transgenic mice.  

The induction of cell death in human osteocytes exposed to 5 and 15 µM Aβ1-42 suggests 

at least one pathway for the increased osteoclastogenesis observed in vivo. While we did 

not observe loss of osteocyte numbers per unit of bone in the AppNL-G-F/NL-G-F mice, it is 

possible that osteocyte apoptosis in vivo is followed quickly by resorption of the affected 

region. The mechanism(s) of cell death induction in osteocytes has not been explored here 

but could be similar to those seen in the context of neurons (55). Notably, osteocyte and 

neuronal morphologies and their respective networks share many features in common (56) 

and the dendritic network of osteocytes is pivotal for their survival as they are the 

communication source between cells (57). For example, this network allows osteocytes to 

share energy sources in response to stress signals, rescuing affected cells from apoptosis 

(58). Aβ1-42 may have the ability to interfere with the delivery of biological signals between 

osteocytes, similar to the process that we see occurring in the context of neuronal axons 

in the CNS.  

The low 1.5 µM concentration of Aβ1-42 did not cause cell death when compared to the 

control. It is commonly noted that individuals without a diagnosis of Alzheimer’s disease 

still have detectable levels of Aβ in their cerebrospinal fluid (59) and plasma (60,61), without 

having any cognitive or motor deficits. Further studies should be undertaken to examine 

the effects of low levels of circulating Aβ on peripheral tissues.  

This is the first study to investigate the skeletal effects of the 3 x humanised FAD 

mutations knocked into the APPNL-G-F/NL-G-F mouse model of AD. The results from the 

mouse model coupled with the in vitro data suggest that Aβ1-42 peptides cause excessive 

adult-onset bone loss, due in part to the upregulation of osteoclastic markers RANKL and 
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RANKL:OPG by osteocytes and perhaps linked to an apoptotic effect on osteocytes. This 

study therefore provides evidence for a pathological role of Aβ1-42 in the skeleton and a 

mechanistic link between AD and osteoporosis. Further research is warranted to 

determine if treatments targeting bone loss in osteoporosis also protect against AD, or 

whether new treatment strategies are required that are able to target both the brain and the 

periphery in the fight against the neurotoxic and osteolytic oligomeric Aβ1-42 peptide.   
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Figure Legends  

Figure 1: Micro-CT analysis of cancellous bone in 12 week old age-matched male wild-

type (WT) and AppNL-G-F/NL-G-F (KI) mice femora. (A) % BV/TV is unchanged between 

genotypes (p = 0.9785); (B) Tb.N is unchanged between genotypes (p = 0.6283); (C) 

Tb.Th (p = 0.1064); (D) Tb.Sp (p = 0.8918); (E) Tb.Pf (p = 0.9522); (F) SMI (p = 0.7688). 

Data shown are means ± standard errors of the mean (SEM) (n = 5/group). 

 

Figure 2: Micro CT analysis of the trabecular bone in 29 week old age-matched male 

wild-type (WT) and AppNL-G-F/NL-G-F (KI) mice (n = 5/group). (A) Bone volume: tissue 

volume ratio (**p = 0.0040) (B) Trabecular number (**p = 0.0063); (C) Trabecular 

thickness (*p = 0.0107) (D) Trabecular separation (*p = 0.0456) (E) Trabecular bone 

pattern factor (*p = 0.0357) (F) Structure model index (*p = 0.0460); (G) 3D-

reconstructed image of wild-type and knock-in trabecular bone from 2mm ROI. Data 

shown are means ± SEM (n = 5/group). 

 

Figure 3: Histological assessment of osteoclast measures. Tartrate Resistant Acid 

Phosphatase (TRAP) staining was performed of 29 wk-old male mouse femora with a 

hematoxylin counterstain. (A) Osteoclast surface per bone surface measurements are 

increased in AppNL-G-F/NL-G-F (KI) mice when compared with wild-type (WT) control mice 

(n = 4; p = 0.0003); (B) Total osteoclast number wild-type compared to knock-in animals 

(n = 4/group; p < 0.0001); (C) Representative image of the 2 mm ROI below the growth 

plate analysed for osteoclast counts. 
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Figure 4: Direct effects of Aβ1-42 on osteoclastogenesis. Human PBMC were cultured 

under osteoclastogenic conditions, as described in Materials and Methods in the presence 

or absence of Aβ1-42 peptides. (A) Cell counts of multinucleated TRAP positive cells in 

culture (p > 0.05 for all comparisons). (B) Representative of TRAP-positive 

multinucleated cells. 

 

Figure 5: Detection of Aβ1-42 accumulations in 29 week-old male mice in both brain and 

bone tissue. (A) Positive 82E1 staining of bone marrow of AppNL-G-F/NL-G-F mouse femur. 

(B) Positive control brain tissue from the same animal with Aβ plaque deposition. Arrows 

are indicative of areas of plaque deposition. 

 

Figure 6: Osteocyte lacunae measures in AppNL-G-F/NL-G-F mice. Osteocyte lacunae were 

visualised by Toluidine Blue staining in the long bones of 29 week-old male mice, as 

described in Materials and Methods. Sections were analysed for (A) osteocyte lacunar 

area (Lac.Ar) and (B) osteocyte number per bone area (Ot.N/B.Ar). Measurements were 

made from at least two 5 µm thick sections/bone sample, each comprising between 30 – 

60 osteocyte lacunae. Data shown are means ± SD, n = 5 mice/group. 

