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Thesis Summary  

 

The neurotrophins, nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF), 

appear to have positive roles in traumatic brain injury (TBI), skeletal metabolism and fracture 

healing. This thesis explored the roles of 1. the high affinity NGF receptor, tropomyosin receptor 

kinase A (TrkA), in TBI, skeletal metabolism and fracture healing and 2. the high affinity BDNF 

receptor, tropomyosin receptor B (TrkB), in skeletal metabolism and fracture healing. Firstly, 

systemic administration of the TrkA agonist, gambogic amide (GA), did not influence TBI-induced 

acute behavioural and motor deficits in mice. Furthermore, GA had no effect on 

neuroinflammatory, apoptotic, neurite sprouting and synaptogenesis markers, which indicated 

that GA treatment may not be suitable for attenuating TBI pathologies. Secondly, the influence of 

systemic GA was investigated on healing murine fibular fractures, with GA treatment resulting in 

smaller fracture calluses that were mechanically stronger per unit area than controls. Treatment 

with GA for 14 days decreased tissue volume and increased mechanical properties of calluses. 

Additionally, GA increased both mRNA expression of markers associated with osteoblastic 

differentiation as well as in vitro mineralisation in Kusa O progenitor cells, which suggested that 

GA, like NGF, may facilitate fracture healing through promoting both osteoprogenitor 

differentiation and mineralization. Finally, treatment with the TrkB agonist, 7,8-DHF, to mice with 

tibial fractures resulted in structurally smaller and mechanically weaker calluses than controls. It 

is proposed that 7,8-DHF acted centrally on TrkB receptors in the brain to negatively impact bone 

remodelling. Additionally, mice with BDNF polymorphisms were investigated for changes in bone 

mineral density and no changes were found in bone content of these mice. These findings suggest 

that BDNF has a role in bone remodelling, and that there may be two opposing outcomes on bone 

remodelling depending if TrkB signalling pathways are activated in either the central- or 

peripheral-nervous systems.   



 1 
 

Chapter 1. 

Literature review  

 

General introduction 

Neurotrophins are a group of biological growth factors responsible for development, 

differentiation and function of neurons in the central and peripheral nervous systems. Centrally 

and peripherally, neurotrophins are secreted by numerous cell types to assist in the regeneration 

of injured neurons. In addition to their important role in neural tissue maintenance, neurotrophins 

have a wide range of biological functions in non-neural tissues expressing their receptors. 

Emerging evidence suggests that neurotrophins, nerve growth factor (NGF), brain derived 

neurotrophic factor (BDNF) and neurotrophin 3 (NT3) and their receptors may play a role in 

repairing tissues following trauma. Exploring two components of neurotrophin signalling, this 

thesis will firstly investigate the role of the NGF tropomyosin receptor kinase A (TrkA) and the 

effects of the TrkA agonist, gambogic amide (GA), using animal models of moderate-severe 

traumatic brain injury and long bone fracture healing to determine its therapeutic potential in 

neural and non-neural tissues. Secondly, this thesis will investigate BDNF tropomyosin receptor 

kinase B (TrkB) and the effects of the TrkB agonist, 7,8-dihydroxyflavone, using animal models of 

long bone fracture healing to determine its therapeutic potential in skeletal metabolism and 

healing. Finally, this thesis will explore how common BDNF polymorphisms may impact on skeletal 

metabolism in mice.  

 

1.1. Neurotrophins  

Neurotrophins are growth factors that promote neuronal growth and survival and 

regulate synaptogenesis in central and peripheral nervous systems [1]. In adulthood following 

neuronal insult, neurotrophins promote survival and modulate neuronal pruning important for 

normal neural networking [2, 3]. A reduction in neurotrophin expression during development and 

adulthood results in poor memory acquisition, aggressiveness and loss of neurons in the 

periphery. Complete absence of neurotrophins results in death of rodent pups within weeks of 

birth, which emphaisizes the importance of these growth factors in brain development and 

function [4]. In addition to being important trophic factors for development and maintenance of 

neurons, neurotrophins are also important for several non-neural cell types, which include 

endothelial cells (cells that line all blood vessels and the heart) and osseous cells (cells responsible 

for bone metabolism) [5, 6]. Likewise, reduced neurotrophin expression can impact non-neural 

cell types and cause pathologies such as cardiovascular defects [4]. 
 

The four proteins that form the mammalian neurotrophin family include NGF, BDNF, 

neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5) [7]. There are two other non-mammalian 
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neurotrophins; neurotrophin-6 (NT-6) and neurotrophin-7 (NT-7), which have been discovered in 

aquatic species; the zebrafish (Danio rerio) [8] and the teleost fish (Xiphophorus) [9], however, 

since the last two have yet to be discovered in mammalian species, they will not be further 

mentioned in this thesis. The mammalian neurotrophins, NGF, BDNF, NT-3 and NT-4/5 are initially 

synthesised as pro-neurotrophins before the removal of the ‘pro’ sequence via post-translational 

processing [1], to form large dimer molecules (mature neurotrophins) that are two identical 

polypeptide chains joined together via disulphide bonds [1, 10]. Synthesis and release of 

neurotrophins occurs in both the central and peripheral nervous systems, and likewise their 

receptors can be located in a vast array of cells throughout the body. The next section of this 

review will explore roles of the two predominant neurotrophins, NGF and BDNF.  

 

1.2. Nerve growth factor (NGF)  

The first member of the neurotrophin family to be discovered was NGF in 1951 by Levi-

Montalcini, who showed substantial increases in sensory ganglia supply to mouse osteosarcoma 

tissue that was transplanted into young chick embryos [11]. Three years later, Cohen and 

colleagues, discovered the submaxillary gland of the adult male mouse was a potent source of 

NGF [12], and to date, is the major source of NGF used in animal experimentation [1]. NGF is a 

complex molecule formed by three subunits (a, b, and g) [1]; a-subunit appears biologically 

inactive, g-subunit is a protease that assists in the processing of pro-NGF into mature NGF, and b-

subunit is fully responsible for the biological activity of NGF [1]. NGF is synthesised and secreted 

as pro-NGF in tissues, the g-subunit with both serine protease plasmin and matrix 

metalloproteinase 7 (MMP7) cleaves the terminal domain of pro-NGF to form mature NGF via 

intracellular post-translational processing [13]. In mice, the post-translational processing occurs 

prior to secretion of NGF into saliva, resulting in no pro-NGF entering the submaxillary gland and 

peripheral circulation [13]. For all other tissues that produce NGF, it is secreted in a mixture of 

pro-NGF and NGF [13].  
 

The location of NGF (section 1.2.1) and its receptors (section 1.3) are found throughout 

the body, including the central and peripheral nervous systems, and in turn has been associated 

with a variety of physiological processes and diseases, which include growth, differentiation, and 

survival of peripheral sensory and sympathetic neurons [11, 12, 14-18], synapse formation [1], 

chronic-inflammatory-allergic response [19, 20], wound healing [21-24], muscle healing [25], bone 

healing [20, 26-34], neurogenesis [35], inflammation [13, 36-38], apoptosis [39], angiogenesis [40] 

and arteriogenesis [41].  
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1.2.1. NGF expression 

NGF is widely expressed by several neural and non-neural tissues in the body. Neural 

expression of NGF has been localised in striatal and basal forebrain cholinergic neurons [42], 

astrocytes [43], oligodendrocytes [44], dorsal root ganglion [45], and sympathetic ganglia [45]. 

Peripherally, expression of NGF mRNA has also been localised in other tissues including the heart, 

liver, skeletal muscle, kidney, and spleen in humans [45]. Via immunohistochemistry, NGF has 

been localised in fractured and unfractured rat bone [28], and cartilage during fracture healing 

[46]. Additional cells shown to express NGF include inflammatory cells, immune cells, endothelial 

cells, epithelial cells, keratocytes, chondrocytes, osseous cells, Schwann cells, and fibroblasts [11, 

13, 16, 46-50]. NGF expression in a variety of non-neural tissues suggests a possible diverse range 

of biological functions. NGF has been shown to be up-regulated in a variety of repairing tissues 

[13, 37, 51], and there is evidence that NGF may play an important role in tissue repair and 

regeneration due to its regulation of a variety of processes, which include inflammation [13, 36-

38], apoptosis [39] and angiogenesis [40, 41].  

 

1.3. NGF receptor function and distribution 

NGF exerts its effects by binding to two independent receptors; tropomyosin receptor 

kinase A (TrkA) and p75 neurotrophin receptor (p75NTR). NGF binds to TrkA with high affinity, and 

p75NTR with low affinity (See Figure 1.1) [52]. 

 

1.3.1. TrkA 

TrkA was the first receptor identified for NGF and is a transmembrane glycoprotein that 

belongs to a family of tyrosine kinase receptors [13, 53]. TrkA receptors have been localised in 

many regions of the central nervous system (CNS), including dorsal root ganglion neurons [45], 

sympathetic ganglions [45], trigeminal ganglion [45], and spinal cord [45]. TrkA is widely 

distributed in non-neural human tissues and these include salivary glands, oesophagus, stomach, 

small intestine, colon, exocrine pancreas, thymus, adrenal glands, prostate, testes, ovaries, 

fallopian tubes, cervix, breast, kidney, bladder, skeletal muscle, bone, and skin [54]. In mouse and 

rat tissues, TrkA has been localised in osseous cells, immune cells, and endothelial cells [13, 39, 

46]. Only mature NGF can activate the TrkA receptor, and not pro-NGF [55]. NGF binds with high 

affinity to TrkA, and upon binding, a dimer of NGF and TrkA is formed that causes 

transphosphorylation and activation of loop tyrosines [3]. NGF can then signal through TrkA by 

one of three signalling pathways, which include Ras/MAP kinase pathways, which stimulate 

neurite outgrowth, PI3 kinase/Akt pathways, which promote survival of neurons and non-

neuronal cells and phospholipase C-γ1 (PLC-γ1)/protein C-regulated pathways, which enhance 

synaptic plasticity [1].  
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1.3.2. p75NTR 

Along with TrkA, NGF also binds to the low-affinity receptor, p75NTR, which is a member 

of the tumour necrosis factor cytokine family [56]. BDNF, NT-3 and NT4/5 also bind to p75NTR 

[56]. p75NTR is found throughout the developing brain, however, in the adult brain, physiological 

receptor expression is restricted to the cholinergic neurons of the septal-basal forebrain complex, 

oligodendrocytes, astrocytes and microglia [10]. Expression of p75NTR is upregulated in the brain 

after injury in cerebellar Purkinje neurons, hippocampal pyramidal neurons, retinal ganglion 

neurons, forebrain neurons, and the extended striatal complex [10]. Peripherally, p75NTR has 

been localised in neural cells such as dorsal root ganglion neurons, and sympathetic neurons [45], 

as well as on cells of non-neural tissues such as heart, liver, kidneys, lung, spleen, myocytes [57], 

dental pulp stem cells [58], lymphocytes, keratinocytes, fibroblasts, and macrophages [13, 45]. 

NGF responsiveness to p75NTR is multidimensional, with mature NGF displaying a low affinity to 

p75NTR when this receptor is expressed solely on cells [52]. Three signalling pathways can be 

activated upon neurotrophin binding to p75NTR; i) Jun kinase pathways, which promote apoptosis 

of neurons, ii) Rho pathways, which cause reduced growth cone motility in neurons, and iii) NF-κB 

pathways, which augment cell survival [1, 13]. The affinity of p75NTR changes in the presence of 

co-expressed receptors [52]. Co-expression of p75NTR and Trk receptors results in dimerization of 

the two receptors, which signify a much greater affinity for mature neurotrophins, and mediates 

pro-survival pathways [1]. Conversely, co-expression of p75NTR and sortilin; a pro-neurotrophin 

receptor, forms dimerised complexes that have high affinity for pro-NGF and pro-BDNF and 

mediates pro-apoptotic pathways [1].   
 

In summary, NGF can be characterized as a pleiotropic factor because NGF and its 

receptors are expressed and utilized by a vast array of neural and non-neural cell types, and 

therefore have the potential to produce an array of biological functions, which are further 

discussed in section 1.6.2 and section 1.7.3. 
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Figure 2.1. Illustration of neurotrophin signalling. Activation of each receptor can induce one of 

three pathways to cause responses in target cells. Thick black lines represent high-affinity binding 

to Trk receptors, thin black lines represent low-affinity binding to Trk receptors and thin grey lines 

represent low-affinity binding to p75NTR receptor. Adaptation of [1]. 

 

1.4. Brain derived neurotropic factor (BDNF) 

BDNF was the second member of the neurotrophin family to be discovered [59]. Since its 

discovery in 1982, BDNF has been established as an important modulator of synaptic plasticity, as 

well as enhancing both the survival and differentiation of neurons not responsive to NGF [1, 3]. 

BDNF is synthesised in the endoplasmic reticulum as pro-BDNF, stored in vesicles, and transported 

to the post-synaptic dendrites [60]. Similar to the production of NGF, pro-BDNF is cleaved to form 

the biologically active mature BDNF, however, this is achieved by a distinct protein convertase 

enzyme [60].   
 

BDNF (section 1.4.1) and its receptors (section 1.5) are widely distributed throughout the 

central and peripheral nervous systems. BDNF has been associated with physiological processes 

that include brain development [35], angiogenesis [61], neurogenesis, blood pressure, lipid 

metabolism, a cardiovascular protective action [60], and conditions such as TBI [62], fracture 

healing [63], wound healing [37, 51], Alzheimer’s disease, Huntington’s disease, dementia, autism, 

schizophrenia, cardiovascular disease, allergic asthma and type-2 diabetes mellitus [60].  
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1.4.1. BDNF expression 

BDNF is expressed by many cells, both neural and non-neural. During brain development, 

BDNF expression has been shown to be low in immature regions, with increased expression found 

as the brain reaches maturity [35]. In the adult brain, BDNF has been identified in cells of the 

olfactory bulb, cortex, hippocampus, basal forebrain, mesencephalon, hypothalamus, brainstem 

and spinal cord [60]. BDNF is neuroprotective to many structures in the brain, and reduced levels 

of BDNF are seen in neurodegenerative diseases such as Parkinson’s disease, multiple sclerosis 

and Huntington’s disease [60]. In addition to its expression and neuroprotective role in the brain, 

BDNF is expressed both physiologically and during times of injury and repair in non-neural cells of 

the heart, spleen and liver [45], and as well as endothelial cells [63], epithelial cells [64], osseous 

cells [46], fibroblasts [65] and immune cells [47]. Similarly to NGF, BDNF has been shown to be 

upregulated in repairing tissues [46, 66, 67], and has key roles in angiogenesis, apoptosis, and 

inflammation [5, 61, 63, 66-68].  

 

1.5. BDNF receptor function and distribution 

BDNF exerts its effects by binding to two independent receptors; tropomyosin receptor 

kinase B (TrkB) and the shared neurotrophin receptor, p75NTR. BDNF binds to TrkB with high 

affinity, and p75NTR with low affinity, Figure 1.1 [52].  

 

1.5.1. TrkB 

 BDNF binds to tropomyosin receptor TrkB, which is another transmembrane glycoprotein 

that belongs to a family of tyrosine kinase receptors [13, 53]. TrkB mRNA and protein have been 

localised in cells throughout the CNS in regions and cells that include the cerebral cortex, 

hippocampus, dentate gyrus, striatum, septal nuclei, substantia nigra, cerebellar Purkinje cells, 

brainstem, spinal motor neurons and hippocampus [69]. In non-neural tissues of humans, TrkB 

has been localised in salivary glands, small intestine, colon, endocrine pancreas, lymph nodes, and 

skin [54]. Expression of TrkB has been shown to upregulate in response to tissue injury [60]. 

Mature BDNF binds with high affinity to TrkB and activates similar signalling pathways to NGF such 

as PI3 kinase/Akt pathways, which promote survival of neurons and non-neuronal cells, and 

IRS1/2, which promotes synaptic plasticity [1, 60].  

 

1.5.2. p75NTR 

 BDNF also binds to the low affinity receptor p75NTR, in the exact same manner as NGF, 

as mentioned in section 1.3.2. Likewise, BDNF binds to p75NTR to activate pro-apoptotic 

pathways, and to the p75NTR-TrkB dimer to activate pro-survival pathways [1].   
 



 
 

7 

In summary, neurotrophins and their Trk receptors not only play an important role in 

growth and regulation of nervous tissue, but their expression in a variety of non-neural tissues 

suggests a possible diverse range of biological functions. Neurotrophins have been shown to be 

upregulated in a variety of repairing tissues [13, 37, 51, 70], and there is evidence that they may 

play an important role in tissue repair and regeneration due to their regulation of a variety of 

processes, which include inflammation [13, 36-38, 67], apoptosis [39] and angiogenesis [40, 41, 

61]. There is emerging evidence to suggest that neurotrophins may be particularly important in 

traumatic brain injury and bone fracture healing and targeting their receptors may hold promise 

for improving outcomes for patients with traumatic injuries. Accordingly, this review will discuss 

brain injuries and bone fracture healing, and the role neurotrophins have in these injuries.  

 

1.6. Traumatic brain injury 

Traumatic brain injury (TBI) is the leading cause of death and disability worldwide for 

individuals under the age of 45 [71, 72]. Common causes of TBI include motor vehicle accidents 

(MVA), sporting injuries, violence and warzones [71]. From a global perspective, TBI is an 

increasing burden on society, which places large financial, emotional and medical stresses on 

families and the community. Over 10 million people are affected annually from TBI, and alone in 

the United States of America an estimated 5 million people are living with a TBI-related disability 

[71, 73]. Despite the high prevalence, there is currently no effective pharmaceutical treatment 

available to improve TBI outcomes [74, 75].  
 

In the clinical setting, the level of patient consciousness following a TBI is assessed using 

the Glasgow coma scale (GCS). This assessment of eye, motor and verbal responses provides 

insight into the possible severity of the TBI, with the total score of these responses deeming 

patients as likely having either a mild (14-15), moderate (9-13) or severe (3-8) injury [76]. In 

additional assessment, TBI can be classified by the mechanism of injury; closed head versus 

penetrating head injury, diffuse versus focal injury, and the extent of axonal damage via 

neuroimaging [76]. Prognostic classification is another approach to determine expected patient 

outcome using models such as CRASH and IMPACT [76]. Clinical symptoms seen in moderate to 

severe TBI include vomiting, loss of consciousness, retrograde or post-traumatic amnesia, skull 

fractures, and neurological deficits [76]. Whilst acute TBI symptoms can be transient, more severe, 

permanent disabilities of TBI can include post-traumatic epilepsy, post-traumatic brain swelling, 

psychosocial changes, and chronic traumatic encephalopathy, which requires lifelong medical 

intervention [76, 77]. These functional deficits caused by TBI can be a result of the primary injury 

occurring at the moment of impact, or secondary injury mechanisms that can develop and persist 

for weeks to years following the initial injury.  
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1.6.1. Mechanisms of TBI 

Forces applied to the brain can produce focal and diffuse injury patterns [74, 78]. Focal 

injury patterns are typically seen in more severe TBI cases that involve significant force applied to 

the skull and/or brain, with common symptoms including contusions, haemorrhaging and 

lacerations of the brain parenchyma [74]. Diffuse injury patterns are typically seen when an object 

makes blunt force contact to the skull (i.e. without creating skull fracture), creating acceleration 

and/or deceleration forces that may cause stretching and shearing of axons and blood vessels 

across a range of brain structures [74, 78].  
 

Brain damage in TBI is thought to result from a combination or primary and secondary 

injuries. Primary injury is the immediate and irreversible physical damage caused to the brain at 

the moment of impact [74, 76]. Both focal and diffuse injuries can induce mechanical deformation 

of the brain tissue, and in so doing, can induce a series of cellular and molecular events that 

activate several secondary injury pathways that may in turn lead to further brain damage [72, 74, 

76, 78, 79]. Secondary injuries can develop within minutes of the primary injury and may progress 

and persist for years following the initial head impact. Common biological mechanisms that occur 

within the brain microenvironment during secondary injury include neuroinflammation, immune 

cell responses, excitotoxicity, increased neurotransmitter signalling, oxidative stress, calcium-

mediated damage, mitochondrial dysfunction, proteopathies and free radical production [72, 74, 

80]. Changes that occur within the brain microenvironment can lead to blood brain barrier (BBB) 

damage, oedema, increased intracranial pressure, ischemia and cell death; all features that can 

contribute to functional deficits [72, 74, 78]. Growing evidence suggests that brain damage 

resulting from activation of secondary injury mechanisms can result in long-term physical, 

emotional and cognitive abnormalities, and has also been associated with development of 

neurodegenerative diseases, which include Alzheimer’s disease, depression and chronic traumatic 

encephalopathy [74, 81-83]. Current evidence suggests that neuroinflammation is one of the key 

secondary injury mechanisms that contribute to ongoing damage and cellular degeneration of the 

brain following TBI [79, 80, 84]. 
 

Neuroinflammation in TBI 

 Neuroinflammation is a multi-factorial process that occurs following TBI. While the 

inflammatory response that follows brain injury can be neuroprotective and neuroreparative, 

evidence links chronic neuroinflammation to ongoing brain damage [79, 80]. During TBI, 

neuroinflammation can be characterized by the release of pro-inflammatory molecules and by the 

activation of microglia and astrocytes [80, 85]. 
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In acute stages of inflammation, pro-inflammatory cytokines are secreted within minutes 

of tissue damage, which cause several types of leukocytes, including neutrophils, monocytes and 

macrophages to migrate to the site of damaged brain tissue [80]. Migration of blood-borne 

leukocytes typically peaks at 24-48 hours post-TBI and is initiated by disruption of the BBB at the 

time of trauma [79, 80, 86]. Leukocytes may cause additional tissue destruction and further 

increase BBB permeability through secretion of pro-inflammatory cytokines, adhesion molecules, 

neural toxic substances such as ROS, nitrogen species and metallomatrix proteinases [79, 80]. 

Furthermore, resident glial cells; microglia and astrocytes can become activated and reactive 

during the inflammatory response following TBI [79, 85, 87]. Under normal conditions, astrocytes 

are responsible for maintenance of BBB integrity, pH buffering and transmitter homeostasis in the 

brain [88]. Together astrocytes and microglia are important in neural repair [85, 87, 89]. In 

response to TBI, activated microglia can become the primary source of pro-inflammatory 

cytokines in the brain, and typically precedes astrogliosis [85, 90]. Reactive microglia can be 

identified by the increase in expression of markers CD32, CD16 [91] and ionized calcium binding 

adaptor molecule 1 (Iba1) [92]. On the other hand, activated astrocytes (astrogliosis) surround the 

site of damaged tissue and secrete inhibitory extracellular matrix that contributes to the formation 

of glial scarring [79]. When astrocytes fail to maintain their function (i.e. normal neuronal support) 

and increase their production of cytotoxic factors, they are termed ‘reactive astrocytes’ [85]. 

Reactive astrocytes can be identified by the increase in expression of vimentin [93], glial fibrillary 

acidic protein (GFAP) [94] and lipcalin-2 (LCN2) [95]. As a result, a positive-feedback loop may be 

created by the interaction between leukocytes, reactive astrocytes and microglia, which leads to 

the amplification of the neuroinflammatory response and extent of neurodegeneration [87]. 
 

Neuronal apoptosis in TBI 

Neuronal apoptosis is another secondary cellular response in TBI [96]. Death of neurons 

occurs in two patterns following TBI; 1. the primary injury immediately after impact results in 

neuronal necrosis; typically, via shearing of neurons or excitoxicity, and 2. during secondary injury, 

where further insults (e.g. inflammation) can cause neurons to undergo apoptosis i.e. 

programmed cell death [97]. Both necrosis and apoptosis can be identified by the increase in 

calpain in neurons following TBI, however, neuronal apoptosis is distinguished from neuronal 

necrosis via the exclusive increase in expression of caspase-3 [98]. Apoptosis is a significant 

contributor to cell death following TBI [85, 90]. As neuronal apoptosis is a key secondary 

mechanism activated following TBI, therefore, preventing neuronal death and encouraging new 

neurons to sprout and form synaptic connections earlier, may be beneficial.  
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Neurogenesis and synaptogenesis in TBI 

In early stages of TBI, the exact role for neural plasticity and repair remains poorly 

understood. Several theories suggest early neuronal repair and neurogenesis is neuroprotective 

by reducing the number of further neuronal death and damage following a TBI [99, 100].  Neuronal 

and synaptic changes have been shown to begin in the hippocampus and cortex within 72 hours 

of injury [99]. Neuronal sprouting and synaptogenesis (the formation of synapses) following TBI is 

thought to be associated with elevations in expression of GAP-43, synapsin, synaptophysin and 

agrin [99, 101-104]. GAP-43 is a marker of axonal cone formation during neurite sprouting [105], 

and synapsin, synaptophysin and agrin are markers of synaptogenesis [99, 101, 106]. In an 

experimental model of TBI, protein expression of GAP-43 and synaptophysin has been shown to 

elevate in the ipsilateral hippocampus at 24-, 48- and 72 hours post-TBI [99]. Additionally, agrin 

has been recently linked to having a role in the early sprouting phase of synaptogenesis in rats at 

7 days post-TBI [101]. Neurite outgrowth and synaptogenesis are not currently a target for 

pharmaceutical agents, but by reducing neuroinflammation and apoptosis in the brain 

pharmacologically, may create an environment suitable for neurons to begin these connections 

earlier. Several experimental TBI studies in mice and rats have further shown that 

neuroinflammation and apoptosis can lead to worsened cognitive capacity, emotional 

disturbances and motor control dysfunction [72, 107-111], and that treatments targeting these 

mechanisms and promoting neurite sprouting and synapse formation have potential to improve 

TBI outcomes [79, 108, 112]. 

 

1.6.2. NGF and TBI 

There is abundant evidence that demonstrates the neuroprotective action of NGF 

following TBI. In the early 1980’s, Nieto-Sampedro and colleagues (1982) were the first to show 

an increase in neurotrophic factors in wound fluid of young adult Sprague-Dawley rats with brain 

injury [113]. Shortly after, numerous studies explored NGF administration in rodent models of TBI, 

specifically investigating the effects of NGF on neuronal survival and TBI-associated behavioural 

changes. In four separate studies, NGF (34-40 µg) infused for 14 days into the right lateral ventricle 

of rats with lesions in the dorsal hippocampus, increased the survival of cholinergic neurons by 

350%, reversed apparent cholinergic neuron loss and decreased the amount of NGF receptors lost 

due to acute brain injury [114-117]. Additional studies, using similar NGF infusion techniques, 

showed rats performed better in active avoidance tasks and radial maze performance (both tasks 

being cognitive measures) following fimbria and septal lesions [118, 119], which suggests that NGF 

treatment may contribute to functional recovery in rats with brain lesions. While these studies 

used older models of brain injury, more recent studies have been published using more modern 

models of TBI that reflect human-like symptoms associated with TBI. NGF treatment has been 
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shown to reduce TBI-induced cognitive latencies, tested using Morris water maze, one week after 

injury in rat and mouse models of TBI [120-123]. Furthermore, intranasal administration of NGF 

improved fine motor coordination and balance via a beam walking test at two weeks, in rat models 

of TBI [122].  
 

Interestingly, NGF has so far been unable to mitigate gross motor deficits induced by TBI. 

Two studies have illustrated the inability of NGF to attenuate neurologic motor dysfunction caused 

by TBI via wire grid testing, and neurologic motor score in rodent models [120, 123, 124]. These 

findings indicate that the primary effects of NGF are seen in neurons associated with cognition 

and have limited effect of upper motor neurons following TBI.  
 

Cerebral oedema is a pathological feature of secondary injury of TBI associated with 

unfavourable prognosis [125]. One study has demonstrated reduced cerebral oedema at 12-, 24- 

and 72-hours after TBI induced by weight drop model in Sprague-Dawley rats, when they were 

treated with 5 µg/day of NGF [126]. The same study suggested NGF reduced cerebral oedema by 

decreasing aquaporin 4, a membrane protein shown to regulate vasogenic and cytotoxic oedema 

in TBI models of rats [127], which suggests a role for NGF in reducing oedema in brain tissue, 

however, no other studies have documented this response. Neuroinflammation is another 

secondary mechanism that can determine the outcome of TBI. Lv and colleagues showed NGF (5 

µg/day) decreased the neuroinflammatory markers, IL-1β and TNF-ɑ, at one and three days post-

TBI in rats undergoing a weight drop model-induced head injury [126, 128]. Taken together, these 

studies demonstrate a role for NGF agonists as potential therapies to mitigate behavioural deficits 

and reduce some of the secondary mechanisms associated with TBI such as cerebral oedema, 

apoptosis of neurons, and neuroinflammation.   

 

1.6.3. Therapies for TBI 

The search for therapies to reduce cerebral oedema, neuroinflammation, cognitive and 

motor deficits seen in TBI has been constant, with several medical interventions including head 

elevation, seizure prophylaxis, hyperventilation, therapeutic cooling, intracranial pressure (ICP) 

monitoring and craniotomy, which are all designed to reduce oedema and secondary brain 

damage associated with raised ICP [129, 130]. There are limited pharmacological therapies 

currently used in medical practice that are efficacious at reducing cerebral oedema, and none that 

target neuroinflammation.  
 

