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Abstract 

The impact of Alzheimer’s disease (AD) is profound. In Australia, around 460,000 patients 

have dementia, AD being the most common form. An estimated 1.2 million people are involved 

in their care and it is the second leading cause of death. It is difficult to provide statistics purely 

on AD due to the difficulty in diagnosis, but an estimated 70% of dementia cases are AD 

(322,000 patients) (Dementia Australia 2018). Overexpression of the cytoprotective Heat 

Shock Protein 72 (Hsp72) is currently under investigation as a potential therapeutic option for 

prevention and treatment of AD due to its many protective mechanisms. The series of projects 

in this thesis aim to better understand the effects of upregulating Hsp72 in relation to behaviour, 

cognition and metabolism in a mouse model of AD.  

  

The aim of the first study was to replicate and extend on the characterisation of a recently 

developed mouse model of AD. The mutant 5xFAD (overexpressing human APP and 

Presenilin-1) was crossed with Tg30 (overexpressing tau) to produce 5xFAD*Tg30 mice and 

investigate the effects of tau accumulation in the presence of amyloid pathology, which closely 

resembles human AD. A comprehensive battery of behavioural and physiological tests were 

performed to observe cognitive and physical decline over time, between 3-8 months of age. In 

agreement with one previous report (Heraud et.al 2014), we observed a decline in Rotarod 

performance from 6 months onwards compared with wildtype control (WT). While we noted 

a decrease in spatial awareness and memory (Morris water maze) and significant genotype 

differences in anxiety-like behaviour (large open field) by 8 months, memory function (Y-

maze) and novel object recognition were not significantly affected. The 5xFAD*Tg30 mice had 

a 40% decrease in survival by 10 months of age. Additionally, 5xFAD*Tg30 mice were smaller, 

with a significant difference in body weight, tibialis anterior skeletal muscle weight and tibia 

length. Our results successfully reproduced aspects of the previously published description of 
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this model (Heraud et.al 2014), while adding further additional characterisation of the model. 

This initial characterisation study demonstrated that the model develops many aspects 

associated with AD including frailty, early death and initiation of cognitive decline to 

complement the previously described AD-like brain pathology, specifically the presence of 

amyloid-beta (Aβ) pathology with tau accumulation and neurofibrillary tangle (NFT) 

development, found in this model (Heraud et.al 2014). 

  

Hsp72 has been shown to play a cytoprotective role in AD- related research by inhibiting Aβ 

oligomerization, enhancing its clearance, restoring tau homeostasis and inhibiting neuronal 

apoptosis. Hence, the aim of the second study was to genetically overexpress Hsp72 and study 

its effects on the 5xFAD*Tg30 mouse model of AD. As in the first study, we crossed 5xFAD 

and Tg30 mice, to create the double transgenic, 5xFAD*Tg30, then crossed the double 

transgenic mice with Hsp72 overexpressing transgenic mice (Hsp72 Tg) to create the triple 

transgenic, 5xFAD*Tg30*Hsp72Tg. 

  

BGP -15 is a compound described to be a co-inducer of Hsp72, and therefore, our third study 

hypothesized that pharmacologically activating Hsp72 with this compound may be 

advantageous in preventing or delaying AD progression and associated pathology. 

5xFAD*Tg30 mice were treated with BGP-15 or vehicle in their drinking water in a randomised 

and blinded study in both male and female mice from the ages of 2-10months. A comprehensive 

battery of behavioural and metabolic tests was conducted for both the second and third studies, 

and results compared to littermate WT mice. 

  

We observed significant declines in Rotarod, Y-Maze and Novel Object performance and 

increased seizure activity in the 5xFAD*Tg30 mice compared to wildtype, however neither 
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Hsp72 overexpression (study 2) nor BGP-15 treatment (study 3) rescued this decline. Hsp72 

overexpression was partially effective in maintaining lean mass in male mice and improved 

performance on the elevated plus maze. In males there was a 38% decrease in survival rates by 

10months of age in the 5xFAD*Tg30 mice, which was improved by BGP-15 treatment to only 

a 14% loss (p=0.07). In conclusion, BGP-15 may improve survival rates in a gender specific 

manner (male), while overexpression of Hsp72 leads to maintenance of lean mass in male 

5xFAD*Tg30 mice. Both avenues used to target Hsp72 were insufficient, however, to protect 

against the observed cognitive deficits in the model.  
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1 Literature Review 

Preface 

Figures in this chapter are original but adapted from cited sources, unless specified. 

Components of figures were created using Servier Medical ART. 

 

1.1 Introduction 

Alzheimer’s disease (AD) is a condition characterised by the progressive loss of cognitive 

function and is the most common form of dementia. It is associated with several comorbidities 

such as Type 2 Diabetes (T2D), hypertension and chronic kidney and obstructive pulmonary 

diseases (Chatterjee et al., 2017). In recent years, the incidence and prevalence of AD have 

been increasing both worldwide and nationally; currently in Australia over 460,000 patients 

are affected with dementia, with AD accounting for up to 70% of cases (Dementia Australia 

2018). There is no cure for AD; current and past available drugs can help to mask symptoms, 

but do not treat the underlying disease or delay its progression. Hence, identifying new targets 

for the treatment of AD are required. 

Heat Shock Protein’s, specifically Heat Shock Protein 72 (Hsp72), is currently an attractive 

therapeutic target to treat and potentially slow the progression of AD. HSP’s are molecular 

chaperones which can help prevent protein aggregation and denaturation as well as remove 

damaged and misfolded proteins (Meriin and Sherman, 2005). A number of studies have 

suggested that HSPs are regulators of neurodegenerative processes which correlated to protein 

misfolding in patients with AD (Meriin and Sherman, 2005, Franklin et al., 2005, Magrane et 

al., 2004). Together, evidence has been accumulating that targeting Hsp72 in the brain could 

be a therapy for AD. AD is a complex neurodegenerative disease, where currently, no drug has 

been identified to treat the myriad of dysfunctional processes as a collective. Hence, new 
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pharmacological approaches and the importance of studying potential cellular mechanisms are 

warranted. This thesis and literature review will examine the role of Hsp72 as a potential 

therapeutic treatment to delay the progression of AD. 
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1.2 Alzheimer’s Disease 

1.2.1 Background 

AD is a devastating neurodegenerative disorder, characterised by the aggregation of two 

proteins, extracellular amyloid-beta (Aβ) and intracellular tau into plaques and neurofibrillary 

tangles (NFT’s) respectively. AD disrupts the process of neurons connecting at synapses, 

damaging the brain’s communication network. It is the most common form of dementia, which, 

in Australia, is the second leading cause of death (ABS 2018). The word dementia is used as 

an umbrella term for neurological disorders with the core symptom being a decline in brain 

function. Other types/causes of dementia include vascular dementia, Lewy Body disease and 

frontotemporal dementia. 

AD was first identified in 1907 by German psychiatrist Alois Alzheimer after a patient, 

Auguste Deter died after experiencing years of strange behaviour and dementia (Hippius 2003).  

From 1901, Alzheimer observed this behaviour, including delusions, trouble sleeping and 

paranoia until her death in 1906, when he could then examine her brain post-mortem. 

Alzheimer noted the shrinkage of the outer layer of the brain, the cortex, as well as the 

identification of two deposits- now referred to as amyloid plaques and tau tangles. Since then, 

scientists have been researching the mechanisms behind the development of these aggregates 

as well as the downstream effects they can cause. There are two classes of AD, sporadic and 

familial, sporadic being the most common. Sporadic AD generally occurs after the age of 65 

years and can include symptoms beginning with short term memory loss, loss of sense of 

direction and erratic emotions, to loss of gross motor control and strength and even epileptic 

seizures  (Bature et al., 2017). Familial Alzheimer’s disease (FAD) is characterised by clinical 

onset prior to the age of 60, as well as Mendelian inheritance. It represents less than 1% of all 

AD cases and is caused by mutations in three different genes encoding Aβ precursor protein 
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(APP) on chromosome 21, presenilin-1 (PSEN1) on chromosome 14, and presenilin-2 (PSEN2) 

on chromosome 1 (Johnson et.al 2017).  

While the average clinical duration of AD is 10 years, the disease manifests pre-

symptomatically for up to 20 years in its preclinical phase (Bachman et al., 1993, Hebert et al., 

1995, Evans et al., 2003, Kawas et al., 2000). Although AD has been recognised as a disease 

for over 100 years, scientists still do not have a clear understanding of the disease process. 

From mild cognitive impairment to severe AD, symptoms include short term memory loss, 

poor object recognition, poor judgement/thinking/understanding and loss of gross motor 

control and strength. However, accurate epidemiology is difficult to obtain due to the 

confounding variable of co-morbidities such as cerebrovascular disease (Masters et al., 2015) 

and incorrect reporting. Caution must be taken when looking at data from dementia studies as 

opposed to specifically AD studies, which can lead to a misrepresentation of the disorder.  

Despite numerous modifiable risk factors being identified as associated with the onset of AD 

such as T2D, hypertension, obesity and physical inactivity, there are no current interventions 

that have addressed the primary disease mechanisms (Norton et al., 2014). Debate also remains 

as to whether AD is indeed modifiable or preventable or if it is undeniably a normal part of 

aging. It is evident that researchers remain unclear on the relationship between amyloid, tau 

and their relative contribution to the cellular process underlying AD pathology and symptoms.  
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1.2.2 Evolution of Alzheimer’s disease 

While the molecular and signalling pathways leading to disease pathology remaining unclear, 

the pathological evolution of AD is quite well mapped (Figure 1.1). Aβ generally begins to 

deposit in the frontal and temporal lobes, moving to the hippocampus and limbic system. This 

process, according to the amyloid cascade hypothesis is thought to precede NFT aggregation, 

which starts in the medial temporal lobes and hippocampus, before progressively spreading to 

the rest of the neocortex.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Evolution of Alzheimer’s disease pathology over time. Aβ aggregates begin to deposit in the frontal 

and temporal lobes of the brain before progressing to the hippocampus and limbic system. Tau aggregation begin 

in the medial temporal lobes and hippocampus before progressing to the rest of the neocortex. Different colours 

indicate different regions of the brain. Adapted from Masters et.al 2015. 
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1.2.3 Amyloid beta (Aβ) 

 Aβ, being the main component of plaques found in AD patients, has been at the forefront of 

research endeavours. While Aβ is a normal product of the metabolism of APP, its accumulation 

due to decreased clearance creates toxic effects within the brain. The normal function of APP 

remains unknown to researchers, although it is believed to play a role in synaptic plasticity and 

synaptogenesis (Selkoe, 2008, Turner et al., 2003). Aβ is created when APP is cut by the 

cleaving enzymes β- and γ- secretase, of which the protein presenilin is a subcomponent. 

Mutations in any of the two presenilin genes, PSEN1 and PSEN2, modify the ratio of Aβ42 

and Aβ40 (overproduction of both Aβ40 and Aβ42) in the plasma, two of the many isoforms 

of Aβ (Potter, 2011, Scheuner et al., 1996), as do mutations in APP (Hecimovic et al., 2004). 

Most importantly, it appears to be that any three of these mutations can result in the 

overproduction of the Aβ40 isoform which is highly prone to aggregation (Golde et al., 2000), 

central to AD pathogenesis. Conversely, studies have shown in mild sporadic AD, there is 

indeed no significant difference in the average production of Aβ, however a decrease of its 

clearance (Mawuenyega et al., 2010). It could be, that there is no increase in the production of 

Aβ, but rather an increase in the isoform Aβ40 over Aβ42, along with the decreased clearance 

of overall Aβ. The mechanisms underlying the decreased clearance remain unknown, with 

further research needed, however researchers believe it could involve the protein 

Apolipoprotein E (APOE). 

In 1991, APOE was first linked to AD and the defective clearance of Aβ through its 

immunoreactivity in Aβ deposits, as well as polymorphisms during transcription that have been 

associated to the disease (Namba et al., 1991, Artiga et al., 1998). One of the four alleles of 

APOE, APOE4, has been shown to increase the risk of developing AD (Farrer et al., 1997) as 

well as creating an earlier age of onset (Corder et al., 1993, Khachaturian et al., 2004) because 

of its potential role as a pathogenic chaperone for Aβ (Holtzman et al., 2000). APOE4 does not 
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alter Aβ synthesis (Holtzman, 2001) but increases its deposition, as seen in a mouse model of 

AD (Holtzman et al., 2000). Additionally, an APOE knockout in a mouse model resulted in 

animals with inhibited Aβ clearance (Deane et al., 2008).  