 

Figure 7: Effect of Aβ1-42 peptides on osteocyte viability. (A) Representative confocal 

microscopy images of primary human osteocytes stained with immunofluorescent stains 

Calcein AM (blue), NucSpot (green) and Sir-Actin (purple); (B) Osteocyte viability 

measurements at 24, 48 and 96 h post-exposure to 0, 1.5, 5 or 15 µM Aβ1-42 . 
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Figure 8: Effect of Aβ1-42 peptides on osteocyte gene expression. Human primary 

osteocytes were cultured and treated with recombinant Aβ1-42 peptides at either 0 

(untreated control), 1.5, 5 or 15 µM, as described in Materials and Methods. Relative 

mRNA levels of osteoclastic and osteocytic osteolysis markers over a 96-hour treatment 

period were measured using real-time RT-PCR. (A) Basal mRNA levels of APP and 

BACE1 mRNA; (B) RANKL; (C) OPG; (D) RANKL: OPG mRNA ratio; (E) MMP13 

mRNA expression levels. Data shown are means ± SD of biological triplicate treatments. 

Significant difference to corresponding untreated control is indicated by # p < 0.05. 
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Table 1: Forward (F) and reverse (R) primer sequences for real-time RT-PCR gene 

expression analysis.   

 

 

 

 

 

 

Gene Name Direction Oligonucleotide Sequence (5´ – 3´) 

 

18S F 

R 

GGAATTCCCGAGTAAGTGCG 

GCCTCACTAAACCATCCAA 

APP F 

R 

ATCCTGCAGTATTGCCAAGAAG 

CACAAAGTGGGGATGGGTC 

BACE1 F 

R 

GCAGGGCTACTACGTGGAGA 

GTATCCACCAGGATGTTGAGC  

MMP13 F 

R 

GGATCCAGTCTCTCTATGGT 

GGCATCAAGGGATAAGGAAG 

OPG F 

R 

GCTCACAAGAACAGACTTTCCAG 

CTGTTTTCACAGAGGTCAATATCTT 

RANKL F 

R 

CCACCCCCGATCATGGT 

TCAGCCTTTTGCTCATCTCACTAT 
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Chapter 5 
 
 

Human osteocyte expression of Nerve Growth Factor: The 
effect of Pentosan Polysulphate Sodium (PPS) and 

implications for pain associated with knee osteoarthritis 
 

Accepted for publication in PLOS ONE September 3, 2019 

This final study was performed on the basis that locally produced NGF in the bone could 

elicit pain in the context of knee osteoarthritis. In Chapter 3, it was established that NGF 

was expressed by bone cells derived from cancellous bone biopsies in patients undergoing 

fracture repair surgery, which validated the concept of a role for NGF in bone loss and 

pain. In this Chapter, the authors determined that NGF and its pro-form were expressed 

in human bone derived from patients with knee osteoarthritis. It was also shown that NGF 

and pro-NGF could be stimulated by the pro-inflammatory cytokine, TNF-α and that the 

increase in expression at the mRNA and protein level could be suppressed by a new pain-

mediator, pentosan polysulphate sodium (PPS). This study provides a new potential 

therapy for the treatment of pain associated with knee OA mediated by NGF and pro-

NGF. 
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Abstract

Pentosan polysulphate sodium (PPS) is a promising therapeutic agent for blocking knee

pain in individuals with knee osteoarthritis (KOA). The mode of action of PPS in this context

is unknown. We hypothesised that the osteocyte, being the principal cell type in the sub-

chondral bone, was capable of expressing the pain mediator Nerve Growth Factor (NGF),

and that this may be altered in the presence of PPS. We tested the expression of NGF and

the response to PPS in the presence or absence of the proinflammatory cytokine tumour

necrosis factor-alpha (TNFα), in human osteocytes. For this we differentiated human pri-

mary osteoblasts grown from subchondral bone obtained at primary knee arthroplasty for

KOA to an osteocyte-like stage over 28d. We also tested NGF expression in fresh osteo-

cytes obtained by sequential digestion from KOA bone and by immunofluorescence in KOA

bone sections. We demonstrate for the first time the production and secretion of NGF/

proNGF by this cell type derived from patients with KOA, implicating osteocytes in the pain

response in this pathological condition and possibly others. PPS inhibited TNFα-induced

levels of proNGF secretion and TNFα induced NGF mRNA expression. Together, this pro-

vides evidence that PPS may act to suppress the release of NGF in the subchondral bone to

ameliorate pain associated with knee osteoarthritis.

Introduction

Osteoarthritis of the knee (KOA) is a common and painful condition, for which the first line

of management is the prescription of analgesics to control pain. The aetiology of KOA is

incompletely understood but is known to be associated with the increased expression of proin-

flammatory mediators, including tumour necrosis factor alpha (TNFα) and interleukin 1-beta
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(IL-1β) [1]. These are thought to stimulate the localised production of cartilage-degrading

enzymes, such as matrix metallopeptidase (MMP) family member-13 (MMP-13). After

exhaustion of nonoperative management options, KOA is ultimately treated by performing a

total knee arthroplasty (TKA), in which the diseased joint is replaced by a prosthesis. Patient

reported pain is the major indicator for TKA [2].