Mannitol is an osmotic diuretic that is widely used for the management of raised ICP in 

patients with TBI [131]. Mannitol increases erythrocyte deformability, which decreases blood 

viscosity [132]. Decreases in blood viscosity improves regional cerebral blood flow and 

compensatory vasoconstriction in regions of the brain where autoregulation is intact, which 



 
 

12 

maintains intravascular volume, and results in decreased ICP [131]. Additionally, mannitol 

produces an osmotic gradient between the cerebral extracellular space and plasma, drawing 

water from the brain into blood vessels, thus reducing cerebral oedema [131]. The major 

limitation of mannitol for the treatment of TBI, however, is an intact BBB is required for the 

osmotic gradient, and if the BBB is disrupted, mannitol administration may increase cerebral 

oedema and worsen TBI outcomes [131]. Additionally, a review by Wakai and colleagues on 

mannitol for acute traumatic brain injury conducted in 2007, suggested whilst effective in 

reversing acute raised ICP in patients with TBI, prolonged administration of mannitol may actually 

increase ICP [133]. Even though mannitol is routinely used to treat raised ICP in TBI patients 

presenting to hospitals, there is no evidence to guide physicians on dosage or duration of 

treatment.   
 

Benzodiazepines and barbiturates used to put patients in a medically-induced comatosed 

state is one of the final steps in management of TBI. In acute, severe TBI, precipitating factors such 

as pain and agitation increase patient blood pressure and ICP, which is associated with higher 

mortality rates [134]. A chemical infusion of benzodiazepines or barbiturates are thought to 

significantly reduce metabolic demand of the brain and ICP by protecting the brain from secondary 

damage, and in turn, accelerate healing [129]. Specifically, benzodiazepines have been shown to 

reduce the cerebral metabolic rate of oxygen and cerebral blood flow in TBI patients but have no 

effect on raised ICP [135].  Barbiturates act on ICP in TBI patients, but the exact mechanism 

remains debatable. Albanése et al. 1999, showed in a randomized crossover study that bolus 

administration of barbiturates alfentanil, sufentanil and fentanyl transiently increased ICP in 

patients with already raised ICP, but had no long-term effects on reducing ICP. Conversely, several 

other studies suggest that long term barbiturate treatment does result in a persistent reduction 

in ICP [136-138]. Regardless of the above findings, a systematic by Roberts and Sydenham in 2012 

on medically-induced comatosed states using barbiturates between 1982-2008 concluded “there 

is no evidence that barbiturates improve outcomes in people with acute brain injury” [139]. In 

addition to the lack of improvement of outcomes in patients with TBI, medically-induced 

comatosed states can often cause more risk by altering blood pressure of patients [129, 139]. One 

in four patients treated with barbiturates were reported to have a significant reduction in blood 

pressure, offsetting any affect the drugs had on reducing ICP [139].   
 

In addition to the limited therapies available, there are several emerging treatments for 

TBI that are either in the preclinical or clinical phase of development. The specific details for each 

of the emerging treatments, is beyond the scope of this thesis, however a brief description of the 

treatments currently in preclinical and clinical phases is discussed, along with references for 

appropriate reviews. Preclinical data has explored the anti-inflammatory and neuroprotective 
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effects of calcium channel blockers, amantadine (dopamine agonist), which show promise in 

reducing inflammatory responses, improving cognitive function, and reducing TBI-induced cellular 

death in animal models of TBI [129]. Erythropoietin (EPO), is another potential therapeutic for TBI 

that demonstrated neuroprotection and neurorestoration in preclinical animal models of TBI [140] 

and has since entered clinical trial phases for moderate to severe TBI [129, 130]. Other drugs that 

have entered clinical trials and show promise for the treatment of TBI fall under two broad 

categories; neuroprotective (protect neurons against damage and degeneration) and 

neurorestoration (regrowth and repair of neurons). The neuroprotective approaches include, 

calcium channel blockers, dexanabinol (excitatory amino acid (EAA) inhibitor), progesterone, and 

methylphenidate (monoaminergic agonist), whilst the neuroregenerative approaches include 

EPO, statins, nitric oxide, and bone marrow stromal cells [129, 130]. One of the biggest challenges 

faced by many of these TBI therapeutics mentioned above, occurs within the clinical trial phase, 

where drugs that were effective for animal models of TBI, may be safe but not efficacious for 

humans with TBI.  
 

Idealistically, primary prevention of TBI would be the most effective way of eliminating 

cognitive and motor deficits associated with TBI, however, this is an unrealistic approach 

considering the numerous causes of TBI (sporting, war, MVA) as discussed in section 1.6. As such, 

there is a need for novel, more effective drugs to target as many of the pathological pathways of 

TBI, which include neuroinflammation, apoptosis, and cerebral oedema, as possible. Growth 

factors have been extensively analysed for their neuroprotective and neuroregenerative 

properties, particularly the NGF-TrkA pathway, which has been shown to target many of the 

secondary pathological mechanisms caused by TBI and is discussed in section 1.6.2. An NGF 

mimetic, gambogic amide (GA), has been shown to potently activate TrkA receptors in 

hippocampal neurons in vitro [141], and neurons in C57BL/6 mice when systemically delivered 

[142]. Furthermore, the same studies showed GA protected neurons from kainic-induced cellular 

apoptosis and reduced infarct volume in the brain in a transient model of ischemic stroke [141]. 

These studies verified TrkA agonism as a potential therapeutic pathway for treating TBI in humans 

(see section 1.8.1 for additional information on GA). The next section will discuss the preclinical 

in vivo models of TBI currently used to explore potential pharmacological therapeutic strategies 

for TBI.  

 

1.6.4. Animal models of TBI 

Animal models of TBI are used to emulate the mechanics and injury patterns of TBI in a 

variety of species [72]. Whilst there is no one model of TBI that can replicate every aspect of injury 

seen in humans, there are numerous models that are used to mimic different pathological features 
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of TBI. Rodent models have evolved over time and rodents are one of the most commonly used 

species as they allow investigation of behavioural, psychosocial, and motor deficits similar to TBI 

patterns seen in humans [72, 143]. The most widely used TBI models in rodents are controlled 

cortical impact (CCI), weight drop (open- and closed-head models), and fluid percussion injuries.  
 

The CCI is a highly reproducible, modified open-head weight drop model that requires a 

craniotomy [72]. The CCI device works by using a pneumatic or electromagnetic impact device to 

drive a solid impactor into the exposed dura mater covering the brain, which produces a mostly 

focal injury [72, 144]. The functional outcomes of brain injury seen in CCI models include cognitive 

and motor deficits, however, this model in unable to produce emotional changes seen in other 

models [72].  Pathological features of CCI rodent models that reflect human TBI include 

concussion, hemorrhage, axonal injury, and cortical contusions [72, 144]. Cortical contusions lead 

to the cavitation of white matter under the injury site and is commonly seen in the CCI model of 

TBI due to the focal nature of the injury [144]. These losses in brain tissue limit analyses of 

neuronal changes and oedema seen in TBI at the site of injury. 
 

 There are two broad types of weight drop models of TBI, closed-head models (no 

craniotomy) which include Shohami and Marmarou models, and open-head models (craniotomy) 

which include Feeney and Maryland models [72]. In brief, a free falling, guided weight strikes the 

skull or dura mater of the brain to cause brain injury [145]. Dependent on the model used, the 

type of injury is either mostly focal or mostly diffuse, and skull fractures are commonly seen in 

Shohami and Marmarou models that do not require craniotomy [72]. The functional outcomes 

and pathological features seen in weight drop models are similar to those described as above in 

the CCI model, however, for more comprehensive differences between the weight drop models, 

please refer to the review by Xiong et al. 2013. One major disadvantage of weight drop models is 

their poor reproducibility, and variability in injury severity in each model [72]. Additionally, the 

weight drop models produce either a mostly focal or mostly diffuse injury pattern which limits its 

usefulness when exploring full brain changes caused by TBI.  
    

The fluid percussion injury (FPI) model is a highly reproducible, mixed focal cortical and 

diffuse subcortical injury pattern, making it the most used TBI model in rodents [72]. Following a 

midline or lateral parietal craniotomy, a pendulum striking the piston of a fluid reservoir produces 

a fluid pulse pressure, which impacts the brain causing displacement and deformation of brain 

tissue [72, 143]. The strength of fluid pressure pulse can be altered via the pendulum, which allows 

a range of severities from mild to severe [146]. FPI can replicate clinical TBI seen in humans 

without the skull fracture, and many of the pathophysiological and behavioural hallmarks of TBI 

[72]. Dependent on severity of fluid percussion injury, pathological changes that can be seen 

acutely are motor impairment, cognitive deficits, brain oedema, neuroinflammation, focal cortical 



 
 

15 

contusion, hippocampal neuronal injury, apoptosis, and neuroregeneration [72, 143, 147-150]. 

Taken together, the fluid percussion injury model is a combined focal and diffuse injury able to 

reproduce behavioural and pathological outcomes seen in human TBI.    

 

1.7. Fracture healing 

Fracture healing is a complex process that involves interactions between various cell 

populations and activation of molecular pathways to return bone to its original morphology and 

strength [151]. Fractures are the most common type of injury that results in hospital admissions 

in Australia, and most fractures are caused by falls, transport accidents, sports injuries and 

machinery accidents [152]. Most fractures heal well, however, approximately 5-10% of all 

fractures do not heal properly and result in delayed- or non-union [153].  Delayed- and non-union 

of fractures occur when fractured ends of bone fail to unite within nine months following initial 

fracture [154]. Problematic non-union fractures create a burden on the health care system; costing 

the Australian government many millions of dollars per annum [155].  Similarly, non-union is 

particularly prevalent in elderly patients who present with co-morbidities such as diabetes and 

osteoporosis [156-159]. There are currently very limited options available for the treatment of 

fractures and an understanding of the biological processes that occur during fracture healing is 

crucial in endeavouring to identify potential pharmaceutical agents and therapeutic windows to 

improve fracture healing outcomes.   

 

1.7.1. Osseous cell types in fracture healing  

Several cell types are involved in each stage of fracture healing, and they include 

osteoprogenitor cells, fibroblasts, myofibroblasts, chondrocytes, and specialised bone surface cell 

populations; osteoblasts, osteoclasts, and osteocytes [153]. Osteoprogenitor cells are 

mesenchymal stem cells with osteogenic potential [160] and bone marrow as well as the outer, 

fibrous membrane of bone i.e. periosteum, are the primary sources of osteoprogenitor cells, with 

secondary sources of osteoprogenitor cells found in soft tissues including skeletal muscle [161]. 

Osteoprogenitor cells can differentiate into either osteoblasts (bone forming cells) or 

chondrocytes (cartilage forming cells) and this is dependent largely on the degree of 

vascularization, mechanical environment, and transcription factors present in the bone matrix 

during fracture healing. Differentiation into the chondrocytic lineage is favoured in areas of poor 

vascularization (therefore low oxygen tension) [151, 162], and the expression of transcription 

factor, Sex-Determining Region Y-box 9 (SOX9) [163, 164]. The osteoblastic lineage is favoured in 

high oxygen tension regions i.e. in highly vascularized areas [151, 162] and induces the expression 

of transcription factors, Runt-related transcription factor 2 (Runx2) [165] and Osterix (Osx) [166].  
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Osteoblasts are one of the specialised bone surface cells, that lay down new, 

unmineralized bone collagen known as osteoid, and aid in mineralization of osteoid into 

mineralized lamellar bone during fracture healing [153, 167]. After mineralization, approximately 

50-70% of osteoblasts that actively form bone, ultimately undergo apoptosis [168]. Remaining 

osteoblasts either become quiescent (lining cells) or embed themselves within bone matrix and 

differentiate into osteocytes [169]. Osteocytes embedded in matrix make up most of the bone cell 

population [169] and reside in fluid filled cavities termed lacunae [167]. In lacunae, osteocytes 

create a cellular network connecting to one another via long cytoplasmic processes through 

microchannels called canaliculi [167]. Due to their location within bone and their interconnecting 

canaliculi, osteocytes detect mechanical load and stresses placed on bone and translate load into 

biochemical signals that influence bone remodelling [170]. One protein recently discovered that 

is secreted by osteocytes and influences bone remodelling is sclerostin, which inhibits the 

formation of bone [171]. The gene which encodes sclerostin is SOST [170]. Sclerostin’s main 

mechanism of action is to inhibit bone morphogenetic proteins (BMPs) [170], a group of proteins 

that are important in the formation of both bone and cartilage [172]. Due to osteocytes’ 

prominent role in bone formation and maintaining bone density, current therapeutics in bone 

research are targeting osteocytes and associated signalling factors, including sclerostin, in order 

to treat and prevent bone disease and injury [170, 173-175]. 
 

The other specialised bone surface cells important in fracture healing are osteoclasts. 

Osteoclasts are large, multinucleated cells that are formed by fusion of monocytic precursors and 

are the principal resorptive cells in bone remodelling [176]. Osteoclasts are stimulated to resorb 

bone by factors such as macrophage colony stimulating factor (M-CSF) and receptor activator of 

nuclear factor kappa-B ligand (RANKL) [176]. When stimulated, osteoclasts attach to the surface 

of bone by plasma membrane specializations called “ruffled borders”, which are projections of 

microvilli. On attachment, osteoclasts secrete tartrate-resistant acid phosphatase (TRAP) and 

hydrochloric acid into the region of the ruffled border. TRAP and hydrochloric acid cause the 

microenvironment pH to drop to approximately 4.5-5 [177], and causes degradation of the bone 

matrix [167, 176]. Degraded matrix is resorbed by osteoclasts via endocytosis and is then 

transported through the osteoclasts and released into the extracellular space [178].  

 

1.7.2. Mechanisms of fracture healing 

Fracture healing is a multistep process that results in the restoration of bone integrity 

minus scar tissue formation [151]. Healing in fractures can be categorized into two types; primary 

healing, where bone either side of the fracture directly unites by intramembranous ossification, 

or secondary healing, where there are several stages of healing that feature both 
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intramembranous and endochondral ossification to achieve a healed bone [153, 179]. Primary 

healing is uncommon and mainly limited to minor fractures (bone ends are not displaced), 

incomplete fractures, and in fractures that are rigidly fixed [153]. Secondary fracture healing is 

more common than primary healing [151, 153, 179] and can be divided into four overlapping 

stages; inflammation, soft callus formation, hard callus formation and remodelling [179]. Each 

stage in secondary fracture healing is important for restoring fractured bone to its original 

morphology. Each stage of the fracture healing is outlined below (also see Figure 1.2).  
 

Inflammatory phase 

 The inflammatory phase is the first stage of fracture healing. The initial fracture site 

typically displays damage to vasculature and nerves within bone marrow, trabecular and cortical 

bone, and soft tissues surrounding bone [179, 180]. Bleeding is contained in the form of a blood 

clot called a haematoma [151], and non-specific wound healing pathways are activated [179]. The 

haematoma is very important for the progression of fracture healing, and it has been shown that 

its removal impairs the rate of fracture healing [181]. Inflammatory cells, which comprise 

macrophages, monocytes and neutrophils infiltrate the haematoma, releasing an array of growth 

factors that include vascular endothelial growth factor (VEGF), transforming growth factor-β (TGF-

β), fibroblast growth factor-2 (FGF-2), M-CSF and platelet-derived growth factor (PDGF), and also 

secrete cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6) and tumour necrosis factor-α 

(TNF-α) [179]. The release of growth factors and cytokines within the haematoma assists in its 

conversion into granulation tissue and initiates neovascularisation and nerve sprouting within 

granulation tissue [179, 180]. Many of these above factors also act as mediators for 

osteoprogenitor cell migration from surrounding tissues and their proliferation at the fracture site 

[179, 180]. It is these mechanisms that are activated in the inflammatory phase that contribute to 

the initial callus response i.e. the formation of tissue that bridges the fractured bone ends.   
 

Soft callus phase 

 Soft callus formation occurs within the first days up to approximately 2-3 weeks post-

fracture [151]. During this stage, osteoprogenitor cells migrate from the surrounding soft tissue 

and differentiate into either osteoblasts or chondrocytes depending on blood supply and 

mechanical strain at the fracture site [153]. Osteoprogenitor cells close to the fractured ends 

favour osteoblastic differentiation over chondrocytic differentiation due to a rich blood supply, 

which is provided by blood vessels at the periphery of the callus [151, 162]. Therefore, at the edges 

of callus, bone is formed, and this process is known as intramembranous ossification. Typically, 

the need to stabilize the fracture and bridge fractured ends precedes the rate of intramembranous 

ossification and vascularization within the fibrinous clot, thereby creating a hypoxic (oxygen 

deficient) microenvironment [151, 182]. Due to the lack of oxygen within the fibrinous clot, 
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osteoprogenitor cells differentiate into chondrocytes. Chondrocytes, along with fibroblasts, 

undergo mass proliferation and form an avascular, semi-soft fibrocartilaginous callus [179]. Nerve 

sprouting is established within soft callus and osteoclasts begin to resorb the fibrocartilaginous 

soft callus [151, 179]. Growth factors and potent angiogenic factors including VEGF, BMP, FGF-1, 

TGF-β and NGF are secreted within the soft fibrocartilaginous callus by osteogenic and 

inflammatory cells to promote capillary and nerve sprouting that aid in replacement of cartilage 

with bone to form bony callus [29, 40, 179]. 
 

Hard callus phase 

Hard callus formation is where most osteoblastic activity occurs during fracture healing 

[179]. Angiogenesis (neovascularisation) is crucial during this stage [151, 179] and as the 

fibrocartilaginous callus is resorbed by osteoclasts, osteoblasts synthesize immature woven bone 

in its place, a process known as endochondral ossification, and this process bridges the fractured 

ends with mineralized bone [151, 153]. Within months, the fractured ends are united by bone, 

and the entire callus is comprised of woven bone creating a mechanically stable fracture [151, 

153].    
 

Remodelling phase 

Immature woven bone is slowly remodelled into mature lamellar bone, thus restoring 

bone to its original cortical and trabecular structure [153, 179]. Osteoblasts initiate 

osteoclastogenesis (the fusion of monocytic precursors to form osteoclasts) by secreting M-CSF 

and RANKL, which activate osteoclasts to commence woven bone resorption in the areas lacking 

mechanical load in callus [151, 183]. To reduce resorption, osteoblasts secrete ostoprotegrin 

(OPG); a decoy receptor for RANKL, which prevents RANKL binding to receptor activator of nuclear 

factor kappa-β (RANK) receptors on the plasma membranes of osteoclasts, to result in a reduction 

in osteoclastic activity [184]. Simultaneously, osteoblasts begin to secrete lamellar bone in areas 

of mechanical loading [151]. Remodelling of fractures occurs in accordance to Wolff’s law, which 

basically states bone formation occurs in areas of increasing load and resorption occurs in areas 

that are not loaded [151]. Eventually, bone is recanalized, and returned to its original morphology, 

and absent of scar tissue.   
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Figure 1.2. Illustration of the healing sequence in long bone fractures.  

 

1.7.3. NGF and fracture healing 

NGF function in bone healing and resorption 

Numerous studies have shown that NGF is able to modify fracture healing. The first group 

to demonstrate the potential roles of NGF in the healing of rat rib fractures occurred in 1997 [29]. 

Topical application of NGF to fractured rat ribs stimulated sympathetic nerve growth within 

fracture callus and as a result, accelerated the rate of healing [29]. Since this discovery, others 

have shown that in bone and callus remodelling, NGF may be important in maintaining resorption 

rates of bone, bone mineral density (BMD) and the conversion of woven bone to lamellar bone 

[27, 29, 31, 33, 186]. In a femoral mouse model, inhibition of NGF with anti-NGF antibody 

significantly increased the rate of bone resorption and caused a decreased BMD compared to wild-

type mice [185], verifying that locally produced NGF has a regulatory role in normal bone 

metabolism. Furthermore, the administration of NGF accelerated remodelling processes, with 

delivery of 10 µg over 7 days of NGF to fractured rat rib calluses, increased the proportion of 

cartilage to fibrous tissue by 20%, in comparison to the control calluses at 21 days post-fracture 

[29].  
 

NGF function in bone healing and endochondral ossification 

Similarly, osseous tissue content was greater in NGF-treated calluses, suggesting that NGF 

promoted early endochondral ossification during fracture healing [27, 29, 33], which can again be 

supported by the vital role NGF has during endochondral ossification in developing bones [186]. 

Endochondral ossification rates were also enhanced with NGF treatment by increasing woven and 

lamellar bone content in callus gaps in animal models of distraction osteogenesis [27, 31, 32]. 
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Distraction osteogenesis is also known as callus osteogenesis and is an osteotomy technique used 

in craniofacial and orthopaedic surgery to lengthen bones and as such generate a callus and induce 

bone formation via endochondral ossification, which is similar to that seen in fracture healing 

[187, 188].  NGF treatment in distraction osteogenesis also rapidly increased the rate of woven 

bone resorption and lamellar bone formation and mineralization [30, 33]. In one study, 

mineralization increased up to 19% in distraction osteogenesis calluses in response to NGF 

treatment [33], which indicates NGF ability to accelerate callus healing.  
 

Lamellar and woven bone are mechanically stronger than fibrocartilaginous tissue [151, 

153], and therefore, earlier transition of fibrocartilaginous tissue to woven and lamellar bone in 

healing calluses is associated with greater mechanical stability about the fracture site. By NGF 

treatment enhancing lamellar and woven bone content in the callus, it consequently increased 

the mechanical strength and load-bearing of calluses [27, 29, 31, 33].  Using a three-point bending 

apparatus, topical application of NGF to rat rib fracture calluses significantly increased breaking 

stress (the minimal load necessary to break bone [189]) by 260%, and Young’s modulus (a 

measurement of bone rigidity [190]), by 350%,  in comparison to controls [29]. The dramatic 

increase in mechanical strength was suggested to be a result of increased bone within callus, and 

a reduced callus cross-sectional area in response to accelerated remodelling [29], which is likely, 

as both measurements for breaking stress and Young’s modulus incorporate cross-sectional area 

in their calculations [189, 190]. Other studies suggest the mechanically stronger calluses in NGF-

treated calluses was a result of improved callus composition and enhanced mineralization, 

especially when calluses were equal in size in NGF-treated and control groups [27, 33]. Also, 

mechanical strength of fracture calluses was significantly increased as a result of advanced healing 

in the presence of NGF treatment. 
 

As previously mentioned, apart from its role in the survival of sensory and sympathetic 

neurons in bone, a growing body of evidence suggests that NGF is produced and utilized by many 

osseous cells and other non-neural cells during fracture healing [28, 46, 66, 191]. NGF has been 

identified in osteoprogenitor cells, osteoblasts and certain chondrocytes during fracture healing 

[28, 46] and mandibular distraction osteogenesis [66]. Asaumi and co-workers reported that all 

chondrocytes within callus produce NGF during days 8-20 of endochondral ossification during 

fracture healing. However, other studies have reported only some chondrocytes stained for NGF 

during endochondral ossification within the same time-frame post-fracture [28, 46]. Additional 

studies indicate NGF stimulated and promoted differentiation and migration of osteoblasts to the 

fracture site [30, 46], which has been supported in vitro, by Yada and co-workers, who 

demonstrated that NGF treatment stimulated differentiation of cells of the osteoblastic lineage 

[191]. This same study showed that NGF treatment not only directly increased osteoblastic 
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production of alkaline phosphatase (ALP) and collagen type I [191], important bone forming 

proteins during osteoblast activity, but NGF also increased IL-6 production [191]. IL-6 is an 

important cytokine that is upregulated during the inflammatory phase of fracture healing [179], 

and therefore may have a role in the recruitment of inflammatory cells to the fracture site and the 

conversion of the haematoma into granulation tissue. Additionally, IL-6 has been shown to have a 

role in bone remodelling through stimulating osteoblasts to secrete pro-osteoclastic mediators, 

such as RANKL and parathyroid hormone related protein (PTHrP) to promote bone resorption, and 

more recently promote bone formation [192]. Furthermore, osteoblasts, osteocytes and 

chondrocytes all express the NGF high-affinity receptor, TrkA, suggesting NGF has a direct role in 

stimulating osseous cells during fracture healing via TrkA receptor signalling [46, 66, 193].  
 

NGF function in bone healing and re-vascularization  

NGF may also be important in the re-vascularization of callus during endochondral 

ossification of fracture healing. During the first 21 days of healing in fractured rat ribs, endothelial 

cells within callus strongly expressed NGF, indicating that NGF has angiogenic properties [28]. 

Furthermore, NGF has been shown to directly activate endothelial cells by increasing endothelial 

cell proliferation [40], migration in vitro [194] and inducing capillary sprouting of human 

endothelial cells [40]. Similarly, during endochondral ossification of developing bones, progenitor 

cells secrete NGF within the cartilage matrix, which induced sensory innervation and capillary 

sprouting in the primary ossification sites and increased the number of active osteoblasts [186]. 

Therefore, it is highly possible NGF co-expressed with other angiogenic factors, promotes 

angiogenesis during fracture healing. 
 

In summary, NGF is a pleiotropic factor that is locally produced and utilized by many cells 

participating in normal bone remodelling and fracture healing [28, 46, 191]. Key mechanisms to 

which NGF could influence fracture healing include re-establishment of nerves [29, 195], 

angiogenesis [29, 40, 41, 48, 186, 194] and stimulation of osseous cells to form bone [27, 29-31, 

33, 46, 66, 186, 191]; all processes that can enhance fracture healing. 

 

1.7.4. BDNF and fracture healing 

BDNF has also been associated with the process of fracture healing [46, 63]. BDNF is 

synthesized and released from several non-neural cells that are present in the fracture healing 

process and these cells include, leukocytes, fibroblasts, osteoblasts [46], and endothelial cells [61]. 

BDNF is expressed by these cells at various stages of fracture healing, therefore, it is suggested 

that BDNF may have numerous roles in this process [46, 63, 64]. In the inflammatory stages of 

fracture healing, BDNF and TrkB are expressed by haematopoietic cells, fibroblasts and endothelial 

cells [63]. These cells are important in the formation of a haematoma, and therefore, the 
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subsequent granulation tissue, which suggests that BDNF has a role during the early stages of 

fracture healing. Asaumi and colleagues, show BDNF mRNA expression is increased between days 

2-8 in mice rib fracture callus tissue [46]. In the same study, immunohistochemistry detected BDNF 

in osteoblast-like cells in trabecular bone at the endochondral ossification front of healing mice 

rib fractures at 14-days [46]. Interestingly, TrkB receptors were not detected in any cells at any 

stage of fracture healing in mice rib calluses [46], which either suggests the BDNF expressed is 

acting on tissue other than bone in the fracture site, or it could be non-specificity of 

immunohistochemistry probing. In another study however, TrkB was reported in a several cells in 

human fracture calluses [63]. Furthermore, in human calluses BDNF and TrkB were reportedly 

regulated in osteoblasts at the ossification front during the osteoid phase and woven bone 

formation and was detected in human osteoblasts in vitro [63], which suggests that BDNF is 

important during the endochondral ossification process, but may also be involved in 

intramembranous ossification. The results in this human fracture study were supported in a 

rodent model of distraction osteogenesis, where BDNF expression was seen in osteoblasts and 

TrkB was expressed by both osteoblasts and hypertrophic chondrocytes during intramembranous 

ossification and endochondral ossification [66]. BDNF gene expression remained elevated 28-35 

days post-osteotomy in callus, which is the transition period of when cartilage is replaced by 

woven bone and woven bone is remodelled of into lamellar bone [66].  
 

One of the important processes that drives the transition of cartilage to woven bone as 

well as the remodelling process is the re-establishment of blood vessels within callus. BDNF has 

been shown in vitro and in vivo to directly stimulate endothelial cell migration, proliferation and 

the formation of new blood vessels [5, 61, 63, 196] as well as to increase the potent angiogenic 

factor VEGF [68]. Another mechanism through which BDNF may also promote fracture healing is 

via the direct upregulation of bone forming proteins ALP and BMP-2 in osteoblasts. BDNF 

treatment increased gene expression of ALP and BMP-2 in cementoblasts, cells that form mineral 

on the outer layer of tooth roots and function similarly to osteoblasts, therefore it is possible that 

BDNF may cause a similar effect on osteoblasts [197]. In summary, BDNF may participate in 

fracture healing through mediating angiogenesis and promoting the formation of bone, however, 

further studies are needed to determine the precise roles of this neurotrophin during bone 

healing. 

 

1.7.5. Therapies for fracture healing 

 Surgical fixation of fractures is by far the most common treatment for fracture healing. 

The two main types of fixation for long bones are internal and external fixation. Internal fixation 

provides flexible fixation of fractures, consisting of locked nailing, bridge plating, and internal 
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fixator-like devices, which aim to align the fractured fragments of bone, providing long-term 

treatment and minimising surgical trauma to the surrounding tissue [198]. On the other hand, 

external fixation, the Ilizarov apparatus, is a temporary fixation device reserved for more severe 

fractures, that consists of either aluminium or titanium pins, or wires that insert into long bones 

and are connected to an external frame [198].  
 

Two non-surgical approaches that are being developed to clinically enhance fracture 

healing are biophysical enhancement; electromagnetic field stimulation, and low-intensity pulsed 

ultrasonography [199-202], and biological enhancement; therapeutic use of recombinant human 

BMP-2 (rhBMP-2) and teriparatide [199, 203]. rhBMP-2 is currently the only drug the US Food and 

Drug Administration (FDA) has granted premarket approval for the treatment of open tibial 

fractures [199]. rhBMP-2 was approved in 2004, following a clinical trial of 450 people with open 

tibial fractures, which showed that rhBMP-2 impregnated collagen sponges inserted into tibial 

fractures reduced time to union, improved wound healing, and reduced the rate of infections 

compared to usual care patients [204]. Since then, two additional studies have concluded rhBMP-

2 does not accelerate fracture healing. A double-blinded, randomised, controlled phase II-III trial 

of 180 patients showed rhBMP-2 did not shorten fracture union compared to usual care patients 

[199, 205]. A similar study additionally showed no change in fracture union of open tibial fractures 

treated with rhBMP-2 impregnated sponge [206].  
 