It is important to note that the evidence of the involvement of Aβ and the amyloid cascade 

hypothesis (stating tau accumulation and neurodegeneration is a downstream event) is based 

on data with patients with FAD, therefore the relevance for sporadic AD, which accounts for 

99% of cases, is questionable (Castellani 2011). Mutations in the APP gene, for example, only 

account for a small proportion of AD cases, so there may be other more complex genetic factors 

at play. If the amyloid cascade hypothesis held true, it would be expected that an Aβ-targeting 

drug candidate successfully slowed down the progression of AD in a clinical trial. This of 

course, has not been the case, however common considerations for this usually include 

treatment being administered too late, drug candidates not being strong enough or that the 

cascade hypothesis is oversimplified.  

Ultimately, however, the molecular relationship between Aβ, and the secondary compromised 

protein, tau is extremely complex and early diagnosis is still not possible. This is evidenced via 

research showing it is possible tau accumulation can occur without initial increases in Aβ. 

Additionally, tauopathy can be seen in many conditions but Aβ is specific to AD. 
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1.2.4 Tau 

While significant research has focussed on plaques and their associated toxicity, much less is 

known about the impact of the second pathological landmark discovered by Alois Alzheimer 

over a century ago; NFT. In a healthy neuron, molecules are carried on a series of tracts of 

microtubules which are stabilised by the protein, tau (Goedert and Spillantini, 2006). In AD, 

tau, through a process only partially known, becomes modified and dissociates from 

microtubules. During this process, the protein adopts an abnormal shape and moves from the 

axon to the cell body. Tau can appear in either soluble or insoluble forms and it is the insoluble 

forms which can aggregate together as tangles. Research is unclear on the impact of the 

different isoforms of tau, although it is known that both total tau levels and phosphorylated tau 

levels are moderately increased in the cerebral spinal fluid of AD patients (Ryman et al., 2014). 

It is, however, known that modified tau can indeed spread across synapses, somehow making 

healthy tau, toxic. It is thought that tau aggregation is induced by Aβ oligomers that dissociate 

from plaques, as well as being formed on the pathway to making plaques, and are toxic to 

adjacent synapses. Further, NFT’s strongly correlates with neuronal loss and cognitive decline 

(Arriagada et al., 1992, Duyckaerts et al., 1998, Giannakopoulos et al., 2003, Gomez-Isla et 

al., 1997). 

While the molecular relationship between Aβ and tau is poorly understood, evidence is growing 

that the two work together to play a role in neuronal dysfunction (Ittner and Gotz, 2011).  

Further, the depletion of tau prevented Aβ toxicity in AD models (Rapoport et al., 2002, Ittner 

et al., 2010). Interestingly, Ittner and colleagues showed in a recent study that phosphorylation 

of tau is part of an Aβ toxicity-inhibiting response, challenging the dogma that tau 

phosphorylation mediates toxic processes (Ittner et al., 2016). This provided evidence that tau 

may have a protective role in early AD through the, one of many tau sites, T205 

phosphorylation site, a finding contrary to past and many current beliefs. It is increasingly clear 
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that to understand the disease as a whole, tau must be considered as much as Aβ, as does their 

interaction. AD models where both are present are, therefore, warranted.    
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1.2.5 AD and Neuroinflammation 

A link between chronic inflammation and age-related diseases, including AD, have been well 

documented (Fuller et.al 2020; Zhang et.al 2013). The long-lasting dysregulation of 

inflammatory responses is currently under investigation for its impact on brain function and 

facilitating the onset and progression of neurodegeneration in AD (Newcombe, 2018).  

Inflammation leads to the secretion or upregulation of inflammatory cytokines such as tumour 

necrosis factor alpha (TNFα), c-jun amino terminal kinase (JNK) and p38 MAP kinase. These 

markers of inflammation are all known to contribute to cell death and inflammatory reactions, 

which are of course, important in the progression of AD.  In 2013, scientists claimed that 

neuroinflammation contributes to disease pathogenesis as much, if not more than Aβ plaques 

and tangles (Zhang et.al 2013). This was supported by recent findings at the time, showing 

genes for immune receptors such as Triggering receptor expressed on myeloid cells 2 (TREM2) 

(Guerreiro et.al 2013) and Sialic Acid-Binding Immunoglobulin-Like Lectin 3 (CD33) 

(Bradshaw et.al 2013; Griciuc et.al 2013) were associated with AD.  

 

1.2.5a Microglia 

Microglia, being the resident phagocytes within the central nervous system (CNS) play a role 

in engulfing Aβ fibrils. In AD, microglia bind to Aβ oligomers and fibrils via receptors such 

as class A scavenger receptor A1, CD36, CD14, α6β1 integrin, CD47 and toll like receptors 

(TLR) (TLR2, TLR4, TLR6 and TLR9) (Bamberger et al 2003;  Paresce et.al 1996; Stewart 

et.al 2010; Liu et.al 2005) and can mediate an inflammatory response. Inefficient clearance of 

Aβ is thought to be the result from increased cytokine activity, downregulating phagocytosis 

receptors, leading to insufficient microglial phagocytic capacity (Hickman et.al 2008).  
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1.2.5b Astroglia 

Astrocytes are central for maintaining synaptic transmission, which in animal models of AD 

have been shown to go through atrophy and thought to contribute to cognitive deficits 

(Olabarria et. Al 2010; Olabarria et.al 2011; Yeh et.al 2011; Kulijewicz-Nawrot 2012; 

Beauquis et.al 2013). Like microglia, astroglia release cytokines, interleukins, nitric oxide, and 

other potentially cytotoxic molecules when exposed to Aβ, potentially exacerbating the 

inflammatory response. Astrocytes have the potential to degrade Aβ, via astrocyte-dependent 

lipidation of ApoE which in turn, increases the ability of microglia to clear Aβ (Jiang et.al 

2008; Terwel 2011). Additionally, astrocytes can up-regulate the expression of extracellular 

Aβ-degrading proteases such as Insulin degrading enzyme (IDE). Impaired function and 

atrophy of astrocytes can therefore negatively contribute to the clearance of Aβ.  

 

 

While the pathological accumulation of Aβ is a key factor that drives neuroinflammatory 

responses in AD, understanding a clear “why” and “how” these responses occur have yet to be 

elucidated. It is understood that there is a microglial response, however this simplicity ignores 

the complex nature of the release of inflammatory mediators. Other factors, such as chronic 

inflammation seen in metabolic disorders like T2D and obesity must also be taken into 

consideration when looking at AD and lifetime risk.  
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1.2.5 AD as a metabolic disease 

In more recent years, there has been an increasing amount of research focussing on the 

relationship between dementia, AD and metabolic diseases such as T2D, obesity and 

dyslipidaemia. While associations between these diseases are numerous, so too are the resulting 

pathways that are continuing to be discovered that could play important roles in the 

development and progression of AD. Here, we discuss three prominent areas of metabolic 

dysfunction and their links to AD. 

 

1.2.5a Mitochondrial structure and function 

Mitochondrial structure and function abnormalities have been recognised in AD for quite some 

time (Saraiva et al., 1985). These abnormalities include a decrease in mitochondrial respiration, 

alterations in morphology and the downregulation of mitochondrial oxidative phosphorylation 

in hippocampus and cortex of AD patients (Zhang et.al 2015; Minjarez et.al 2016). The activity 

of several mitochondrial specific enzymes is also reduced in AD and has therefore encouraged 

the hypothesis that AD is a disease of perturbed brain energy metabolism (Blass et al., 2002, 

Gibson et al., 1998, Sorbi et al., 1983). Biogenesis and mitophagy in respect to mitochondria 

involves the process of the production of new mitochondria and the process of programmed 

organelle death, respectively. Fusion (the joining of mitochondria) and fission (separation of 

mitochondria) involve the alteration of mitochondria to form constantly changing tubular 

networks. The regulations of these dynamics are crucial for the health of the cell (Hales, 2010). 

Healthy metabolic function is a balance between biogenesis, fusion, fission and mitophagy. 

When there is an increase in healthy mitochondria and the removal of damaged mitochondria, 

enhanced metabolic function is achieved. When this fails to occur, an increase in neuronal cell 

death can result. It has been shown that oxidative damage and poor metabolic function of the 

mitochondria occurs before Aβ plaque formation supporting the causative role of 
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mitochondrial dysfunction and oxidative stress in AD (Zhao et.al 2013). In various 

neurodegenerative diseases, such as AD, misfolded proteins accumulate in the mitochondria 

and cause the functional decline of these organelles through bioenergetics deficits, apoptosis 

and autophagy.  The role that damaged mitochondria play in the pathogenesis of AD is now a 

therapeutic target for interventions in AD pathophysiology.  

One such pathway that can affect this is the Poly ADP Ribose Polymerase 1 (PARP-1) 

pathway. PARP-1 increases during times of oxidative stress, which increases nicotinamide-

adenine dinucleotide (NAD) depletion, causing an energy crisis and leading to cell death. 

PARP-1 has also been shown at higher levels in AD human brains during post mortem analysis, 

and animal models crossing an Aβ mutant with a PARP-1 knockout attenuated brain 

dysfunction as seen in the Aβ mutant controls (Martire et al., 2015).  

 

1.2.5b Obesity and Type 2 Diabetes 

Considering the recent link between obesity, T2D and an increased risk of cognitive 

impairment and AD (Profenno et al., 2010), some researchers have even gone so far to suggest 

AD may be described as ‘Type 3 Diabetes’ (de la Monte and Wands, 2008). There are still, 

however, conflicting research showing no association of BMI (Stewart et al., 2005), an inverse 

association (Nourhashemi et al., 2003) or a U-shaped association (Luchsinger et al., 2007), 

with both high and low BMI to an increased risk of AD. It must be noted that BMI is only a 

bio marker of obesity and not necessarily the gold standard indicator of metabolic disease or 

diabetes. 

However, growing evidence supports the hypothesis that there is some sort of association. From 

an insulin signalling perspective, evidence has shown that transfection of cells with 

dysfunctional insulin receptors is associated with increased accumulation of Aβ oligomers 

(Zhao et al., 2009), as well as these oligomers further causing insulin receptor dysfunction 
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(Townsend et al., 2007). Additionally, impaired insulin signalling is thought to be an upstream 

impairment leading to tau hyperphosphorylation (Maccioni et al., 2010) as obesity and T2D 

increase glycogen synthase kinase-3 (GSK-3) expression, a key protein that phosphorylates 

tau.   

Insulin is readily transported across the blood-brain barrier and receptors are highly 

concentrated in areas of the brain such as hippocampus, cerebral cortex, hypothalamus and 

olfactory bulb. Due to their localisation, it can be said that Insulin plays an important role in 

influencing memory through modulation of synaptic structures and potentiation of 

neurotransmitters such as acetylcholine which are important in cognitive function (Zhao and 

Townsend, 2009). 

It is also interesting to note that the development of insulin resistance and diabetes is preceded 

by changes in levels of insulin-like growth factor-1 (IGF-1). IGF-1 is a hormone that promotes 

cell survival, prevents apoptosis, and stimulates neurogenesis in the hippocampus- all areas 

affected in early AD. IGF also appears to inhibit abnormal tau phosphorylation and Aβ 

deposition in cell cultures and in transgenic mouse models of AD (Qiu et al., 1997). Wild-type 

mice with low IGF-1, as well as IGF1–deficient mice, show reduced adult hippocampal 

neurogenesis and impaired spatial learning. In clinical studies, lower IGF-1 levels were 

associated with greater brain Aβ burden within families that have an APP mutation, and lower 

levels were also associated with poorer baseline cognition and accelerated cognitive decline in 

healthy adults (Westwood et al., 2014) 

In regards to obesity, Knight and colleagues investigated the effects of high fat feeding in triple 

transgenic (3xTgAD) AD mice containing both amyloid and tau pathology (Knight et al., 

2014). A high fat diet exacerbated impaired memory in AD mice as well as impaired the 

memory of healthy control animals after 16 months. Interestingly, this was independent of an 

increased amyloid plaque burden or tau pathology after post-mortem analysis.  