Bone is a well innervated tissue, with bone sensory neurons deriving solely from the dorsal

root ganglia of the spinal cord [3]. The secreted neurotropic protein beta-Nerve Growth Factor

(NGF) is a major contributor to pain in a number of chronic conditions, including KOA [4–

6]. Furthermore, NGF mRNA expression is known to be induced by both TNFα and IL-1β in

an experimental mouse model of osteoarthritis [7]. NGF binds to at least two receptors

expressed by neurons, tropomyosin receptor kinase A (TrkA) and the pan-neurotropin recep-

tor p75/NTR, where it can have diverse biological effects, either promoting neuronal growth

or causing neuron apoptosis, depending on whether the neuron also expresses the co-receptor,

sortilin [8]. A neutralising antibody treatment that sequesters NGF, tanezumab1, has yielded

promising results in the treatment of pain associated with KOA [1, 4–6], consistent with NGF

being both a key readout and a mediator of pain for this condition. NGF is first translated as a

pro-protein form (proNGF), which is post-translationally processed (proteolytically cleaved)

to the mature form by the action of furin or furin-like pro-protein convertases [8]. Currently,

the accurate detection of soluble NGF levels using commercially available enzyme linked

immunosorbent assays (ELISAs) is problematic due to the influence on readouts of proNGF; if

present, proNGF interferes with the readouts of a number of commercially available ELISA

kits in an unpredictable fashion, in terms of both the magnitude and the direction (increase or

decrease) of the effect [9]. It is therefore necessary to defer quantitative assessment to the levels

of proNGF [9].

Pentosan Polysulphate Sodium (PPS) is an FDA-approved drug for the treatment of inter-

stitial cystitis and bladder pain syndrome, with an excellent safety profile [10]. It is currently

being tested for its efficacy as a treatment for KOA with promising results [11, 12]. The mode

of action of PPS appears to be multi-factorial, and includes replenishment of the glycosamino-

glycan (GAG) layer in the case of its effect in interstitial cystitis, as well as effects on intracellu-

lar signalling, in particular the nuclear factor kappa-B (NFκB) [13] and the IL-1β-iNOS [14]

pathways in chondrocytes. Importantly, KOA is a disease of the entire joint, with changes to

the sub-chondral bone, as well as to the synovium and cartilage [1]. The contribution of each

tissue to disease progression and to the associated pain is incompletely understood. In

advanced KOA, there is nearly complete degradation of the cartilage with a paucity of healthy

chondrocytes remaining. This suggests that mediators of pain may derive to a significant

extent from the underlying sub-chondral bone. The most numerous cell type in hard bone tis-

sue is the osteocyte, and these cells are increasingly recognised as the key controlling cell type

in many local and systemic physiological processes [15, 16]. In conditions associated with oste-

oarthritis, the osteocyte is involved in the inflammatory, osteolytic response to implant-

derived wear particles [17] and also elicits impressive pro-inflammatory responses to bacteria

in the condition of periprosthetic joint infection [18].

We hypothesised that osteocytes are capable of producing NGF in the inflammatory milieu

of the subchondral bone in KOA and that PPS may act by inhibiting this production. To test

this hypothesis, we examined the expression of NGF in freshly isolated human primary osteo-

cytes. We then tested the effects of PPS on the responses of human primary osteocyte-like cul-

tures, differentiated from the proximal tibiae of patients suffering from advanced KOA and

undergoing TKA. Treatment with recombinant TNFα was used as the proinflammatory stim-

ulus, and the effects on the relative expression of NGF mRNA was examined. ProNGF protein

levels were also determined. We show for the first time that human osteocytes are capable of

Osteocyte-derived pain mediators in knee osteoarthritis
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producing NGF, suggesting that they potentially contribute to localised pain responses. We

also show that PPS suppresses NGF mRNA transcription and proNGF secretion by osteocytes

and reverses the stimulatory effects of TNFα on these processes. Together, our findings suggest

a hitherto unknown role for osteocytes in the pain response and a mechanism for the pain ben-

efit in KOA patients taking PPS.

Materials and methods

Ethical statement

All studies with human patient derived material were covered by pre-existing ethics committee

approval by the Human Research Ethics Committees of the Royal Adelaide Hospital (Approval

No. 130114) and Calvary Health Care Limited (Approval No. 13-CHREC-E006). All donor

material was obtained with written informed patient consent.

Donors and osteocyte-like cells

In order to represent the clinical relevance of the findings from this study, the effects of PPS

were to be tested on osteocyte-like cultures [17, 19–23] derived by differentiation in vitro for a

period of 28 days from cells isolated from the subchondral bone of the proximal tibia of three

patients with advanced knee OA who underwent total knee arthroplasty (TKA) surgery

(KOA). To examine potential differences with non-OA bone, cells were also isolated from the

proximal femur of three patients who underwent total hip arthroplasty (THA) for neck of

femur fracture (NOF). The gender of all donors was female, and groups were age-matched,

with the mean age of KOA being 77.0 ± 8.5 years and that of the NOF group being 77.7 ± 5.5

years (p = 0.91).

Cryopreserved cells from each donor (all at passage 0 or 1) were thawed and cultured for 10

days in T75 cm2 tissue culture flasks. Once confluent, cells were removed by collagenase/dis-

pase digestion, washed by centrifugation, counted and adjusted to 5 x 105 cells/ml. Cells were

then seeded into either 12-well tissue culture trays or into 8-well chamber slides, at 1 x 105 and

2 x 104 cells/well, respectively. After 24h, media were replaced with osteogenic differentiation

medium, consisting of αMEM, 5% v/v foetal calf serum (FCS), 1.8 mM potassium dihydrogen

phosphate (KH2PO4), 100 μM Ascorbate-2-phosphate (As2P), 10 mM HEPES, 1 x 10−8 M

Dexamethasone and 0.2 mM L-Glutamine. During the differentiation process, samples were

collected at days 3, 14 and 28 in Trizol reagent for total RNA preparation and gene expression

analysis (see below). Cultures seeded into chamber slides were examined for in vitro minerali-

sation using the Alizarin Red staining technique, as previously described [22].