Teriparatide is a synthetic polypeptide hormone that contains the 1-34 amino acid 

fragment of recombinant human parathyroid hormone (rhPTH) [207]. Teriparatide is not approved 

by the FDA, yet there are several clinical trials investigating its effectiveness in enhancing fracture 

healing. In an initial observational study, teriparatide seemed to improve fracture healing by 

reducing time to union in intertrochanteric fractures of patient with osteoporosis [208]. 

Furthermore, in a randomised trial of 65 women with pelvic fractures, teriparatide accelerated 

fracture healing by also reducing time to union [208]. These two studies showed promising data 

for the use of teriparatide in fracture healing, however, data is inconsistent when compared to 

randomised clinical trials. A randomised double-blind study of 102 post-menopausal women, 

showed that teriparatide did not improve fracture healing in distal radial fractures [210]. Similarly, 

teriparatide showed no radiographic enhancement of healing in the fractures of the proximal 

humerus, in a randomised control study of 40 post-menopausal women [211].  

The limited availability and effectiveness of pharmacological therapies accessible for 

fracture healing warrants investigations into novel molecules that would improve or accelerate 

bone healing as an adjunct to surgical treatment.     
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1.7.6. Animal models of fracture healing 

In an attempt to understand the processes of bone healing and their possible treatments, 

a variety of fracture healing animal models have been used over the years [212-216]. As 

orthopaedic surgery advanced, and new techniques were developed for the treatment of 

fractures, animal models also progressed to better replicate fractures in a clinical setting. The most 

effective species used in animal models of fracture healing are rodents due to low cost, multiple 

housing, and the many parameters that can be measured including mechanical testing, 

histological evaluation and molecular biological studies, that are translatable to human fracture 

healing [213]. Subsequently, there are several of types of animal models, including fixed and non-

fixed long bone fractures, which are used in mice to analyse endochondral healing [213, 217, 218]. 
 

Fixed long bone fracture models 

 Fixed, long bone fractures involve the insertion of an intramedullary rod into the 

medullary cavity to stabilise the fracture site and is commonly used in femoral and tibial fracture 

healing [212, 213, 218, 219]. Femora are straight bones with relatively equal diameter down the 

diaphysis of bone, which allows for consistently reproducible fractures [217, 218]. For a standard 

intramedullary, pinned, closed-femoral fracture, an incision is made medial to the patella, and an 

intramedullary rod (0.25 mm stainless steel wire) is inserted into the medullary cavity at the 

intercondylar notch and sealed via a small wedge [218]. After insertion of the rod, a transverse 

mid-diaphyseal fracture of the femur is made using a three-point bending device [218]. Common 

parameters used to measure endochondral fracture healing following fixed femoral fractures 

include mechanical assessment, microcomputed tomography (µCT) analysis, histomorphometry 

and molecular analysis [213, 220, 221]. One recurring problem with the closed femoral fracture is 

the large muscle mass surrounding the femur, which makes it is difficult to perform closed 

surgeries using this type of model [213, 216, 218]. Additionally, the femoral model can be prone 

to unstable intramedullary rod fixation when only an intramedullary rod is inserted, as seen in 

numerous mouse models [221-223]. Lack of stability leads to a decrease in axial and rotational 

stability and increased risk of dislocation, which affects the biomechanical environment of bone 

and impairs the rate of healing [217, 218]. To counteract the lack of stability, invasive open-

fracture surgeries are performed with addition of implants that include intramedullary pins, 

intramedullary locking nails, intramedullary compression screws, external fixators, pin-clips and 

locking plates, to stabilise the intramedullary rod and prevent rotation during fracture healing 

[217, 218, 224]. Using multiple implants during surgery, however, requires very precise animal 

surgical expertise, and if required, secondary surgery for implant removal [217]. 
  

Tibial fracture is the most established fracture model and was the first fracture model to 

be standardized by Hiltunen and colleagues in 1993 [225]. In a standard, closed tibial fracture, an 
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incision is made and the proximal, anterio-medial surface of the leg, and an intramedullary rod 

(0.2 mm stainless steel rod) is inserted down the medullary cavity of the tibia [225]. Traditionally, 

an impact device was used to create a transverse or a slightly oblique tibial fracture in the mid-

diaphysis, however, recent studies show an equivalent fracture can be made using a pair of 

modified skin staple removers [225-229]. Rate of endochondral fracture healing using the mouse 

tibial fracture is commonly measured by mechanical assessment, µCT and histological analyses 

[226, 227]. Open tibial fracture models are produced by increasing incision size and scraping away 

the periosteal surface of the tibia [226]. An important decision when using either the closed- or 

open-tibial fracture is the site of fracture along the diaphysis. The tibia is fused distally with the 

fibula and can be itself prone to fracturing during the tibial fracture surgery [218, 225]. Combined 

tibial and fibular fractures can result in a fused tibial and fibular callus, or two separate calluses 

forming each bone [218, 225]. A mid-high diaphyseal tibial fracture or tibial fracture below the 

fusion of the tibia and fibula are shown to have lower incidence of dual bone fractures and are 

therefore recommended as the fracture of choice [218, 226].    
 

Non-fixed long bone fracture models 

 Non-fixed, long bone fracture models are used in mice and rats on bones with low weight-

bearing capability. During rib fractures the superficial muscles of the back are laterally retracted 

and an osteotomy is made on the posterior-lateral aspect of the eighth rib using scissors [28, 29, 

230-233]. Rib fracture models are useful when examining molecular changes during fracture 

healing [213], however, treatment route of administration that requires gross movement of 

fractures, such as scruffing mice for intraperitoneal injections and osmotic pump insertion are 

unfeasible due to the position of dorsal rib fractures and can disrupt the biomechanical 

environment and impair fracture healing.  
 

Fibular fractures in mice is another non-fixed, long bone fracture. This is a low invasive 

surgery, where a 5 mm incision is made over the fibula, and using osteotomy scissors the fibula is 

fractured [234, 235]. Studies have shown the fibular fracture model is suitable for mechanical 

assessment, histological analysis and µCT analysis in various stages of endochondral fracture 

healing [233, 235]. An advantage of the fibular fracture model is fracture fixation is not required, 

this is because the tibia and fibula are fused distally in mice, and the fibula bears less than 5% body 

weight.  Additionally, the fibular fracture model can be performed bilaterally in mice, which allows 

a wider range of post-mortem analysis and a reduction in the number of animals used compared 

to the unilateral, fixed tibial and femoral fracture models [234]. 
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1.8. Trk receptor ligands as possible therapeutic agents for TBI and fracture healing 

New approaches have been explored in the pharmaceutical industry for the development 

of non-peptide molecules that selectively bind and activate Trk receptors [236]. Trk signalling can 

be modified with neurotrophin ligands through direct modification of the receptor action. Using 

either agonists or antagonists, pharmacological therapies can increase or decrease Trk signalling, 

block the action of antagonists, or increase local synthesis of neurotrophins [236]. Several Trk 

receptor ligands have been developed, and their efficacy in in vitro and in vivo models have been 

investigated. For TrkA, four agonists have been developed and all stimulate Trk phosphorylation; 

D3 [236], amitriptyline [238], MT-2 [239], and gambogic amide (GA) [141], however, only GA 

shows selective, potent TrkA activity [141]. D3 is only a partial agonist [237], amitriptyline is non-

specific; binding to both TrkA and TrkB [238], and MT-2 is less potent than the other agonists, and 

only stimulates low TrkA phosphorylation [239].  
 

Additionally, there are several partial agonists that have shown TrkB activation [240], and 

full agonists including, non-specific amitriptyline as mentioned before, non-specific BNN-20 (binds 

to TrkA, TrkB and p75NTR) [241], and selectively potent 7,8-dihydroxyflavone (7,8-DHF) [242]. By 

far, 7,8-DHF has shown most promise to use as a pharmacological agent of TrkB agonism, which is 

described in section 1.8.2 [242]. For more comprehensive information on all the above-mentioned 

ligands, please refer to these articles. In summary, the two most promising non-peptide molecules 

that have been discovered to show robust neurotrophic activity are the selective TrkA agonist, 

gambogic amide (GA) and the selective TrkB agonist, 7,8-dihydroxyflavone (7,8-DHF) [141, 242], 

which will be described in the next sections.  

 

1.8.1. GA as a therapeutic drug 

GA is a derivative of gambogic acid, a substance sourced from the Garcinia hanburryi tree, 

which is located in South East Asia [141]. GA is a potent molecule that selectively binds to and 

stimulates TrkA receptors, similarly to that of NGF [141]. When applied to the murine PC12 cell 

line and primary hippocampal neurons in vitro, GA induced TrkA receptor phosphorylation [141], 

and stimulated neurite outgrowth [243, 244], thus displaying its effectiveness at TrkA receptor 

activation. GA is also BBB penetrable, this was seen when systemic administration of 2 mg/kg/day 

via intraperitoneal injection of GA for 3 weeks in C57BL/6 mice resulted in TrkA phosphorylation 

in the brain [142], and 0.5-4 mg/kg/day of GA upregulated TrkA hippocampal protein and mRNA 

levels in C57BL/6 mice after 5 days of treatment [244]. Additionally, GA protects neurons from 

apoptosis; this is evident via in vitro and in vivo studies. In vitro, GA protected hippocampal 

neurons from glutamate triggered apoptosis and PC12 cells from oxygen-glucose deprivation 

[141]. In addition, in vivo studies showed that 2 mg/kg/day of GA systemically administered in 



 
 

27 

mice protected neurons from kainic-induced cellular apoptosis and reduced infarct volume in the 

brain in a transient model of ischemic stroke [141]. Furthermore, GA is a more attractive 

pharmaceutical agent than NGF, with a 10-fold greater half-life than NGF [245]. To date, there 

have been no investigations or reports of the therapeutic potential of GA in TBI or in bone 

metabolism and fracture healing. Hence, it would be beneficial to observe the effects of GA 

treatment in TBI, bone metabolism and the process of fracture healing.  

 

1.8.2. 7,8-DHF as a therapeutic drug 

Flavonoids are sourced from a variety of plants and many fruits and vegetables [246]. 

Research into flavonoids has increased due to their antioxidant effects, some of which include 

anti-inflammatory effects [246], protection against infectious agents [247], cancers and 

cardiovascular diseases [248] and their neuroprotective actions [249]. 7,8-dihydroxyflavone (7,8-

DHF) is a flavonoid derivative that is isolated from Tridax procumbens and the leaves of Primula 

trees [250]. Preliminary data of 7,8-DHF showed it to be a selective TrkB agonist with potent 

neurotrophic activity, including activation of TrkB receptors in the brain of BDNF knockout mice, 

reducing kainic acid-induced apoptosis in mouse hippocampal neurons at 5 mg/kg/day and 

reducing infarct volume of the brain in a transient mouse model of ischemic injury [242]. In vitro, 

7,8-DHF protected hippocampal neurons and T48 murine cells from oxygen-glucose deprivation-

induced apoptosis [242] and upregulated TrkB signalling in retinal ganglion cell line [251]. In the 

case of in vivo animal experiments, treatment of 7,8-DHF at doses of 5 mg/kg/day has shown to 

protect neurons from death induced by TBI [252, 253], as well as improve neurological functions 

in rodent models of TBI [254, 255], depression [256], Alzheimer’s disease [257, 258], aging [259] 

and stress [260]. 7,8-DHF is well tolerated in rodent models with no detrimental effects reported 

in mice and there has not been any data describing the effects of 7,8-DHF on the skeletal system 

[242]. Thus, it would be beneficial to look at the effects of 7,8-DHF on bone as well as the process 

of bone fracture healing.  

 

1.9. BDNF polymorphisms  

1.9.1. BDNF polymorphism and BMD 

BDNF polymorphism is a single nucleotide polymorphic (SNP) genetic variation in the non-

coding region of BDNF on chromosome 11 [261]. The location where the SNP occurs is codon 6, 

also known as Val66Met or rs6265, and is located in the pro-BDNF (immature form of BDNF) region 

[262, 263]. The SNP results in the substitution of C to T, which transforms the amino acid valine 

(Val) into methionine (Met) [263]. The three genotypes that arise from this SNP are Val/Val, 

Val/Met, and Met/Met. Epidemiological studies have shown genotype frequency varies based on 

ethnicity, and most notably amongst Caucasian and Asian populations [264-268]. The genotype 
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frequency in Caucasian populations is Val/Val (64%), Val/Met (33%) and Met/Met (3%) and is the 

same in both sexes [264]. Asian population genotype frequency of Val/Met and Met/Met is 

increased [264, 267], and varies between the sexes; with male Val/Val (28%), female Val/Val 

(34%); male Val/Met (53%), female Val/Met (38%); male Met/Met (19%), and female Met/Met 

(28%) [264]. Additionally, genotype variation in combination with ethnicity determines increased 

susceptibility for specific conditions, and not all diseases associated with polymorphism variation 

are seen across ethnicities [267].  
 

The effect of BDNF polymorphism is heavily researched in the fields of neurology and 

psychiatry and is based on the strong correlation between Met substitution, subsequent reduction 

in BDNF levels, and the predisposition of neuropsychiatric disorders that include schizophrenia, 

Alzheimer’s disease, depression and bipolar affective disorder [261, 269-272]. More recently, a 

publication was released that implicated BDNF polymorphism and bone [273]. BMD of Caucasian 

and Asian BDNF polymorphic populations was measured and found that BMD in the Caucasian 

population was affected more than the Asian population. In the Caucasian population, the 

Met/Met genotype had significantly reduced BMD compared to Val/Val and Val/Met genotypes 

[273], and there was no difference between BMD and BDNF polymorphism in Asian populations 

[273], which can be supported by the theory that genotype and ethnicity together determine 

susceptibility to disease.  In the same study, mechanisms on how BDNF polymorphism influenced 

bone integrity was explored via in vitro methods.  Primary osteoblasts transfected with BDNFMET, 

had overall decreased BDNF phosphorylation and reduced expression of osteoblastic markers; 

BMP-1, ALP and osteopontin [273], which suggests that Met substitution is detrimental to bone 

formation to result in reduced BMD. 
  

Mouse models of BDNF polymorphism; Val/Val, Val/Met, Met/Met, were developed to 

study common behavioural changes associated with neuropsychiatric disorders such as 

schizophrenia and Alzheimer’s disease [263, 272]. The behavioural changes, including anxiety-like 

behaviour and cognitive impairments seen in certain neuropsychiatric disorders as a result of 

BDNF polymorphism, are comparable between mice and humans, which supports the continual 

use of mouse models to study BDNF polymorphism [263]. There are currently no data that show 

whether the altered BMD phenotype seen in humans as a result of BDNF polymorphism, is 

translated into the mouse model, and thus this is an area to be further investigated. 
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1.10. Research aims and hypotheses   

The general aim of this thesis was to investigate the roles of TrkA and TrkB in two murine 

models of injury; TBI and long bone fracture healing by using TrkA agonist, GA, and TrkB agonist 

7,8-DHF, and BDNF polymorphism variants in a BDNFVal66Met mouse line. Specifically;  

 

Chapter 2 summaries all general methodology used for animal studies and cell culture 

experiments.  

 

Chapter 3 examines the effects of TrkA agonist, GA, on acute pathophysiological processes and 

behavioural outcomes of TBI.  

Hypothesis – Treating acute moderate-severe TBI with 2 mg/kg/day of TrkA agonist, GA, will 

have a positive effect on processes of neuroinflammation, cellular apoptosis, neurite outgrowth, 

synaptogenesis and behavioural outcomes in mice.  

Aims – The aims of this study were to investigate GA treatment in a murine moderate-severe 

LFPI model as a pharmacotherapy for TBI, focussing on the outcomes of several behavioural 

paradigms including sensorimotor, anxiety-like behaviour and spatial memory, cerebral oedema, 

neuroinflammation, cellular apoptosis and synaptogenesis.  

 

Chapter 4 examines the effects of TrkA agonist, GA, on fracture healing and osteogenic cells in 

vitro.  

Hypothesis – TrkA agonist, GA, will have positive effects on fracture healing.  

Aims – The aims of this study were to explore the influence of 1 mg/kg/day GA treatment in a 

bilateral fibular fracture model as a potential therapy for fracture healing, and investigated the 

outcome of TrkA activation on mechanical properties, bone formation and osteoclastogenesis in 

endochondral fracture healing.   

 

Chapter 5 investigates the effects of TrkB agonist, 7,8-DHF, on fracture healing and osteogenic 

cells in vitro, and BMD changes in BDNF polymorphism variants in BDNFVal66Met mice. 

Hypotheses – i) TrkB agonist, 7,8-DHF, will have positive effects on fracture healing. ii) BMD 

will differ between BDNF polymorphism variant mice, Met/Met mice will have lower BMD, than 

Val/Val and Val/Met.  

Aims – i) The effects of selective TrkB agonist, 7,8-DHF treatment on biomechanical properties, 

bone formation and osteoclastogenesis, in a closed tibial fracture model of fracture healing in 

mice was investigated. ii) Femora of mice with BDNF polymorphisms were assessed via peripheral 

quantitative computed tomography (pQCT) to observe if there were any changes in BMD among 

variants.    
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Chapter 2. 

General Methods 

2.1. Animals 

2.1.1. Ethics  

 All experimental procedures were carried out within the guidelines of the Code of Practice 

for the Care and Use of Animals for Scientific Purposes by the Australian National Health and 

Medical Research Council, and in compliance with the ARRIVE guidelines for how to report animal 

experiments. All experiments were approved by the La Trobe (LTU) Animal Ethics Committee, 

and/or The Florey Institute of Neuroscience and Mental Health (FINMH) Animal Ethics Committee.  

The C57BL/6 strain of mouse was used and, unless otherwise stated, all experimental mice were 

male. Mice were aged 12 weeks of age at the beginning of experimentation for Chapters 3 and 5, 

and 16 weeks of age at the beginning of experimentation for Chapter 4. In Chapter 3, at the end 

of the behavioural experiments, mice were anaesthetized with isoflurane and decapitated to 

preserve and harvest brains for further analysis. At the end of Chapters 4 and 5, mice were 

euthanised via carbon dioxide asphyxiation, and mouse (skeletal) tissue was harvested for further 

analysis.  

 

2.1.2. Housing  

 Throughout all experiments, mice were housed at either LTU Central Animal House or at 

the FINMH Animal Facility. All mice were housed in standard mouse boxes (48 x 15 x 13 cm) with 

appropriate sawdust bedding materials. TBI apparatus and behavioural equipment was not 

accessible at LTU at the time of experimentation; so, mice allocated to the TBI study (Chapter 3) 

were housed at the FINMH. Mice at FINMH were housed in groups of five per box prior to surgery, 

then individually housed due to concerns that group housing may affect the injury site. Mice 

allocated to long bone fracture studies (Chapters 4 and 5) were housed in groups up to five per 

mouse box at LTU Central Animal House. Prior to any experimentation, mice were acclimatised to 

holding rooms at all facility sites for a minimum of 1 week. Housing rooms were maintained under 

a 12 h light/dark cycle at a temperature of 22°C, and mice had ad libitum access to standard mouse 

chow and water. A Petri dish containing DietGelâ was added to the cage of mice unable to feed in 

the acute stages post-surgery.  

 

2.2. Drugs and reagents  

 The TrkA agonist, gambogic amide (GA) (used in Chapters 3 and 4), was supplied by 

Sapphire Bioscience Pty Ltd (Waterloo, Australia). The TrkB agonist, 7,8-dihydroxyflavone (7,8-

DHF) (used in Chapter 5) was supplied by Abcam® (ab120996; Abcam plc. Cambridge, UK). For 

details regarding vehicle (VEH) choice and drug administration, please view individual chapters. 
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Additional drugs that were used and their appropriate chapters are: Kolliphor® HS 15 – Chapters 

3 and 5 (Sigma-Aldrich), isoflurane – Chapters 3, 4 and 5 (Sigma-Aldrich), Carprofen - Chapters 4 

and 5 (RIMADYL®; Zoetis, USA), buprenorphine – Chapter 5 (Jurox, Australia), dimethyl sulfoxide 

(DMSO) – Chapter 4 (Sigma-Aldrich).  Please refer to individual chapters for all other reagents used 

throughout experimentation. 

 

2.3. Microcomputed tomography (µCT) 

µCT was used to measure structural architecture of fracture calluses in mice, specifically 

size of callus and amount of mineralized tissue present (Chapters 4 and 6). µCT analysis was 

performed similarly to Brady et al (2014, 2016). Calluses were dissected at the time of euthanasia 

and immersed in fixative solution (4% paraformaldehyde in 0.1 M sodium cacodylate buffer) for 

48 h, then washed and stored in bone storage solution (10% sucrose in 0.1 M sodium cacodylate 

buffer) at 4°C until time of scanning. Scanning took place at St Vincent’s Institute of Medical 

Research (Fitzroy), using SKYSCAN 1076 in vivo X-ray microcomputed tomography (Bruker-µCT). 

Samples were transferred to 70% ethanol on day of scanning and transported on ice. The following 

acquisition parameters were used based on previous publications; 9 μm voxel resolution, 0.5 mm 

aluminium filter, 48 kV voltage, 100 μA current, 2,400 ms exposure, rotation 0.5° across 180°, 

frame averaging of 1 [1, 2]. Data was loaded onto a hardware device and images were 

reconstructed at La Trobe University using NRecon (V1.6.3.1) with the following parameters: 

smoothing factor, 1; ring artefacts, 6; beam-hardening correction; 35%, pixel defect mask, 5%; C.S 

rotation, 0; and misalignment compensation, <3. Images were realigned and orientated using 

Dataviewer (V1.4.4) to obtain transaxial datasets for calluses. Analysis of the transaxial datasets 

was performed using CTAn (V1.11.8.0) and the region of interest (ROI) was obtained and the 

border of each callus was manually traced. Thresholds used for parameter quantification were 

determined using the automatic “otsu” algorithm within CTAn and visual examination of 

unreconstructed x-ray images. A grayscale adaptive threshold was calculated for each 

experimental data set and used for structural analysis of calluses. Please see individual chapters 

for additional details of parameters and thresholds used. 

 

2.4. Biomechanics 

 Three-point bending tests were used to assess the structure and mechanical properties of 

fracture calluses in mice (Chapters 4 and 5) [1, 3]. Dissected at time of euthanasia, calluses were 

stripped of muscle and stored in silicon oil at -20°C until the day of assessment. On the day of 

mechanical testing, samples were removed from the freezer and allowed to equilibrate to room 

temperature (RT) for 1 h. Each callus was mounted onto the three-point bending apparatus with 

the callus lying centrally under the fulcrum; this ensured peak stress was applied directly onto the 
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centre of the callus. A force transducer descended at a constant rate of 1.67 mm/sec and loaded 

each callus. Force (g) and deflection (mm) values were recorded using LabChart (ADInstruments 

Pty Ltd., AU) and plotted an x-y (load-displacement) graph. Fractured ends of calluses were 

collected and re-stored in silicon oil. Please refer to individual chapters for specific details of bone 

position and size of force transducer. 

 

2.4.1. Cross-sectional area of calluses 

The cross-sectional area for each fractured end of callus was measured in order to 

calculate bending stress and Young’s modulus. Any callus that fractured in an oblique plain was 

cut into a transverse plain in order to measure true cross-sectional area. Fractured ends were 

imprinted onto dental wax and individually viewed using Leica DFC420 light microscope (Leica 

Microsystems Ltd., Heerbrugg, Switzerland). Imprints were viewed and photographed under 

magnification using Leica IM50 imaging software (Leica). Cross-sectional areas were obtained for 

each callus by averaging the total area values traced with software Leica Qwin V3 Standard (Leica).  

 

2.4.2. Mechanical properties analysis 

Differences in elastic and plastic properties were analysed using a load-displacement 

graph (Figure 2.1) from which peak force, bending stress, stiffness and Young’s modulus could be 

calculated. 

 
Figure 2.1. The load-displacement graph showing the biomechanical strain placed on a bone, 

including elastic deformation and plastic deformation, until the bone fractures (courtesy of Dr 

Brian Grills and Dr Stuart McDonald). 

 

All calculations for callus biomechanics were set for solid objects and not hollow objects, 

and all calluses displayed minimal or no signs of recanalization at the time-points of mechanical 

testing.  
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Firstly, value corrections were made to cross-sectional area and peak force in order to 

calculate other mechanical properties. Cross-sectional area values were corrected from mm² to 

m², by multiplying the values with 10¯⁶. Peak force values (x) were corrected from volts to newtons 

(N) using, N = x × 2.5545 + 0.2615. Bending stress (σ, Nm¯²) is the minimal load necessary to break 

a structure, and in bone is defined as the relationship between the peak force (N) and cross-

sectional area (m²) of bone [4]. Bending stress was calculated using the following equation; σ = F 

× L / (πA³/²). Where, σ is bending stress (Nm¯²), F is the peak force (N), L is the distance between 

the two platforms (m), π is 3.14 and A is the cross-sectional area (m²) of the calluses at the site of 

re-fracture. Stiffness (N.m¯¹) was calculated directly from the gradient of the linear portion (i.e. 

elastic phase) of the load-displacement trace produced during the three-point bending (Figure 

2.1). Young’s modulus (E, N.m¯²) is the total rigidity of the bone; it is the direct relationship 

between stress and strain applied to the bone, and their influence on bone structure [5]. Young’s 

modulus was calculated using the following equation; E = (F/Y) x (πL³/12A²). Where, E is Young’s 

modulus (N.m¯²), F/Y is stiffness (N.m¯¹), π is 3.14, L is the distance between the two platforms 

(m) and A is the cross-sectional area (m²) of calluses as the site of re-fracture. 

 

2.5. Histology 

 Murine fracture calluses that were previously scanned via µCT, were histologically 

processed to assess tissue composition at various stages of fracture healing (Chapter 4 and 5). 

Embedding and sectioning protocols were identical to that already published by Brady et al (2014). 

 

2.5.1. Tissue preparation and embedding  

Each callus was stripped of skeletal muscle in preparation of processing in LR White Resin 

Hard Grade Acrylic (London Resin Company, Reading, UK). Samples were consecutively washed 

for 1 h in 70%, 90% and 100% ethanol (ETOH) under agitation to remove any bone storage buffer 

residue and were then left overnight in 100% ethanol. Chloroform and 100% ETOH were used 

cyclically to wash samples 1 h each time, for a total of 4 h. Samples were transferred into glass 

vials in a 50/50 100% ETOH/LR White Resin solution for 3 h, then, in order for the resin penetration 

into tissue, the solution was replaced 100% LR White Resin and vacuum sealed overnight. 100% 

LR White Resin was replaced for each sample and left to agitate under vacuum all day. Callus 

samples were then positioned centrally in the bottom of the glass vials and LR White Resin was 

topped up 1 cm above the sample. To polymerise LR White resin, vials were placed in an oven for 

24 h at 60°C. Once the resin had polymerised and cooled, the glass vials were wrapped in a tea 

towel a gently struck with a hammer to shatter the glass off the solid resin blocks.  

 



 
 

56 

2.5.2. Sectioning tissue  

 Resin blocks containing callus samples were mounted onto a Leica RM 2155 Rotary 

Microtome (Leica). Sections of non-decalcified callus were cut longitudinally with a Tungsten blade 

knife (approximately 5 μm thick) at the mid-point of each callus. Sliced sections were floated in 

70°C water then placed four per slide onto Menzel-Gläser Superfrost® Plus glass sides (Lomb 

Scientific Pty Ltd, Tarenpoint, Australia), and baked on a hotplate for 1 h at 70°C.  

 

2.5.3. Tissue section staining  

All stains for histological assessment were supplied by Sigma-Aldrich (Sigma Aldrich) (see 

Appendix A for stain composition). Alcian blue (cartilage stain) and alcoholic eosin (bone stain) 

are two commonly used stains to assess cartilage vs. bone formation in healing calluses [6, 7]. 

Using a staining rack, two slides containing eight callus sections were stained for 30 min in 1% 

Alcian blue, rinsed in 1% acetic acid for 10 s, dH2O for 30 s, then stained in Eosin for 1 min 30 s. 

Sections were then rinsed in dH2O, allowed to air-dry and then cover slipped with dibutylphthalate 

polystyrene xylene (DPX) mountant (Sigma-Aldrich). Sections were viewed and photographed at 

x25 magnification using a light microscope. Fibrous tissue, cartilage, new bone area and callus area 

were manually traced and quantified using Leica Qwin V3 Standard (Leica).  
 

Tartrate-resistant acid phosphatase (TRAP) stain is well developed stain used to assess 

bone resorption in healing calluses [1, 8, 9]. The stain seeks out TRAP; an enzyme secreted by 

active osteoclasts and pigments the enzyme pink [10]. Sections were incubated with 0.2M acetate 

buffer for 20 min in a humidified chamber at RT. Acetate buffer was removed, and TRAP-reagent 

was added to each section and incubated in a 37°C humid chamber for 4 h. Sections were rinsed 

in distilled water, air-dried and cover slipped in DPX mountant. Sections were viewed and 

photographed at x200 magnification with a light microscope. TRAP stain area was quantified using 

Leica Qwin V3 Standard (Leica). 

 

2.6. Cell Culture 

Two multi-potential bone marrow stromal cell lines were used in Chapters 4 and 5. Kusa 

O cells (used in Chapter 4) had been previously gifted to our lab from Dr Julian Quinn (The Garvin 

Institute, Sydney) therefore, these were the first cell line used. Kusa O cells are multi-potential 

bone marrow stromal cells [11], and that have been characterised as cells with an osteogenic 

phenotype, suitable for investigations on osteoblastic differentiation [12]. Apart from their 

osteogenic potential, they can, with slight altercations in culture medium, also display an 

adipocytic phenotype [12], which typically results in a mixed osteoblastic/adipocytic cell 

population. A genetic subclone, Kusa4b10, was gifted to our lab from Dr Natalie Sims (St. Vincent’s 
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Institute of Medical Research) just prior to the start of Chapter 5. Kusa4b10 cells have 

demonstrated a more osteoblastic phenotype than the Kusa Os, thus they are more suitable for 

investigations on osteoblastic differentiation [12, 13]. Unless otherwise stated, both cell lines were 

stored, maintained and cultured under that same conditions.  