15 
 

Together, current evidence suggests that obesity and T2D may contribute to, but may not be 

sufficient to cause AD. Further research into the effects of a high fat diet/obesity on the 

progression of AD is warranted.  

 

1.2.5c Lipid metabolomics 

Lipid-mediated signalling and the dysregulation of certain lipid pathways has been implicated 

in several neuro-degenerative diseases, such as AD, because of their critical aspects in brain 

function. In 1901, when Alois Alzheimer first described the hallmarks of the disease, there was 

indeed a third landmark he described- alongside the well-known Aβ plaques and NFT’s of tau, 

the third landmark included “adipose inclusions”, suggesting abnormal lipid metabolism 

(Foley, 2010). Additionally, post-mortem biochemical analyses of patients with AD have 

shown alterations in lipid composition (Chan et.al 2012). Despite this, the detailed link between 

AD and lipid metabolism was only formally recognised almost a century later with the 

identification of the ε4 allele of APOE (Corder, 1993). The ɛ4 allele of the APOE gene is the 

strongest genetic risk factor for the sporadic form of AD (Corder 1993). APOE is a prominent 

regulator of cholesterol metabolism in the brain and mediates the uptake of other lipoproteins 

in the brain. It has been shown to bind to Aβ to modulate its aggregation and clearance and a 

number of studies have linked its role with cholesterol to the pathogenesis of AD (Bu, 2009; 

Kim, 2009).  

Lipids can be simplified and broken down into three major families: Glycerophospholipids 

(such as Phosphatidylglycerol and Phosphatidylserine), Sphingolipids (such as 

Syphingomyelin and Hexosylceramine) and Neutrolipids (including triglycerides and 

cholesterols). It is now well accepted that many, if not all these different classes of lipids are 

implicated in the pathogenesis of AD as they modulate the pathogenic potential of both Aβ and 

tau by affecting their ability to aggregate. The lipid composition of cell membranes can also 
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have significant impacts on the trafficking activities of important membrane-bound proteins 

that are involved in AD pathogenesis such as β- and γ-secretases (Hartmann, 2007). This in 

turn, directly regulates γ-secretase-mediated production of Aβ (Simons, 1998; Fassbender, 

2001; Wahrle, 2002). Conversely, increasing cholesterol or sphingolipids increased γ-secretase 

activity and the amyloidogenic processing of APP (Osenkowski, 2008; Osawa, 2008).  

Additional families implicated in the production of Aβ include sphingolipids and 

phospholipids, with early studies showing that during the earliest clinically recognisable stage 

of AD, ceramide (a sphingolipid) levels are elevated (He, 2010). Sphingolipids are directly 

involved in APP metabolism and Grimm and colleagues (Grimm, 2005) found the inhibition 

of the enzyme mediator of sphyingomyelin to ceramide reduced Aβ secretion. This was found 

to be due to the inhibition of γ-secretase activity. Additionally, several phospholipids, including 

phosphoinositides have been reported to have had altered composition and metabolism in early 

AD brain tissue (Stokes, 1987; Oliveira, 2010). Inhibition of this pathway was further shown 

to reduce levels of Aβ both in vitro and in vivo (Petanceska, 1999; Haugabook, 2001).  

Gangliosides are another membrane glycosphingolipid that are shown to be modulators of Aβ 

aggregation (Ariga, 2017; Matsuzaki, 2010). Genetic evidence also suggests that gangliosides 

are a key modifier and modulator of Aβ deposition. The loss of GM2 synthase in a mouse 

model of AD leads to an accumulation of GM3 and a loss of GM1. In turn, this results in the 

accumulation of Aβ in the brain and suggests the affinity of Aβ for GM3 (Yanagisawa, 2007). 

Conversely, injections of GM1 into a mouse model of AD decreased Aβ burden (Matsuoka, 

2003).  

Unlike the membrane bound APP and secretases, tau lies within the cytoplasm and its 

relationship with lipids is not as direct. There are many downstream effects from lipid 

metabolism effected Aβ pathways, which in effect, affect tau phosphorylation. Additionally, 

cholesterol levels affecting Aβ in turn can induce tau proteolysis by calpain and proteolytic 
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cleavage of tau, which has been shown to be an early step leading to tau pathology (Johnson 

2006; de Calignon 2010).  

There is now significant evidence to suggest the role of lipid metabolism and its effects on 

neurodegenerative diseases such as AD. A recent review identified 65 articles referring to 

cholesterols and AD, 35 to fatty acids and 40 to phospholipids, all as biomarkers to this disease 

(Zarrouk, 2018). A recent study conducted plasma lipidomic profiling to investigate the 

relationship of plasma lipid species with gender, age and AD (Lim et al 2020). This study 

identified 108 lipid species associated with increasing age and AD diagnosis. From those 108, 

47 lipid species were negatively associated with AD (decrease with increasing age) and the 

other 61 lipid species were positively associated (increased with increasing age). Further, when 

examining associations with lipid species and APOE ɛ4 allele status, there were 18 lipid species 

associations with both AD and APOE ɛ4. There were 13 lipid species associated with aging, 

APOE ɛ4, and AD and 53 lipid species associated with gender, aging, and AD. Interestingly, 

APOE ɛ4 was only weakly associated with the plasma lipidome as a whole, and the study 

showed stronger associations with APOE ɛ2, suggesting a protective effect that may be more 

tightly linked to lipid metabolism than the risk associated with the APOE ɛ4 allele (Lim et al 

2020). Lipid biomarkers may be a new wave of diagnostic tools for identification of those at 

risk of AD and present as therapeutic targets in the future.  
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1.3 Models of Alzheimer’s Disease 

1.3.1 Background 

Genetically altered mouse models allow scientists to study key pathological hallmarks of 

disease, as well as trial therapeutics pre-clinically. As previously eluded to, AD is a complex 

disease, and it is likely previous research into therapies and treatments have been hampered 

due to the lack of an appropriate and physiologically accurate mouse model of AD. As evidence 

continues to grow around the relationship between Aβ and tau, scientists are becoming 

increasingly aware that a pre-clinical model should mimic the disease pathologically more 

accurately. In general, brains with AD have both amyloid plaques and tau tangles as part of 

their pathology, therefore, pre-clinical models should also. As a result, this would involve a 

model that allows researchers to investigate the effects of tau accumulation in the presence of 

amyloid pathology. To date, there are several mouse models that display both amyloid and tau 

pathology, including the Tg2576/JNPL3 cross, hAPP (Swe)/wildtype human Tau and the 

3xTg-AD mouse. The 3xTg-AD model also contains mutations in PS1. Interestingly, previous 

animal models expressing mutated APP and/or PS1 genes do not form NFT’s, even while 

expressing the human tau protein (Boutajangout et al., 2004).  

Using dual genetically altered mice can aid scientists in the understanding of Aβ interaction 

with tau and how it causes cellular, behavioural and even whole-body metabolic damage. This 

interaction has been hypothesized as essential in the development of AD by numerous groups 

(Gotz, 2001 Lewis 2001; Hurtado 2010) and therefore has become a focus of this thesis. 

 

 

https://www.sciencedirect.com/science/article/pii/S0969996113002568?via%3Dihub#bb0025
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1.3.2 The 5xFAD*Tg30 model of Alzheimer’s disease 

As mentioned, there are numerous models that have modelled Aβ and tau pathology. At the 

time of commencing this project, preparations were in place to obtain the 3xTg-AD mouse 

model for use. However, the commercial supplier noted a potentially significant phenotype 

drift in the colony, and so rather than take that risk, an alternate novel mouse model that had 

recently been published by Heraud and colleagues (Heraud et.al 2014), named the 

5xFAD*Tg30 model was utilised. The data presented on this model demonstrated brain 

pathology consistent with human AD pathology. Specifically, and importantly, the generation 

of this model led to the production of NFT’s, tau misprocessing and Aβ pathology, hallmarks 

of human AD and meeting the criteria for a valid mouse model of AD.   

 

The 5xFAD*Tg30 model crosses the 5xFAD model with the Tg30 model creating a double 

transgenic. 5xFAD is a model that develops Aβ pathology and Tg30 is a model that 

transgenically overexpresses mutant human tau.  

5xFAD mice overexpresses mutant human APP (695) with Swedish (K670N, M671L), Florida 

(1716V) and London (V7171) FAD mutations. It also expresses human PS1 with two FAD 

mutations M146L and L286V. Both transgenes are driven by the mouse Thy1 promotor to 

cause overexpression in the brain. This model generates Aβ-42 almost exclusively, inducing 

neurodegeneration and amyloid plaque formation (Oakley et al., 2006).  

Tg30 mice express a mutated tau transgene (IN4R human tau isoform with G272V and P301S 

mutations) under transcriptional control of the Thy1 promotor. This model develops age-

dependant brain and hippocampal atrophy, progressive motor impairment with neurogenic 

muscle atrophy and a decreased survival rate (Leroy et al., 2007).  Together the 5xFAD*Tg30 

model was shown to be overall smaller in size, have a decreased survival and a decreased motor 

phenotype.  
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1.3.2a Pathology 

As previously mentioned, the 5xFAD*Tg30 model is a rapidly progressing model expressing 

both human mutant tau and Aβ. It was found that tau pathology was significantly more severe 

in brains of 5xFAD*Tg30 mice compared to the single Tg30 mice, which also occurred in 

similar models expressing tau and APP (Bolmont 2007; Hurtado 2010; Lewis 2001; Paulson 

2008). This severity increased with age, as well as phosphorylation, misfolding and truncation 

of tau. In addition to this, at 9-months of age, higher levels of insoluble endogenous murine tau 

were detected, which was recruited from murine tau into paired helical filaments.  

Aβ pathology on the other hand, despite increasing with age, was lower in 5xFAD*Tg30 mice 

compared to single 5xFAD mice. This decrease was consistent with both soluble and insoluble 

isoforms and correlated to the trend in reduced expression of human mutant APP and PS1. 

Despite this reduction seen in 5xFAD*Tg30 mice, significant neuronal loss in the hippocampus 

was still observed, suggesting this loss could be related to the tau pathology (Heraud et.al 

2014). Previously, evidence has shown that targeting the reduction of tau levels can mediate 

Aβ toxicity, through mediating premature lethality, memory deficits, and seizure susceptibility 

of APP23 mice (Ittner et.al 2010). Together, evidence is growing that targeting tau as well as 

Aβ is a suitable strategy in the treatment of AD. 

 

1.3.2b Behaviour  

While Heraud and colleagues maintained a pathological focus during their characterisation of 

this novel model, they did conduct some minor assessments of motor function and spatial 

memory at both 3 and 6 months of age. Using the rotarod, severe motor impairments were 

observed at 6 months, but not 3 months, with higher impairment in the 5xFAD*Tg30 mice 
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compared to either 5xFAD or Tg30 animals. A Y-maze test was carried out only at 3 months 

of age and there were no significant differences between genotypes and this early age point. 

Thus, the precise whole-body phenotype that the 5xFAD*Tg30 brain pathology produces is yet 

to be determined.  
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1.3.2 Conclusions 

Utilising a more advanced and pathologically accurate mouse model of AD could be beneficial 

in translating pre-clinical therapeutic treatment results to human treatment. Here, we have 

briefly described the first characterisations of a recently developed mouse model with 

mutations in APP, PS1 and mutant human tau, expressing both Aβ and tau pathologies. At the 

time of this project’s commencement, from the review of the literature of various mouse models 

of both Aβ and tau overexpression it was agreed upon that this model was the most similar to 

the brain pathology seen in human AD. Despite this, reproducibility needed to be examined, as 

well as an in-depth behavioural analysis and characterisation of other facets such as the models 

metabolic and lipidomic profile which are yet to be described. Heraud and colleagues focused 

primarily on the brain pathology of the 5xFAD*Tg30 model, hence, this thesis looks to further 

extend this characterisation with a battery of behavioural tests to track cognition over their 

lifetime. Other characterisations which could be implicated in the human disease, such as 

metabolism were also investigated. These aspects will serve as Chapter 2 of this thesis. 
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1.4 Heat Shock Protein 72 

1.4.1 Introduction 

In 1962, Italian Scientist Ferruccio Ritossa unexpectedly discovered the application of ‘heat 

shock’ during a Drosophila melanogaster experiment after incubator settings were accidentally 

adjusted.  Subsequently, the observation of new Hsp RNA synthesis induced by environmental 

conditions demonstrated its importance in gene expression (Ritossa, 1962, Ritossa, 1996). 