PPS and TNFα treatments

PPS (bene pharmaChem GmbH & Co. KG, Geretstried, Germany) was dissolved in sterile PBS

as a stock solution at 1.0 mg/ml. Differentiated cells were either untreated or pre-treated with

final concentrations of PPS at 1, 5 or 50 μg/ml in culture medium for 72h. The tested doses of

PPS were based on the effective and maximally active levels published in a previous study [24].

Media were then replaced with the same concentrations of PPS with or without the addition of

recombinant human (rh) TNFα (1 ng/ml) and then cultured for a further 48h. Culture super-

natants were collected and total RNA and cDNA prepared, as described below.

Isolation of human osteocytes

Osteocytes were isolated directly from human KOA bone samples (n = 4), according to our

published protocol [25]. Briefly, bone obtained from TKA was rinsed vigorously in sterile PBS

Osteocyte-derived pain mediators in knee osteoarthritis
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and then subjected to six serial digestions of collagenase/dispase/EDTA, with intervening

recovery of released cells by centrifugation and washing in PBS. The cells obtained from

digests 4–6, corresponding to an osteocyte-enriched fraction [25] were pooled, washed twice

further by centrifugation and resuspension in PBS and then seeded into 8-well glass bottomed

chamber slides. After allowing cells to recover for 72h, they were either immunostained or pre-

treated with PPS and then treated with combinations of PPS and rhTNFα, as indicated.

Gene expression analysis

Total RNA was prepared from Trizol lysates, according to the manufacturer’s instructions,

with the exception that due to evidence for PPS interference in the generation of assayable

cDNA, RNA precipitates were washed 3 times in 75% ethanol instead of the usual single wash

step, in an attempt to remove residual PPS. RNA preparations were tested for yield and purity

using a Nanodrop microvolume spectrophotometer (Thermo Fisher). One microgram of RNA

from each sample was reverse transcribed using a Superscript™ II kit (Thermo Fisher), as per

manufacturer’s instructions. Real-time RT-PCR was performed for genes including Nerve

Growth Factor (NGF), its receptors NTRK1 (TRKA) and NGFR (P75NTR), MMP13, RANKL,

OPG, OCN, DMP1 and SOST, relative to housekeeping gene (ACTB) expression. Oligonucleo-

tide primer sequences for each of these are shown in Table 1.

ELISA analysis

Culture supernatants were stored frozen (-80˚C) until use, whereupon they were thawed at

4˚C, and assayed by ELISA for human NGF (Cat. No: EHNGF; Thermo Fisher Scientific) or

proNGF (Cat. No: BEK-2226-2P; Biosensis) protein levels, as per the manufacturers’

instructions.

Immunostaining

Cells seeded in 8-well chamber slides and differentiated for 28 days or freshly digested from

bone were either untreated or treated with rhTNFα (1 ng/ml), PPS (50μg/ml; ‘PPS50’) or

PPS50 + rhTNFα, as indicated. For immunostaining, media were removed and wells rinsed

three times with PBS (pH 7.4). Cells were then fixed with 100μl of Histochoice (Sigma-Aldrich)

tissue fixative for 1 hour at room temperature. After fixation, wells were rinsed twice with dis-

tilled H2O and stored at 4˚C until staining. Cells were blocked with 50μl of blocking buffer

Table 1. Human mRNA-specific oligonucleotide primer sequences.

Gene Forward Primer Sequence Reverse Primer Sequence

ACTB [17]a 50-cgcgagaagatgacccagatc-30 50-tcaccggagtccatcacg-30

DMP1 [17] 50-gatcagcatcctgctcatgtt-30 50-agccaaatgacccttccattc-30

MMP13 [17] 50-ggatccagtctctctatggt-30 50-ggcatcaagggataaggaag-30

NGF [26] 50-cacactgaggtgcatagcgt-30 50-tgatgaccgcttgctcctgt-30

NGFR/TRKA [27] 50-cctggacagcgtgacgttc-30 50-cccagtcgtctcatcctggt-30

P75NTR [27] 50-cctggacagcgtgacgttc-30 50-cccagtcgtctcatcctggt-30

OCN [17] 50-atgagagccctcacactcctcg-30 50-gtcagccaactcgtcacagtcc-30

OPG [17] 50-gctcacaagaacagactttccag-30 50-ctgttttcacagaggtcaatatctt-30

RANKL [17] 50-ccaagatctccaacatgact-30 50-tacaccattagttgaagatact-30

SOST [17] 50-accggagctggagaacaaca-30 50-gctgtactcggacacgtctt-30

aPublished references to primer pairs are indicated next to gene names; all primer pairs were designed and/or validated in-house.

https://doi.org/10.1371/journal.pone.0222602.t001
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(5% v/v normal rabbit serum in 1 x PBS) for 20 minutes at room temperature in a humid

chamber. Cells were then rinsed with wash buffer (0.1% v/v normal rabbit serum in PBS) three

times. Cells were stained with either mouse monoclonal antibody (MAb) anti-human NGF

(25623; Thermo Fisher Scientific), anti-human NGFR (2F1C2; Thermo Fisher Scientific),

anti-human TrkA (6B2; Thermo Fisher Scientific), or anti-human SOST (MAb 220902.11;

R&D Systems, Minneapolis, MN, USA) primary antibodies and their respective isotype con-

trols (IgG1; MAb 1B5), diluted as indicated. Cells were incubated with primary antibody for 40

minutes at 4˚C. For unconjugated MAbs, chamber slides were then rinsed 3 x with wash buffer

and 50μl of rabbit α-mouse Alexa-fluor secondary antibody (1:2000 dilution), also containing

nuclear DAPI stain (1:2000 dilution; diamidino-2-phenylindole; Thermo Fisher) was added

for 1h at room temperature. Wells were then washed three times with wash buffer.