 

2.6.1. Cell storage and maintenance  

 Cells were stored in 1 ml vials at temperatures below -195°C in liquid nitrogen filled 

cryogenic protective dewars until use. Vials were thawed at RT, then transferred into a 75 cm² 

canted neck flask and maintained in alpha-Minimum Essential Medium (a-MEM, Gibco® Life 

Technologies™, Auckland, NZ) plus 10% Australian Premium foetal bovine serum (FBS, Australian 

Ethical Biologicals Pty. Ltd., Coburg, AU). Cells actively used for experiments were stored in 5% 

CO₂/H₂O jacketed incubator (HEPA Class 100 Forma Series II, Thermoline) at 37°C and culture 

medium was replaced every three days. Cells were used between passages 10-22, as beyond 

passage 25, cells have been reported to be unstable and lose their mineralization characteristics 

[12].  

 

2.6.2. Cell subculture and freezing process 

 To maintain stock of several passages for future studies, a series of cells were sub-cultured 

and/or 1 ml vials were frozen and returned to the dewars. For subculture, cells were lifted from 

flasks via aspiration of media, followed by 3 x 15 s wash of 10 ml phosphate buffered saline (PBS) 

and then the addition of 1.5 ml of TrypLE™ Express (Gibco®, Denmark), and incubated for 5-7 min. 

a-Minimum Essential Medium (a-MEM) (8.5 ml) was added to cell/TrypLE™ Express mix to 

maintain cell stability and cells were gently transferred from the flask into a Corning® CentriStar™ 

tube (Corning Incorporated, USA). Cells were then subdivided in up to five new flasks or culture 

plates. For the cells to be frozen down, cell/ TrypLE™ Express mix was centrifuged and the pellet 

was re-suspended in a-MEM plus 10% DMSO and stored in 1 ml aliquots in cryovials at -80°C 

overnight. Cryovials were transferred to the dewar.  

 

2.6.3. Western blotting  

Protein sample preparation  

Western blotting assays were used to determine TrkA and TrkB receptors on Kusa O and 

Kusa4b10. The Western blotting protocol used throughout these experiments was the ‘General 

Western blot protocol’ available as a PDF through Abcam online (Abcam). Cells were sub-cultured 

at a density of 3000 cells/ml in α-MEM plus 10% FBS for 3 days. Cells were either maintained in α-

MEM plus 10% FBS, or osteoblastic differentiating medium (α-MEM plus 10% FBS supplemented 
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with 50 µg/ml ascorbate and 10mM β-glycerophosphate) [12, 13]. Medium was replenished three 

days a week. Lysate was isolated from the undifferentiated and differentiated cell populations. 

Briefly, cells were washed three times in PBS and then lysed in RIPA-EDTA buffer (150mM NaCl, 

1% Triton X, 0.5% sodium deoxycholate, 0.1% SDS, 50mM Tris, 0.5mM EDTA) with added protease 

and phosphatase cocktail inhibitors. 
 

 Protein sample concentration was determined using Pierce™ BCA™ Protein Assay Kit 

(Pierce Biotechnology, Rockford, USA). Nine diluted bovine albumin (BSA) standards were 

prepared in sterile tubes in accordance to the kit instructions. 25 µl triplicates of each standard 

and unknown sample was loaded onto a 96-well plate followed by 200 µl of working reagent. The 

plate was incubated at 37°C for 30 min and then absorbance was read at 550 nm using a Micro-

plate Spectrophotometer (DYNEX Technologies Ltd, UK) to determine protein concentration and 

supernatant protein concentration was mixed [1:1 (v/v) ratio] with Laemmli x2 loading buffer. Left 

over volumes of standards and samples were stored in -20°C for future use.  
 

Gel electrophoresis 

For gel electrophoresis, samples were boiled for 5 min to denature proteins and allow for 

protein migration. Using a Precast Mini-PROTEAN® TGX™ gel (Bio-Rad Laboratories Inc., Hercules, 

USA), 10 µg pf protein from each sample was loaded, alongside 5 µl of molecular weight marker, 

Precision Plus Protein™ WesternC™ Standard (Bio-Rad). The gel electrophoresis was run for 45 

min at 30 constant Amps and 200 V. Once electrophoresis was complete, the apparatus was 

disassembled, and the gel was suspended in transfer buffer.  
 

Transfer of protein to polyvinyl difluoride (PVDF) membrane 

Protein bands were transferred onto PVDF membranes (pre-soaked in methanol) using 

the Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad). A ‘sandwich’ was assembled by 

layering of sponges, filter papers, gel and membrane, and clamped into the transfer cell, which 

was filled with transfer buffer. The membrane side of the sandwich was faced towards the positive 

electrode and the gel side towards the negative electrode. The transfer was run for 1 h at 4°C at 

100 V.      
 

Chemiluminescent protein detection 

For protein detection, PVDF membranes were blocked in 5% skim milk blocking buffer at 

RT for 2 h under agitation. Skim milk blocking buffer prevented the non-specific binding of proteins 

during the primary and secondary antibody probing stages [14]. Antibodies used for Western 

blotting were supplied by Abcam® (Sapphire Bioscience) and were diluted in 1x Tris-Buffered 

Saline and 0.1% Tween 20 (TBST) each time they were used. For a list of antibodies and dilutions 

used, please refer to individual chapter sections ‘Materials and Methods’ and ‘Western blotting’. 
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At 4°C, membranes were probed with primary antibodies overnight. The next morning, 

membranes were thoroughly washed in TBST, and then incubated with secondary antibodies for 

2 h at RT. Signal detection was developed with chemiluminescence (Immuno-Star™ HRP kit, Bio-

Rad). Immunoreactive bands were digitally imaged using Molecular Imager® Chemidoc™ XRS+ 

(Bio-Rad) and results were quantified using Image Lab™ Software (Bio-Rad). Values were 

normalised using the loading control, α-tubulin.  

 

2.6.4. Proliferation Assays 

 Cells were sub-cultured in a 96-well plate at a density of 3000 cells/ml in α-MEM plus 10% 

FBS. After 3 h, medium was aspirated and replaced with α-MEM plus 2% FBS. Cells were treated 

with either GA (Chapter 4) or 7,8-DHF (Chapter 5) for 72 h. The negative controls were α-MEM 

only and positive controls were α-MEM+10% FBS, α-MEM + 100 ng/ml IGF (Life Technologies™, 

Scoresby, AU). Cell proliferation was measured using CellTiter 96® AQueous One Solution Cell 

Proliferation Assay kit (Promega Corporation, Madison, USA) as per manufacturer’s instructions, 

with absorbance read at 490 nm using Multiskan GO (Thermo Fisher Scientific Oy, Finland). Data 

was normalized to controls.  

 

2.6.5. Gene expression analysis by reverse transcription-polymerase chain reaction (RT-PCR)  

Cells were sub-cultured at a density of 3000 cells/ml in a-MEM plus 10% FBS. After 24 h, 

medium was aspirated and replaced with osteoblastic differentiation medium of a-MEM plus 10% 

FBS with added 50 µg/ml ascorbate [12, 13]. Cells were maintained in this medium and treated 

daily with GA (Chapter 4) and 7,8-DHF (Chapter 5) and media was replenished three times a week. 

Total RNA was prepared from cells lysed in PureZolÔ (Bio-Rad) and stored at -80°C for further 

RNA extraction. Chloroform (1/5 of lysate volume) was added to the cell lysate and centrifuged to 

separate homogenate into three phases; pink phenol-chloroform phase, interphase and clear 

aqueous phase (where the RNA is located). The aqueous phase was collected, and an equal volume 

of isopropanol was added. The RNA mixture was stored at -20°C overnight to precipitate the RNA. 

The mixture was centrifuged at 13,000 rpm for 15 min to result in a pellet of pure RNA. The pellet 

was isolated and washed in 75% ETOH in diethylpyrocarbonate (DEPC) treated H2O at 8,000 rpm 

for 8 min. The ethanol was removed, and the pellet was allowed to dry before being dissolved in 

10 µl of nuclease-free H2O.  The eluted RNA was analysed for purity and quantity using the 

Nanodrop 2000 (Thermo Fisher Scientific, USA), which assessed the amount of nucleic acid (ng/ml) 

and absorbance A₂₆₀ ̷₂₈₀. 1 µg of total RNA underwent reverse transcription using iScriptÔ cDNA 

Sythesis Kit (Bio-Rad). The mixture was thoroughly mixed, placed in the Bio-Rad CFX96™ Real-Time 

System (Bio-Rad) and underwent a series of incubation settings; 5 min at 25°C, increasing to 42°C 

for 30 min, then it was further incubated for 5 min for 85°C. The resulting cDNA produced was 
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stored at -80°C until it was used in RT-PCR analysis. PCR was performed in quadruplicate using 

SsoFastÔ EvaGreenÒ Supermix (Bio-Rad) on an iQ 96-well PCR system (Bio-Rad). Each 

amplification reaction contained 1 µl of cDNA and 300 nM of primer. Thermal cycling conditions 

included initial denaturation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 55°C for 5 

s. Melt-curve analysis was performed post-cycling to confirm specificity of the amplified products. 

Relative quantification of genes of interest mRNA expression normalised to the house-keeping 

gene and was determined using the 2-DDCt method.  
 

Please refer to each chapter under ‘Material and Methods’ and ‘RT-PCR’ for specific 

primers that were used. Primers were designed using Beacon designer 3.00 (PREMIER Biosoft 

International., USA). Primers for RT-PCR were synthesized and supplied by GeneWorks Pty Ltd 

(GeneWorks Pty Ltd, Thebarton, AU). 

 

2.6.6. Mineralization assays 

Cells were sub-cultured at a density of 3000 cells/ml in a-MEM plus 10% FBS for 24 h, then 

changed to osteoblastic differentiating medium of a-MEM plus 10% FBS with 50 µg/ml ascorbate 

and 10 nM beta-glycerophosphate [12, 13]. Cells were maintained in this medium for 21 days and 

medium was replaced three times per week. Kusa O cells were treated daily with GA (Chapter 4) 

and Kusa4b10 cells were treated daily with 7,8-DHF (Chapter 5). After 21 days, cells were washed 

three times in cold PBS and fixed in ice cold 70% ETOH for 30 min. Cells were then washed in cold 

PBS and stained for 30 min with 0.5% Alizarin Red stain solution (pH 4.2). Alizarin Red stain was 

removed with five PBS washes and cells were imaged with a flatbed colour scanner. Mineralized 

areas were quantified using ImageJ software (National Institutes of Health, Bethesda, USA).  

 

2.7. Statistical analysis 

All outcomes were analysed used GraphPad Prism software versions 6-7 (GraphPad 

Software, Inc., La Jolla, USA). All data was subject to Shapiro-Wilk normality tests. Data was 

presented as the mean ± SEM and statistical significance was defined as p ≤ 0.05. The number of 

asterisks defined the p value; *p < 0.05, **p < 0.01, ***p < 0.001. Please refer to each chapter 

‘Material and methods’ and ‘Statistical analysis’ for specific statistical analyses used.  
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Chapter 3. 

The effects of the selective TrkA agonist, gambogic amide, on the outcomes of traumatic brain 

injury in mice 

 

Note: A version of this chapter has been published prior to the completion of this thesis. The 

extent of contributions for this chapter as well as permissions and a copy of the publication can 

be found in Appendix B.  

Johnstone M. R., Sun M., Taylor C. J., Brady R. D., Grills B. L., Church J. E., Shultz S. R., and 

McDonald S. J., Gambogic amide, selective TrkA agonist, does not improve outcomes from 

traumatic brain injury in mice. Brain Injury. 2018 32(2) 257-268.   

 

3.1. Introduction 

Traumatic brain injury (TBI) is a form of acquired brain injury and is a leading cause of 

death and disability worldwide [1]. Whilst some TBI patients recover within months of injury [2], 

TBI can result in chronic physical, cognitive and emotional abnormalities, and has been associated 

with the development of neurodegenerative diseases [3-7]. The brain damage in TBI results from 

both the irreversible primary mechanical insult and the activation of secondary injury 

mechanisms, such as neuroinflammation and apoptosis that evolve over the hours to months after 

the initial impact [3, 5, 8]. Neuroinflammation in TBI is characterized by the activation of microglia 

and astrocytes and release of pro-inflammatory cytokines, whereas apoptosis is a significant 

contributor to cell death following TBI [9, 10]. Several experimental TBI studies have shown that 

activation of neuroinflammation and apoptosis can lead to worsened cognitive capacity, 

emotional disturbances and motor control dysfunction [11-16], and that treatments targeting 

these mechanisms have potential to improve TBI outcomes [17-19]. 
 

Nerve growth factor (NGF) is a neurotrophin responsible for the growth and maintenance 

of target neurons in the CNS [20, 21]. Several studies have demonstrated that NGF exerts pro-

survival responses in neurons by binding to its high affinity receptor TrkA [22, 23]. Although there 

is currently no reported data on the therapeutic use of NGF in clinical trials for TBI, there have 

been promising animal studies that support the potential benefit of TrkA activation post-TBI. In 

experimental rodent TBI models, NGF administration has been shown to alleviate several of the 

deficits associated with the secondary mechanisms of TBI, including promoting neuron survival, 

reducing expression of inflammatory markers, and reducing cerebral edema [15, 24-29]. 

Furthermore, NGF treatment following TBI was found to improve spatial memory of rodents 

during Morris water maze testing [15, 28-31]. 
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A potential issue with using NGF in the treatment of CNS injuries is the poor 

pharmacokinetic properties of the peptide. NGF has low blood brain barrier (BBB) penetrability 

and has a short elimination half-life (~2 h) following systemic administration [32-34]. As such, the 

use of small non-peptide neurotrophic mimetics may have superior therapeutic potential. One 

such substance is gambogic amide (GA), a recently discovered, BBB permeable, selective high 

affinity TrkA agonist [35-37]. GA was found to selectively bind to TrkA and activate downstream 

Akt and mitogen-activated protein kinase (MAPK) signaling in neurons in vitro, resulting in the 

promotion of neurite outgrowth and increased resistance to glutamate-induced cell death [35]. In 

vivo, systemic administration of 2 mg/kg/day of GA in mice protected neurons from kainic acid-

induced apoptosis, and reduced infarct volume in a transient model of ischemic brain injury [35]. 

No studies, however, have investigated the therapeutic potential of GA in TBI. Accordingly, the 

aim of the present study was to investigate the effects of GA treatment on neuroinflammation, 

apoptosis, neurite outgrowth and behavioural outcomes following lateral fluid percussion injury 

(LFPI) in mice. 

 

3.2. Materials and methods  

3.2.1. Subjects 

Thirty, C57BL/6 male mice were obtained from the Australian Animal Resource Centre 

(ARC, Western Australia). Mice were 12 weeks of age at time of injury and were housed 

individually throughout the experiment under a 12 h light/dark cycle with access to food and water 

ad libitum. All experimental procedures were approved by The Florey Institute of Neuroscience 

and Mental Health Animal Ethics Committee (#14-006 UM), were within the guidelines of the 

Australian code of practice for the care and use of animals for scientific purposes by the Australian 

National Health and Medical Research Council, and in compliance with the ARRIVE guidelines for 

how to report animal experiments.  

 

3.2.2. Experimental groups 

Mice were randomly assigned to receive either a LFPI (n = 16) or a sham-injury (n = 14). 

One mouse died immediately post-LFPI and another mouse given LFPI was euthanized after failing 

to recover basic motor function after injury. To assess the effects of GA on acute TBI outcomes, 

mice were then randomly assigned to one of four experimental groups: sham injury + vehicle (i.e. 

30% w/v of Kolliphor® HS 15 in saline; SHAM+VEH; n = 7), sham injury + GA in vehicle (SHAM+GA; 

n = 7), TBI + vehicle (TBI+VEH; n = 7), and TBI + GA (TBI+GA; n = 7). As GA had poor water solubility 

at the concentration suitable for subcutaneous injection, a vehicle consisting of 30% w/v of 

Kolliphor® HS 15 and saline was used to form a microemulsion of GA. Kolliphor® HS 15 (Solutol® HS 

15) is a non-ionic emulsifier, a white, odorless paste that is well tolerated and commonly used as 
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a vehicle in human and veterinary injection formulations [38-41] Subcutaneous injections of GA (2 

mg/kg/day) or vehicle were made at 1-, 24- and 48-h post-injury. GA and this dosing regimen were 

chosen due to the previously demonstrated potent and selective neurotrophic actions of GA in 

vitro, and promising neuroprotective properties at 2 mg/kg/day following ischemic brain injury 

[35, 36]. All mice were euthanized at 72 h post-injury, a time-point chosen as it would allow for 

acute behavioral assessments, as well as capturing several pathological/physiological events (e.g. 

edema, apoptosis, microglia activation, astrocyte activation, neurite outgrowth, synaptogenesis) 

at a single acute post-injury time-point [5, 7, 42, 43].   

 

3.2.3. Lateral fluid percussion injury 

The LFPI is a commonly used and well-validated model of TBI.  LFPI and sham injury 

procedures were conducted using previously described standard protocols [44]. Briefly, mice were 

anaesthetized with isoflurane and underwent a 3 mm craniotomy over the lateral parietal cortex 

to expose the intact dura mater of the brain. A hollow injury cap was placed over the craniotomy 

and was secured by dental acrylic, the mouse was removed from anesthesia and attached to the 

fluid percussion device via the injury cap. At first response of hind-limb withdrawal, the fluid 

percussion device delivered a fluid pulse of 1-1.5 atm to the brain. Upon resumption of 

spontaneous breathing, the injury cap was removed and the wound sutured. Sham-injury mice 

underwent the identical procedures as the LFPI mice except for the delivery of the fluid pulse.  

 

3.2.4. Acute injury severity 

Apnoea, hind-limb withdrawal and self-righting reflex times were monitored and recorded 

in all mice after injury as an indicator of acute injury severity [13, 43]. Apnoea was defined as the 

time from injury to spontaneous breathing, loss of consciousness was the time from injury to a 

hind-limb withdrawal response to a toe pinch, and self-righting reflex was the time from injury to 

the return of an upright position.  

 

3.2.5. Behavioural testing 

Mice underwent a series of behavioural tests in rotarod, open-field, elevated plus-maze 

(EPM) and Y-maze over a period of three days beginning at 1-day post-injury.    
 

Rotarod 

The accelerated rotarod was used at 1-, 2- and 3-days post-injury to assess sensorimotor 

ability [44, 45]. The testing apparatus consisted of rotating barrels (diameter = 3 cm) in four 

consecutive lanes (diameter = 5 cm) separated by walls (diameter = 10 cm; Harvard Apparatus, 

Holliston, TX, USA). Mice completed training one day before injury followed by three days of 
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consecutive trials starting day 1 post-injury. Each trial consisted of the mouse being placed on the 

rotating barrel, the speed was increased from 4 to 40 rpm over a period of 5 min, and the average 

duration of time the mouse was able to stay on the rotating barrel was recorded for each trial 

period (maximum time of 5 min).  
 

Open-field 

 One day post-injury mice underwent open-field testing to assess locomotion and anxiety-

like behaviour as previously described [43, 44]. Briefly, the testing area consisted of a 100 cm 

diameter circular field surrounded by a 20 cm high plastic wall, with mice were individually placed 

in the centre of field and allowed to explore the arena for a 5 min test period. Using EthoVision® 

tracking software (Noldus, Leesburg, VA, USA) behaviour was recorded and quantified with the 

following parameters; time spent in inner field (66 cm diameter) and total distance travelled. Time 

spent in the inner field was a measure of anxiety-like behaviour in mice and total distance travelled 

in the field was as a measure of locomotion. 
 

Elevated plus-maze 

At two days post-injury mice completed EPM testing to assess anxiety-like behaviour [44, 

46]. The testing apparatus consisted of four arms (length = 30 cm, width = 6 cm) shaped in a plus. 

Two opposing arms (closed-arms) had 15 cm high walls bounding them and the other two 

opposing arms (open-arms) had no walls. Mice were placed in the centre of the EPM facing the 

open-arm and allowed to explore the arena for 5 min. Behaviour was recorded using an overhead 

camera and was quantified using EthoVision® tracking software (Noldus). Decreased amount of 

time spent in the open-arm equated to increased anxiety-related behaviour in mice [44]. Total 

distance travelled was used as a measure of locomotion.  
 

Y-maze 

Y-maze was completed at three days post-injury to assess spatial memory [44]. The Y-

maze testing apparatus consisted of three arms (length = 38 cm, width = 8 cm) enclosed by 13 cm 

high walls shaped in a Y-shape (San Diego Instruments, San Diego, CA, USA). Unique visual cues 

were placed at the distal end of each arm. Mice completed a 15 min training period prior to testing. 

During the training period, two of the arms remained open (start arm and old arm) and one of the 

three arms (novel arm) was blocked by a barrier. The mouse was given a 15 min interval period 

between training and testing. Commencing the 5 min testing period, the novel arm of the Y-maze 

was unblocked, and the mouse was again placed in the start arm and allowed to freely explore all 

three arms. Behaviour was recorded using an overhead camera and analysed using EthoVision® 

tracking software (Noldus). Time spent exploring the novel and total distance travelled was used 

as a measure of spatial memory.  
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3.2.6. Oedema 

Brain water content was used to measure oedema. At 72 h post-injury mice were killed 

and the brain was harvested. A piece of injured and uninjured cerebral cortex was dissected and 

individually weighed (wet weight). The tissue was dried at 100°C for 24 h and then weighed again 

(dry weight). To calculate brain water content the following formula was used: water content (%) 

= (wet weight – dry weight)/wet weight.  

 

3.2.7. Brain tissue preparation  

Anesthetized mice (4% isoflurane for 1 min) were decapitated at 72 h post-injury. Brains 

were removed and dissected, and the tissue was rapidly frozen in liquid nitrogen and stored at 

−80°C. One piece of brain tissue (~10 mg) from the ipsilateral cortex (IC) and ipsilateral 

hippocampus (IH) was collected for RT-PCR, with an adjacent region of IC (~5 mg) collected for 

Western blot analysis.   

 

3.2.8. RNA extraction and RT-PCR  

Samples were homogenized in 600 μl of PureZOL™ RNA isolation reagent using Precelly’s 

24 Bead Mill Homogenizer (Bertin Technologies, Villeurbanne, France) at 4°C, before being 

centrifuged at 12,000 rpm for 20 min at 4°C. Lysate from each sample was collected ready for RNA 

extraction. RNA was extracted using the spin protocol in Aurum™ Total RNA Fatty and Fibrous 

Tissue Kit (Bio-Rad Laboratories Inc., USA) according to the manufacturer’s instructions. Reverse 

transcription was performed from 600 ng of total RNA using iScript™ cDNA Synthesis Kit (Bio-Rad) 

according to manufacturer’s instructions. PCR was performed to quantify expression of genes 

associated with neuroinflammation (vimentin, GFAP, LCN2, Iba1, CD31, CD16), apoptosis 

(caspase-3), neurite outgrowth (GAP-43) and synaptogenesis (synaptophysin, synapsin, agrin) 

(view Table 3.1 for oligonucleotide primer sequences). Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was used as an internal control gene. RT-PCR was performed using 

SsoFast EvaGreen Supermix (Bio-Rad) on an iQ 96-well PCR system (Bio-Rad). Each amplification 

reaction contained 1 µl of cDNA (30 ng input RNA) and 300 nM of primer and was performed in 

triplicate. Thermal cycling conditions included initial denaturation at 95°C for 30 s, followed by 40 

cycles of 95°C for 5 s and 55°C for 5 s. Melt curve analysis was performed post-cycling to confirm 

specificity of the amplified products. Relative quantification of genes of interest mRNA expression 

was determined using the 2−ΔΔCt method.  

 

 

 

 



 
 

68 

Table 3.1. RT-PCR oligonucleotide name and sequence (5’-3’). 

 
Oligonucleotide name Sequence (5’-3’) 

mGAPDH  Sense: ATGACATCAAGAAGGTGGTG 

Anti-sense: CATACCAGGAAATGAGCTTG 

mVimentin Sense: GGCTGCCAACCGGAACAA 

Anti-sense: CGCTCCAGGGACTCGTTA 

mGFAP Sense: TCCTGGAACAGCAAAACAAG 

Anti-sense: CAGCCTCAGGTTGGTTTCAT 

mLCN2 Sense: CCCCATCTCTGCTCACTGTC 

Anti-sense: TTTTTCTGGACCGCATTG 

mIba1 Sense: GGATTTGCAGGGAGGAAAA 

Anti-sense: TGGGATCATCGAGGAATTG 

mCD32 Sense: AATCCTGCCGTTCCTACTGATC 

Anti-sense: GTGTCACCGTGTCTTCCTTGAG 

mCD16 Sense: TTTGGACACCCAGATGTTTCAG 

Anti-sense: GTCTTCCTTGAGCACCTGGATC 

mCaspase-3 Sense: TGTCATCTCGCTCTGGTACG 

Anti-sense: AAATGACCCCTTCATCACCA 

mGAP-43 Sense: AGCCTAAACAAGCCGATGTG 

Anti-sense: GCAGGAGAGACAGGGTTCAG 

mSynaptophysin Sense: TGCCAACAAGACGGAG 

Anti-sense: GGCGGATGAGCTAACT 

mSynapsin Sense: CAGCACAACATACCCTGTGG 

Anti-sense: GGTCTTCCAGTTACCCGACA 

mAgrin Sense: CTTTGATGGGCGGACCTACA 

Anti-sense: GTGATAGCTGAGTTGCAGGT 
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3.2.9. Western blot analysis 

Western blotting was used to detect expression of TrkA receptors, and phosphorylated-

Akt, a downstream indicator of TrkA receptor activation. IC tissue was homogenized with RIPA-

EDTA buffer with added protease and phosphatase cocktail inhibitors [43]. To determine sample 

protein concentration, Pierce™ BCA™ Protein Assay Kit (Pierce Biotechnology, USA) was used and, 

supernatant protein concentration was mixed [3:1 (v/v) ratio] with 4 × SDS loading buffer (Bio-

Rad). Samples were heated at 95°C for 5 min, centrifuged, and then stored at -20°C for Western 

blot analysis. Protein (10 µg) was loaded into each well and protein was separated using Precast 

Mini-PROTEAN® TGX™ gel (Bio-Rad). Protein bands were transferred onto polyvinyl difluoride 

(PVDF) membranes. Primary antibodies used included: anti-TrkA (1:1000, Abcam, USA), anti-Akt 

(1:1000, Cell Signaling Technology, USA) and anti-phosphorylated-Akt (S438, 1:1000, Cell Signaling 

Technology). Signal detection was developed with chemiluminescent substrate kit (Clarity™ ECL 

Western Blotting Substrate, Bio-Rad). Immunoreactive bands were digitally imaged using 

Molecular Imager® Chemidoc™ XRS+ (Bio-Rad) and results were quantified using Image Lab™ 

Software (Bio-Rad). Values were normalized for protein loading using β-actin as a loading control. 

  

3.2.10. Statistical analysis  

Rotarod data were analysed with a mixed design analysis of variance (ANOVA) using SPSS 

Statistics 22.0 software (IBM, New York, USA). All other outcomes were analysed with a two-way 

ANOVA, with Bonferroni post-hoc comparisons carried out when appropriate. Statistical analyses 

were performed using GraphPad Prism 6, with significance defined as p < 0.05. 
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3.3. Results  

3.3.1. Acute injury severity measures 

Apnoea was observed in LFPI mice only (p < 0.001), and increased durations of 

unconsciousness (p < 0.001) and self-righting (p < 0.001) were observed in LFPI mice compared to 

sham injured mice (Table 3.2.). There were no significant differences in injury severity measures 

between vehicle- and GA-treated mice. Additionally, no difference in oedema was seen between 

the injury or treatment groups.  

 

Table 3.2. Acute injury severity outcomes in mice given SHAM or TBI and assigned to a VEH or GA 

treatment group. 

 Apnoea (s) Hind-limb (s) Self-righting (s) 

SHAM-VEH 0 0 75.1 ± 7.0 

SHAM-GA 0 0 83.0 ± 7.3 

TBI-VEH 49.9 ± 3.3a 253.6 ± 11.4a 439.9 ± 13.2a 

TBI-GA 56.0 ± 3.8a 256.1 ± 9.9a 440.9 ± 16.9a 

aTBI significantly greater than sham injured groups, p < 0.001, VEH, vehicle; GA, gambogic amide; 

TBI, traumatic brain injury.  

 

3.3.2. Behavioural outcomes 

Rotarod analysis revealed that TBI mice spent significantly less time on the rotarod 

(Figure. 3.1A, p < 0.01), a measure of motor function, compared to sham-injured mice. There was 

also a significant effect for test day, with mice spending significantly more time on the rotarod 

during the third day of rotarod testing (Figure. 3.1A, p < 0.001). There was no effect of GA 

treatment on rotarod performance. 
 

In the EPM, TBI mice had significantly reduced distance travelled (Figure. 3.1C, p < 0.01), 

a measure of locomotion, compared to sham-injured mice. Mice given a TBI also displayed a trend 

for spending increased time in the open arm of the EPM (Figure. 3.1C, p = 0.0622) compared to 

sham-injured mice. There was no GA-treatment effect on EPM measures.  
 