Since then, the inducible isoform of the HSP70 family, Hsp72, has been extensively studied. 

Given the abundance and highly conserved nature of Hsp72, it is no wonder that it is of great 

importance to cellular homeostasis. Hsp72 functions at the cellular level to protect cells against 

many stressful conditions by repairing and refolding damaged or denatured proteins. As a 

molecular chaperone, Hsp72 can help prevent protein aggregation and denaturation as well as 

remove damaged and misfolded proteins (Meriin and Sherman, 2005). Located on chromosome 

6, the inducible form of Hsp72 is transcribed from the hspa1a and hspa1b gene. These genes 

are located in the major histocompatibility complex class III region, in a cluster of genes which 

encode for similar proteins.  
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1.4.2 Regulation 

Hsp72 is the main inducible form of the HSP70kDa family and its synthesis is increased by a 

broad array of physiological stressors (Kregel, 2002). There are multiple different family 

classes of heat shock proteins, which are characterised by their molecular weight, including but 

not limited to HSP100, HSP90, HSP70 and HSP60. Temperature stress was the initial stimulus 

known to increase expression pathway; however, it is now known that multiple signals can 

activate expression. In addition to temperature stress, hypoxia (Iwaki et al., 1993), acidosis 

(Weitzel et al., 1985), ischemia reperfusion (Cairo et al., 1985) and reactive oxygen species 

(Wallen et al., 1997) are all known to induce Hsp72 transcription. Once the stressor is sensed 

by the cell, an inactive heat shock factor separates from an inactive HSP within the cytosol and 

becomes phosphorylated by protein kinases. After the trimerization of the phosphorylated heat 

shock factor, it enters the nucleus and binds to the heat shock element in the promotor region 

of the HSP gene to promote transcription. The resultant mRNA is transcribed and leaves the 

nucleus where the functional protein is synthesised in the cytosol (Figure 1.2). 

The understanding of the precise regulation of HSP’s (particularly HSP70) has shifted over 

time. Earlier studies indicate both transcriptional and post transcriptional regulatory steps are 

required for HSP production (Mizzen 1988; Petersen 1989; Wu 1986). Conversely, other 

studies demonstrated a HSP mRNA increase independent of HSP protein expression (Bruce 

1993; Hensold 1990). It is now known that there are indeed various levels of pre-/post- 

transcriptional and translational regulations for the expression of HSP70 family members. Pre-

transcriptional regulation has greatest influence, as HSP70 mRNA is associated with functional 

protein production (Silver 2012). Hsp72 is a cytosolic protein and it is well known that large 

molecules such as proteins are incapable of crossing the cell membrane. However, there is 

some evidence of pathway sequences encoding Hsp72 release (Gastpar 2005; Mambula 2006), 

suggesting that under certain conditions, Hsp72 can be released from the cell.  



25 
 

 

 

Figure 1.2 Schematic diagram of the mechanism for increased expression of HSP70/72 

within a cell. (1) Once a stressor is sensed by the cell, the Heat Shock Factor complex 

(consisting of inactive Heat Shock Factor (HSF) and Heat Shock Protein) separates (2), before 

HSF becomes phosphorylated (3). After the trimerization of phosphorylated HSF (4), this 

product enters the nucleus to bind to the Heat Shock Element (HSE) on the promoter region of 

the HSP gene, promoting transcription (5). The resultant mRNA leaves the nucleus (6) to get 

translated into protein within the cytosol (7).  Adapted from Kregel 2002.  
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1.4.3 Structure 

The Hsp70 multigene family performs functions on non-native polypeptides using ATP 

binding and hydrolysis. HSP binds to protein substrates to assist with folding, degradation, 

transport, regulation and aggregation prevention. It consists of two highly conserved domain 

structures: a 45kDa N-terminal ATPase binding domain and a 25kDa C-terminal substrate 

binding domain (Figure 1.3). This C-terminal is further split into a β-sandwich domain and a 

α-helical domain (Mayer 2005). The N-terminus domain is formed of two lobes, forming a 

cleft that binds ATP with a nucleotide binding cassette (Bork 1992). The two main domains 

are connected by a small linker (Bork 1992). 

 

 

 

Figure 1.3 Protein structure of HSP70.  The HSP70 structure consists of two subdomains; 

the Nucleotide binding domain or ATPase domain and the Substrate binding domain. Sourced 

from Sharma et.al 2001 
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1.4.4 Function 

Many of the functions of HSP70 rely on the cross talk between the two sub domains of its 

structure, influenced by ATP (Turturici 2011). As previously eluded to, HSP70 is a protein 

naturally found in the body responsible for multiple tasks, and its function is vital for the health 

and growth of proteins and cells. It assists in folding new proteins (Turturici 2011; Bork 1992; 

Schaffitzel) during their conformational stage, transporting proteins and vesicles (Pratt 2003) 

as well as the degradation of damaged or unwanted proteins (Bercovich 1997). The folding and 

assembling of proteins are achieved via a rapid but controlled process of binding and releasing 

substrates, and this in turn, helps to prevent aggregation (Broadley 2009). The binding occurs 

to a non-native substrate with an exposed hydrophobic area and an accessible polypeptide 

backbone, which attaches to the substrate binding domain of HSP70. Consequently, ATP on 

the nucleotide binding domain hydrolyses, closing the substrate binding domain and stabilising 

the product (Hartl, 2002). HSP’s can also unfold misfolded proteins, by binding and releasing 

hydrophobic amino acid chains, triggering ATP-driven conformational change (Murphy, 

2013).  
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1.4.5 Hsp72 and inflammation 

The long-lasting dysregulation of inflammatory responses is currently under investigation for 

its impact on brain function and facilitating the onset and progression of neurodegeneration in 

AD (Newcombe, 2018). Therefore, it is imperative to understand inflammation and the linkage 

of inflammation to Hsp72.  

Due to its cytoprotective nature, Hsp72 has been utilised in experiments to protect against 

inflammatory stress. HSP’s inhibit inflammatory kinases and have been associated with the 

inhibition of JNK1 activation (Gabai et al. 1997). A study performed by Chung et.al (Chung et 

al. 2008) involved mice undergoing heat therapy once a week for 16 weeks, increasing the core 

temperature to 41 ̊ C for 15 minutes. Mice exposed to this therapy were found to be protected 

against insulin resistance which was associated with an increase in Hsp72 levels and a decrease 

of JNK1 phosphorylation in muscle. This treatment observation has also been confirmed by 

Morino et.al and Gupte et.al (Morino et al. 2008; Gupte et al. 2009;), with Morino and 

colleagues using mild electrical stimulation to increase Hsp72 for 12 weeks and was associated 

with the decreased phosphorylation of JNK1. Due to the role of inflammatory kinases in the 

role of insulin signalling, Hsp72 Tg mice were assessed for JNK1 phosphorylation, with JNK1 

phosphorylation being completely prevented in Hsp72 Tg mice (Chung et al. 2008). 

Collectively, the data suggests that over-expression of Hsp72 inhibits the JNK1 pathway of 

inflammation. Although these studies were in the context of obesity and insulin resistance, the 

role of Hsp72 in the reduction of JNK1 is apparent and gives rise to its potential in protective 

effects against other damaging inflammatory responses. 
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1.4.6 Role of Hsp72 in mitochondrial biogenesis and metabolic function 

In respect to mitochondria, biogenesis and mitophagy involve the process producing new 

mitochondria and the process of programmed mitochondrial break down, respectively. The 

regulations of these dynamic processes are crucial for the health of the cell (Hales 2010). As 

mentioned previously, healthy metabolic function is a balance between biogenesis, fusion, 

fission and mitophagy. The link between AD and metabolic disorders, which can stem from 

disordered mitochondrial and metabolic function, is becoming increasingly apparent, so too is 

the role of Hsp72 and its associations with these disorders. 

Previous studies have shown an increase in biogenesis markers such as Nuclear Respiratory 

Factor 1 (Nrf1) and transcription factor A, mitochondrial (TFAM) in Hsp72 Tg mice, in 

comparison to WT, which suggests a key role in the biogenesis process (Henstridge et al. 

2014). Electron micrograph of skeletal muscle in mice fed a normal chow diet found a 

significantly increased number of mitochondria in the Hsp72 Tg mice compared to the WT, 

which coincides with previous work suggesting that heat stress-induced Hsp72 expressions 

stimulates mitochondrial biogenesis (Liu & Brooks 2012). Functional capacity, however, per 

unit mitochondria remained the same between genotypes and it is important to note that 

increased mitochondrial density may not necessarily equate to increased mitochondrial 

function. Currently, the overexpression of Hsp72 is a pathway of interest as it has been 

previously linked to oxidative potential. 

Henstridge and colleagues additionally demonstrated that Hsp72 plays an important role in 

skeletal muscle mitochondria and oxidative metabolism (Henstridge et al. 2014). When 

assessed for whole body oxygen consumption via metabolic caging, Hsp72 Tg mice were also 

found to have a significant increase in VO2 (volume of oxygen consumed), which coincided 

with an increase in activity and mitochondria number. These data were consistent with previous 

studies from Chung, Liu and Gupte; all showing markers of oxidative metabolism in skeletal 
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muscle are increased in Hsp72 Tg mice (Chung et al. 2008), C2C12 (immortalized mouse 

myoblast) muscle cells (Liu & Brooks 2012) and rats using heat treatment to induce expression 

(Gupte et al. 2009). Collectively, it is now thought that Hsp72 regulates energy balance via 

improved oxidative metabolism in skeletal muscle. Hsp72 Tg mice were found to have 

increased oxidative enzymes; citrate-synthase and β-hydroxyacyl-CoA dehydrogenase (β-

HAD), decreased intramuscular lipid accumulation and increased mitochondria number. 

Consequently, knock out models of Hsp72 were found to have decreased oxidative enzymes 

and an increase number of enlarged, dysmorphic mitochondria (Drew et al. 2014).   

Recently, it was identified that this Hsp72 Tg model not only over-expresses Hsp72 in the 

muscle but also the brain (Marshall et.al 2018). While the above data focussed on skeletal 

muscle, the knowledge that the Hsp72 Tg mouse model also had overexpression of Hsp72 

within the brain, makes it a viable tool to cross this model with an AD mouse model for further 

research.  
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1.4.7 Pharmacological targets 

Taking into consideration the significance of Hsp72 as understood through existent findings, it 

is now a potential therapeutic treatment for numerous diseases and ways in which the protein 

can be further induced are currently being investigated. By manipulating Heat Shock Factor-1 

(HSF-1) which is the central regulator of Hsp72 (Dokladny et al. 2013), Hsp72 protein 

expression can be up-regulated.  

There have been several compounds now identified that can induce Hsp72 expression. 

Geldanamycin is a naturally occurring antibiotic that has been shown to be an effective HSP70 

inducer, with anti-cancer properties (Auluck et.al 2002). Its use has also shown benefits in 

mouse models of Huntington’s disorder (Hay et.al 2004), supporting the theory of its 

therapeutic effects in protein misfolding disorders. However, despite these promising results, 

Geldanamycin is unfortunately water insoluble and at high levels, has shown hepatic toxicity, 

deeming it unsuitable for clinical use (Powers et.al 2007).  

Dexamethasone is a glucocorticoid used primarily as an anti-inflammatory and 

immunosuppressant, which has been proposed to directly activate heat shock factor 1.  

(Sun 2000). However, later studies showed that while an optimum cocktail of drug had a robust 

effect on HSP70, it had no effect on the inducible Hsp72 (Zhang 2014).  

Geranylgeranylacetone (GGA) is predominantly used as an antiulcer medication which also 

has potential therapeutic effects for conditions such as colitis, ischemia, and retinal detachment. 

GGA is thought to prolong HSF1 activation and has been found to increase circulating HSP70 

by 24% (Kavanagh et.al 2011), improving glucose tolerance in diabetic monkeys.  