Finally, FluoroBrite DMEM (Life Technologies) was added to each well to image using con-

focal microscopy (FV3000 Confocal Microscope, Olympus Lifescience).

For double-labelling purposes, anti-NGF was directly conjugated to fluorescein isothiocya-

nate (FITC; Sigma Chemical Co., St. Louis, MO, USA). For this MAb 25623 was first dialysed

against carbonate/bicarbonate buffer (1l; pH 9.6) at 4˚C overnight. FITC was dissolved to

1mg/ml in anhydrous DMSO. 15μl FITC solution was added to 100μg anti-NGF and the tube

mixed on a rotator for 2 h at room temperature. Unbound FITC was removed using size-

exclusion chromatography on a Sephadex G-25 column (Pharmacia Biotech, Piscataway, NJ,

USA). The absorbance of 0.5 ml fractions at 280nm and 492nm was determined using a Nano-

Drop One spectrophotometer (Thermo Fisher Scientific) and the concentration of FITC-con-

jugated antibody determined by the formula: concentration (mg/ml) = A280 –(A492 x 0.35)/1.4.

To remove aggregates, the antibody solution was centrifuged at 16,400 RCF for 15 minutes

prior to use. As a positive control for immunostaining, we identified the small cell lung carci-

noma cell line NCI-H266 (ATCC, Masassas, VA, USA) to be NGF-expressing using the Har-

monizome database [28]. For these assays, FITC-conjugated X-63 MAb (Biosensis, Thebarton,

SA, Australia) was used as a negative control; direct conjugates were incubated for 40 min,

aspirated and the wells washed three times, as above.

Bone isolated from KOA patients was fixed, decalcified, embedded and sectioned, as

described [18]. Bone sections (5 μm) were first heated at 60˚C for 15 min to melt excess paraf-

fin and then dewaxed. For antigen retrieval, slides were then incubated in 10% formic acid in

distilled water for 10 min, rinsed in PBS and then immunostained, as above.

Data and statistical analysis

Data were analysed by two-way analysis of variance (ANOVA) with Holm-Sidak’s multiple

comparison post-hoc tests using GraphPad Prism software (GraphPad Prism, La Jolla, CA,

USA). Values for p< 0.05 were considered statistically significant.

Results and discussion

NGF expression by cultured osteocytes

Human primary osteoblasts isolated from the subchondral bone of patients undergoing TKA

for osteoarthritis of the knee (KOA) or THA for neck of femur fracture (NOF) were cultured

under differentiating conditions for a period of 28d [16–21, 29]. Overall the NOF cultures

mineralised to a significantly greater extent than KOA donors, as assayed by Alizarin Red

staining (S1 Fig). The reason for this could relate either to the site harvested (proximal femur

for NOF and subchondral proximal tibia for KOA), or more likely, to the dysregulated minera-

lisation evident in differentiating osteoblasts from patients with osteoarthritis, as we have pre-

viously reported for cells isolated from the proximal femur [22]. All KOA donors’ cells
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displayed strong characteristics of pre-osteocytes/osteocytes by day 3, expressing appreciable

mRNA for DMP1, SOST and OCN (Fig 1A–1C). DMP1 and SOST mRNAs were expressed to

a similar level overall based on delta-cycle threshold (ΔCT) values, while OCN mRNA was

more abundantly expressed. The expression of DMP1 and OCN increased by D14 and then

declined by D28, consistent with the acquisition of a mature osteocyte-like phenotype associ-

ated with loss of organelles and a decrease in the overall metabolic level [16, 30]. The

Fig 1. Human differentiating KOA osteoblast/osteocyte cultures express NGF: Cells from 3 KOA patients were cultured under pro-osteogenic conditions for up to

28d, as described in Materials and Methods. Gene expression was measured by real-time RT-PCR at various timepoints for: A) DMP1; B) SOST; C) OCN; D) NGF. Data

(means + standard error of the mean (SEM)) were normalised to the expression of 18S rRNA using the 2-(ΔCT) method and are shown relative to the expression of each

gene at the end of the time course pooled from 3 donors’ cells. The mean ΔCT for each timepoint is indicated in parentheses above each histogram.

https://doi.org/10.1371/journal.pone.0222602.g001
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expression of NGF mRNA was relatively abundant in these cultures, similar to that of OCN,

from all donors’ cells tested and mirrored that of the differentiation markers above, peaking at

day 14 and declining by day 28 (Fig 1D). Furthermore, all KOA donors’ cells secreted appre-

ciable full-length NGF protein detected in the supernatant (111.9 ± 48.8 pg/ml).

NGF expression by freshly isolated human osteocytes and in human bone

To examine NGF protein expression, we optimised staining of a directly conjugated anti-NGF

antibody to NCI-H266 cells (Fig 2, top row). NGF expression was also tested in cells obtained

by sequential digestion from human KOA bone. We have published previously that fractions

IV-VI obtained using this method are enriched for mature osteocytes [25]. As shown in Fig 2.

(middle row), numerous cells in the osteocyte-enriched fractions stained brightly for NGF

Fig 2. NGF expression in isolated human osteocytes and in KOA bone. Directly conjugated α-NGF MAb was tested against NCI-H266 cells and compared against a

directly conjugated negative control antibody, X-63 (upper row). Fractions IV-VI of a KOA bone digest were similarly stained for NGF, and staining compared against the

expression of the osteocyte marker SOST/sclerostin (middle row). Dual staining revealed intracellular but not co-localised staining for both NGF and SOST in these cells.