Although no injury effect was seen in the Y-maze (Figure. 3.1B), GA-treated mice had 

significantly reduced distance travelled (Figure. 3.1B, p < 0.05) and spent significantly less time 

(Figure. 3.1B, p < 0.01) in the novel arm compared to vehicle-treated mice.  No statistically 

significant differences were found in the open-field (Figure. 3.1D).  
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Figure 3.1. The effects of GA treatment on behavioural outcomes post-LFPI. (A) Rotarod testing found that LFPI groups had motor deficits compared to SHAM groups 

(p = 0.005) as indicated by significantly less time spent on the rotarod during testing. GA treatment did not affect rotarod performance. (B) No injury effect was seen 

in the Y-Maze, however mice treated with GA spent less time in the novel arm compared to vehicle-treated mice (p = 0.0095). (C) There was a non-significant trend 

for LFPI mice spending more time in the open arm of the elevated-plus maze (EPM) compared to SHAM mice (p = 0.0622). LFPI mice had a significant reduction in the 

distance travelled in the EPM (p = 0.0064). There were no treatment effects on EPM measures. (D) No differences were found between groups in open-field. Data 

expressed as mean ± SEM, n = 7/group. Double asterix injury effect, p < 0.01, number sign treatment effect, ## p < 0.01; ### p < 0.001. 
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3.3.3. Brain water content 

 Brain water content was analysed as a measure of BBB breakdown. Brain water content 

was not altered in the IC or contralateral cortex (CC) between SHAM or injury groups at 72 h. GA 

did not affect brain water content compared to vehicle-treated mice (Figure 3.2.).  

 

 

Figure 3.2. The effects of GA treatment on brain water content in the ipsilateral (A) and 

contralateral (B) hemispheres following TBI at 72 h. Brain water content did not significantly 

increase in the ipsilateral or contralateral hemispheres following LFPI at 72 h. No differences were 

found after treatment with GA.  Data expressed as mean ± SEM, n = 6/group.   

 

 

3.3.4. TrkA expression and phosphorylation 

Western blot analysis of mouse IC was performed to analyse the expression of TrkA 

receptors and activation of pro-survival pathways phosphorylated-Akt (p-Akt). At 72 h post-TBI, 

TrkA receptors were down regulated in TBI groups compared to sham groups (Figure. 3.3A, p < 

0.001). GA did not alter the expression of TrkA receptors. There was no significant GA treatment 

effect on p-Akt, yet there was a trend that TBI increased p-Akt (Figure. 3.3B, p = 0.07). 
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Figure 3.3. The effects of GA treatment on TrkA expression and phosphorylated-Akt activation 

post-LFPI. (A) Western blotting found LFPI caused a significant decrease in TrkA receptor 

expression compared to SHAM groups (p = 0.0001). GA treatment did not affect TrkA expression. 

(B) There was a trend for LFPI to increase the pAkt/total Akt ratio compared with SHAM groups (p 

= 0.0735). No differences were found following GA treatment. Data expressed as mean ± SEM, n 

= 6/group. Triple asterix injury effect, p < 0.001.   

 

3.3.5. Neuroinflammation 

PCR analysis of mouse IC and ipsilateral hippocampus (IH) was performed to analyse the 

relative fold-change in genes commonly associated with neuroinflammation: vimentin, GFAP, 

LCN2, Iba1, CD32 and CD16. As seen in Figure 3.4., mice with TBI had significantly increased mRNA 

expression in both the IC and IH in all the markers of neuroinflammation (vimentin, IC, p < 0.001, 

Figure. 3.4A, IH p < 0.05, Figure. 3.4G; GFAP, IC, p < 0.01, Figure. 3.4B, IH p < 0.05, Figure. 3.4H; 

LCN2, IC, p < 0.05, Figure. 3.4C, IH, p < 0.05; Iba1, Figure. 3.4I, IC, p < 0.01, Figure. 3.4D, IH, p < 

0.01, Figure. 3.4J; CD32, IC, p < 0.001, Figure. 3.4E, IH, p < 0.05, Figure. 3.4K; and CD16, IC, p < 

0.05, Figure. 3.4F, IH, p < 0.01, Figure. 3.4L) at 72 h post-injury compared with sham-injured 

groups. There was no significant GA treatment effect on neuroinflammatory markers.  GA-treated 

mice had significantly increased LCN2 expression in the IH (Figure. 3.4I, p < 0.05) but not in the IC 

compared to vehicle-treated mice. 
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Figure 3.4. The effects of GA treatment on expression of markers of neuroinflammation post-

LFPI. Cortex and hippocampus from mice with LFPI had significantly increased vimentin (A, G), 

GFAP (B, H), LCN2 (C, I), Iba1 (D, J), CD32 (E, K) and CD16 (F, L) at 72 h post-injury compared to 

sham-injured mice, however treatment with GA did not alter the expression of these makers. LCN2 

(C, I) expression was significantly increased in response to LFPI in the cortex and in the 

hippocampus. GA-treated groups had significantly increased LCN2 expression in the hippocampus 

(# p < 0.05) but not in the cortex compared to vehicle-treated groups. Data expressed as mean ± 

SEM, n = 7/group. Asterix injury effect, * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

3.3.6. Apoptosis 

PCR analysis of apoptotic marker; caspase-3, was assessed in mouse IC and IH. At 72 h 

post-injury there was an overall significant increase in caspase-3 expression in the IC (Figure. 3.5A, 

p < 0.05) and IH (Figure. 3.5B, p < 0.01) in mice with TBI compared to sham-injury. GA did not alter 

expression of caspase-3. 
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Figure 3.5. Expression of apoptosis marker caspase-3 in mouse cortex (A) and hippocampus (B) 

72 h after LFPI or SHAM-injury. Caspase-3 mRNA expression increased in mice with LFPI in the 

cortex (p < 0.05) and hippocampus (p < 0.01). GA treatment did not alter caspase-3 expression. 

Data expressed as mean ± SEM, n = 7/group. Asterix injury effect, * p < 0.05; ** p < 0.01. 

 

3.3.7. Neurite sprouting and synaptogenesis 

Expression of markers associated with neurite outgrowth (GAP-43) and synaptogenesis 

(synaptophysin, synapsin and agrin) within the IC and IH was analysed. At 72 h post-injury, 

expression of GAP-43, synaptophysin and synapsin did not alter in response to TBI nor GA-

treatment in the IC and IH (Figure. 3.6A-C, E-G). Agrin mRNA expression was significantly increased 

in the IH (Figure. 3.6H, p < 0.05) of LFPI mice, however GA-treatment had no effect on agrin 

expression (Figure. 3.6D, H).   
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Figure 3.6. The effects of GA treatment on expression of markers of neurite sprouting and synaptogenesis post-LFPI. LFPI did not alter the mRNA expression of 

markers of neurite sprouting (GAP-43) and synaptogenesis (synaptophysin, synapsin) in mouse cortex (A-C) and hippocampus (E-G) at 72 h post-injury compared with 

sham-injured mice. Likewise, treatment with GA had no effect on the expression of neurite sprouting and synaptogenic markers compared to vehicle groups. The 

LFPI-injured mice had significantly increased agrin expression in the hippocampus (H), but not in the cortex (D), compared to sham-injured mice at 72 h post-injury 

(*p < 0.05). GA treatment did not alter the expression of agrin compared to vehicle groups. Data expressed as mean ± SEM, n = 7/group.  
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3.4. Discussion 

Previous studies have found that treatment with NGF reduced neuronal apoptosis [15, 

26], suppressed neuroinflammation [24, 25], and improved cognitive outcomes in rodents with 

TBI [28, 29, 31]. The pro-survival effects of NGF are thought to be mediated via TrkA activation 

[22], and TrkA activation has been shown to promote neurite outgrowth [35, 47]. High affinity 

selective TrkA agonist, GA, has previously been shown to stimulate neurite outgrowth [36, 48], 

prevent apoptosis of primary neurons in vitro [35], and through systemic delivery, protect neurons 

from kainic acid-induced apoptosis and reduce infarct volume following ischemic injury [35]. 

Despite these findings, no studies have investigated the specific effects of GA treatment following 

TBI. Accordingly, in this study a LFPI model of TBI was used in mice to examine the effects of GA 

treatment on behavioural outcomes, neuroinflammation, apoptosis, neurite growth and 

synaptogenesis in the acute stages of TBI. Overall, the present findings suggest that treatment 

with GA did not affect the TBI-induced changes in motor function, neuroinflammation or apoptosis 

at 72 h post-injury. 

 

The present findings findings of TBI-induced motor deficits, as indicated by decreased time 

on the rotarod and decreased distance traveled in the EPM, are similar to findings of other 

experimental TBI studies [13, 14, 49]. Treatment with GA did not attenuate motor deficits; a 

finding which is comparable to studies that have reported that NGF treatment did not improve 

post-TBI performance in an open wire grid [30], foot-fault test [50] and beam balance test [29, 

31]. 

 

It was found that TBI did not affect novel arm preference in the Y-maze at 3 days post-

injury. This lack of spatial memory deficit post-TBI may reflect the acute nature of the behavioural 

testing, with previous studies showing that neurodegeneration and hippocampal atrophy 

following a single LFPI in rodents takes weeks to months to fully manifest [51, 52]. The finding that 

GA-treated mice spent significantly less time in the novel arm compared to vehicle-treated mice 

may be contributed to by the fact that the GA-treated mice had travelled significantly less distance 

compared to vehicle-treated mice during Y-maze testing. However, no effects of GA treatment 

were observed on distance travelled and sensorimotor performance in the rotarod and open-field, 

which indicates that GA did not likely induce gross changes in sickness behaviour, motor ability or 

locomotion. As such, the possible influence of GA on spatial memory and locomotion warrants 

further investigation. While this is the first study to report the effects of GA on spatial memory 

outcomes in mice following acute TBI, several studies have investigated the effects of NGF on 

spatial cognition following experimental TBI [28-31]. Behavioural testing during and at cessation 

of NGF treatment following TBI reduced cognitive latencies and improved spatial memory in 

rodents at weeks 1 and 2 post-injury using the Morris water maze [28, 29, 31], but not at 1-, 2- 
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and 3-days post-injury [28]. Accordingly, future investigations may consider assessments on the 

influence of GA and NGF on spatial memory at later time-points post-injury. 

 

Brain water content is a commonly used measurement of BBB breakdown following TBI 

[44]. In the current study TBI did not induce cerebral oedema at 72 h post-injury in the ipsilateral 

or contralateral hemispheres. One previous study using a moderate LFPI in mice has shown that 

cerebral oedema is measurably increased at 3 h and 1-day post-injury [53] and that measuring at 

72 h post-injury the window cerebral oedema is affected may have been missed. Additionally, size 

of tissue used to measure cerebral oedema may have impacted the results, as a small piece of 

brain tissue (> 10 mg) was used to analyse oedema in the ipsilateral and contralateral 

hemispheres, as other pieces of ipsilateral cortex for molecular analysis was used. Ferreira and 

colleagues had a subset of animals and used whole ipsilateral hemispheres to measure brain water 

content [53].   

 

Neuroinflammation is an important secondary injury mechanism that occurs after TBI 

[18]. At 72 h post-TBI, there was an apparent increase in the neuroinflammatory response, with 

the increased expression of markers associated with astrocytic activation (vimentin, GFAP and 

LCN2) and reactive microglia (CD32, CD16 and Iba1) in the IC and IH of the TBI groups. These 

findings are similar to previous studies involving acute-phase analysis of brain tissue following LFPI 

[52, 54-56], and provide evidence of a substantial neuroinflammatory response following LFPI in 

mice. Previous rodent TBI studies have shown NGF treatment to be beneficial in attenuating the 

cortical neuroinflammatory response by reducing protein expression of pro-inflammatory 

cytokines TNF-ɑ and IL-1β during the first 72 h post-injury [24, 25]. It was found that GA-treatment 

had no effect on the mRNA expression of the majority of neuroinflammatory markers compared 

to vehicle-treated groups [35]. These findings may suggest that TrkA activation does not suppress 

neuroinflammation post-TBI, and that the previously reported anti-inflammatory effects of NGF 

post-TBI may not be mediated through TrkA signaling. Interestingly, however GA treatment did 

not increase LCN2 expression. Though increased LCN2 expression is associated with astrogliosis 

[57], this protein is expressed by a variety of cells, and increased expression has been previously 

associated with non-inflammatory processes such as angiogenesis [58], cell migration, iron 

transport and tissue regeneration [59, 60]. Furthermore, a recent study has shown that NGF 

treatment also increased expression of LCN2 [61], therefore together with the present finding, 

this may suggest that TrkA activation promotes expression of LCN2; however, further studies are 

required to establish this association and understand the possible impact of LCN2 up-regulation 

in both the uninjured and injured brain. Finally, as the neuroinflammatory response induced by 

TBI can persist well beyond the acute stages post-TBI, future studies may consider assessment of 

any effects of GA treatment at later time-points post-injury [42].  
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Neuronal apoptosis is another acute cellular response to TBI [62-64]. Similar to other 

experimental TBI studies, in the current study it was found that LFPI in mice increased the 

expression of the apoptotic marker caspase-3 at 72 h post-injury [65-67].  GA treatment did not 

reduce expression of caspase-3 in TBI. This result was unexpected, as this treatment regime (2 mg 

GA/kg/day) has previously been shown to significantly reduce kainic acid-induced apoptosis in the 

hippocampus of mice and reduce infarct volume 24 h following ischemic injury [35]. Furthermore, 

NGF treatment also strongly reduced caspase-3 expression following weight-drop TBI [24]. The 

current findings suggest that GA did not prevent TBI-induced apoptosis; however further analysis 

featuring multiple time-points and other measurements of apoptosis such as TUNEL-staining may 

provide further insight. 

 

Neuronal and synaptic changes can begin in the hippocampus and cortex within 72 h of 

TBI [68]. Neuronal sprouting is associated with elevations in mRNA and protein expression of GAP-

43, synapsin, synaptophysin and agrin [68-72]. GAP-43 is a marker of axonal cone formation during 

neurite sprouting [73], whereas synapsin, synaptophysin and agrin are markers of synaptogenesis 

[68, 70, 74]. In the current study, GAP-43, synapsin and synaptophysin mRNA expression were not 

significantly altered in response to LFPI in the IC or IH at 72 h post-injury. This finding may be 

attributed to the early time-point analysed, with a previous study finding increased hippocampal 

synaptophysin and GAP-43 mRNA expression at 28- but not 7-days post-FPI [71]. There was, 

however, find an effect of TBI on the expression of agrin, a protein associated with synaptogenesis 

that has similarly been shown to be upregulated at 7 days post-FPI. Taken together, these findings 

suggest agrin may be a suitable marker of the early sprouting phase of synaptogenesis post-TBI 

[70]. Finally, though several studies have shown NGF induces synaptogenesis and neurite 

outgrowth [35, 75-77], in the present experiments, no effect of GA-treatment was observed on 

markers of these processes at 72 h post-injury. These preliminary findings, together with the 

behavioural findings of the current experiments, suggest GA may not increase neurite outgrowth 

and synaptogenesis in the acute stages post-TBI, however further analysis featuring multiple time-

points and protein markers are required, particularly considering development and 

reestablishment of functioning circuits can take multiple weeks post-injury [78, 79].  Therefore, 

analysis of GA-treatment on TBI long-term may reveal positive effects on neurogenesis and 

behavioural outcomes.   

 

The lack of efficacy the GA observed in the current study may be attributed to the 

significant decrease in cortical TrkA expression observed in mice with TBI. Similarly, 

downregulation of TrkB expression post-TBI has been found in several studies and hypothesized 

as possibly contributing to the lack of neuroprotection induced by exogenous BDNF treatment 

[80]. Relatively few studies have investigated TrkA expression post-TBI, with the findings of these 
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studies largely mixed [81-83], therefore further profiling of the temporal and regional expression 

patterns of TrkA expression post-TBI will provide greater insights into the potential suitability and 

timing of therapies targeting this signaling pathway.  

 

Although no beneficial effects of GA treatment were found, this study does provide some 

novel characteristics of the lateral fluid percussion injury in mice. LFPI injury is most commonly 

used in rats [7], however, a small number of studies have recently demonstrated successful 

adaptation of this model to mice [44, 84]. One such study found that the same injury parameters 

used in this study produced substantial behavioural deficits, brain atrophy, and astrogliosis at 3 

months post-injury [44]. The mortality rates (10-20%) and self-righting reflex (7-8 minutes) were 

very similar to the findings of the current study, and considered together, indicate that this TBI 

model is of moderate severity [44, 84]. It is however important to note that acute effects of this 

particular TBI model in mice have not been well characterized; therefore, the current findings do 

provide some novel insights, particularly regarding the cortical and hippocampal 

neuroinflammatory response.  

 

It is important to note that this study does contain limitations. Firstly, although significant 

TBI-induced motor deficits and increased expression of several neuroinflammatory and apoptotic 

markers was observed, a limitation of the single time-point approach is that the peak activation 

of some processes may have been missed and thus any beneficial effects of GA treatment. 

Although a dosing regimen of GA that was previously shown to improve outcomes following 

ischemic injury [35] was used, it is possible that GA administered at higher doses or for a prolonged 

duration may have provided neuroprotection following TBI was found. In addition, though no 

effects of GA treatment on behaviour and neuropathology during the first 72 h post-TBI, it is 

possible that GA has beneficial effects that may only be detectable at later time-points; however, 

it is noteworthy that several studies have shown beneficial effects of NGF during the early stages 

post-TBI [15, 24, 25, 29, 31, 85]. Furthermore, this study did not analyse brain concentrations of 

GA, and tissue collection at 24 h following the final GA treatment limited inferences that could be 

made on TrkA signaling, however the work of Jang and colleagues provided strong evidence that 

GA does selectively activate TrkA signaling and can exert central neurotrophic effects [35]. 

Nonetheless, additional work is needed to advance understanding of pharmacological profile and 

functionality of GA. Finally, due to the poor water solubility of GA, an emulsifying agent, Kolliphor® 

HS 15 (Solutol® HS 15) mixed with saline was used as a vehicle to deliver GA. Solutol® HS 15 is 

widely used as a vehicle in veterinary and pre-clinical research, however a recent study found 

preliminary evidence that Solutol® HS 15 may have neuroprotective properties, with mice treated 

with this vehicle found to have significantly reduced neuronal loss and infarct volume following 

ischemic injury [86]. As such, the neuroprotective potential of GA may have been limited by the 
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choice of vehicle, however, it is worth noting that in vehicle-treated mice, significant motor and 

pathophysiological changes induced by TBI was observed, and that previous TBI studies using this 

vehicle, found significant effects of treatment delivered in Solutol® HS 15 compared to vehicle 

alone [40, 41].  

 

3.5. Conclusions 

GA is a small, potent TrkA agonist that has previously been shown to penetrate the BBB, 

protect neurons from apoptosis, and promote neurogenesis in the rodent brain. This study found 

that treatment with GA at a dose previously shown to reduce the effects ischemic injury did not 

attenuate TBI-induced motor deficits, neuroinflammation, or apoptosis. Future studies may 

consider analysis of the effects of GA at different doses or at later time-points post-injury. 
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Chapter 4.  

The effects of the selective TrkA agonist, gambogic amide, on fracture healing in mice and 

osteoblasts in vitro  
 

Note: A version of this chapter has been published prior to the completion of this thesis. The 

extent of contributions for this chapter as well as permissions and a copy of the publication can 

be found in Appendix C.  

Johnstone M. R., Brady R. D., Schuijers J. A., Church J. E., Orr D., Quinn J. M. W., McDonald S. J., 

Grills B. L., The selective TrkA agonist, gambogic amide, promotes osteoblastic differentiation and 

improves fracture healing in mice. Journal of Musculoskeletal and Neuronal Interactions. 2019 

19(1) 94-103. 

 

4.1. Introduction  

Poor bone fracture healing is a common clinical problem that severely affects the quality 

of life to patients, particularly in the case of non-union (i.e., failure to join the broken bone 

surfaces) which frequently necessitates surgery [1-3]. Most fractures heal successfully within 2 

months, but delayed and non-union fractures affect approximately 5-10% of all patients 

worldwide [3, 4]. However, there are few non-surgical options available to improve patient 

outcomes and avoid non-union. One approach for identifying novel therapeutic agents that 

improve healing is by study of the biological mechanisms that underlie proper fracture union; such 

mechanisms include re-establishment of adequate blood supply and innervation of the fracture 

site [1, 2, 5, 6]. In particular, it is notable that both sensory and sympathetic innervation during 

fracture healing improves both mineral callus composition and mechanical strength [6-8]. Nerve 

sprouting rapidly increases in the periosteum and callus in the early stages of fracture healing, and 

several studies have shown that reduced fracture site innervation result in significantly larger 

calluses that have low bone mineral content and are consequently mechanically weaker than 

calluses in appropriately innervated fractures [6-11]. Accordingly, non-surgical treatments for 

fracture healing that increase both bone formation and innervation may improve bone repair and 

reduce the chance of delayed union (or non-union) of the fractured bone.  

 

Nerve growth factor (NGF) is a neurotrophin responsible for the growth and maintenance 

of sympathetic and sensory neurons in the peripheral nervous system [12] and exerts its effects 

via two receptors: the high-affinity/pro-growth and survival receptor TrkA, or the low-affinity/pro-

apoptotic receptor, p75NTR [13, 14]. Several studies in rodents have identified a beneficial role 

for NGF treatment in fracture healing and distraction osteogenesis, showing that topical 

administration of NGF increased sympathetic neurite outgrowth, accelerated the transition of 

immature woven bone to mature lamellar bone, increased mineralized bone within healing callus 

and improved the mechanical properties of fractures [15-19]. Additionally, during fracture healing, 
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both NGF and TrkA have been detected in skeletal cells that include bone-forming osteoblasts and 

osteoprogenitor cells (precursor cells of osteoblasts) as well as cartilage-forming chondrocytes 

[20-22]. Osteoblastic MC3T3-E1 cells in an in vitro study also respond to NGF treatment with 

increased migration and greater osteoblastic differentiation indicated by expression of ALP and 

type 1 collagen [23]. Taken together, these findings suggest that in addition to promoting re-

innervation of the fracture site, NGF may directly promote bone formation and this may enhance 

fracture healing.  

 

While NGF has shown promise in pre-clinical studies, it shows poor pharmacokinetic 

properties which severely limit its potential as a therapeutic agent. NGF is susceptible to 

proteolytic degradation and has a short elimination half-life (~2 h) following systemic 

administration [24-26]. Therefore, use of small non-peptide neurotrophic mimetics may be a 

superior approach. Gambogic amide (GA) is a non-peptide molecule that has already been shown 

to have selective high affinity for TrkA receptors and is tolerated in vivo [27-29]. Systemic 

administration of 2 mg/kg/day of GA in mice selectively induces TrkA activation in hippocampal 

neurons, reduced infarct size in a model of ischemic stroke and increased neurite outgrowth in 

PC12 cells [27-30]. However, to date, no studies have investigated the potential of GA treatment 

on fracture healing. Accordingly, the effects of GA on the structural and mechanical features of 

healing fractures in mice, and on osteoprogenitor cell differentiation and mineralization in vitro 

were investigated in the current experiments.  

 

4.2. Materials and methods 

4.2.1. Solubility and delivery of GA  

 GA arrived from manufacturers as yellow-orange powered substance. According to 

manufacturer instructions and several articles published by research groups using GA in animal 

studies, GA readily suspends into solution in either DMSO (20 mg/ml) or ETOH (20 mg/ml) and can 

be diluted with PBS to a desired concentration of 1-2 mg/ml [27-29]. Unfortunately, after a series 

of attempts to suspend GA using either vehicle, it became clear GA would not remain in solution. 

GA precipitated as soon as PBS was added at room temperature. The GA amide solution was 

heated, cooled, vortexed, and changed to new diluting agents like water in an attempt to keep GA 

in solution; yet the solution remained opaque, filled with precipitants.  

 

GA only remained suspended in solution in a vehicle of 50% DMSO in PBS, which was a 

much greater concentration of DMSO than previously published [27-29], and was the maximum 

DMSO range allowed to use in the ALZET® mini osmotic pump (DURECT Corporation, CA, USA) the 

mode of drug delivery for these experiments (see manufacturers information guide).  
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ALZET® Model 1002 were used to subcutaneously deliver GA or vehicle to mice. Model 

1002 is an osmotic pump that delivers a fixed volume of solution at a constant rate. The maximum 

reservoir volume of Model 1002 is 100 μl, and the pump delivers at a constant rate of 0.25 μl/h 

for a maximum of 14 days.  Mice were given a 1 mg/kg/day of GA. Therefore, a mouse weighing 

30 mg (average mouse at 16 weeks) will require 1 x 30 ÷ 1000 = 0.03 mg/day. This equates to 0.03 

÷ 24 = 0.00125 mg/hr = 1.25 μg/h/mouse. For the 1002 pump, the concentration of GA needed to 

be loaded into 100 μl pump is: 1.25 μg/h ÷ 0.25 μl/h (flow rate of pump) = 5 μg/μl. This equates 

to 500 μg in 100 μl or 0.5 mg in 100 μl.  

 

4.2.2. Experimental groups 

 Eighty mice received bilateral fibular fractures and were randomly allocated to one of six 

experimental groups. The two main groups were GA or vehicle treated, then three subgroups for 

each treatment were based on time of euthanasia, 14-, 21- or 42 days post fracture. Therefore, 

the six experimental groups were GA-14, GA-21, GA-42, VEH-14, VEH-21, and VEH-42.  Each 

chosen timepoint reflects variations in callus composition during the stages of fracture healing, 

which can be reviewed in Chapter 1, section 1.2.4. ‘Mechanisms of endochondral fracture repair’.  

 

4.2.3. Bilateral fibular osteotomy and pump insertion 

Bilateral fibular osteotomies were conducted using previously described standard 

protocols [31, 32]. In brief, under isoflurane anaesthesia, a 5 mm skin incision was made over the 

fibula. Using microtenotomy scissors, mice received a bilateral transverse fibular osteotomy at the 

midpoint of the fibula, approximately 12 mm proximal to the calcaneal tuberosity. Skin incisions 

were closed using skin glue (3M™ Vetbond™ Tissue Adhesive, St. Paul, MN, USA). Immediately 

post-fracture, a 10 mm incision was made on the dorsal surface of mice in between the scapulae. 

Mini-osmotic pumps (ALZET® Model 1002) were then subcutaneously inserted and incisions were 

closed using Reflex wound clips. Post-surgery, all mice were injected subcutaneously with 5 mg/kg 

of analgesic, Carprofen, in the hind region and allowed to recover on a heated veterinary pad. 

 

4.2.4. Region of interest and grayscale thresholds used in µCT callus reconstruction  

For µCT, fibular calluses were dissected out and scanned (see section 2.3 for protocol), 

the region of interest (ROI) was identified as a 2 mm longitudinal region of callus (i.e. 1 mm 

proximal and distal to the fracture line of the callus); the border of the callus was manually traced. 

Thresholds used for parameter quantification were determined using the automatic “otsu” 

algorithm within CTAn and visual examination of unreconstructed X-ray images. A grayscale 

adaptive threshold of 42-255 was used for structural analysis of calluses 14-, 21- and 42-day post-

fracture. 2D and 3D data, and 3D models were generated, and the following parameters were 
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used for structural analysis of callus: total callus volume (TV); new mineralized tissue bone volume 

(BV), bone fractional volume (BV/TV) and bone surface (BS).  

 

4.2.5. Callus position during biomechanical testing 

Biomechanical testing was used to assess the effects of GA on the mechanical properties 

of 42-day calluses. During biomechanical testing (section 2.4), each fibula was mounted onto a 4 

mm stabilizing platform in an anterior-posterior direction. The callus was oriented in this position 

to reduce the rotation of the fibula when the fulcrum ascended and applied force to the centre of 

the callus. A 10 N force transducer descended at a constant rate of 1.67 mm/sec and loaded each 

callus, force (g) and deflection (mm) values was recorded and plotted an x-y (load-displacement) 

graph.  

 

4.2.6. Histological assessment 

 Fibular calluses from GA-14, GA-21, VEH-14, and VEH-21 underwent tissue processing, and 

were embedded in LR White Resin for histology purposes as outlined in section 2.5 ‘Histology’. To 

identify whether GA treatment influenced bone resorption during fracture healing, the 

percentage of TRAP was measured as the total area of callus stained positive for TRAP activity 

divided by total callus area using Leica Qwin software (Leica), as described in section 2.5.3 ‘Tissue 

section staining’.  

 

4.2.7. Cell culture  

In this section are additional reagents and dosages used for each for all analyses. For 

detailed cell culture protocols, please refer to Chapter 2, section 2.6 ‘Cell Culture’. 
 

Western blotting 

 Western blot analysis was performed to assess expression of high-affinity receptor, TrkA, 

in undifferentiated Kusa O cells and 14 day differentiated Kusa O cells. Membranes were 

incubated in rabbit polyclonal Anti-TrkA primary antibodies: 

- Abcam (ab8871), dilution 1:1000. Reactivity to rat tissue.  

For further details please refer to Chapter 2, section 2.6.3.  

 

Proliferation Assay 

Kusa O cells were treated with various concentrations of GA (0.05nM, 0.1nM, 0.5nM, 

1nM, 5nM, 10nM, 50nM, 100nM, 500nM, 1µM, 5µM, 10µM) for 72 h, negative control was α-

MEM only, and positive controls were α-MEM+10% FBS, α-MEM + 100 ng/ml IGF. The proliferation 

assay was completed to an n = 4 using cells of different passages (10-22) and data was normalized 

to relative cell proliferation changes in relation to the control. 



 

 

94 

RT-PCR 

 Kusa O cells were cultured daily in osteoblastic differentiation media and treated with 

0.5nM of GA or vehicle for 3-, 7-, and 14-days. Total RNA was prepared using PureZOLTM (Bio-Rad). 