 

An additional compound called BGP-15 was discovered while investigating HSP’s and is now 

considered a known co-inducer of Hsp72 (Literati-Nagy 2009). It is a nicotinic amidoxime 

derivative and is water soluble. Unlike other compounds, it has been found to be safe and well 
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tolerated in clinical trials with no adverse effects. BGP-15 is currently in Phase 2 clinical trials 

for insulin resistance/ T2D. This compound will be the focus of Chapter 4 of this thesis. 

The number of disorders triggered by misfolded proteins are significant, therefore it is crucial 

to find a way to manipulate targets such as Hsp72 that work to repair and degrade 

damaged/aggregated proteins. Despite this promising target, the translation of Hsp72-

activating drugs to the clinic has been a challenge, due to high toxicity and low solubility of 

trialled drugs. The compound BGP-15, initially used for its protective effects in insulin 

resistance is now a potential focus, due its solubility, efficacy and safety. From personal 

communication with the manufacturers of the compound (N-Gene Inc), ~20-80ng/ml of BGP-

15 was found to accumulate in the brain when administered at a dose of 100mg/kg/day. This 

means that via unknown transportation mechanisms, the compound can pass through the blood 

brain barrier. BGP-15 will be the compound of focus moving forward in this thesis and will be 

further discussed later in this review. 
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1.5 Hsp72 in Alzheimer’s disease 

1.5.1 Overview 

Considering the accumulation of Aβ and tau in the brain, AD is considered a disease where 

proteins are misfolded and aggregate, which may suggest the importance of molecular 

chaperones in the manifestation of these protein-aggregate diseases. In the cellular 

environment, proteins are extremely vulnerable to abnormal folding and aggregation, which 

may lead to toxic species. 

The HSP proteins, known for their chaperoning ability, have now been associated with AD 

pathogenesis and its potential as a pharmacologically modulated target in AD treatment. A 

number of studies have suggested that HSPs are regulators of neurodegenerative processes 

which correlated to protein misfolding in patients with AD (Meriin and Sherman, 2005, 

Franklin et al., 2005, Magrane et al., 2004). Similarly, in cellular models of AD, HSP70 

overexpression showed therapeutic effects (Evans et al., 2006). Together, evidence suggests 

that targeting Hsp72 in the brain could potentially be utilised as a therapy for AD. As 

mentioned, currently that are no available drugs that effectively treat, prevent or slow the 

progression of AD. Hence, new pharmacological approaches and the importance of studying 

potential cellular mechanisms are warranted. 
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1.5.2 Hsp72 in patients with AD 

The Hsp72 pathway is of great interest due to previous research showing that Hsp72 is 

increased in brain tissue of AD patients when compared to control brains. A human study by 

Hamos and colleagues found anti-Hsp72 antibodies ‘intensely stained neuritic plaques and 

neurofibrillary tangles’ (Hamos et al., 1991) in post mortem AD brains (Figure 1.4). Healthy 

control subjects, in comparison, showed Hsp72 immuno-reactivity at very low levels which 

was further supported by Western Blot analysis. Importantly, areas of the brain that contained 

the highest concentrations of plaques and tangles had a direct relationship with Hsp72 

immunoreactivity.  

 

 

Figure 1.4. Post-mortem images of stained brain tissue from an AD patient. (A) Hsp72 

immunoreactivity in a neurofibrillary tangle from hippocampus tissue in AD patient. (B) Hsp72 

staining in the entorhinal cortex of cognitive control patient gm= grey matter, wm=white 

matter. (C) Hsp72 staining of plaques (triangles) and tangles (stars) in subiculum of AD 

patient. A = 10 µm, B-C = 50 µm. Source: (Hamos et al., 1991) 
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Importantly, this study was confirmed by Perez and colleagues whom reported that there was 

increased synthesis of Hsp72 in AD brains, observing mature Hsp72 on immunoblots and 

newly synthesized Hsp72 via 2D electrophoretic separation and immunoprecipitation (Perez et 

al., 1991). Immunoblot results determined increased levels of mature Hsp72 in AD 

homogenates were from the temporal cortex and not the cerebellum, suggesting the increase is 

specifically associated with the disease as AD pathology does not show disease in the 

cerebellum. Furthermore, this study provided evidence of increased synthesis which was 

measured by in vitro translation products of polysomes. After quantitation, Hsp72 was found 

at levels 2-3-fold higher than control, however when mRNA was analysed, increases in AD 

samples were not evident. Previous cell work has shown that HSP genes can undergo 

translational regulation to increase protein synthesis in the absence of increased HSP mRNA 

(Scott and Pardue, 1981, Storti et al., 1980), which may explain these results.  

While both studies agree that a relationship between Hsp72 and AD exists, neither is clear on 

the relationship type. It is thought that HSP’s bind to abnormal proteins to disrupt or prevent 

their aggregation (Lewis and Pelham, 1985) or induce proteolysis by targeting abnormal 

proteins (Chiang et al., 1989). Together, this might indicate that Hsp72 expression is activated 

by unknown mechanisms during the development of plaques and tangles as a defence 

mechanism. However, finding high level staining only in pathological tissue could indicate that 

the body produces an ineffective amount to be a protective mechanism for each neuron. At the 

very least, it is clear that the stress response is an important relationship in the pathology of 

AD. Perez and colleagues suggest that an interaction of the stress response with the initial 

events of AD actually exacerbate the pathology, hence the high Hsp72 levels in AD post 

mortem tissues (Perez et al., 1991).  

More recently, several reviews have identified the upregulation of HSPs, through heat therapy, 

as therapeutic targets for the treatment of neurodegenerative diseases including AD (Carman 
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et al., 2013; Kalmar et al., 2014; Schapira et al., 2014; Ciechanover and Kwon, 2017; Webster 

et al., 2017; Klaips et al., 2018). Exceptionally interestingly, a study in 2017 found the 

incidence of AD was reduced in people who undertook moderate to frequent sauna bathing 

(Laukkanen et al., 2017). While the mechanisms of action require further investigation, this 

review will continue to explore Hsp72 as a strategy for the treatment of AD.     
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1.5.3 Hsp72 inhibits Aβ oligomerisation 

The assembly of Aβ produces multiple structures including dimers and oligomers, the latter 

which is believed to be the most neurotoxic and important in AD development (Shankar et al., 

2008, Honjo et al., 2012). The ‘amyloid cascade hypothesis’ describes how the aggregation of 

Aβ triggers the series of downstream events seen in AD progression such as tau hyper-

phosphorylation, synaptic loss of function, neuronal death, inflammation and plaque 

deposition.  

Recent research has found evidence that activation of Hsp72 can protect against both Aβ 

aggregates and tau formation (Evans et al., 2006, Magrane et al., 2004, Patterson et al., 2011), 

with in vitro studies suggesting the expression of heat shock proteins suppress the progression 

of the disease (Magrane et al., 2004, Muchowski and Wacker, 2005). Excitingly, in the first in 

vivo study, Hoshino and colleagues (Hoshino et al., 2011) investigated the effect of over 

expressing Hsp70/Hsp72 on a mutant model of AD (the model APPsw). Results demonstrated 

that overexpression of Hsp70 suppressed the pathological phenotypes of the disease as well as 

its resultant cognitive deficits. It was further found that Hsp70 had positive effects on anti-

aggregation, neuroprotection and stimulation of amyloid clearance. APPsw/Hsp70 animals 

showed a significant decrease in soluble beta amyloid in both the hippocampus and cerebral 

cortex compared to APPsw/WT animals  

Currently, it is suggested that Hsp72 can recognise Aβ oligomers via their hydrophobic regions 

and modify their conformation to prevent aggregation (Evans et al., 2006). Other 

neurodegenerative diseases that display aggregation of proteins have similarly shown a 

reduction of protein aggregation and symptoms attenuated with the overexpression of Hsp’s 

including polyglutamine diseases and Parkinson’s disease (Adachi et al., 2003, Katsuno et al., 

2005, Muchowski and Wacker, 2005, Lo Bianco et al., 2008) 
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1.5.4 Hsp72 enhances Aβ clearance 

Further in Hoshino’s 2011 study, using a mutant APP AD model, they found that an 

overexpression of Hsp72 upregulated the expression of IDE. IDE is a gene involved in the 

clearance of Aβ, and this was the proposed mechanism of action for the suppressed pathology 

results seen earlier. IDE was interestingly upregulated in both the AD model and in WT animals 

crossed with Hsp72 Tg animals. Conversely, neprilysin or ece-2, other genes involved in the 

clearance of Aβ did not have higher mRNA expression in the Hsp72 Tg animals. 

The enhancement of Aβ clearance through Hsp72 can also be attributed to the upregulation of 

TGF-β1 expression. This is a key cytokine regulating the response of the brain to injury and 

inflammation, which has also been suggested to suppress the progression of AD. In addition to 

this, it stimulates the clearance of Aβ through activation of phagocytic microglia.  

Hoshino’s study, while promising, used a model of AD expressing mutant APP and did not 

include a tau model. Experiments in vivo with tau overexpressing mice, or both tau and Aβ 

expressing, are yet to be studied.  Aβ and tau are both important in the progression of AD and 

no one is yet to have studied the overexpression of Hsp72 in a model of AD that has both 

features.  
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1.5.5 Hsp72 promotes tau binding to microtubules 

Tau homeostasis is regulated by its expression, phosphorylation and turnover. When its 

homeostasis is disrupted, it leads to the dissociation of tau from microtubules, the 

hyperphosphorylation of this dissociated tau, eventuating in the toxic aggregates of NFT’s. 

There are now numerous studies suggesting that HSP70 might help to promote tau binding to 

microtubules, thereby preventing tauopathies (Dou 2003; Petrucelli 2004; Miyata 2011). The 

pathogenic effect of tau is hypothesized to come from the inability of hyperphosphorylated tau 

to bind to microtubules, so by increasing the stability, studies have seen a decrease in tau 

aggregates as a result.  
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1.5.6 Hsp72 inhibits tau aggregation 

HSP70 has also been linked to tau aggregates with protective benefits. In vitro studies have 

found HSP70 to be potent inhibitors of tau aggregation, preventing the formation of fibrils 

(Patterson et al., 2011). Patterson and colleagues showed that HSP70 bound directly to soluble 

monomeric tau and saw a dose-dependent reduction in the level of tau aggregation with 

increasing HSP concentrations. 

As previously mentioned, HSP has been found to stabilise tau to microtubules, however in the 

case of already dissociated tau, HSP70 has been found to interact with pre-existing tau 

aggregates, preferentially binding to oligomeric over filamentous tau (Patterson et al., 2011). 

This prevented any further aggregation from occurring. Furthermore, treatment with HSP70 on 

tau aggregates prevented the toxic effects that they have on axonal transport, which plays a 

critical role in neuronal function and promoted tau degradation (Shimura et al., 2004, Petrucelli 

et al., 2004, Jinwal et al., 2010, Miyata et al., 2011, Wang et al., 2010) (Summary in Fig.6).  

As mentioned, although in vitro results are promising, experiments in vivo in tau over-

expressing mice are yet to be studied.   
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1.5.7 Hsp72 and protection in the brain 

Evidence from post-mortem AD brains show extensive tissue degeneration. In vitro and in vivo 

studies have shown that the accumulation of Aβ has led to neuronal loss (Viana et al., 2011) 

largely due to DNA damage, leading to apoptosis. Oxidative insults and thermal stress are also 

known to induce apoptosis in the development of AD. In 1994, Mailhos and colleagues 

discovered that overexpression of Hsp70 attenuated thermal stress induced neuronal death 

(Mailhos et al., 1994). This mechanism was elucidated in 2012, when Sabirzhanov and 

colleagues demonstrated that Hsp70 inhibits neuronal cell death by modulating Apaf-1 

caspase-dependent and AIF caspase-independent pathways (Sabirzhanov et al., 2012). 

Therapeutic effects of Hsp72 are already being researched with promising results. In 2013, 

Bobkova and colleagues found protective effects of endogenous, inducible Hsp70 in animals 

post olfactory bulbectomy (OBX) (Bobkova et al., 2013). OBX animals are known to develop 

several pathologies including Aβ accumulation, and with the results demonstrating a high level 

of inducible Hsp70 synthesis with treatment and the recovery of spatial memory, Bobkova 

supported the idea of Hsp72 as a therapeutic target. With this knowledge, they extended the 

Hsp72 theory and began treating animals with intranasal-administered recombinant human 

Hsp72. This treatment was found to enter the afflicted areas of the brain and reduce Aβ plaque 

formation in OBX and 5XFAD AD models of mice (Bobkova et al., 2014). Remarkably, the 

therapeutic effect was induced by a single course treatment, with long term effects. Together, 

considering the growing evidence of the effects of over expression of Hsp72 in in vitro and in 

vivo studies, as well as the exogenous Hsp72 effects, further studies into Hsp72’s potential as 

a therapeutic treatment for a more closely related human AD model are warranted. 