Specificity of staining was confirmed using negative control IgG1 MAb. Finally, NGF positivity was evident in osteocytes (white arrows) in situ in decalcified KOA bone

(bottom row), here using unconjugated α-NGF MAb, as described in Materials and methods. Bone morphology is revealed by digitial interference contrast (DIC). In all

cases nuclei were visualised by DAPI stain (blue). Scale bars represent 50 μm.

https://doi.org/10.1371/journal.pone.0222602.g002
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expression and co-stained for the osteocyte marker SOST/sclerostin. Furthermore, osteocyte

expression of NGF was evident in stained sections of human KOA subchondral bone (Fig 2,

bottom row). Together with the observations in differentiated cultures above, this is the first

report to our knowledge of NGF expression by human osteocytes. A previous study using a

fluorescence reporter system to identify NGF expression in mouse bone, reported osteoblast

but not osteocyte expression of NGF in response to mechanical loading of the ulna [3]. It is pos-

sible that the reporter system used lacked the sensitivity to detect low levels of NGF, or that the

difference observed is due to interspecies, relative age, skeletal site, stimulus (mechanical rather

than pro-inflammatory), as well as the influence of osteoarthritis on osteocyte expression.

In an attempt to examine regulation of NGF protein expression in freshly isolated KOA

osteocyte-like cells, they were treated with either rhTNF-α, PPS or a combination of these.

NGF immunostaining was detected in all cases although cells exposed to rhTNF-α alone and

PPS alone had qualitatively greater NGF expression than control, and cells treated with a com-

bination of rhTNF-α and PPS showed qualitatively less staining (Fig 3).

Due to the unpredictable yields of osteocytes from individual patients’ bone, it is technically

difficult to achieve identical and sufficient numbers of resulting adherent viable cells between

wells for quantitative assessment of treatments. Furthermore, since NGF is a secreted protein,

it is difficult to interpret intracellular levels. We therefore studied the quantitative regulation of

NGF secretion into the supernatants of differentiated cultures of osteocyte-like cells.

Effect of PPS on TNF induced proNGF secretion

To examine further the effects of PPS on NGF expression, osteocyte-like cultures derived from

three KOA donors were treated after 3 days pre-treatment with differing concentrations of

PPS, with rhTNFα in the absence or presence of the pre-treatment concentration of PPS.

Supernatants were collected 48h following treatment and subjected to ELISA analysis, as

described in Materials and Methods. A study by Malerba and colleagues [9] demonstrated that

the presence of the immature pro-protein form of NGF, proNGF, together with mature NGF

in an experimental sample, imparted false readings in many commercially-available ELISAs

for NGF, and these effects were to an unpredictable magnitude and direction. Therefore, in

this study proNGF levels were measured in the treated supernatants, as described in Materials

and Methods. As was observed for mature NGF protein, basal proNGF was detectable in all

donor cell culture supernatants (Fig 4). Recombinant human TNFα treatment significantly

increased the levels of proNGF, consistent with the induction of NGF expression in response

to this pro-inflammatory stimulus in an osteoarthritic setting [7, 31]. PPS strongly suppressed

basal proNGF secretion in all donors’ cells assayed at all of the PPS concentrations tested,

down to 1 μg/ml. Important from a therapeutic viewpoint, PPS also strongly reversed the effect

of rhTNF on proNGF secretion (Fig 4), again at all concentrations tested. The concentrations

of PPS chosen were based on those reported previously [24]. A study by Dawes et al. [32]

reported plasma concentrations of PPS of approximately 1–3 μg/ml in volunteers injected sub-

cutaneously with PPS, supportive that the effective doses used here have clinical relevance.

However, the lack of a dose response in our assays can be considered a study limitation. Strik-

ingly similar findings were made for NOF cells (S2 Fig), suggesting that NGF expression and

its regulation by PPS may be a common feature of osteocytes between skeletal sites and

pathologies.

Effect of PPS on TNFα-induced NGF mRNA expression

To examine whether the effects of PPS on NGF/proNGF expression were at the transcriptional

level, we also examined NGF mRNA expression using real-time RT-PCR (Fig 5). Exposure to
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TNFα increased the relative expression of NGF mRNA. PPS at both 0.1 and 1 μg/ml had no

apparent effect on basal NGF mRNA levels. However, PPS at 1 μg/ml significantly reduced

NGF expression in the presence of TNFα, suggesting that at least some of the effect of PPS on

osteocytes is at the transcriptional level. This is consistent with a previous report that PPS acts

Fig 3. NGF expression in isolated human osteocytes. Osteocyte-enriched fractions of sequential human trabecular bone digests were cultured

for 24h either untreated (A), treated with rhTNFα (B), PPS (0.5μg/ml) (C) or a combination of both (D), and then examined by confocal

microscopy for NGF immunoreactivity. Control cells were also immunostained using an isotype-matched negative control primary antibody (E).

Images are representative of data obtained for four individual donors cells. Scale bars in each image represent 100 μm.

https://doi.org/10.1371/journal.pone.0222602.g003

Fig 4. Human osteocyte-like cells secrete proNGF. Secretion of proNGF was tested from cultures of KOA osteocyte-like cells treated with combinations of rhTNF and

PPS. Data are means + SD of supernatants harvested from triplicate wells. Significant difference to untreated control (UT) is indicated by �(p< 0.05); significant difference

to rhTNF treated cultures is indicated by #(p< 0.05).

https://doi.org/10.1371/journal.pone.0222602.g004
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as a transcriptional inhibitor of intracellular signalling pathways elicited by TNFα/TNF recep-

tor signalling [13].