RT-PCR was performed as described previously in section 2.6.5. β-actin was used as an internal 

control gene. PCR was performed in triplicate using SsoFast TM EvaGreen ® Supermix (Bio-Rad) and 

specific oligonucleotide primers (Table 4.1) on an iQ 96-well PCR system (Bio-Rad).  

 

Mineralization  

 For investigating the effects GA treatment has on osteoblast cell mineralization, Kusa O 

cells were treated with 0.5nM of GA for 21 days. After 21 days, cells were stained with Alizarin red 

and inspected for mineralization nodules within the Kusa O colonies. 

 

 

Table 4.1. Oligonucleotide name and sequence (5’-3’) used in Real-Time PCR. 

 

 

  

Oligonucleotide name Sequence (5’-3’) 

Beta actin Sense - GCTGTGCTATGTTGCTCTAG 

Anti-sense - CGCTGCTTGCCAATAGTG 

mOsterix Sense - TATGCTCCGACCTCCTCAAC 

Anti-sense - AATAAGATTGGGAAGCAGAAAG 

mRunx2 Sense - AGCAACAGCAACAACAGCAG 

Anti-sense - GTAATCTGACTCTGTCCTTG 

mAlkaline phosphatase Sense - AAACCCAGACACAAGCATTCC 

Anti-sense - TCCACCAGCAAGAAGAAGCC 

mOsteocalcin Sense - TCTCTCTGACCTCACAGATCCC 

Anti-sense - TACCTTATTGCCCTCCTGCTTG 

mDentin matrix acidic 

phosphoprotein 1 (DMP-1) 

Sense - CGCCGATAAGGAGGATGATG 

Anti-sense - GTGTGGTGTCTGTGGAGTC 

mRANKL Sense - ATCAGAAGACAGCACTCACT 

Anti-sense - ATCTAGGACATCCATGCTAATGT 

mOsteoprotegerin Sense - TGACCACTCTTATACGGACAG 

Anti-sense - GCCCTTCCTCACACTCAC 
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4.2.8. Statistical analysis  

Shapiro-Wilk normality tests were used through the entirety on this chapter. Mann-

Whitney U tests were used for µCT, biomechanical analysis, histology, and in vitro mineralization 

assays. One-way ANOVA was used to analyse in vitro proliferation assays, and two-way ANOVA 

with Bonferroni post-hoc comparisons were used for RT-PCR. 

 

4.3. Results 

There were no apparent behavioural changes, side effects, or changes in the weight gain 

pattern of GA treatment in mice. 

 

4.3.1. Calluses are structurally smaller when treated with GA 

Representative µCT reconstructions of longitudinal mid-point hemi calluses are shown in 

Figure 4.1(a-f). Bony union was reached in all calluses by 21 days in both the GA-treated and 

control groups. For all µCT parameters, no effects of GA were seen at either 14- or 42- days post 

fracture. In contrast, analyses revealed that calluses from 21-day GA-treated mice (Figure 4.1g-j) 

had significantly reduced tissue volume (Figure 4.1g; p < 0.05) which suggested a smaller callus. 

The measured bone surface in calluses (Figure 4.1j; p < 0.05) was also lower compared to 21-day 

vehicle-treated mice, which suggested more consolidated bone was present in these calluses. 

Consistent with these observations, at 21 days post-fracture, calluses from GA-treated mice also 

showed increased BV/TV, i.e. bone volume fraction corrected for tissue volume (Figure 4.1i; p < 

0.05) compared to vehicle-treated mice.  
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Figure 4.1. The effects of GA treatment on callus structural parameters using µCT. Longitudinal 

mid-point images representative of µCT reconstructions of hemi-calluses (a-f). µCT analysis found 

that GA-treated decreased callus tissue volume (g; TV) and bone surface area (j; BS) at 21 days 

post-fracture (*p<0.05) compared to vehicle-treated mice. There was a trend that GA increased 

bone fractional volume of calluses (i; Ψ p=0.05) compared to vehicle-treated mice. No differences 

were seen at 14-, and 42-days post-fracture between GA-treated and vehicle-treated mice. Bars 

are mean ± SEM, n = 8-11/group.  
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4.3.2. Biomechanical analyses 

A three-point bending test was used to assess the biomechanical properties of 42-day 

fibular calluses. The average cross-sectional area of fracture callus at its breaking point was 

significantly smaller in samples from GA-treated mice (36%, Table 4.2., p < 0.001) compared to 

vehicle-treated mice. Calluses from GA-treated mice showed an increased load per unit area (52%) 

and stiffness per unit area (53%) (Table 4.2., p < 0.01) compared to vehicle-treated mice. However, 

the peak force to failure and stiffness of calluses were not significantly different between vehicle-

treated and GA-treated mice.  

 

Table 4.2. Mechanical properties of vehicle and GA-treated calluses at 42 days post-fracture. 

Treatment Peak Force 

(N) 

Stiffness 

 (x 104 Nm2) 

CSA 

 (x 10-7 m2) 

Bending 

stress  

(x 107 Nm-2) 

YM 

(x 109 Nm-2) 

Vehicle 

(n = 20) 

Mean ±SEM 

3.92 ± 0.20 5.41 ± 0.30 5.22 ± 0.30 1.45 ± 0.13 4.15 ± 0.63 

GA 

(n = 17) 

Mean ±SEM 

3.76 ± 0.28 5.09 ± 0.38 3.59 ± 0.28 2.72 ± 0.43 8.63 ± 1.53 

p-value 0.39 0.38 < 0.001 < 0.01 < 0.01 

CSA, cross-sectional area; YM, Young’s modulus. Values are means ± SEM. 

 

4.3.3. Histological Assessment 

  A TRAP histochemical stain was used to assess osteoclastic density on the bone surface 

at 14, and 21 days post fracture. Representative TRAP stained histological sections, shown in 

Figure 4.2a-d. Quantitative assessment revealed less dense TRAP histochemical staining; this was 

calculated as the proportion of TRAP staining/total callus surface area, in 21-day calluses 

compared to 14-day calluses (Figure 4.2e; p < 0.01). No differences in the percentage of TRAP 

staining in calluses were found between GA-treated and vehicle-treated mice, both at 14- and 21-

days post-fracture. 
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Figure 4.2. Representative histological sections of undecalcified calluses stained with TRAP at 14- 

and 21-day post-fracture from GA and vehicle treated mice (a-d; magnification 200x). TRAP 

staining was present in 14- and 21-day post-fracture, there was reduced TRAP activity in both GA 

and vehicle treated mice at 21 days post-fracture compared to 14 days post-fracture (a, c, e; **p 

< 0.01). There was no GA treatment effect at 14- or 21-days post-fracture (e). GA, gambogic amide; 

TRAP, tartrate-resistant acid phosphatase. Bars are mean ± SEM, n = 5-7/group.   

** 
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4.3.4. Cell Culture  

TrkA receptors are present on mature osteoblast-like cells 

Western blot analysis of high-affinity receptor, TrkA, was assessed in undifferentiated 

Kusa O cells and 14 days differentiated Kusa O cells. TrkA receptor protein expression was absent 

in undifferentiated Kusa O cells, however, TrkA expression was detected in 14 day differentiated 

Kusa O cells (Figure 4.3a). Proliferation assays were used to assess GA influence on Kusa O cell 

proliferation. At 72 h following treatment, Kusa O cell proliferation was not affected in response 

to daily GA-treatment ranging from 0 to 100nM. However, daily GA-treatment ranging from 

500nM to 10µM significantly reduced Kusa O cell proliferation (Figure 4.3b; p < 0.001) suggesting 

toxic effects at these doses. 

 

GA increases markers of mature osteoblasts and osteocytes 

A pilot study on the effect of GA treatments on Kusa O differentiation in vitro revealed 

that a daily GA dose of 0.5nM appeared to increase expression of osteoblast-associated genes to 

a greater extent that for GA doses ranging from 1-10nM (data not shown). As such, a dose of 

0.5nM of GA was chosen for all further in vitro studies.  

 

Kusa O cells differentiated and treated daily with 0.5nM of GA for 3-, 7-, and 14-days were 

analysed for expression of genes associated with early osteoblasts (Osx and Runx2; data not 

shown), mature osteoblasts (ALP and osteocalcin; Figures 4.3c,d), osteocytes (DMP-1; Figure 4.3e) 

and osteoclastogenesis (OPG and RANKL; Figures 4.3f,g). Significant main effects of time and 

treatment, as well as an interaction were present for Kusa O expression of ALP, osteocalcin, and 

DMP. Post-hoc analysis revealed that daily GA treatment increased the expression of ALP (Figure 

4.3c; p < 0.01), osteocalcin (Figure 4.3d; p < 0.001) and DMP-1 (Figure 4.3e; p < 0.001) in 14-day, 

but not 3- and 7-day differentiated Kusa O cells. Daily GA treatment did not influence expression 

of either Osx or Runx2 (data not shown). Gene expression of markers associated with 

osteoclastogenesis, OPG and RANKL, in Kusa O cells did not alter at 3-, 7-, and 14-days of 

differentiating or in response to daily GA treatment (Figures 4.3f,g).  
 

GA promotes mineral nodule formation  

Kusa O cells formed mineralized matrix during 21 days of incubation with ascorbate and 

β-glycerophosphate. Daily treatment of 0.5nM of GA increased mineralization area in Kusa O cells 

compared to control cultures (Figure 4.3i; p < 0.05). There was no mineralization evident in 

negative control cultures that employed undifferentiated Kusa O cells.  
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Figure 4.3.  TrkA expression and the effects of GA treatment in the mesenchymal stem cell line, Kusa O. 

Western blotting (a) revealed that differentiated but not undifferentiated Kusa O cells expressed 

TrkA. GA did not increase proliferation after 72 h of treatment; however, GA was cytotoxic at 

concentrations ≥500nM (b; ****p<0.0001). Gene expression markers of mature osteoblasts (c,d), early 

osteocytes (e), and osteoclastic formation (f,g), were analysed at 3-, 7-, and 14-days of differentiation. GA 

treatment increased alkaline phosphatase (c; **p<0.01), osteocalcin (d; **p<0.01), and DMP-1 (e; 

****p<0.0001) gene expression of Kusa O’s at 14 days compared to vehicle. Time or GA had no effect 

on OPG or RANKL expression (f,g). Kusa O cells formed mineral after 21 days of incubation. GA 

increased mineralization of Kusa O cells compared to vehicle (h,i; *p<0.05). GA, gambogic amide; DMP-

1, dentin matrix acidic phosphoprotein 1; OPG, osteoprotegerin; RANKL, receptor activator of nuclear 

factor kappa-B ligand. Bars are mean ± SEM, n=6-8/group.  
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4.4. Discussion   
 

In this study, the influence of GA, a small molecule TrkA receptor agonist was investigated 

on healing murine fibular fractures and found strong evidence that suggests GA acts in a similar 

manner to the reported actions of NGF on fracture healing. GA treatment resulted in fracture 

calluses that were smaller in size and mechanically stronger per unit area. It was shown that 

treatment with 1 mg/kg/day GA systemically delivered for 14 days to mice with fibular fractures 

decreased tissue volume of the callus at 21 days post-fracture and increased the mechanical 

properties; bending stress and Young’s modulus of the fractures at 42 days. Additionally, GA 

increased the mRNA expression of markers associated with osteoblastic and osteocytic 

differentiation. Consistent with a direct action of GA on osteoblasts, it was found that osteoblastic 

differentiation and in vitro mineralization was increased in Kusa O osteoprogenitor cells.  The 

present data therefore suggests that GA, like NGF, may promote fracture healing through 

promoting both osteoprogenitor differentiation and mineralization.  

 

µCT analysis was used to determine the influence of GA on the bone content of the 

calluses at various stages during fracture healing. Of the three time-points analysed; 14-, 21-, and 

42-days after fracture, significant differences in callus architecture was only seen in the 21-day 

group. At 21 days post-fracture, while there was no change in the amount of bone volume, calluses 

of GA-treated mice had overall reduced tissue volume and elevated bone fractional volume in 

comparison to mice treated with vehicle, which suggests that GA treatment influenced bone 

remodelling of healing fractures. This finding is similar to that previously reported, with NGF 

treatment in rats with rib fractures; where after for 14 days of NGF treatment, fractured bone had 

smaller calluses at 21 days post-fracture [15], with enhanced bony content within calluses 

compared to vehicle-treated fractures. It is unclear whether this smaller callus trait is this previous 

experiment reflected a change in cartilage formation, however, it would be consistent with a more 

rapid maturation of the fracture site [15]. Several other studies involving distraction osteogenesis 

have also reported that NGF treatment enhanced both bone formation and callus development 

during the consolidation phase (28 days) of healing, compared to vehicle-treated calluses [16, 18, 

19]. One possible mechanism by which GA, like NGF, resulted in smaller calluses is likely through 

the stimulation of nerve growth in and around the fracture site. The periosteum of bone is densely 

lined with TrkA positive nerve fibres [33]. NGF treatment increased nerve growth and activity in 

healing rat rib calluses by upregulating catecholamine synthesis [15] which has been directly 

linked to stimulate both blood vessel and sensory nerve sprouting through TrkA signalling in 

developing endochondral bone [34]. Innervation of bone is important for angiogenesis and bone 

formation, which are two factors that mediate both ossification [34] and fracture healing rate [35]. 

It has been documented that both sensory and sympathetic nerves within callus contribute 
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positively in regard to fracture callus remodelling [9], with numerous studies reporting that 

removal of sensory and sympathetic neural input results in the formation of larger, disorganised 

fracture calluses [6-8]. GA, similarly to NGF, may have indirectly facilitated fracture healing by 

stimulating sensory and sympathetic nerve growth within the callus via TrkA, which in turn 

assisted in co-ordinating vascularisation and ossification of fractured bone to produce smaller 

calluses by 21 days.    

 

Whilst the present µCT data shows no difference in tissue or bone volume of calluses by 

42 days post-fracture, fracture sites from mice treated with GA had increased stiffness per unit 

area and load per unit area compared to vehicle-treated mice. These outcomes are identical to a 

previous study in our lab where NGF treatment to healing rat rib fractures improved the 

mechanical properties of calluses at 42 days post-fracture [15]. Nonetheless, it is important to 

note GA treatment in the current study, as well as NGF treatment in the previous study [15], did 

not alter the mechanical properties of peak force to failure and stiffness. Mechanical strength of 

healing fractures is highly dependent on callus structure and degree of mineralization [36], and 

whilst there may not be an overall difference in the amount of bone present, there may be a 

difference in the quality of bone present in the callus. The present findings may indicate that there 

could have been a higher portion of mature, mechanically stronger lamellar bone than immature 

woven bone in the calluses of the GA-treated mice compared to vehicle-treated mice at 42 days, 

however, it was impossible to distinguish the two types of bone via µCT analysis. It is postulated 

that this may explain why there was no difference in the amount of bone in calluses between 

treatments at 42 days via µCT analysis, even though biomechanically, the calluses of the GA-

treated group were stronger per unit area compared to controls. Furthermore, µCT findings 

indicated that when compared to 21 days post-fracture, calluses at 42 days were at a substantially 

more advanced stage of healing in both vehicle- and GA-treated groups; as such, it is possible that 

mechanical testing at an earlier time point of healing (i.e. when healing was less advanced and the 

structural effects of GA treatment were apparent) may have yielded difference findings.  

 

Given the aforementioned findings of reduced callus size and enhanced mechanical 

properties, it was apparent that GA treatment caused changes to callus remodelling. TRAP staining 

was used to assess whether GA treatment influenced osteoclastic cell density during fracture 

healing, but no differences in this parameter were observed. This suggests that GA may not have 

influenced remodelling through bone resorption and is consistent with the current in vitro data, 

which showed that GA did not affect gene expression of osteoblastic OPG or RANKL, factors which 

together regulate osteoclastic formation and activity. The current results are supported by a 

recent study that reported both TRAP staining density and osteoclastic number was not affected 

during endochondral ossification of TrkA-variant mouse pups, whereas bone formation was 
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severely impacted, which was presumably due to the lack of NGF-TrkA signalling [34]. Additionally, 

other studies using immunofluorescence analysis did not find TrkA on osteoclasts, nor was this 

receptor found on osteoclastic precursors in callus tissue during fracture healing [20, 21]. 

Therefore, it appears that GA may not influence remodelling of calluses via osteoclastic activity 

and is more likely to affect bone mass in callus through promoting osteoblastic differentiation and 

bone mineralization.  

 

To determine whether GA exerted an effect on osteoblasts and mineralization, Kusa O 

cells, a murine, multi-potential bone marrow stromal cell line was utilised [37]. Undifferentiated 

Kusa O cells (day 0) do not contain mature osteoblasts and display a phenotype that is 

osteoprogenitor-like [38, 39]. However, by 14 days of differentiation, Kusa O cells contain many 

mature osteoblasts [38, 39]. In the current experiments, Western blotting analysis showed that 

the osteoblast-like Kusa O cells expressed TrkA receptors, but the undifferentiated Kusa O cells 

did not, which suggests that TrkA activation is more likely to occur in osteoblasts rather than 

osteoprogenitors in bone. This data is supported by previous reports using in vivo rodent models, 

which localised TrkA receptors in mature osteoblasts and not pre-osteoblasts during fracture 

healing [20-22] and suggests that TrkA signalling may be conducted via mature osteoblastic 

populations in bone. NGF does not influence proliferation of the murine osteoblastic precursor 

cell line, MC3T3-E1 [23], which is consistent with the present Kusa O data. Additionally, in the 

current experiments, GA did not influence gene expression of markers associated with early 

osteoblasts maturation, i.e., Osx and Runx2 in Kusa O cells, however, GA did increase the gene 

expression of markers of mature osteoblasts namely ALP, osteocalcin, as well as osteocytic 

marker, DMP-1, as well as matrix mineralization [40, 41]. Again, this is consistent with earlier 

studies of NGF treatment in MC3T3-E1 cells that increased ALP in vitro [23]. Furthermore, both 

NGF and TrkA receptor have been localised in osteoblasts during bone healing [20-22] and NGF 

has been shown to be important during bone formation by directly stimulating osteoblasts to 

synthesize bone [17, 23, 34].  

 

The current findings provide evidence that GA treatment stimulated osteoblastic 

differentiation and mineralization in vitro and improved fracture callus strength in vivo. The 

improvement in callus strength may have been, in part, due to the direct action of GA on 

osteoblasts, however, the possible direct action of GA on stimulating local nerves around the 

callus, cannot be dismissed, and this may have also contributed to improving fracture healing.  

 

The present study had some limitations. Firstly, although the findings indicate that GA had 

mild, positive effects on fracture healing. Due to solubility issues with osmotic pump delivery, the 

current study was limited to use of a dosing regimen of 1 mg/kg/day. It is possible that higher 

doses of GA may have a more profound effect on fracture healing. Previous studies utilized doses 
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up to 4 mg/kg/day of GA using intraperitoneal injection [28], however osmotic pump delivery was 

chosen to ensure constant systemic delivery of GA. In addition, the current in vitro findings 

indicate that GA may increase osteoblastic differentiation and mineralization, however 

quantifications of other osteoblast-associated markers and additionally time-points of 

mineralization analysis in future studies are likely to provide further insights.  

 

4.5. Conclusions  

The present study showed that systemic administration of GA at 1 mg/kg/day for 14 days 

via mini-osmotic pumps in mice that were given fibular fractures had mild positive effects on 

fracture healing. GA treatment resulted in smaller fracture calluses with some enhancement of 

mechanical properties, without any detrimental side effects to the animals. Additionally, in vitro 

analysis implied that GA may act directly on osteoblasts to stimulate mineralization. These results 

complement previous research and the concept that neurotrophin signalling can influence skeletal 

maintenance and healing.   
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Chapter 5.  

The effects of BDNF signalling and polymorphisms on bone.  

A. The effects of the TrkB agonist, 7,8-dihydroxyflavone on tibial fracture healing in mice.  

B. BDNF polymorphism in mice and their influence on bone. 
 

Note: A large proportion of part A of this chapter has been accepted for publication. The extent of 

contributions for this chapter can be found in Appendix D. 

Johnstone M. R., Brady R. D., Church J. E., Orr D., McDonald S. J., Grills B. L. The TrkB agonist, 7,8-

dihydroxyflavone, impairs fracture healing in mice. J Musculoskelet Neuronal Interact. Accepted 

for publication 9 November 2020. 

 

5.1. Introduction 

Fractures are an extremely common injury of the skeletal system, with the residual 

lifetime risk of a minimal trauma fracture approximately 44% for women and 25% for men over 

the age of 60 in Australia [1]. To date, there are very few effective non-surgical treatments to aid 

in the healing of fractures, and to prevent malunion and non-union of fractures, a complication 

that affects approximately 5-10% of patients worldwide [2, 3]. Two non-surgical approaches that 

are being developed to clinically enhance fracture healing are biophysical enhancement e.g. 

electromagnetic field stimulation, and low-intensity pulsed ultrasonography [4-7], and biological 

enhancement e.g. therapeutic use of vascular and osteogenic growth factors, stem-cells, and 

morphogenic molecules to aid bone regeneration [4, 8]. Identifying novel molecules that promote 

some of the key biological events of fracture healing, including angiogenesis and innervation, 

required for proper fracture healing, appear to have the greatest potential to improve bony repair.  

 

 Circulating neurotrophic factors are a branch of osteogenic stimulating peptides that have 

such potential. Neurotrophins are upregulated in a variety of repairing tissues with evidence to 

suggest that they have important roles during angiogenesis [9-12] and inflammation [13-16], 

which are two key processes in fracture healing [17]. Specifically, the neurotrophin, nerve growth 

factor (NGF) and signalling via its high affinity receptor, TrkA, have been shown to stimulate 

osteoblastic mineralization and improve mechanical properties of healing bone fractures [18-26]. 

Another neurotrophic factor that has recently been shown to have a role in fracture healing is 

brain derived neurotrophic factor (BDNF). Since its discovery in 1982, BDNF has been established 

as an important modulator of synaptic plasticity and pruning in the CNS via either the high affinity 

TrkB (pro-survival) receptor or the low affinity p75NTR (pro-apoptotic) receptor [27-30] pathways.  

Several studies in rodents and humans have identified high levels of BDNF and TrkB, in and around 

the site of fracture healing [31-33]. BDNF has shown to be synthesized and released from several 

non-neural cells, including leukocytes, fibroblasts, osteoblasts [33] and endothelial cells [9, 10] at 
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various stages of fracture healing. Through immunochemistry, both BDNF and TrkB have been 

detected in hematopoietic cells and platelets (both which are initially present in the hematoma at 

fracture sites), as well as in fibroblasts and endothelial cells, which are present during granulation 

tissue formation [31]. In addition to its role in the inflammatory phase of fracture healing, there is 

evidence to suggest that BDNF and TrkB are expressed in the early stages of soft fracture callus 

formation, and during endochondral ossification in fracture healing and long bone growth. Gene 

and protein expression of BDNF and TrkB were markedly elevated in chondrocytes and active 

osteoblasts in proliferating and mature zones of the endochondral ossification front in 7-week old 

rats [34]. Furthermore, immunostaining located BDNF in high levels in osteoblast-like cells close 

to the ossification front in healing mice rib calluses at 14 days post-fracture [33]. One study 

investigating BDNF gene expression levels during various stages of distraction osteogenesis 

healing in mice suggested that BDNF may continually increase during consolidation phases (similar 

callus composition to 28 days post-fracture) of this process [35].  BDNF gene expression was 

elevated in callus tissue 28 days post-osteotomy in rats, which is the transition period of 

cartilaginous callus being replaced by woven bone, as well as remodelling of woven bone to 

lamellar bone [35, 36]. Location of BDNF and TrkB in the inflammatory phase of fracture healing 

and soft callus stages where endochondral ossification begins, may indicate that BDNF has an 

important, early role in bone healing via endochondral ossification and intramembranous 

ossification.  

 

One of the important processes that drives the transition of cartilage to woven bone, and 

remodelling of callus is re-establishment of blood vessels. BDNF has been shown both in vitro and 

in vivo to stimulate endothelial cell migration, proliferation and formation of new blood vessels 

[9, 10, 31, 37] largely by increasing the production of vascular endothelial growth factor (VEGF) 

[38]. Another mechanism through which BDNF may also promote fracture healing is via the up-

regulation of ossification proteins ALP and BMP-2 in osteoblasts, with BDNF treatment found to 

upregulate both ALP and BMP-2 in cementoblasts, a tooth root enamel mineralizing cell type 

similar to osteoblasts [39]. In vitro, BDNF has been identified in osteoblastic MC3T3-E1 cells [40] 

however, an osteoblastic response to BDNF treatment has yet to be described in the literature. 

Taken together, these findings suggest that BDNF may have an active role in fracture healing, 

possibly by mediating angiogenesis and promoting bone formation, however, there are no studies 

investigating topical or systemic administration of BDNF, or activation of its receptor TrkB during 

fracture healing. Since BDNF can stimulate both pro-survival and pro-apoptotic pathways, it is not 

an appropriate choice of molecule to investigate the sole signaling pathway of BDNF and TrkB. 

Small novel molecules such as 7,8-dihydroxyflavone (7,8-DHF) have been identified to target and 

potently activate only TrkB [41].  
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7,8-DHF is a flavonoid derivative that displays both antioxidant and anti-inflammatory 

effects [41-45] and has been shown to potently activate the TrkB receptor [41, 42, 46]. Doses of 5 

mg/kg/day of 7,8-DHF strongly activated TrkB receptors in BDNF knockout mice [41]. Additionally, 

7,8-DHF reduced neuronal apoptosis and inflammation in rodent models subjected to traumatic 

brain injury (TBI) at a dose of 5 mg/kg/day [41, 44, 46, 47]. 7,8-DHF is well tolerated in rodent 

models of TBI [42, 44], depression [43], Alzheimer’s disease [48, 49], aging [50] and stress [51], 

with no detrimental effects reported in mice, however, to my knowledge, there has been no data 

describing the effects of 7,8-DHF on the skeletal system. Therefore, on assessing all the previous 

literature, it is hypothesized that 7,8-DHF treatment should have a positive effect on fracture 

healing. In the current experiments, effects of 7,8-DHF on the structural and biomechanical 

features of healing fractures in mice, murine bone growth, and osteoblastic differentiation and 

mineralization in vitro were investigated.  

 

In addition to BDNF and its role in fracture healing, there is emerging evidence that 

common polymorphisms of the BDNF gene may impact bone structure. BDNF polymorphism is a 

single nucleotide polymorphism (SNP) in which a Valine (Val) to Methionine (Met) substitution 

occurs at codon 66 (Val66Met) on chromosome 11, resulting in three potential genotypes Val/Val, 

Val/Met, and Met/Met [52]. In Caucasian populations, it has been reported that Met/Met 

genotype have significantly reduced bone mineral density (BMD) compared to Val/Val and 

Val/Met genotypes [53]. Mechanisms on how BDNF polymorphism influences bone integrity was 

explored in the same study via in vitro experiments and showed that primary osteoblasts that 

were transfected with BDNFMetMet, had an overall decrease in BDNF phosphorylation and a reduced 

expression of osteoblastic markers; BMP-1, ALP and osteopontin [53]. These results suggest that 

Met substitution is detrimental to bone formation, resulting in reduced BMD. Mouse models of 

BDNF polymorphism; Val/Val, Val/Met, Met/Met, have been developed to study primarily 

neuropsychiatric disorders [54, 55], yet there is no literature to show whether bone changes 

reported in humans with BDNF polymorphisms can be translated into a mouse model. Thus, the 

second aim of this chapter was to investigate if BDNF polymorphism affect bone structure in 

Val66Met mouse models.  

 

5.2. Materials and methods 

 All experimental procedure were approved by the La Trobe Animal Ethics Committee (AEC 

17-05), were within the guidelines the Australian code of practice for the care and use of animals 

for scientific purposes by the Australian National Health and Medical Research Council, and in 

compliance with the ARRIVE guidelines for how to report animal experiments.  
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5.2.1. Solubility and delivery of 7,8-DHF 

 7,8-DHF was supplied by Abcam® (Abcam) and, as per manufactures instructions, was 

stored at 4°C until use. DMSO (100nM) or ETOH (25nM) were the recommended choice of vehicles 

from the manufacturer, and the vehicles used in all published studies using 7,8-DHF up to date 

[41-51]. However, like the other NT mimetic, GA, used in this thesis (section 3.2.1 and 4.2.1), 7,8-

DHF would not remain in solution, and precipitated as soon as an aqueous solution was added. To 

overcome 7,8-DHF insolubility, Kolliphor® HS 15 was used to form a microemulsion of 7,8-DHF, 

which was suitable for animal treatment (please see section 3.2.1). 10 mg of 7,8-DHF was diluted 

in 10 ml of 30% Kolliphor® HS 15 in 0.1M sodium phosphate buffer [56]. Stock vials of 500 μl were 

stored at -20°C and thawed at RT for 1 h prior to use in mice, for the protocol please refer to 

Appendix E. 

 

 Based on previous research, a regimen of intraperitoneal injections of 5 mg/kg/day of 7,8-

DHF was chosen. This regimen has been previously shown to be effective at activating TrkB 

receptors centrally and peripherally [42, 45, 47-49].  

 

5.2.2. Experimental groups 

 Eighty-four 12-week-old mice received unilateral tibial fractures and were randomly 

allocated to one of four experimental groups. The two main groups were 7,8-DHF-treated and 

vehicle-treated, and subgroups for each treatment were based on time of euthanasia, 14-, or 28-

days post-fracture. Timepoints were chosen based on differences in callus composition, which can 

be reviewed in section 1.2.4 ‘Mechanisms of endochondral fracture repair’.  