Investigating Hsp72 in a model with both Aβ and tau pathology would be an attractive option. 
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Figure 1.5 Summary of HSP70 in the pathogenesis of Alzheimer’s disease. HSP70 has 

numerous effects on the pathology of AD. A) HSP70 promotes tau binding to microtubules. B) 

HSP70 directly inhibits tau aggregation at multiple stages, preventing NFT formation. C) 

HSP70 prevents apoptosis. D) HSP70 inhibits Aβ aggregation. E) HSP70 promotes Aβ 

degradation by promoting insulin degrading enzyme, promoting Aβ clearance. F) HSP70 

promotes phagocytosis of Aβ by inducing TGF-β1. Image adapted from Lu et.al 2014 
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1.5.8 Heat therapy, metabolic dysfunction and Alzheimer’s disease 

It is becoming apparent that the complex etiology of AD requires new, multifactorial 

approaches to its therapeutics. As previously mentioned, metabolic dysfunction, such as 

reduced insulin sensitivity has been demonstrated to be impaired in those with AD compared 

to healthy individuals (Morris et.al 2016). This increased risk may be mechanistically driven 

by insulin’s effects on several cellular processes within the brain, such as Aβ trafficking and 

tau phosphorylation (de la Monte et.al 2012; Morris et.al 2012) Chronic heat therapy, such as 

water immersion or sauna use, is a non-pharmacological way to induce the Hsp72 response and 

has demonstrated positive effects on cardiovascular and metabolic adaptations in both healthy 

(Brunt et.al 2016) and obese (Ely et.al 2019) individuals. Alongside this, heat therapy has had 

remarkable results in vivo, on vascular health, metabolism and mitochondrial health (Chung 

et.al 2008; Drew et.al 2014; Geiger et.al 2011; Gupte et.al 2009; Rogers et.al 2016). Due to 

heat therapies effects on inducing HSP’s, it has recently been speculated that in the context of 

brain health, it may be a beneficial modality for dementia and AD (Von Schulze et.al 2020). 

The potential now exists to treat these dysfunctions through HSP induction with chronic heat 

therapy, therefore lowering the risk of dementia and AD.  

Additionally, there is the potential of heat therapy directly protecting the brain, through 

facilitating the delivery of molecular mediators within extracellular vesicles.  Extracellular 

vesicles can carry protein throughout circulation and have been shown to play a role in the 

regulation of nerve regeneration and synaptic function (DeLeo et.al 2018; Yuyama et.al 2014). 

Exceptionally, when directly injected into the brain, they have been shown to eliminate protein 

aggregates (Yuyama et.al 2014). While heat therapy in human trials have shown significant 

increases in skeletal muscle Hsp72 (Hafen et.al 2018) brain Hsp72 has not yet been 

investigated. As a result, extracellular vesicles are now being utilised as they are known to be 

able to carry HSP’s (Whitham et.al 2018) and can cross the blood-brain barrier.  
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Together, research has shown that heat therapy and the induction of HSP’s have protective 

benefits against dysfunctions that pose as high-risk factors for AD and could therefore be 

another potential area of interest for AD therapy. Moreover, this type of therapeutic 

intervention could hold a higher compliance in at-risk groups, compared to other interventions 

such as exercise or medication (Akerman et.al 2019). Additionally, with the potential to 

increase inter-organ crosstalk, through extracellular vesicles, this type of therapy that targets 

whole-body metabolic and chaperoning systems could be a viable solution.  
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1.6 BGP-15 

1.6.1 Overview and structure 

BGP-15 (chemical formula C14H22N4O2·2HCl) is a nicotinic amidoxime derivative and was 

first developed to improve insulin sensitivity (Literati-Nagy 2009), however many 

pharmaceutical effects have now been identified. The compound was developed from older 

generation compounds designed to activate HSP’s and is now known as a Hsp72 co-inducing 

compound. BGP-15 increases HSP induction via inhibiting the acetylation of heat shock factor 

1, prolonging the duration of it binding to heat shock elements activating Hsp72 (Gombos et 

al. 2011). It is a small molecule that is water soluble, which makes it an attractive option 

pharmaceutically.  

In addition to inducing HSP, BGP is now a drug of interest for many disorders, due to its 

versatility. It has been reported as well tolerated and safe (Literati-Nagy 2009) and is now in 

Phase 2 clinical trials for treatment against insulin resistance (Literati-Nagy, 2013). Its 

versatility has meant it has been shown to have benefits for a multitude of other diseases 

including Duchenne muscular dystrophy (Gehrig 2012), heart failure and atrial fibrillation 

(Sapra, 2014) and traumatic brain injury (Eroglu, 2014). It is clear that BGP-15 has a wide 

range of effects for a suite of disease types, which could be put down to its multiple mechanisms 

of effects other than Hsp72 induction. These include inhibiting Poly(ADP-ribose) polymerase-

1 (PARP-1), inhibiting Histone deacetylases (HDAC), suppressing inflammatory markers and 

increasing IGF-1 receptor (summarised below), which are also reported to be important players 

in the progression of AD. Together, these targets of BGP-15 warrant further investigation into 

its potential as a pharmacological therapy against AD. 
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Figure 1.6 Chemical structure of Hsp72 co-inducing compound, BGP-15. (O-(2-hydroxy-3-

piperidinepropyl)-pyridine-carbonic acid-amidoxime dihydrochloride). Source: Peto 2020 
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1.6.2 BGP-15 increases IGF-1 receptor 

Insulin-like growth factor-1 (IGF-1) is a hormone normally induced by physical activity, 

promoting survival, preventing apoptosis and stimulating neurogenesis in the hippocampus 

(Westwood 2014). While generally mentioned in the context of T2D and growth, IGF-1 has 

also been shown to be implicated in AD. Abnormal tau phosphorylation and Aβ deposition in 

both cell culture and AD mouse models were inhibited with IGF-1 (Hong 1997). Additionally, 

animals with low IGF-1 showed reduced hippocampal neurogenesis and impaired spatial 

learning (Llorens-Martin 2010), suggesting an important role in brain development and 

function. Clinically, in patients who had an APP mutation, low IGF-1 levels were associated 

with greater Aβ burden, as well as poorer baseline cognition, and increased rate of cognitive 

decline over time (Mustafa 1999; Dik 2003; Al-Delaimy 2009; Kalmijn 2000). An 

epidemiological study additionally found that lower serum IGF-1 levels increased the risk of 

AD in older and middle-age people. Conversely, among cognitively healthy participants, 

higher serum IGF-1 levels were associated with greater total brain volume (Westwood 2014). 

Since IGF-1 has been shown to be a key hormone beneficial to cell survival, preventing 

apoptosis, researchers have been investigating ways to stimulate its production. It has since 

been discovered that BGP-15 increases IGF-1 expression by increasing its phosphorylation, 

which resulted in protections against heart failure and atrial fibrillation (Sapra 2014). 

Interestingly, this was independent of HSP70. The suggested mechanism of action for this was 

alterations of membrane-localized receptor proteins via enhancing membrane fluidity and 

monosialodihexosylganglioside 3 (GM3) (Gombos 2011).  

 

 



48 
 

1.6.3 BGP-15 inhibits Histone deacetylases 

HDAC’s, regulate the level of histone acetylation and further affect downstream gene 

expression. Abnormal acetylation of histone is involved in the pathology of AD. Previously, 

it’s been shown that the activity of HDAC’s regulate the duration and magnitude of HSF1 

binding to DNA, the promotor region to ultimately express HSP (Westerheide 2009; Zelin, 

2015). Other HDAC inhibitors have been shown to improve memory and learning, as well as 

affecting the activities of the Aβ and tau, via decreasing production and phosphorylation.  

With this in mind, a recent study found that cells treated with BGP-15 had a decreased activity 

of HDAC’s, which was associated with increased chromatin accessibility, lowering the 

threshold for heat shock response activation (Budzynski 2017). By increasing chromatin 

accessibility for transcription machinery at gene loci HSPA1A, it showed that BGP-15 can 

accelerate the activation and attenuation of the HSF1 cycle. Despite this, it is important to note 

at this time, that the inhibition of HDAC’s using BGP-15 was not as effective as other currently 

known inhibitors, and BGP-15 could not inhibit the activity of purified HDAC (Budzynski 

2017). 
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1.6.4 BGP-15 inhibits PARP-1 

PARP-1 is an enzyme responsible for genome stability, transcriptional regulation, and long-

term potentiation in neurons. PARP-1 increases during times of oxidative stress and DNA 

damage, which leads to NAD depletion, causing an energy crisis and cell death. The excessive 

activation of PARP-1 leads to the accumulation of poly(ADP-ribose) (PAR), a molecule that 

signals programmed cell death. Consequently, PARP-1 has been associated with the 

pathogenesis of many CNS disorders such as neuro-inflammation and neurodegenerative 

diseases. PARP-1 has also been shown at higher levels in AD human brains during post-

mortem analysis (Love 1999).  Interestingly, animal models crossing an Aβ mutant with a 

PARP knockout attenuated brain dysfunction as seen in the Aβ mutant controls (Kauppinen 

2002). Aβ has also been found to activate PARP-1 in both cellular and animal models of AD 

(Martire, 2013; Abeti, 2011).  

The Hsp72 co-inducer, BGP-15, is a multi-target compound that fluidises yet stabilises 

membranes. Interestingly, one of the additional targets that BGP-15 has been found to modulate 

is the PARP-1 pathway. During an ischemia-reperfusion insult, it was found that BGP-15 

protected the heart via direct inhibition of the PARP-1 pathway (Szabados 2000).  

PARP-1 inhibition via the use of BGP-15 has also been shown to protect the mitochondria from 

oxidative damage which plays a crucial role in AD pathophysiology. As previously mentioned, 

the role and health of mitochondria play a crucial factor in the pathogenesis of AD. It has been 

shown that PARP-1 plays a regulatory role in mitochondrial dysfunctions as the resultant NAD 

depletion from PAR accumulation ultimately depletes ATP, leading to energy failure and cell 

death (Bai 2012; Bai 2015).  
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1.6.5 BGP-15 and the mitochondria and inflammation 

Through inhibiting PARP-1, BGP-15 has the potential to inhibit crucial pathways responsible 

for the progression of AD via decreasing mitochondrial dysfunction and neuronal cell death. 

Additional processes that contribute to cell death, apart from the PARP-1 pathway, are markers 

of inflammation such as c-jun amino terminal kinase (JNK), p38 MAP Kinase and tumor 

necrosis factor-α (TNFα). As previously discussed, inflammation is a key factor in the 

pathogenesis of AD, hence targeting these markers could be beneficial. Inflammation results 

in the secretion of inflammatory cytokines, including TNFα which activates JNK and p38 

(Wellen 2005; (Raingeaud 1995). Hsp72 was previously found to markedly suppress JNK in 

vitro (Gabai 1997; Park 2001) as well as TNFα gene expression (Meldrum 2003). 

Consequently, research moved on to focus on the effects of BGP-15 and identified that BGP-

15 activation of Hsp72 prevented JNK phosphorylation via enhanced phosphorylation and 

expression of HSF-1 (Chung 2008). The hypothesis that BGP-15 can suppress inflammatory 

markers was further supported when another group found BGP-15 prevented cardiotoxicity via 

suppressing JNK and p38 MAP kinase (Sarszegi 2012). 

In addition to this, Wu and colleagues (Wu et.al 2015) showed that treatment of obese females 

with BGP-15 increased the amount of TFAM and Dynamin related protein-1 (DRP1), which 

are mitochondrial replication factors, as well as mtDNA content in oocytes. This indicated an 

amplified mitochondrial fission as a possible mechanism of action to improve resultant oocyte 

developmental potential, supporting the notion that BGP-15) is able to reverse mitochondrial 

dysfunction. 