This finding is consistent with the protein expression data and supports the hypothesis that

PPS reverses the effects of proinflammatory mediators in KOA on the expression of mediators

of pain. The expression by osteocytes of two of the known receptors for NGF was also exam-

ined by RT-PCR as well as immunohistochemistry. The expression of the high affinity receptor

tropomyosin receptor kinase A (TrkA) was not detectable by RT-PCR in any donor’s cells,

consistent with a complete lack of signal by immunostaining/confocal microscopy (S3 Fig).

The lack of expression of TrkA by human osteocytes is consistent with the findings of Casta-

neda-Corral et al., who reported that only neurons expressed detectable levels of this protein

in mouse bone [33]. Very low levels of the NGF receptor P75NTR mRNA were however

detected, although there was sporadic detection across the samples tested; as for TRKA, no

detectable immunostaining for this molecule was observed (S3 Fig). These observations sup-

port the concept that NGF expression by osteocytes acts in a paracrine manner in the bone,

with the most likely target cell being bone sensory neurons.

Fig 5. Effects of combinations of rhTNF and PPS on NGF gene expression in osteocyte-like cultures. Human differentiated osteocyte-

like cultures were either untreated or pretreated with PPS (0.1 or 1.0 μg/ml) for 24h, then with or without rhTNFα (1 ng/ml) for a further

48h, and then real-time RT-PCR was performed for NGF mRNA. Data are mean + SD of triplicate real-time RT-PCR reactions

normalised to the mRNA expression of the housekeeping gene ACTB.

https://doi.org/10.1371/journal.pone.0222602.g005
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Conclusions

This study shows for the first time the effects of PPS on human primary osteocytes isolated

from the subchondral bone in patients with osteoarthritis of the knee. It is also the first demon-

stration of the production and secretion of NGF/proNGF by this cell type. PPS inhibited basal

and TNFα-induced levels of proNGF secretion and TNFα induced NGF mRNA expression.

PPS also inhibited TNFα-induced levels of the collagenase MMP-13. Together, this provides

evidence that PPS may act at multiple levels to suppress the release of NGF and potentially

other pain mediators in the subchondral bone, to ameliorate pain associated with knee

osteoarthritis.

Supporting information

S1 Fig. Mineralising properties of KOA and NOF osteoblast/osteocyte-like cultures. Cul-

tures of KOA or NOF cells were cultured under osteogenic differentiating conditions and

stained at 3d, 14d and 28d for mineral deposition using the Alizarin Red technique, as

described in Materials and Methods. Calcium deposition is indicated by red staining. Repre-

sentative wells are shown for each donors’s cells at each time point.

(PPTX)

S2 Fig. Human NOF osteocyte-like cells secrete proNGF. Secretion of proNGF was tested

from cultures of NOF osteocyte-like cells treated with combinations of rhTNF and PPS. Data

are means + SD of supernatants harvested from triplicate wells. Significant difference to

untreated control (UT) is indicated by �(p< 0.05); significant difference to rhTNF treated cul-

tures is indicated by #(p< 0.05).

(PPTX)

S3 Fig. Immunostaining of KOA-derived osteocytes for TrkA and P-75. Day 28 differenti-

ated human primary osteocyte-like cultures were immunostained and examined by confocal

microscopy, as described in Materials and methods, for (A) TrkA (B) P-75 or were stained

with an isotype control monoclonal antibody (C). Scale bars in each case represent 50 μm.

(PPTX)
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Chapter 6 

 

Concluding Remarks 

The development of degenerative disorders concomitant with increasing life expectancy 

in the Western world has become an emerging issue in Australia over the past 30 years. 

There are currently no cures for diseases of ageing, such as Alzheimer’s disease (AD) and 

osteoporosis (OP), only treatments that may variably halt the progression of the disease 

for an unknown length of time. It is imperative that further investigation into the effects 

of the amyloid beta peptide in the bone be undertaken to determine whether osteoporosis 

could be an indicator for the development of Alzheimer’s disease or vice versa. Prior to 

the commencement of this PhD, expression of full-length APP in the bone or by bone 

cells was not well documented in the literature, nor were the effects of the neurotoxic 

amyloid beta peptide on human bone cells.  

The overarching hypothesis investigated in this thesis was based on the idea that 

neurotrophic factors APP, APLP2 and NGF were not only be expressed by the osteocyte 

and in the bone microenvironment, but that they could also be stimulated by known 

regulators of bone remodelling such as 1,25D, PTH and TNF-α. In Chapter 2, the 

conventional adjunct chapter, it was established that APP and APLP2 were expressed at 

the mRNA level in models of osteoblastic differentiation (SaOS2, NHBC and NOF). The 

patterns of expression of APP and APLP2 mRNA in each different bone cell culture 

model differed at different stages of the osteoblast to osteocyte differentiation process as 

well as under the stimulation of 50 nM PTH, 1 nM 1,25D and 10 nM 1,25D. As osteocytes 

have previously been shown to respond to TNF-α in vitro by increasing the pro-

inflammatory cytokine, IL-6, in a dose-dependent manner, APP mRNA expression was 
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investigated in this context and displayed the same expression pattern as IL-6. The study 

whereby full-length APP protein expression was assessed in isolated osteocytes from 

bone biopsies showed that under normal conditions APP is produced by these cells and 

detectable by confocal microscopy, and that it is somewhat upregulated by stimulation 

with TNF-α. Further investigation into APP function in bone remodelling was examined 

through the study of the effects of App knockout in a murine model (APPKO). This model 

determined a function for APP in endocortical remodelling as there was a marked 

reduction in the endosteal perimeter of the femora in both male and female knockout 

mice. This finding gave rise to the idea that under physiological conditions there may be 

a role for APP in normal skeletal development, but under pathological conditions, like 

those seen in neurodegenerative disease, it can be detrimental.  