 

5.2.3. Closed tibial fracture model  

 The tibial fracture model is the most used orthopaedic fracture model in laboratory 

animals and has been used and published by our laboratory for several years [57-61]. This fracture 

featured a closed, internally fixated fracture of the right tibial mid-shaft. Buprenorphine (0.1 

mg/kg) was delivered via subcutaneous injection to mice half an hour prior to surgery. Mice were 

anaesthetized with gaseous isoflurane, and had their right anteromedial hind limb shaved. A 5 mm 

incision was made in the skin superficial to the anteromedial surface of the tibia, distal to the knee 

joint. The periosteum was scrapped away using a size 15 surgical blade, an entry point was made 

using a 26-gauge hypodermic needle, and an intramedullary rod (‘000’ stainless steel entomology 

pin) was inserted down into the medullary cavity of the tibia. Using a pair of modified surgical 

staple removers (improvised three-point bending scissors) a non-invasive fracture was created in 

the middle of the tibial shaft. An X-ray of the tibia was performed to confirm fracture using 

DEXCOWIN® portable X-ray device (DEXCOWIN Co., Ltd. Pasadena, CA, USA). The intramedullary 
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rod was removed and replaced with a larger stabilizing rod (‘00’ stainless steel entomology pin). 

Another X-ray of the tibia was performed to confirm the position of the stabilizing rod and the 

wound was closed using 5-0 synthetic surgical suture. Mice were given a subcutaneous injection 

of 5 mg/kg Carprofen (RIMADYL®; Zoetis, Parsippany, NJ, USA) and placed on a veterinary heat 

pad for recovery. 

 

5.2.4. Regions of interest and grayscale thresholds µCT callus reconstruction 

µCT was performed on fractured tibial calluses as outlined in section 2.3. The region of 

interest (ROI) was identified as a 3 mm longitudinal region of callus (i.e. 1.5 mm proximal and distal 

to the fracture line of the callus); the border of the callus was manually traced. Thresholds used 

for parameter quantification were determined using the automatic “otsu” algorithm within CTAn 

and visual examination of unreconstructed X-ray images. A grayscale adaptive threshold of 41-255 

was used for structural analysis of calluses 14-, and 28-days post-fracture. 2D and 3D data, and 3D 

models were generated and the following parameters were used for structural analysis of callus: 

total callus volume (TV); new mineralized bone tissue volume (BV), bone fractional volume 

(BV/TV), mean polar moment of inertia (MMI), bone surface (BS) and mean cross sectional area 

(T.Ar). 

 

5.2.5. Callus position during biomechanical testing 

Biomechanical testing was performed on 28-day post-fracture calluses to assess the 

potential effects of 7,8-DHF treatment on the biomechanical properties of bone. For 

biomechanical testing, outlined in section 2.4, each tibia was mounted onto an 8 mm stabilizing 

platform in a mediolateral position. A 200 N force transducer descended at a constant rate of 1.67 

mm/sec and loaded each tibia. A load-displacement (x-y) graph was plotted and force (g) and 

deflection (mm) values were recorded. 

 

5.2.6. Histological assessment 

Please refer to section 2.5 ‘Histology’ for the detailed protocols regarding bone 

embedding, and staining and histomorphometric analysis. 

Tibial calluses were processed and embedded in LR White Resin to assess potential 

histological changes in callus composition between 7,8-DHF and vehicle-treated groups at 14-days 

post-fracture. Sections of callus were stained with either Alcian blue/alcoholic eosin to determine 

changes in formation of both cartilage and bone from 7,8-DHF treatment, or TRAP to predict the 

influence of 7,8-DHF on osteoclastic density, and therefore, bone resorption.  
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5.2.7. Cell culture  

 Cell culture was used to investigate the effects of 7,8-DHF on osteoblastic cell line, 

Kusa4b10. For these experiments, in order to gain an insight into the role BDNF has on fracture 

healing, the influence of 7,8-DHF on osteoblastic marker expression, as well as mineralization was 

investigated. Dosages of 7,8-DHF and specific primers for RT-PCR can be found below. Please refer 

to section 2.6 titled ‘Cell culture’ for all other detailed cell culture protocols.  

 

RT-PCR 

 Kusa4b10 cells were cultured daily in osteoblastic differentiation medium and treated 

with 50nM of 7,8-DHF (based on pilot research) or vehicle. The medium was replaced three times 

per week. Cells were isolated at three different timepoints; 3-, 7-, and 14-days. These three 

timepoints were chosen because they reflect three stages of Kusa4b10 cell differentiation, are 

similar timepoints used in the current studies investigating Kusa4b10 and were professional 

advised to use by colleagues at the Garvin Institute of Medical Research [62-65]. Total RNA was 

prepared using PureZOLTM (Bio-Rad). RT-PCR was performed as described previously in section 

2.6.5. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control gene. 

Specific oligonucleotide primers (Table 5.1) were Runx2; a marker of early osteoblasts [66], and 

ALP; a marker of mature osteoblasts [62].    

 

Table 5.1. Oligonucleotide name and sequence (5’-3’) used in Real-Time PCR.  

Oligonucleotide name Sequence (5’3’) 

mGAPDH 

 

Sense - AATCTCCACTTTGCCACTG 

Anti-sense - CCTCGTCCCGTAGACAAAA 

mRunx2 Sense – AGCAACAGCAACAACAGCAG  

Anti-sense – GTAATCTGACTCTGTCCTTG  

mALP Sense – AAACCCAGACACAAGCATTCC 

Anti-sense - TCCACCAGCAAGAAGCC 

PCR, polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ALP, 

alkaline phosphatase 

 

Mineralization Analysis 

 For investigating the effects 7,8-DHF treatment has on osteoblastic cell mineralization, 

Kusa4b10 cells were treated with 0-, 10-, 50-, and 100nM of 7,8-DHF for 21 days. After 21 days, 

cells were stained with Alizarin red and inspected for mineralization nodules within the Kusa4b10 

colonies.  
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5.2.8. Peripheral quantitative computed tomography (pQCT) 

 To determine whether 7,8-DHF treatment influenced trabecular and cortical bone 

parameters of mice femora, bone measurements were made using pQCT (Stratec XCT-Research 

SA +. Stratec Research Pty. Ltd., Pforzheim, Germany) with accompanying software. Additionally, 

bone structural changes of murine femora between BDNF polymorphisms (Val66Met) were also 

investigated. pQCT calculates bone content, volumetric density and geometric measurements to 

distinguish between trabecular and cortical bone [67]. Additionally, cross-sectional moment of 

inertia (stress strain index) can be calculated using pQCT to determine bone mechanical strength 

[68, 69].  

 

pQCT was performed as described by Anevska et al (2015, 2017, 2019a, 2019b) [70-73]. 

At autopsy, femora were stripped of muscle, fixed and then stored in bone storage buffer at 4°C 

until use. The left femur was chosen for pQCT analysis. On scanning, each femur was placed into 

a small cylindrical plastic tube (7.5 cm x 1.2 cm) and positioned into the specimen holder of the 

pQCT machine. Specimen alignment was made, and a low-resolution scout scan was performed. 

A reference line was determined as the upper border of the distal condyle of the femur. Three 

slices of 1 mm thickness with a voxel size of 0.1000 mm3
, peel mode 20, contour mode 1, were 

taken at distances from the line of reference at 5%, 15% and 50% of the total femoral length. An 

automatic density thresholding (400 mg/cm3) was used to exclude any remaining soft tissue. 

Trabecular bone was identified as tissue density equal to or less than 280 mg/cm3, and cortical 

bone was identified as tissue density equal to or greater than 710 mg/cm3. 

 

5.2.9. BDNF polymorphic (hBDNFVal66Met) mice 

 Collaboration with Professor Maarten van den Buuse, and his neuroscience research team 

at La Trobe University allowed access to hBDNFVal66Met polymorphic mice for the current 

experiments. The hBDNFVal66Met mice have knock-in alleles that express human BDNF genes, 

replacing in part the mouse BDNF gene, but is controlled by endogenous mouse BNDF regulatory 

proteins [74, 75]. Professor van den Buuse’s laboratory had a large colony of Val/Val, Val/Met, and 

Met/Met mice aged between 132-144 weeks of age, which were being used for behavioural 

testing, and brain tissue analysis. Permission was granted to join Professor van den Buuse’s 

autopsy sessions and collect femora from the BDNF polymorphic mice, for pQCT analysis. Mice 

from which the femora were collected, were housed in groups of up to five and fed standard 

mouse chow. These BDNF polymorphic mice were a part of a treatment study in Professor van 

den Buuse’s lab, so femora were only collected from vehicle-treated mice, where the vehicle was 

saline (injected intraperitoneally). For each mouse that was collected, pQCT was performed on 

left femora using the same parameters mentioned above (section 5.2.8).  
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5.2.10. Statistical analysis 

All outcomes were analysed using GraphPad Prism 6 software (GraphPad Software, Inc., 

USA). All data was subject to Shapiro-Wilk normality tests. Biomechanical, µCT, histological 

analysis and in vitro mineralization assays were analysed via Mann-Whitney U tests. pQCT of 

intact femora and in vitro gene expression were analysed via two-way ANOVA. BDNF 

polymorphism data were analysed via one-way ANOVA.  

 

5.3. Results 

For the duration of this work there were no overt behavioural changes or side effects, nor 

changes in the weight gain pattern of 7,8-DHF-treated mice (data not shown).  

 

5.3.1. 7,8-DHF reduces callus size  

 Representative µCT reconstruction of longitudinal mid-point, hemi-calluses are shown in 

Figure 5.1a-b.  Bony union was reached in all calluses by 28 days post-fracture in both the 7,8-

DHF-treated and control groups. Analysis revealed the 7,8-DHF-treated group had a significant 

reduction in total tissue volume (Figure 5.1c; p<0.05), mean polar moment of inertia (Figure 5.1e; 

p<0.01) and mean cross-sectional area (Figure 5.1f; p<0.05) of callus compared to controls, which 

suggested a reduced callus size at 28 days post-fracture. On the contrary, there was no difference 

in the ratio of mineralized tissue to total tissue volume between 7,8-DHF and controls (Figure 

5.1d), which indicated although the callus size was smaller in the 7,8-DHF group, there was equal 

amounts of mineralized tissue in both groups. No effects of 7,8-DHF treatment was seen at 14 

days (data not shown).  
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Figure 5.1. Effects of 7,8-DHF treatment on 28-day callus structural parameters using µCT. 

Longitudinal mid-point images representative of 300 slice reconstructed hemi-callus (a-b). 7,8-

DHF treatment decreased total callus volume (TV, c; *p = 0.042), mean polar moment of inertia 

(MMI, e; **p = 0.004) and mean cross-sectional area (CSA, f; *p = 0.047) at 28 days post-fracture 

compared to vehicle treatment. 7,8-DHF; 7,8-dihydroxyflavone. Bars are mean ± SEM, n = 

15/group.  
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5.3.2. 7,8-DHF reduces peak force to failure in fracture calluses  

 A three-point bending test was used to assess the biomechanical properties of 28-day 

tibial calluses. As seen in Table 5.2., calluses of mice treated with 7,8-DHF following fracture had 

a significantly decreased peak force to failure (p < 0.05) and increased stiffness (p < 0.05) 

compared to controls. There was no significant difference in bending stress, cross-sectional area 

or Young’s modulus between groups (Table 5.2). 

 

Table 5.2. Mechanical properties of vehicle and 7,8-DHF-treated calluses at 28-day post-fracture.  

Treatment Peak force 

(N) 

Stiffness 

(x 104 Nm2) 

CSA 

(x 10-6 m2) 

Bending 

stress 

(x 106 Nm-2) 

YM 

(x 108 Nm-2) 

Vehicle (n=12) 

Mean ± SEM 
13.48 ± 0.84 9.38 ± 0.50 4.56 ± 0.30 3.84 ± 0.39 7.21 ± 1.18 

7,8-DHF 

(n=10) 

Mean ± SEM 

10.64 ± 0.51 13.01 ± 1.04 3.94 ± 0.29 3.75 ± 0.46 13.79 ± 2.96 

p-value * 0.011 *0.012 0.13 0.65 0.06 

7,8-DHF; 7,8-dihydroxyflavone; CSA, cross-sectional area; YM, Young’s modulus. Values are means 

± SEM. *symbol indicates statistical significance (p < 0.05) determined by a Mann-Whitney U tests. 

   

5.3.3. 7,8-DHF treatment has no discernible effects on either callus histomorphometry or 

osteoclastic density in callus   

Quantitative histological analysis of calluses 14-days post-fracture showed no difference 

in the amount of tissue area, cartilage, and fibrous tissue between 7,8-DHF and control groups. 

 

 TRAP staining of osteoclasts in calluses at 14-days post-fracture showed no difference in 

the percentage of staining in calluses between 7,8-DHF-treated animals and controls (data not 

shown).  

 

5.3.4. Cell culture  

7,8-DHF does not alter expression of osteoblastic markers in Kusa4b10 cells 

Messenger RNA levels of osteoblastic markers Runx2 and alkaline phosphatase (Figure 

5.2) were detected by quantitative RT-PCR in Kusa4b10 cells at 3-, 7-, and 14-days of 

differentiation. There was no significant change in expression of Runx2 between time-points 

(Figure 5.2a). Alkaline phosphatase expression increased from 3 to 7 days and plateaued between 
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7- and 14-days (Figure 5.2b). 7,8-DHF did not influence expression of either Runx2 or alkaline 

phosphatase at any time-point (Figure 5.2a-b). 

 

7,8-DHF does not influence mineralization in Kusa4b10 cells 

 Mineralization nodules were detected at 21 days in Kusa4b10 cells at all concentrations 

(0, 10, 50, 100 nm) of 7,8-DHF treatment (Figures 5.2c-d). There were no apparent changes in the 

number of nodules or mineralization between the treatment groups or controls, and there was no 

mineralization evident in the negative control cultures of undifferentiated Kusa4b10s.  

 

 

Figure 5.2. The effect of 7,8-DHF treatment in the osteoblastic mesenchymal cell line; Kusa4b10. 

Gene expression of osteoblastic markers Runx2 (a) and alkaline phosphatase (ALP) (b) were 

analysed at 3-, 7-, and 14-days of differentiation. There was no effect of time or 7,8-DHF on 

expression of Runx2 (a), and there was a time effect of increased alkaline phosphatase expression 

at 7-, and 14-days compared to 3-days, but no 7,8-DHF treatment effect (b; p < 0.04). Kusa4b10 

cells formed mineral at 21 days of incubation and 7,8-DHF did not increase mineralization at any 

dose (c-d). Bars are mean ± SEM, n = 6/group. 
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5.3.5. 7,8-DHF treatment did not affect intact bone  

 Femoral lengths of mice increased as they aged from 14- to 16-weeks of age (Table 5.3), 

which suggested mice were still reaching skeletal maturity at time of experimentation. There was, 

however, no effect of 7,8-DHF treatment on the lengths of femora when compared to controls 

(Table 5.3). Age also influenced cortical content and mineral density, periosteal and endosteal 

circumference, with all these parameters increasing in 16-week-old mice compared to 14-week-

old mice (p = 0.001, p = 0.036, p = 0.002, and p = 0.02, respectively, Table 5.3). Age, however, did 

not have an impact on trabecular content or mineral density (Table 5.3). Treatment with 7,8-DHF 

did not influence any of the measured parameters measured at any timepoint (Table 5.3).  
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Table 5.3. pQCT measurements of intact femora of mice aged 14- and 16-weeks following 14 days 

of treatment with either 7,8-DHF or vehicle after a unilateral tibial fracture at 12 weeks of age. 

 

 Controls 7,8-DHF Two-Way ANOVA (p-value) 

14 

weeks 

16 

weeks 

14 

weeks 

16 

weeks 

Time Treatment Interaction 

Femoral 

length (mm) 

15.20 ± 

0.12 

15.75 ± 

0.09 

15.50 ± 

0.11 

15.75 ± 

0.09 

0.0004*** 0.1566 

NS 

0.1547  

NS 

Trabecular 

content 

(mg/mm) 

0.57 ± 

0.03 

0.65 ± 

0.03 

0.66 ± 

0.04 

0.58 ± 

0.02 

0.9801 

NS 

0.7625 

NS 

0/0129* 

Trabecular 

density 

(mg/cm3) 

310.12 

± 11.12 

316.98 

± 9.01 

334.02 

± 10.22 

296.56 

± 6.93 

0.1170 

NS 

0.8596 

NS 

0.0255* 

 

Cortical 

content 

(mg/mm) 

1.06 ± 

0.02 

1.15 ± 

0.03 

1.04 ± 

0.03 

1.18 ± 

0.03 

0.0011** 0.9384 

NS 

0.4903 

NS 

Cortical 

density 

(mg/cm3) 

1099.37 

± 8.20 

1109.00 

± 7.09 

1096.58 

± 8.58 

1119.32 

± 5.30 

0.0360* 0.6186 

NS 

0.3870 

NS 

Periosteal 

circumference 

(mm) 

5.16 ± 

0.04 

5.30 ± 

0.05 

5.16 ± 

0.06 

5.39 ± 

0.06 

0.0021** 0.4587 

NS 

0.4567 

NS 

Endosteal 

circumference 

(mm) 

3.80 ± 

0.03 

3.89 ± 

0.04 

3.83 ± 

0.06 

3.98 ± 

0.05 

0.0196* 0.2051 

NS 

0.5001 

NS 

 

Data are means ± SEM; n = 11-19/group. pQCT measurements. p values indicate statistical 

significance (*p < 0.05, ** p < 0.01, ***p < 0.001) determined by a two-way ANOVA for differences 

between time (14- and 16-weeks) and treatment (7,8-DHF or vehicle). NS, Not Significant. pQCT, 

peripheral quantitative computed tomography; 7,8-DHF, 7,8-dihydroxyflavone.  
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5.3.6. hBDNFVal66Met polymorphism does not influence bone  

 Femora from hBDNFVal66Met polymorphic male mice were scanned by pQCT, for possible 

differences femoral length, trabecular and cortical bone measurements (Table 5.4). There were 

no significant differences in any measured bone parameter; femoral length, trabecular content, 

trabecular density, cortical content, cortical density, periosteal circumference, and endosteal 

circumference between hBDNFMetMet, hBDNFValMet, hBDNFValVal polymorphic mice (Table 5.4).  

 

Table 5.4. pQCT measurements of hBDNFVal66Met polymorphic mice.  

 hBDNFMetMet hBDNFValMet hBDNFValVal One-way 

ANOVA 

Femoral length 

(mm) 

15.90 ± 0.16 15.40 ± 0.08 15.30 ± 0.12 0.5451 

NS 

Trabecular 

content 

(mg/mm) 

3.027 ± 0.14 2.93 ± 0.23 2.72 ± 0.18 0.5873 

NS 

Trabecular 

density (mg/cm3) 

474.60 ± 21.13 439.00 ± 27.50 400.90 ± 27.48 0.7024 

NS 

Cortical content 

(mg/mm) 

1.38 ± 0.08 1.25 ± 0.05 1.29 ± 1.52 0.7379 

NS 

Cortical density 

(mg/cm3) 

1171.00 ± 12.68 1143.00 ± 9.47 1139.00 ± 14.58 0.1786 

NS 

Periosteal 

circumference 

(mm) 

5.43 ± 0.11 5.43 ± 0.08 5.47 ± 0.13 0.9429 

NS 

Endosteal 

circumference 

(mm) 

3.84 ± 0.07 3.97 ± 0.07 3.98 ± 0.08 0.3951 

NS 

 

Data are means ± SEM; n = 7-9/group. pQCT measurements. p values indicate statistical 

significance (p < 0.05) determined by a one-way ANOVA for differences between BDNF 

polymorphism variants. NS, Not Significant.  
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5.4. Discussion 

 Although BDNF and its TrkB receptor have been localized in healing fractures of mice, rats, 

and humans, the role of TrkB signaling in fracture healing is not well understood. The first aim was 

to determine if TrkB agonism using the flavonoid, 7,8-DHF, would have positive effects on fracture 

healing, measured by structural and biomechanical analysis. In the current experiments, systemic 

administration of 5 mg/kg/day of 7,8-DHF for 14 days in mice with healing tibial fracture, resulted 

in mechanically weaker calluses with reduced bone and tissue volume at 28 days of healing. 

Furthermore, the effects of 7,8-DHF in vitro, on an osteogenic cell line, Kusa4b10, were also 

investigated and it was shown that 7,8-DHF had no effect on either osteoblastic differentiation or 

mineralization. Together, these data show that fracture healing was impaired by 7,8-DHF 

however, it is unclear how 7,8-DHF impaired fracture healing.  

 

µCT was used to investigate the influence of 7,8-DHF on the bone and callus content at 

architecturally different stages of fracture healing. At the two timepoints analysed, 14- and 28-

days, all significant differences between vehicle- and 7,8-DHF-treated animals were found at 28-

days post-fracture. Calluses in 7,8-DHF-treated animals had overall reduced tissue volume, mean 

cross-sectional area, and decreased mean polar moment of inertia; a measurement of inherent 

rotational stiffness of bone [76] compared to controls. Furthermore, the same 28-day calluses 

underwent biomechanical assessment via three-point bending test, to which peak-force to failure 

was significantly reduced in the 7,8-DHF-treated mice compared to controls. Considered together, 

these findings indicate that 7,8-DHF negatively impacted upon the remodelling of healing 

fractures. Interestingly, the present findings are dissimilar to a study that investigated BDNF-

functionalized cement treatment during femoral fracture healing in mice, which found BDNF 

treatment was beneficial in fracture healing [77].  

 

Histomorphometric analysis of femoral fractures in their study found that BDNF, 

significantly increased newly formed bone at the implant interface between cement and fracture, 

compared to controls at 35 days post fracture [77]. Although, histomorphometric analysis at 28 

days post-fracture was not undertaken, the 28-day calluses in the 7,8-DHF-treated group were 

mechanically weaker, which suggests a reduction in newly formed bone content compared to 

controls [78]. A difference between the studies that may explain why there were opposing 

outcomes of TrkB activation during fracture healing, is that in the current study, 7,8-DHF was used 

and this compound has been shown to readily cross the blood brain barrier (BBB) upon systemic 

administration [42, 48-51], whereas Kauschke and colleagues (2018), used exogenous BDNF, 

which is unable to cross the blood brain barrier (BBB) when administered peripherally [79]. Thus, 

it is proposed that 7,8-DHF‘s action on central TrkB receptors in the brain, overrode possible 

positive peripheral effects on bone to negatively impact on fracture healing. Due to these 
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contradictory results, it is proposed that BDNF, has opposite central and peripheral effects on 

bone, which are like those described for the hormone leptin [80, 81]. Supporting this proposal that 

7,8-DHF may have acted centrally to negatively impact on bone, is a definitive study that 

investigated the selective deletion of BDNF in brains of mice and its effect on bone phenotype 

[82]. In centrally-deleted BDNF mice, there was an increase in femoral lengths, and an overall 

increase in bone mineral density (BMD) compared to wild-type mice [82]. Therefore, it is proposed 

that in the current experiments, central activation of TrkB, via 7,8-DHF, negatively impacted on 

bone metabolism, which resulted in smaller fracture calluses and weaker fracture sites.   

 

Additionally, in the present study, an in vitro model using Kusa4b10 osteoprogenitor cells 

was used to determine the effects of 7,8-DHF on osteoblasts and bone mineralization. Kusa4b10 

cells are a more osteogenic sub-clone of murine multipotential bone marrow stromal cell line, 

Kusa O [62]. Like Kusa O cells at day 0, Kusa4b10 resemble an osteoprogenitor phenotype and by 

day 14 resemble a mature osteoblastic phenotype [62]. Our laboratory has previously localized 

TrkB receptors on parent line Kusa O, at day 14 of differentiation via Western blot (unpublished 

data). Likewise, TrkB receptors have also been localised in a murine osteoblastic precursor cell 

line, MC3T3-E1 [40], which suggests a possible role for TrkB agonists on bone metabolism. This 

data is additionally supported in in vivo rodent models and human fracture healing, which have 

localised TrkB receptors on chondrocytes and osteoblasts during bone growth and fracture healing 

[31, 34]. In the current study, it was found that 3-,7-, or 14-days of 7,8-DHF treatment to Kusa4b10 

cells did not alter gene expression of Runx2 and ALP, which are two markers osteoblastic 

differentiation. The current findings are similar to a study that showed that BDNF administration 

did not alter ALP gene expression in MC3T3-E1 after 5 days of treatment [36]. However, in the 

same study, MC3TC-E1 had increased mineralization following BDNF treatment [36], whereas in 

the current study 7,8-DHF did not increase mineralization of Kusa4b10 cells at 21 days 

differentiation. Lack of difference in mineralization between the current experiments and those 

of the MC3T3-E1 study may be a result of either the use of different osteoprogenitor cell lines or 

the timepoints that were analysed for mineralization. At 21 days, there was dense mineralization 

seen in both controls and treated Kusa4b10. Had mineralization been analysed at an earlier 

timepoint, such as when the cells were just starting to form mineral, then there may have been a 

difference between the two groups.  

 

pQCT analysis was used to determine the effects 2 weeks of 7,8-DHF treatment had on 

bone remodelling in intact femora of the same mice that received tibial fractures. Femoral lengths 

of mice aged 16 weeks were significantly longer that mice aged 14 weeks, which indicated that 

mice were still growing. Increased femoral lengths of mice 16-week-old mice compared to 14-

week-old mice was an anticipated result, as C57BL/6 male mice can take up to 42 weeks to reach 
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skeletal maturity [83]. Similarly, other measured bone parameters, such as cortical content, 

mineral density, endosteal circumference, and periosteal circumference were all increased in 16-

week-old mice compared to 14-week-old mice, which also indicated that mice were still growing. 

Compared to previous research that analysed 16-week-old male C57BL/6 mice by pQCT, the mice 

in the current study had smaller mean femoral measurements [84], which could potentially be 

due to reduced weight-bearing on fractured hind-limbs. Two-week treatment with 7,8-DHF did 

not show any differences in bone measurements at either time-point, i.e. 14- and 16-weeks of 

age, when compared to controls. The lack of differences in bone measurements seen in femora 

between control and 7,8-DHF-treated mice could be due to a combination of factors, which 

include, an insufficient length of time of treatment and/or sex differences of mice. Although there 

is no current research that demonstrates the effects of 7,8-DHF on bone metabolism, there has 

been a study published that showed that BDNF is sex-dependent in terms of its effects on the 

skeleton, with female mice being more affected than male mice when central BDNF is depleted 

[82]. Complete central deletion of BDNF minimally increased BMD in male mice, compared to 

vastly increased BMD in female mice [82]. Therefore, in the present study, it was reasonable to 

see no effects to BMD when treating wild-type male mice for two weeks with a suspected centrally 

acting BDNF agonist.  

 

In part B of the present study, the role of BDNF polymorphism, BDNFVal66Met, on bone 

metabolism in a mouse knock-in model hBDNFVal66Met was investigated, with no changes in the 

amount of cortical or trabecular content between polymorphic variants found.  There is a small 

body of literature highlighting differences in BMD in humans with BDNF Val66Met polymorphisms; 

Val/Val, Val/Met, and Met/Met [53]. Deng and colleagues (2013), showed that Caucasian 

populations with Met/Met polymorphism had significantly reduced BMD compared to Val/Val and 

Val/Met variations. However, in the current experiments, femora of mice with the same BDNF 

polymorphic variations, hBDNFVal66Met, had no differences in amount or thickness of trabecular and 

cortical bone. The same researchers that published BMD variations in Caucasians, also 

investigated Asian populations with BDNF polymorphisms and found no difference in BMD across 

the three polymorphic variations [53]. Deng and colleagues’ paper was not the first publication 

describing discrepancies of BDNF Val66Met polymorphisms among different ethnic groups. It has 

recently been reported that non-genetic factors including age, sex, and environment all contribute 

to phenotypic and neuropsychiatric variances [74]. Together, these findings suggest this 

hBDNFVal66Met animal model, may not reflect the variable BMD phenotype seen in BDNFVal66Met 

mutations in differing ethnic groups. Alternatively, there is the possibility that the studies were 

underpowered to detect differences between genotypes in the present studies.  
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In summary, 5 mg/kg/day of 7,8-DHF treatment to mice with tibial fractures resulted in 

structurally smaller calluses and mechanically weaker fracture sites. It is proposed that 7,8-DHF 

acted centrally on TrkB receptors in the brain to negatively impact bone remodelling. Additionally, 

mice with BDNF polymorphisms were investigated for changes in bone mineral density. No 

changes were found in trabecular or cortical bone content of these mice with BDNF 

polymorphisms. The present findings suggest that BDNF has a role in bone remodelling, and it 

proposed that there may be two opposing outcomes on bone remodelling depending if TrkB 

signalling pathways are activated in the central or peripheral nervous systems.   
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Chapter 6.  

Discussion and Future Directions 
 

 Neurotrophins and their receptors are recognised to have a broad range of biological 

functions in neural and non-neural tissues. Specifically, evidence suggests two neurotrophins, NGF 

and BDNF, have numerous roles in tissue healing processes following trauma. The key issues using 

the exogenous peptides, NGF and BDNF, in animal research is their 1. poor solubility 2. lack BBB 

penetration and 3. short half-life due to rapid degradation [1-3]. New approaches in the 

pharmaceutical industry have led to the development of non-peptide neurotrophin mimetics. Two 

non-peptide molecules developed that have shown robust neurotrophic activity are the selective 

agonists for either TrkA or TrkB; namely, GA and 7,8-DHF, respectively [4, 5]. In this thesis, two 

molecules were used to explore selective Trk activation following TBI and long bone fracture 

healing. Data suggests that targeting the neurotrophin receptor TrkA had no effect in acute 

outcomes of TBI. On the other hand, targeting TrkA and TrkB affected fracture healing, specifically 

altering the structure and biomechanical properties of healing callus. The major findings of this 

thesis, as well as the limitations and potential implications for future research will now be 

discussed.  