 

BGP-15 is an interesting compound to test in the setting of AD not only for its Hsp72 activating 

capabilities but also other targets such as those previously mentioned; the HDAC pathway, 

PARP-1 pathway, JNK and IGF-1. Many pathways that have been shown to be altered via 
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BGP-15 are implicated in AD progression, therefore the potential for BGP-15 to play a 

protective role in AD via the Hsp72 pathway or its various other mechanisms of action is of 

great interest.  
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1.7 Challenges in AD Modelling, Treatment Strategies and Gaps in 

Knowledge  

Due to species differences in physiology and drug responses, translation of observations in 

rodent models to application in humans is a major challenge. As previously mentioned, current 

research in pre-clinical AD models primarily focusses on either an Aβ expressing model, or a 

tau expressing model. The expression of both Aβ and tau pathology in a mouse model would 

be advantageous to not only elucidating the pathological progression of disease, but to also trial 

therapeutic targets. Animal models are useful in understanding fundamental biological and 

disease processes, particularly where human experimentation is not feasible. This would 

include the use of a mouse model to study a potential new drug, appropriate enough to 

accurately mimic human physiology.  

While an array of in vitro studies has been performed to show promising results when treating 

Aβ and tau aggregates with potential targets, such as Hsp72, less work has been conducted in 

vivo. Additionally, in vivo work has primarily been performed on mouse models expressing 

mutations resulting in either Aβ or tau. Regardless of in vitro success, in absence of suitable 

animal models, the conduct of animal experiments that accurately mimic human experiments 

are needed, in order to increase the likelihood of successful translation. 

Additionally, limitations arise when research is restricted to therapeutics that only treat one 

facet of the disease. AD has been shown to be a complex disease, so therapeutic targets that 

treat one particular pathway may never gain clinical relevance. Targets, just like the disease, 

need to become multi-faceted, treating multiple areas. Again, this would be most beneficial to 

apply to a model expressing both Aβ and tau. As mentioned, activating HSP has multiple modes 

of action that can improve the pathology and behaviour as seen in AD- these now need to be 

trialled in an advanced mouse model. Moreover, the issue of delivery and efficacy of a 

pharmacological treatment targeting the brain is a major challenge.  
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The importance in increasing the translatability and clinical relevance of basic research should 

not be underestimated. The potential to activate Hsp72 remains a promising therapeutic 

strategy to treat and slow the progression of AD, with a well-mimicked pre-clinical model. 

It is also important to note at this time, that previous research into the therapeutic benefits of 

BGP-15 as mentioned, have primarily been conducted in models of insulin resistance, obesity 

or a variety of cardiovascular assaults. It is difficult to ascertain if these benefits will translate 

across disease models as little has been investigated with BGP-15 in the space of AD. 

Currently, just one paper can be found on BGP-15 and its protective benefits on neuronal death 

in a model of familial dysautonomia (Ohlen 2017). Further research on BGP-15 in the space 

of neuroscience is warranted.  
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1.8 Conclusions 

Pursuing therapeutic targets to increase Aβ clearance and prevent Aβ and tau aggregation is an 

active area of research with regards to prevention of disease, treatment of symptoms and toxic 

pathology in individuals with AD. Discovery of novel mechanisms that enhance clearance and 

prevent aggregation have aided in the development of potential strategies to treat individuals 

with, or at the risk of, AD. One such target is the activation of HSPs, more specifically, the 

inducible form of HSP70, Hsp72.  

This project will increase our understanding of the pathology of AD and the potential of Hsp72 

as a therapy. This project will aim to investigate the role of Hsp72 in the brain in a pre-clinical 

mouse model of AD, using transgenic overexpression and BGP-15 treatment. This is a novel 

design, using a model expressing both Aβ and tau in order to study the effects of Hsp72 in a 

pre-clinical model that most closely resembles the human condition. Together these studies 

will determine whether brain Hsp72 induction is efficacious in delaying AD progression. 

It is hypothesised that overexpression of Hsp72 in the brain will help to prevent the 

accumulation of amyloid plaques and tau tangles within the brain. It is anticipated that this 

project has high clinical relevance, by treating AD mice with BGP-15, to determine if drug 

induced Hsp72 can prevent the protein accumulation. If successful, clinical trials can be fast-

tracked as BGP-15 has previously been tested safely and without adverse side effects in humans 

for T2D. 
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1.9 Experimental rationale 

Targeting Hsp72 in the brain is a potential therapeutic option to prevent or delay the 

progression of cognitive decline and pathology as seen in AD. Investigation of strategies aimed 

to improve AD pathology, performed in mouse models expressing both amyloid and tau 

pathology will inform a better understanding of results that more accurately mimic human 

pathology. Collectively, the studies presented in this thesis have the potential to inform future 

therapeutic approaches using appropriate pre-clinical models and targeting Hsp72 for the 

treatment and/or the prevention of AD and its complications. 
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1.10 Aims 

1) To replicate and extensively further characterise the 5xFAD*Tg30 mouse model of AD. 

2) To investigate the effects of overexpression of Hsp72 in the brain of 5xFAD*Tg30 mice via 

genetic overexpression. 

3) To investigate the effects of long-term administration of the Hsp72 co-inducing compound, 

BGP-15, in the 5xFAD*Tg30 mice. 
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2 Characterisation of the 5xFAD*Tg30 mouse model 

of Alzheimer’s disease 

 
Preface  
 
Current evidence suggests that the onset and progression of AD is characterised by the 

accumulation of two proteins, namely amyloid and tau. It is suggested that research into 

therapies and treatments have been hampered by the unavailability of an appropriate and 

physiologically accurate mouse model of this disease. Therefore, to directly study further 

treatment therapies, it is important to conduct these in a pre-clinical model which represents 

the human disease as closely as possible. 

The aim of this study was to investigate a recently developed mouse model of AD expressing 

human amyloid and tau in the brain and characterise its metabolic and behavioural phenotype. 

This study was performed on two separate cohorts of animals, one for behavioural phenotyping 

and the other for metabolic phenotyping. At the time of project initiation, the paper from 

Heraud and colleagues on the generation and description of a new mouse model, 5xFAD*Tg30, 

was only recently published. Data from this paper suggested this was an appropriate model 

based on the brain pathology, however, a more in-depth characterisation of whole-body 

physiology was required to understand the complete phenotype associated with the model. 
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2.1 Introduction 

As outlined in Chapter 1, development of a robust pre-clinical model of AD is important not 

only as good representation to study mechanisms of disease, but also an important step for 

future therapeutic development.  

According to the amyloid cascade hypothesis, the hyperphosphorylation of tau and its 

aggregation occurs post APP cleavage (giving rise to Aβ), yet transgenic animals expressing 

mutated APP and/or PS1 gene(s) do not develop NFT (Boutajangout et al., 2004). Additionally, 

APP models bred with a Frontotemporal dementia (FTD) mutant tau, saw an increase in tau 

pathology (Hurtado et al., 2010, Lewis et al., 2001, Paulson et al., 2008, Perez et al., 2005, 

Stover et al., 2015, Seino et al., 2010, Terwel et al., 2008). This knowledge suggests that indeed 

there is interplay between amyloid and tau in playing a role in neuronal dysfunction and that 

disregarding one over the other in preclinical trials could be detrimental. Past APP/tau models 

have been described as slow developing and relatively modest (Paulson et al., 2008, Perez et 

al., 2005, Seino et al., 2010, Terwel et al., 2008) and does not include a mutant PS1 gene. The 

involvement of PS1 in tau pathology has not been as extensively researched as the APP/tau 

model, therefore, a new model expressing APP/PS1/tau could be warranted. 

In 2014, Heraud and colleagues (Heraud et al., 2014) developed a new APP/PS1/tau mouse 

model of AD, crossing the 5xFAD and Tg30 models to generate 5xFAD*Tg30 and extensively 

characterised the brain pathology, compared to the respective single transgenes and wildtype 

(WT) controls. Pathological findings of this study showed 5xFAD*Tg30 transgenic animals 

developed NFT’s, phosphorylated tau and Aβ pathology. Prior APP/tau models do not develop 

NFT’s despite expressing tau proteins, hence the novelty of this model.  

At present, Heraud’s publication is the only study describing the 5xFAD*Tg30 model. Whilst 

some minimal behavioural tests were conducted, experiments were not comprehensive or long 

term, nor was there any metabolic testing completed. As AD is a progressive disease, we expect 
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the behavioural phenotype to continue to change over time. Additionally, as described in 

Chapter 1, AD is also linked to an array of metabolic conditions. Hence, to address these issues, 

the purpose of this study, was to generate the 5xFAD*Tg30 animals to determine if we could 

further extend the characterisation of this model. 
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2.2 Materials and methods 

2.2.1 Generation of 5xFAD*Tg30 mice 

All activities involving the use of animals for research were approved by the Alfred Medical 

Research Education Precinct Animal Ethics Committee (AMREP AEC) and conducted 

according to the guidelines of the National Health and Medical Research Council of Australia 

for animal experimentation. Heterozygous 5xFAD and Tg30 animals were crossed to produce 

the double transgenic, 5xFAD*Tg30 as described in Heraud et.al 2014. Mice were genotyped 

from tail clip samples performed by Transnetyx (TN, USA) using real-time PCR. WT animals 

were littermate controls (See Supp 1-2 for animal flow charts). All transgenes are under a 

Thy-1 brain specific promoter. The mice were on a C57/Bl6 genetic background. Mice were 

fed a normal chow diet (NC) (14.0MJ/kg, 75.2% kJ from carbohydrate, 4.8% from fat, 20% 

from protein; Specialty Feeds, Glen Forrest, Western Australia, Australia) during their lifespan. 

During the experiment, mice had free access to food and water (except for in fasting periods 

before a glucose tolerance test) and were housed at 22±1°C on a 12 h light/dark cycle. A cohort 

of animals was relocated to Florey Institute of Neuroscience and Mental Health (Melbourne, 

Australia) at two months of age for behavioural tests, with a one-month familiarisation period, 

while a separate cohort remained at Baker Heart and Diabetes Institute for metabolic analyses. 

All animals were culled at 10months age, via Lethabarb injection. Animals were perfused with 

PBS and brain excised and cut into hemispheres.   
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2.2.2 Behavioural Characterisation 

An extensive battery of behavioural tests was performed monthly to track cognitive 

performance over time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.i Behavioural characterisation timeline. A comprehensive battery of behavioural tests was 

performed at 3, 6 and 8 months of age. Basic tests were performed at 4 and 5 months of age. At 7 months of 

age, a comprehensive battery was performed, without (w/o) the Morris Water Maze. Animals were 

transported from the Baker Institute to the Florey Institute of Neuroscience and Mental Health at 2 months 

of age. 
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Gross motor strength and control: Rotarod 

To evaluate gross motor control, agility and muscular strength and endurance, animals were 

placed in individual lanes where they attempted to stay balanced on an incrementally 

accelerating spinning rod, for up to five minutes. Mice were pre-trained on the Rotarod (Ugo 

Basile, Gemonio Italy) for a 5-minute trial at a constant speed of 4rpm. The next day, the testing 

phase was carried out with the Rotarod set at an accelerating speed ranging from 4 - 40 rpm 

over the 5 min. The time the animal fell off the rotating rod was recorded. The testing phase 

included 3 trials where the average was taken as the final result. 

 

Memory Function: Y-maze 

To assess memory function, and tendency to explore new environments, a Y-Maze was set up 

with 3 identical arms, 30cm in length, which were symmetrical to each other. For the first trial, 

each individual mouse was placed at the end of the home arm of the Y-Maze, facing away from 

the centre and was allowed to explore 2 of the 3 Y-Maze arms for 10 minutes. A partition 

blocking off the novel arm of the maze was in place during this initial trial. Each of the three 

arms were marked by a unique cue attached to the end to differentiate it from the others. The 

cues used in the present study were 2-dimentional pictures of black and white symbols 

including a circle, stripes and triangles. After a two-hour interval, the test was repeated with 

the partition removed so that all arms, including the novel arm, were available to explore. The 

time spent in each of the 3 accessible arms was recorded during a 5-minute test via video. Data, 

including arm entries and time spent in each arm, were recorded and analysed using 

CleverSysTM (VA, USA) rodent tracking software.  
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Anxiety-like behaviour: Open Field 

To assess anxiety-like behaviour, animals were placed inside the centre of a large open field 

arena (60cm high x 1 meter in diameter) under bright flood lights which were used to illuminate 

the arena to 1000 lux.  The animal was placed in the arena, exposing it to the brightly lit open 

field area and during this time movement were recorded using automated Topscan tracking 

software (CleverSys, VA, USA). Each trial ran for 10 minutes before the mouse returned to its 

home cage. Time spent in the centre compared with the parameter was recorded and quantified 

using CleverSys Topscan tracking software. 