Following the establishment of APP and APLP2 in normal bone cell cultures and isolated 

osteocytes, it was then important to determine the levels of these genes in the context of 

bone pathology. In Chapter 3, a large-scale analysis was conducted to determine the gene 

expression profile of a cohort of neck of femur fracture patients. Comorbidities, blood 

markers (25(OH)vitamin D and creatinine) and genes involved in the CNS (APP, APLP2, 

BACE1 and NGF) and in bone remodelling (CYP27B1, DMP1, OCN, OPG, RANKL, 

RANKL:OPG, SOST and TRAP), were analysed to determine relationships between the 

aforementioned markers and femoral structural parameters. The findings of this study 

indicated that there are a number of never before identified associations between 

neurotrophic factors and markers of bone remodelling, which may provide a new 

potential avenue for drug targets to reduce bone loss in the ageing population in the future. 

Further investigation into these findings at the protein level, as well as targeted drug 

studies, would need to be undertaken to establish further functional relationships between 

these markers.  
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The largest study presented in this thesis constitutes Chapter 4. This study tied together 

findings in Chapters 2 and 3, through the implementation of human samples, cell culture 

models and a murine model. The findings of this chapter revealed that synthetic amyloid 

beta peptides have the ability to induce osteocyte cell death in vitro, a phenomenon that 

has not been reported previously. It is well documented that damage to the osteocyte 

network can initiate apoptosis resulting in an increase in RANKL, which can stimulate 

resorption, another observation that was made in this study. The parallel increase in 

osteocytic osteolysis marker MMP13 also supported this observation. This was supported 

by the use of the AppNL-G-F/NL-G-F knock-in mouse model of familial AD, where we saw a 

significant age-related induction of an osteoporotic-like phenotype, indicated by a 

reduction in cancellous bone volume in knock-in mice when compared to WT littermate 

controls. Amyloid beta peptides were also discovered in the bone marrow of the knock-

in mice, suggesting a potential for these neurotoxic peptides to act peripherally on bone 

cells, inducing cell damage and death. These findings further support the bone and brain 

link and also introduce a new player (A) to the bone world as a potential therapeutic 

target for bone loss not only in AD but also in generalised ageing.  

The final study presented in Chapter 5, was a novel investigation into the repurposing of 

pentosan polysulphate sodium (PPS) for the treatment of pain associated with knee 

osteoarthritis. The results of this study first revealed that NGF and its pro-protein form 

(pro-NGF) was not only expressed by osteocytes isolated from the bone of patients with 

knee OA, but also that when stimulated with TNF-, expression could be suppressed by 

PPS. This was the first time demonstrating that neurotrophic mediators of pain (NGF and 

pro-NGF) were expressed by osteocytes and could be suppressed by this drug, providing 

hope for the treatment of pain associated with knee OA in the future. This work also has 
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implications for other sites of osteoarthritis and other bone pain related pathologies, such 

as rheumatoid arthritis and bone cancers. 

In order to further build upon the work conducted in this thesis, a number of limitations 

need to be addressed. The work conducted in Chapter 2 requires repetition to ensure that 

the results can be replicated across each osteoblast to osteocyte differentiation model and 

to confirm patterns of expression across the differentiation process. The immunostaining 

of isolated human osteocytes could also be repeated using known markers of osteocytes 

such as Sclerostin or DMP1 to confirm that the isolated cells are mainly an osteocyte 

population. Furthermore, to account for possible extra-skeletal effects of the global APP 

knockout, which has been shown in other studies to produce unwanted effects on all tissue 

types due to its ubiquitous expression, a conditional osteocyte-specific knock-out of APP 

could be conducted, for example using the Cre/Lox approach and the osteocyte specific 

osteocalcin-Cre or Dmp1-Cre models. To further improve upon the NOF cohort study, 

increased participant numbers are required together with a more rigorous assessment and 

classification of cognition states at the time of recruitment, to allow examination of the 

relationships between fragility fractures of the hip with defined states of cognitive 

impairment (including AD). Inclusion of a non-fracture control cohort would also be 

informative and for this patients undergoing elective total hip replacement surgery for 

osteoarthritis could be recruited. This may not only better power the study but also assist 

in the clinical diagnosing of dementia within the NOF population. A co-culture system 

including osteocytes and osteoclasts would provide an interesting way to investigate the 

effects of amyloid beta peptides in a more bone-like environment in vitro. This would 

help to further understand the effects of osteocyte apoptosis induced by amyloid beta on 

osteoclast activity. As well as this, the use of BACE-1 inhibitors in this model would also 
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be of great interest, to determine if locally acting drugs could inhibit osteocyte cell death, 

like that seen in Chapter 5.  

In conclusion, studies presented in this study support the idea that there is a link between 

the bone and the brain by virtue of the expression of neurotrophic factors APP, APLP2 

and NGF. This idea has been explored through the implementation of cell culture models, 

murine models of gene knockout as well as conditional gene knock-in and primary human 

tissues, making for strong supporting evidence for this link existing. The combination of 

these studies provides a new insight into the regulation of CNS-related proteins in the 

bone as well as their ability to impact on normal bone cell function.  
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