 

GA does not attenuate acute outcomes of TBI in mice 

The TrkA agonist, GA, has previously been shown to have neuroprotective properties and 

reduce cortical infarct size in a murine model of transient ischemic brain injury [5]. Whether GA’s 

neuroprotective effects could be translated to a murine model of TBI had not yet been explored. 

The first study of this thesis used a moderate LFPI model in mice to determine the effects of GA 

on behavioural outcomes, neuroinflammation, apoptosis, neurite growth and synaptogenesis in 

the acute stages of TBI.  

 

Behavioural deficits have been shown to occur in acute time-points following TBI in rodent 

models as similarly shown in this study [6-8]. It was established that GA treatment did not affect 

the TBI-induced changes in motor function and behaviour. TBI-induced motor deficits measured 

by rotarod were not lessened with GA treatment, which is likened to previous studies that report 

NGF treatment did not improve TBI-induced motor deficits in open-wire grid [9] and beam balance 

tests [10, 11]. Spatial memory measured via Y-maze, and cognition analysed via EPM and open-

field were not improved with administration of GA at 72 h post-TBI. Previous studies using the 

Morris water maze have shown NGF treatment following TBI, reduced cognitive latencies and 

improved spatial memory in rodents at weeks 1 and 2 post-injury but not at days 1, 2 and 3 post-

injury [9-12]. It is possible that if behavioural analysis was extended to 1- or 2-weeks post-injury, 

there may be an improvement in spatial memory and cognition in the GA-treated mice, which is 

comparable to previous studies that used NGF for treatment. Additionally, if more cognitive 
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sensitive tasks such as Water maze or touchscreen were performed, a larger TBI effect may have 

been revealed and therefore, allowed insights into the efficacy of GA on this outcome. Thus, future 

investigation of GA’s influence on spatial memory and cognition following TBI are warranted.   

 

Cerebral oedema following TBI is a major indicator of brain injury severity. Intranasal 

administration of NGF had previously been shown to reduce oedema in rats at 72 h post-TBI using 

a weight-drop model [13]. Brain water content was measured using the wet weight-dry weight 

calculation, a commonly used method to determine BBB dysfunction following TBI [14] and found 

that GA did not attenuate the cerebral oedema deficit seen at 72 hours post-TBI. The lack of effect 

of GA may be due to differing times that cerebral oedema peaks between mice and rats. It has 

been shown that cerebral oedema peaks in mice 3-24 h post-LFPI, and thus by measuring at 72 h 

post-TBI, the window was likely missed. A future investigation could analyse a more acute time-

point such as 3- or 24-h post-injury for differences in cerebral oedema.   

 

Prior studies using rat models have shown behavioural deficits, similar to the deficits seen 

in the current experiments are manifestations of neuroinflammation and cerebral oedema [8, 15]. 

Inflammatory responses that occur following TBI can lead several cells within the brain to become 

reactive. Astrocytes are an important cell type in neuroinflammation [16] and respond to brain 

injury by becoming hypertrophic and increase expression of vimentin, GFAP and LCN2 [17-19]. The 

other main cell types vital to the neuroinflammatory response are microglia [20]. In response to 

TBI, activated microglia can be identified by an increase in expression markers CD32, CD16 [21] 

and Iba1 [22]. In the current experiments, significant upregulation of mRNA expression of several 

of these neuroinflammatory genes described were observed at 72 h post-injury in the cortex and 

hippocampus following TBI. However, there was no difference of mRNA expression between the 

control and GA-treated groups. These results were different to previous rodent studies that 

demonstrated NGF increased protein expression of pro-inflammatory cytokines TNF-a and IL-1b 

during the first 72 h post-TBI [13, 23]. Possible reasons for the lack neuroinflammatory 

upregulation in response to GA may include that either the dose GA administered did not directly 

affect the neuroinflammatory response, or that the detectable changes occurred at an earlier 

time-point. Additionally, markers of astrogliosis and reactive microglia were analysed, and not 

TNF-ɑ or IL-1β, which are pro-inflammatory cytokines formed by astrocytes and microglia [24], 

and these were measured in the NGF-TBI study [13]. 

 

Lastly, in early stages of TBI, neurons have been shown to begin early phase sprouting 

within 72 h of injury in the hippocampus and cortex with elevation in protein and mRNA 

expression of neurite growth markers GAP-43, synapsin, synaptophysin and agrin [25-29]. In the 

current experiments, GAP-43, synapsin and synaptophysin did not change mRNA expression in 

response to injury or GA treatment. There is a strong correlation between GAP-43 expression and 



 

 

137 

NGF in the literature [30-32], however, there is a gap in the literature for the treatment effect NGF 

has on the expression of early sprouting markers of neurons post-TBI. Despite the lack in changes 

of expression for neurite marker GAP-43 and synaptogenesis markers synapsin and 

synaptophysin, this thesis has further characterized the LFPI model in mice in the acute stages of 

TBI.  

 

The discussion in Chapter 3 described several feasible reasons as to why the GA treatment 

regimen used seemed not to attenuate the outcomes of TBI. Firstly, TrkA expression in the cortex 

was significantly reduced in mice following moderate-to-severe TBI, which minimised GA receptor 

binding and action. Systemic administration of GA has previously been shown to protect kainic 

acid-induced apoptosis [5], therefore GA administration prior to TBI may protect neurons from 

apoptosis and reduction of TrkA expression. Furthermore, the concentration of GA that was 

systemically delivered may not have been enough to reduce neuroinflammation, apoptosis and 

stimulate neurite growth. It is possible that higher doses or a prolonged treatment regimen of GA 

may have provided neuroprotection during TBI and future studies should explore such a regimen. 

A limitation associated with this experimental study was that a single acute time-point of TBI was 

analysed. GA has a suspected role in neuronal survival and growth, which are processes that can 

take up to weeks to detect following a TBI insult. Therefore, analysis of GA-treatment on TBI long-

term may reveal neuroprotective effects when analysing neurogenesis and behavioural outcomes.  

Finally, blood and brain concentrations of GA were not determined in this study, it was assumed 

that based on previous studies by Jang and colleagues, that when peripherally administered, GA 

crosses the BBB following brain trauma [5].  A future direction could entail bio-distribution studies 

with radiolabel tracing of GA to confirm its movement across the BBB.  

 

GA improves murine fracture healing  

Just over twenty years ago, researchers from my lab showed that osmotic infusions of NGF 

delivered to rats with rib fractures improved bone healing [33], therefore, it was hypothesised 

that mimicking the action of NGF at its receptor using selective TrkA agonist, GA, may also improve 

fracture healing.  

 

Administration of 1 mg/kg/day of GA was found to decrease total callus tissue volume, 

bony surface area of callus and increase bone fractional volume at 21 days post-fracture. 

Interestingly, total bone volume was not affected by GA treatment. Furthermore, biomechanical 

testing revealed that GA-treated calluses were smaller in CSA measurement, and had increased 

load per unit area and stiffness per unit area in 42 days fracture calluses. Peak force and stiffness 

were not altered by GA treatment. From these findings it was concluded that GA treatment may 

have enhanced fracture healing, specifically the mechanical properties of callus.  
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The biomechanical outcomes are identical to a previous study in my laboratory, where 

NGF treatment to healing rat rib fractures improved these mechanical properties of calluses at 42 

days post-fracture [33].  In the same study, it was demonstrated that NGF enhanced bony content 

within fracture calluses at 21 days post-fracture [33]. A reduction in the overall size of callus as 

presented via µCT, in conjunction with the enhanced mechanical properties of callus suggest that 

GA treatment influenced bone remodelling in healing callus. The architectural layout of bone and 

degree of mineralisation is deemed highly important when analysing mechanical strength of 

healing fractures [34]. Whilst it appeared that GA did not influence the overall bone volume in 

calluses, there may have been a difference in bone quality, namely larger quantities of lamellar 

bone compared to woven bone in GA-treated calluses. Although it was not possible to 

histomorphometrically analyse the 42-day calluses because they were used in biomechanical 

assessment, it would have added to the overall results of this thesis. Future research in 

histomorphometric analysis of 42-day calluses could distinguish between lamellar and woven 

bone in healing calluses. Likewise, µCT analysis demonstrated bony union in all calluses at 21 days 

post-fracture, therefore, it is possible that mechanical testing at an earlier time-point of healing 

may have yielded different findings.  

 

The limitations of this study are described in depth in Chapter 4. Briefly, the amount of 

GA used in the study was less than initially planned, namely due the insolubility of GA and the 

osmotic pump requirements of delivery. Higher doses of GA, like those used in previous studies 

may have yielded a more profound effect on fracture healing [5]. Additionally, biomechanical 

analysis was performed on 42-day fracture calluses that were in advanced stages of healing. Had 

biomechanical analysis been performed in 21-day calluses where bony union was also present 

there may have been different results.  

 

 The mechanism by which GA influenced fracture healing was unknown at this point and 

a possible theory included indirectly via stimulation of neuronal fibres at the fracture site. Bone 

periosteum is densely lined with TrkA positive fibres [35] and NGF treatment has been previously 

shown to increase catecholamine synthesis in healing rat rib calluses [33]. Catecholamine 

synthesis has been directly linked to stimulate blood vessels and sensory nerve sprouting, two 

factors that influence fracture healing [36], through TrkA signalling in endochondral bone 

ossification [37]. Similarly, sensory and sympathetic nerves have been shown to positively 

influence fracture callus [38], and without nerve innervation calluses are larger in size and the 

bony matrix is highly disorganised [39-41]. Thus, GA, similarly to NGF, may have indirectly 

promoted fracture healing via stimulation of TrkA positive sensory and/or sympathetic fibres 

within the healing callus, which may have further influenced the vascularisation and ossification 

of the fractured bone to produce smaller calluses by 21 days. A future experiment to investigate 
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the effects of GA on sensory and sympathetic nerve fibres in fracture callus would be to perform 

immunohistochemistry on whole callus periosteum quantifying the expression of TrkA fibres by 

confocal microscopy or to quantify the amount of catecholamines using high performance liquid 

chromatography.   

 

GA promotes osteoblastic differentiation and mineralization in osteogenic cell line 

With evidence of GA influencing fracture healing, the next step was to identify whether 

this was via direct osteoblastic signalling Kusa O cells are multi-potential, bone marrow stromal 

cells and were chosen for this study as they have previously been characterised as cells with 

osteogenic potential, which are suitable for investigating osteoblastic differentiation [42, 43]. It 

was hypothesised that GA would promote Kusa O differentiation into an osteoblast-like 

phenotype and therefore increase mineralisation. If GA could increase Kusa O osteoblast-like cells 

to mineralise, then perhaps GA stimulated osteoblastic cells in the in vivo fracture model to 

enhance the synthesis of mineralised matrix, thus producing mechanically stronger fractures.  

 

The presence of TrkA receptors in Kusa O cells at 14 days were confirmed via Western blot 

analysis, however, the receptors were not present in undifferentiated Kusa O cells. Proliferation 

of Kusa O were not altered by GA treatment. Expression of alkaline phosphatase, osteonectin and 

DMP-1 mRNA was significantly increased by GA treatment in Kusa O cells at 14 days of 

differentiation. Expression of OPG and RANKL was not affected by GA treatment. Furthermore, 

mineralisation by Kusa O cells was markedly increased compared to non-treated cells at 21 days 

of incubation. Therefore, it was concluded that GA administration may act directly on osteoblasts 

to stimulate mineralisation.  

 

Previous reports conclude that NGF/TrkA signalling occurs through osteoblasts during 

fracture healing, with TrkA receptors localised exclusively to mature osteoblasts and not 

osteoprogenitor cells [44-46]. Further supporting this theory, is that neither NGF nor GA appear 

to influence proliferation of an osteogenic cell line, which is not only consistent with the current 

Kusa O data, but also recently published data in MC3T3-E1 cells [47, 48]. Similarly, the data in the 

current experiments show that GA treatment had no effect on expression of early osteoblastic 

markers, yet did increase the expression of mature osteoblastic markers, which is again consistent 

with previous studies of NGF treatment in MC3T3-E1 cells, where there was elevated ALP [47]. 

More recent data has been published that demonstrated GA increased osteoblastic markers as 

early as 7 days, which was dissimilar to the current results, however, this previous study utilised 

MC3T3-E1 cells, which is a different cell line to the one used in this thesis [48]. Nevertheless, the 

findings from the current study suggest that GA may act on osteoblasts to stimulate 

mineralisation, and that this may have positively impacted long bone fracture healing in mice.   
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7,8-DHF is detrimental to healing murine tibial fractures 

 Another neurotrophic factor that has been shown to have a role in fracture healing is 

BDNF. BDNF and its high affinity receptor, TrkB, have been localised at the site of fracture healing 

in human and rodent studies [45, 49, 50]. Additionally, BDNF treatment has been demonstrated 

to stimulate neovascularisation [49, 51, 52] and increase ossification proteins ALP and BMP-2 in 

mineralizing cells cementoblasts [53]. Therefore, it was hypothesised that a selective TrkB agonist, 

7,8-DHF, may improve fracture healing.  

 

 Treatment of 5 mg/kg/day of 7,8-DHF in mice with tibial fractures was found to decrease 

total callus tissue volume and mean cross sectional area at 28 days post-fracture. Additionally, 

calluses treated with 7,8-DHF were biomechanically weaker with reduced peak force to failure and 

increased stiffness at 28 days. Given these findings it was concluded that contrary to the initial 

hypothesis, 7,8-DHF treatment in fact negatively impacted fracture healing in mice.  

 

 The present data whereby peripheral TrkB activation improves fracture healing was not 

supported by previous literature that demonstrated BDNF-functionalised cement improved 

fracture healing in mice with femoral fractures [54]. Through histomorphometric analysis, they 

found BDNF increased new bone formation at 35 days post-fracture the junction of cement and 

fracture [54]. While the present studies did not perform histomorphometric analysis at 28 days 

post-fracture, the mechanically weaker calluses seen in the 7,8-DHF treated group indicate less 

bony content [55].   

 

Such opposing effects seen between these studies may have been due to the different 

biodistribution profiles of BDNF and 7,8-DHF, and in turn the site of TrkB activation. BDNF when 

peripherally delivered is unable to cross the BBB [56], whereas 7,8-DHF has been shown to readily 

cross the BBB [4, 57-60]. A definitive study investigating selective deletion of BDNF in brains of 

mice demonstrate an increase femoral length and BMD in the centrally-deleted BDNF mice 

compared to wildtype. Thus, it is proposed that 7,8-DHF‘s action on TrkB receptors centrally in the 

brain, overrode possible positive peripheral effects on bone to negatively impact on fracture 

healing. This is not the first molecule to have shown opposite central and peripheral effects on 

bone, with hormone leptin being a hallmark example [61, 62]. Unfortunately, biodistribution 

studies to confirm 7,8-DHF ability to cross the BBB were not able to be completed in the current 

study, however, future studies could investigate the biodistribution of 7,8-DHF in mice. Another 

option would be to quantify TrkB phosphorylation via Western blot analysis of brain tissue in mice 

treated with 7,8-DHF and comparing these results to controls.   

 

Additionally, to my knowledge, unlike NGF and TrkA, there has been no literature 

reporting TrkB positive fibres in bone periosteum, and therefore, future experimentation 
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investigating TrkB nerve fibre distribution in bone or lining bone periosteum would add to the 

current literature.  

 

7,8-DHF did not affect the osteogenic cell line Kusa4b10 

 A possible mechanism by which 7,8-DHF impaired fracture healing was assessed using the 

osteogenic cell line, Kusa4b10. Kusa4b10s are a sub-clone of Kusa O cells that have greater 

osteogenic potential than Kusa Os [42] and were gifted to our laboratory to assess the effect of 

7,8-DHF on an osteoblast-like cells. Similar to Kusa Os, Kusa4b10s resemble an osteoblast-like 

phenotype when differentiated up to 14 days [42], and since our group had previously identified 

the expression of TrkB receptors on parent Kusa O cells, it was hypothesised that 7,8-DHF may 

have an effect during differentiation and mineralisation of these cells. However, 7,8-DHF did not 

alter expression of osteoblastic markers ALP or Runx2 at 3-, 7-, or 14-days of differentiation, 

suggesting a lack of effect of 7,8-DHF on osteoblasts. Supporting this finding, is a previous study 

that demonstrated BDNF’s inability to influence ALP expression in MC3T3-E1 cells following 5 days 

of treatment. Overall, this finding, or lack thereof, further supports the theory that 7,8-DHF may 

not have directly acted at the site of fracture healing, but indirectly, potentially through central 

signalling.  

 

BDNF polymorphisms do not affect bone in C57BL/6 mice  

 The final part of this thesis analysed the effect of BDNF (Val66Met) polymorphisms on 

bone metabolism. Previous evidence in Caucasian populations suggest that BDNFMet/Met 

polymorphic genotypes have significantly reduced BMD compared to BDNFVal/Met and BDNFVal/Val 

genotypes [63]. The primary aim of this study therefore was to determine if the described bone 

changes due to BDNF polymorphisms in humans were reflected in an established BDNF 

polymorphism mouse model.  

 

To my knowledge this is the first study that investigated the change in bone content in 

mouse BDNF polymorphic variants; Val/Val, Val/Met, Met/Met, using pQCT. The current study 

found that there were no changes in the amount of femoral cortical or trabecular bone content 

between BDNF polymorphic variant mice. These results described above suggest that the 

hBDNFVal66Met mouse model, whilst good to analyse neuropsychiatric changes seen between BDNF 

polymorphisms, appears an inappropriate model to use to analyse bone discrepancies seen 

between BDNF genotypes. Although BDNF polymorphic variants seemed to have minimal effect 

on the total amount of cortical and trabecular bone as shown by pQCT, future µCT analysis or 

histomorphometric analysis of femora of the hBDNFVal66Met mice may show structural variations in 

bone. Similarly, if the power of the study was increased to reflect a larger population of mice, an 

effect may have been seen.  
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Limitations when using animal fracture models 

Whilst preclinical animal models of fracture healing; fibular and tibial fracture models, are 

very good at replicating the pathophysiological stages of fracture healing, there are several 

limitations surrounding both types of models. The bilateral fibular murine model used in chapter 

4 was advantageous due to the quick and low invasiveness of the surgery and the production of 

two fractures per animal, however, the model produced relatively small calluses (some calluses 

weighing <5 mg) which made certain analyses difficult. Biomechanical analysis was tedious due to 

the minute size of the fibulae and there were difficulties of such small calluses for biomechanical 

analyses, which reduced numbers for analysis. Similarly, when it came to tissue harvesting for 

Western blotting or PCR, there was on occasion not enough tissue to harvest for analysis, which 

may be a reason the fibular fracture model is used infrequently compared to tibial and femoral 

murine fracture models [64]. The above-mentioned issues with the fibular fracture model was the 

main driving force to move to the tibial fracture model for Chapter 5, however, this model also 

had limitations. Stabilising the tibial fracture by using an intramedullary pin only limits transverse 

forces applied to the healing fracture and not rotational forces. In fact, one study investigating the 

rotational stiffness in mouse femoral fractures using different stabilisation tools has shown that 

the intramedullary pin provides no rotational stability, and only the locking plate or external 

fixation tool can provide stability [65]. The potential influences of rotational forces during fracture 

healing could be limited in future by using a locking plate fracture model, which is similarly 

exhibited in the femoral fracture model [64].  

 

Future directions regarding neurotrophins in bone 

Data generated from this thesis has provided significant insight into the roles of two main 

neurotrophins and their receptors on fracture healing and on bone cell function. Future studies 

should elucidate further the roles each neurotrophin receptor has on skeletal metabolism. For 

example, this thesis demonstrated the TrkA agonism had a positive outcome on fracture healing, 

however, it would be interesting to see if TrkA antagonism is detrimental to fracture healing. 

Recent research has shown that using the TrkA antagonist, AR786, successfully blocked NGF 

activation in a rodent model of inflammatory osteoarthritis [66]. Therefore, given the data 

presented in this thesis a detrimental effect of fracture healing may be a possibility in 

osteoarthritic patients using such a treatment with a TrkA antagonist. TrkA antagonism during 

fracture healing would further assist in characterising the NGF and TrkA interactions in bone 

metabolism.  

 

Similarly, BDNF and its receptor TrkB plays a role in bone metabolism and fracture healing. 

Data from this thesis proposes that BDNF may have two distinct roles in bone metabolism, 

dependent on if TrkB is activated centrally or peripherally, however further investigations are 
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required to support this proposal. Future studies should attempt to demonstrate central 

activation of TrkB has a negative effect on bone and peripheral activation of TrkB has a positive 

effect on bone. As BDNF is too large to cross into the BBB, a corresponding experiment to 

investigate the peripheral effects of BDNF administration on fracture healing would be to add a 

cohort of mice and systemically treat with BDNF peptide. Additionally, the use of TrkB antagonists 

such as ANA-12 [67] or other BDNF agonists such as LM22A-4 [68], which have been shown to 

selectively bind to TrkB and also crosses the BBB would be a likely possible valuable treatment in 

improving fracture healing. 

 

6.1. Conclusions  

These studies demonstrated that selectively targeting neurotrophic receptor, TrkA, does 

not attenuate the acute outcomes of TBI. Conversely, selectively targeting TrkA and TrkB receptors 

respectively with GA and 7,8-DHF during long bone fracture healing had opposing effects. GA 

treatment had mild positive effects on fracture healing producing smaller and mechanically 

stronger calluses compared to controls. GA’s influence on fracture healing, may be through 

stimulating mineralisation in osteoblasts, which was demonstrated in an osteoblastic murine cell 

line, Kusa O. Comparatively, 7,8-DHF had negative effects on fracture healing; producing smaller 

and mechanically inferior calluses compared to controls. It is proposed that 7,8-DHF may not have 

directly acted at the fracture site, which is supported by the lack of effect of 7,8-DHF on a murine 

osteogenic cell line, Kusa4b10, but instead, the reported negative outcome on fracture healing 

was possibly a product of central TrkB receptor activation. Furthermore, these studies 

demonstrate the mouse knock-in model hBDNFVal66Met may not reflect the variable BMD 

phenotype seen in BDNFVal66Met mutations in human populations. The results presented in this 

thesis demonstrate that neurotrophin signalling can influence skeletal maintenance and healing, 

which  add clues to the puzzle for the development of possible future therapeutics targeting the 

stimulation of normal bone formation in reparative situations or in treatment of bone disorders 

such as osteoporosis.  
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Appendix A 

Composition of Alcian blue and Eosin stain 

a)  Dye 1 - Alcian blue (1 %) 

1 g Alcian blue 

2 ml Acetic acid 

97 ml water  

b)  Dye 2 – 1% alcoholic Eosin  

FRONINE Laboratory supplies 

144 Hamilton St. 

Riverstone, NSW 2765, Australia 

Protocol: 

Using a staining rack, submerge slides in 1% Alcian blue stain for 30 minutes. 

Rinse slides for 10 seconds in 1% Acetic acid.  

Rinse slides 30 seconds in distilled water. 

Submerge slides in 1% alcoholic Eosin for 1 minute 30 seconds.  

Rinse slides for 1 minute in distilled water. 

Air dry and coverslip using DPX.  

 

Composition of Tartrate-resistant acid phosphatase (TRAP) stain  

a) Acetate buffer; pH 5.0 

0.2M sodium acetate 

50mM L(+) tartaric acid 

b) Dye 1 

0.5 mg Napthol AS-MX phosphate disodium salt 

1 ml distilled H2O 

c) Dye 2 

1.1 mg Fast Red TR salt 

1 ml distilled H2O 

Protocol: 

Create final staining solution by mixing Fast Red and Napthol solutions (Note: use immediately, as 

stain lasts for up to 1 h).  

In a humid chamber add 100 µl of 0.2M acetate buffer to each section and incubate for 20 minutes 

at room temperature.  

Add 100 µl of TRAP-reagent to each section and incubate for 2-4 h in a humid chamber at 37°C.  

Rinse slides for 20 s in distilled water.  

Air dry and coverslip using DPX. 
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Appendix B 

Chapter 3 

Publication: Johnstone M. R., Sun M., Taylor C. J., Brady R. D., Grills B. L., Church J. E., Shultz S. R., 

and McDonald S. J., Gambogic amide, selective TrkA agonist, does not improve outcomes from 

traumatic brain injury in mice. Brain Injury. 2018 32(2) 257-268. DOI: 

10.1080/02699052.2017.1394492.  

§ I performed ~70% of behavioural analysis, with assistance from Dr Mujun Sun.  

§ I performed ~80% of the treatments administered, with assistance from Dr Mujun Sun, Dr 

Sandy Shultz and Dr Stuart McDonald. 

§ I performed all the brain water content analysis. 

§ I performed all the PCR analysis of the brain samples. 

§ I performed ~80% of the Western blot analysis, with assistance from Dr Jarrod Church and 

Dr Caroline Taylor. 

§ I wrote the first full draft of the manuscript.  

§ Dr Sandy Shultz performed all lateral fluid percussion injury surgeries and acute injury 

severity assessment. 

§ Dr Sandy Shultz and Dr Stuart McDonald performed post-mortem brain collection.  

§ Dr Sandy Shultz, Dr Stuart McDonald, Dr Brian Grills and Dr Rhys Brady assisted with data 

analysis and provided revision of manuscript.   

 

 

Dates and persons/organisations who gave permission to include these publications are: 

Chapter 3: Mary Ann Muller, US Journal Permissions at Taylor and Francis 

6th October 2020 
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Appendix C 

Chapter 4  

Publication: Johnstone M. R., Brady R. D., Schuijers J. A., Church J. E., Orr D., Quinn J. M. W., 

McDonald S. J., Grills B. L. The selective TrkA agonist, gambogic amide, promotes osteoblastic 

differentiation and improves fracture healing in mice. Journal of Musculoskeletal and Neuronal 

Interactions. 2019 19(1) 94-103. PMID: 30839307 PMCID: PMC6454248. 

§ I performed all the treatment administration and post-mortem fibular collections.  

§ I performed all the histological assessment.  

§ I performed ~75% of the biomechanical assessment, with assistance from Dr Stuart 

McDonald and Dr David Orr. 

§ I performed ~85% of the µCT analysis, with assistance from Dr Rhys Brady.  

§ I performed ~85% of the cell culture, with assistance from Dr Jarrod Church and Dr Julian 

Quinn. 

§ I wrote the first full draft of the manuscript.  

§ Dr Brian Grills performed all bilateral fibular fracture surgeries and osmotic pump 

insertion.  

§ Dr Brian Grills, Dr Stuart McDonald, Dr Johannes Schuijers assisted with data analysis and 

provided revision of manuscript.  

 

 

Dates and persons/organisations who gave permission to include these publications are: 

Chapter 4: Stavroula Rizou, HELIOS 

  2nd October 2020  
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Appendix D 

Chapter 5  

Publication: Johnstone M. R., Brady R. D., Church J. E., Orr D., McDonald S. J., Grills B. L. The TrkB 

agonist, 7,8-dihydroxyflavone, impairs fracture healing in mice. Journal of Musculoskeletal and 

Neuronal Interactions. Accepted for publication 9th November 2020.  

§ I performed 95% of the unilateral tibia fracture surgeries, with assistance from Dr Rhys 

Brady.  

§ I performed all the post-mortem tibial collections.  

§ I performed ~50% of the cell culture, with assistance from Dr Jarrod Church.  

§ I performed all the µCT analysis and RT-PCR analysis.  

§ I performed ~80% of biomechanical assessment, with assistance from Dr Stuart McDonald 

and Dr David Orr.  

§ I performed ~70% of the pQCT, with assistance from Dr Kristina Anevska. 

§ I performed post-mortem femoral collections, from corpses prepared by Dr Emily Jaehne 

and Samuel Hogart.  

§ I wrote the first full draft of the manuscript.  

§ Dr Brian Grills, Dr Stuart McDonald, Dr Rhys Brady and Dr Jarrod Church assisted with data 

analysis and provided revision of manuscript.  
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Appendix E 

Injectable microemulsion of 1 mg/ml 7, 8-dihydroxyflavone  

Components: 

a) 7, 8-dihydroxyflavone  

Abcam plc 

330 Cambridge Science Park 

Cambridge, CB4 0FL 

United Kingdom 

b) 30% (w/v) Kolliphor® HS 15 

Sigma-Alrich Pty. Ltd. 

12 Anella Avenue 

Castle Hill, NSW 2154 

Australia 

c) 0.01M sodium phosphate buffer (pH 7.4) 

Add 40.44 ml 0.2M disodium phosphate (Na2HPO4) and 9.5 ml 0.2M monosodium 

phosphate (NaH2PO4) to 50.06 ml distilled water to create 0.2M sodium phosphate buffer. 

Dilute to create 0.01M sodium phosphate buffer and pH to 7.4 using either sodium 

hydroxide (base) or phosphoric acid (acid).  

 

Protocol (for 20 mg 7,8-dihydroxyflavone): 

Weigh out 6 g of Kolliphor® HS 15 (it has a consistency like Vaseline, so warm it up in a 50 ml falcon 

tube to make it softer) and place it into a glass pestle and mortar.  

Weigh out 20 mg of 7,8-dihydroxyflavone and place it on top on the Kolliphor® HS 15 in the mortar.  

Using a pestle, mix well until all visible particles are dissolved.  

Using a spatula transfer into falcon tube. 

Gradually add 14 ml of 0.01M sodium phosphate buffer and vortex.  

Once suspension is made, let it sit for 20 min to allow bubbles to disappear.  

Load syringes and inject animals.  

• Note: to create vehicle, use the same methods but exclude the 7,8-dihydroxyflavone.  

• Note: Microemulsion can be frozen into aliquots at -20 degrees.   

 