 

Memory and novel object recognition 

To assess short term memory and novel object recognition, animals were evaluated by the 

differences in the exploration time of novel and familiar objects. 

During Trial 1 habituation phase: Mice were placed in a plastic chamber (35cm x 35cm x 

35cm) and allowed to explore the empty chamber for 10 minutes. Next, during Trial 2 

acquisition phase, animals were placed in the same chamber with two of objects, being the 

same, to explore. The objects were positioned 10cm from each other and 8cm from the nearest 

wall. Animals could explore the objects for 10 minutes. Finally, during Trail 3 retention phase, 

immediately one of the objects from Trial 2 was placed in the chamber along with a different, 

novel object. Animals could explore for 10 minutes. The amount of time the animals explored 

each object was recorded using automated Topscan tracking software (Cleversys, VA, USA). 

‘Exploration’ was recorded by number of bouts the animals’ nose came within an 

approximately 5cm radius from each object. 
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Learning, spatial memory and recognition 

To assess learning, spatial memory and spatial recognition, a Morris Water Maze test was 

conducted over a 7-day training period, as described in (Gladding et al., 2018).  A 1.5 m pool 

was filled with water and mixed with white paint to make opaque with a smaller diameter 

platform (10cm) placed in a set position. Over the course of up to 10 days, mice were trained 

to find the hidden platform using visual cues around the room.  

Training trials: The mouse is placed in the pool facing a wall such that its heading is not biased 

when it starts to swim. It is given 120sec to swim around the pool and find the hidden platform. 

If it does not find the platform within that time it is placed on the platform and kept there for 

10secs to understand that there is a way out of the water. The starting position is randomised 

across trials so that the mouse must rely on spatial cues, and not on static sequences of 

movement, to find the platform. Animals perform 4 trials per day, placed in different areas of 

the pool. Within a block of trials, a mouse is given 10-minutes between trials to rest and to dry 

off. 

Probe trial: performed after the last training trial (up to day 10). The hidden platform is removed 

from the pool and the mouse swims for 1 min. The path that the mouse swims is tracked and 

analysed for the proportion of swim time and/or path length spent in each quadrant of the pool, 

swim speed, and the number of times the path crosses the former location of the hidden 

platform.  
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2.2.3 Metabolic Characterisation  

 

An extensive battery of metabolic tests was performed monthly and periodically to track 

metabolic phenotype over time in an additional cohort. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.ii Metabolic characterisation timeline. A comprehensive battery of metabolic tests were performed 

each month from 2-10 months of age. Animals were put into a Comprehensive Laboratory Animal Monitoring 

System (CLAMS) machine at 5 months and an oGTT was performed at both 5 and 9 months of age. 
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Body Composition Analysis 

Fat mass and lean mass were measured using a 4-in-1 EchoMRI (EchoMRITM, Houston, TX, 

USA) and standard laboratory scales were used for body mass (Mettler Toledo, Greifensee, 

Switzerland). EchoMRI was performed monthly, from 2months of age to 10 months of age, 

and animals were weighed weekly. 

 

Oral glucose tolerance test   

Oral glucose tolerance tests (oGTT) were performed on fasted (6hr) mice at 5 months and 9 

months. At 5 months, mice received an oral gavage of 2g glucose/kg lean body mass (25% w/v 

glucose solution), and blood glucose levels were measured via a glucometer (AccuCheck, 

Roche Diabetes Care, NSW, Australia) at the indicated times on the blood that was collected 

from the tail. At 9 months, mice received a set dose of glucose at 50mg/mouse in an attempt to 

elucidate potential biases due to the large discrepancies in lean mass between the genotypes.  

 

Metabolic caging analyses 

A Comprehensive Laboratory Animal Monitoring System (CLAMS, Columbus Instruments, 

Columbus, OH, USA) was utilized to measure various metabolic parameters as previously 

described (Lancaster and Henstridge, JOVE, 2018). Mice were placed into individually housed 

chambers and oxygen consumption (VO2), respiratory exchange ratio (RER), Energy 

expenditure (heat) and total movement (beam breaks) were recorded over 48hr. The first 24hr 

served as an acclimatisation period and the 24-48hr period served as the period we analysed.  
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2.2.4 Lipidomics 

Lipid Extraction 

10µL of plasma was aliquoted into a 1.5mL eppendorf tube and 100µL of 1-butanol/methanol 

(1:1, v/v) with 5 mM ammonium formate containing international standards (ISTDs) was 

added. The mixture was vortexed for 10sec, sonicated for 60min in a sonic water bath at 20°C 

and then centrifuged (16,000 × g, 10min, 20°C). The supernatant was transferred into a 0.2mL 

glass insert with Teflon insert cap for analysis. 

 

Liquid Chromatography Mass Spectrometry 

Mass spectrometry was performed by colleagues in the Lipidomics Laboratory at the Baker 

Heart and Diabetes Institute, methods were as follows. Analysis of extracts was performed on 

an Agilent 6490 QQQ mass spectrometer with an Agilent 1290 series HPLC system and a 

ZORBAX eclipse plus C18 column set at 60 ̊C. Mass spectrometry analysis was performed in 

positive ion mode with dynamic scheduled multiple reaction monitoring.  

The solvent system consisted of solvent A) 50% H2O; 30% acetonitrile; 20% isopropanol 

(v/v/v) containing 10mM ammonium formate and solvent B) 1% H2O; 9% acetonitrile; 90% 

isopropanol (v/v/v) containing 10mM ammonium formate. A stepped linear gradient with a 15-

minute cycle time per sample was performed with a 1mL sample injection.  

The gradient was as follows; starting with a flow rate of 0.4ml/minute at 10% B and increasing 

to 45% B over 2.7 minutes, then to 53% over 0.1 minutes, to 65% over 6.2 minutes, to 89% 

over 0.1 minute, to 92% over 1.9 minutes and finally to 100% over 0.1 minute. The solvent 

was then held at 100% B for 0.8 minutes (total 11.9 minutes). Equilibration was as follows, 

solvent was decreased from 100% B to 10% B over 0.1 minute and held for an additional 0.9 

minutes.  
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Flow rate was then switched to 0.6 ml/minute for 1 minute before returning to 0.4 ml/minute 

over 0.1 minutes. Solvent B was held at 10% B for a further 0.9 minutes at 0.4ml/minutes for 

a total cycle time of 15 minutes. 

The following mass spectrometer conditions were used; gas temperature, 150 ̊C, gas flow rate 

17L/min, nebulizer 20psi, Sheath gas temperature 200 ̊C, capillary voltage 3500V and sheath 

gas flow 10L/min.  

 

Quantification and Statistical Analysis 

Chromatographic peaks were integrated using the Mass Hunter (B.07.00, Agilent 

Technologies) software and assigned to a specific lipid species based on MRM 

(precursor/product) ion pairs and retention time. Quantification was achieved by using the ratio 

of each analyte peak with the corresponding internal standard as seen in (Huynh et.al 2019). 

Statistical analysis was carried out on Matlab 2013a or R (3.4.0). Plasma lipidomic data was 

log10 transformed prior to statistical analysis. Data expressed as pmol/ul plasma, significance 

determined by two-tailed t-test and corrected for multiple comparisons using the Benjamini-

Hochberg false discovery rate correction set to 0.05. Lipids were significant if the FDR-

corrected p-value< 0.05 
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2.2.5 Tissue Collection and Survival 

Endpoint was determined at 10 months, and animals were culled using IP injection of 

Lethabarb (diluted in saline). Brains were harvested and weighed, then dissected into 

hemispheres for histology and western blotting.  

 

2.2.6 Western Blotting 

Tissue samples were homogenised in protein lysis buffer (50mM HEPES, 2mM EDTA, 50mM 

β-glycerophosphate, 1mM DL-Dithiothreitol (DTT), 1mM Na3VO4, 1.0% Triton X‐100, 10% 

glycerol), 1mM NaF, 1mM PMSF, 0.05% protease inhibitor cocktail (P8340; Sigma, St.Louis, 

MO, USA), 0.05% phosphatase inhibitor cocktail (P5726; Sigma, St. Louis, MO, USA). The 

protein concentration was determined using the Pierce BCA Protein Assay Kit (Life 

Technologies, Carlsbad, CA, USA). Absorbance was read at 560nm. Equal amounts of protein 

were solubilised in 4X Laemmeli’s buffer (40% glycerol, 8.2% SDS, 50% 0.5M Tris-HCl (pH 

6.8), 0.5mL 1% Bromophenol blue, 10% H2O and 20mM DTT). Proteins were denatured at 

85 C̊ for 5-10 minutes.  

Samples were then run on a sodium dodecyl sulfate polyacrilamide gel electrophoresis (SDS-

PAGE). Proteins were transferred onto a nitrocellulose membrane (Bio-Rad Laboratories, 

Hercules, CA, USA, Cat #162-0112) at 4 ̊C at 100 ̊V for 2hr or 25V overnight. Membranes 

were washed in TBST (137mM NaCl, 20mM Tris with 0.1% Tween), blocked in TBST with 

5% skim milk powder, washed again and incubated with the appropriate primary antibody 

(22C11, gifted by Ashley Bush [made in house], 1:2000 in TBST; anti-human tau, 1:2000 in 

TBST, Dako, CA USA) overnight at 4C. After washing, membranes were incubated again at 

4C for 2 hours with the appropriate secondary antibody (Anti-mouse IgG HRP linked antibody 

from sheep GE Healthcare, Buckinghamshire, UK; Goat anti-rabbit IgG, Sigma) (dilution 

1:2000 in TBST, 2.5% BSA). Membranes were washed again in TBST and visualized using 
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Super Signal chemiluminescent substrate (Thermo Scientific, Waltham, MA, USA. Cat#34080 

and #34095) and pictures taken using Chemidoc XRS (Biorad, Hercules, CA, USA). 

Quantification was performed using Quantity One 1-D Analysis Software.  
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2.3 Results 

2.3.1 Gross motor strength and control 

In order to replicate and further extend Heraud’s characterisation of the 5xFAD*Tg30 animals, 

rotarod experiments were performed monthly, as an indicator to gross motor strength and 

control over time. Motor abilities were not different between genotypes at 3, 4 or 5 months of 

age. Consistent with the Heraud study, motor loss was not seen until 6 months of age, with a 

steady decline until end point, compared with WT (p<0.01) (Figure 2.1). Females displayed a 

significant motor phenotype from 6 months of age (Figure 2.1C, p<0.05), and males from 7 

months of age (Figure 2.1B) suggesting a slower developing motor phenotype in males 

compared with females. 
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Figure 2.1 Latency to fall off rotarod, displayed between 3-8months of age. 5xFAD*Tg30 animals displayed 

a significant motor phenotype from 6 months onwards, compared to WT. Male 5xFAD*Tg30 displayed 

significant motor phenotype at from 7months onwards. Average of three trials per month. (A) Total cohort, 

n=15-17 per group (B) Male animals only, n=7-9 per group (C) Female animals only, n=6-10 per group. Two-

way repeated measures ANOVA with Holm-Sidak post-hoc analysis. *p<0.05 **p<0.01 genotype effect Graph 

represents Mean ± SEM 
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2.3.2 Memory function 

To extend the previous characterisation on memory function, we assessed Y-Maze 

performance monthly, as an indication of memory function/decline over time.  Analysis of 

memory function with the Y-Maze test carried out at 3, 4 and 5 months, before the appearance 

of motor deficits, did not show any significant differences between genotypes (Figure 2.2). 

Animals displayed normal memory, as seen in the significant differences between familiar and 

novel arms (p<0.05).  

At 6, 7 and 8 months of age, once motor deficits had appeared, there remained no significant 

differences between genotypes in memory function (Figure 2.3). Significant differentiation 

between familiar and novel arms were seen in both genotypes (p<0.05). Thus, 5xFAD*Tg30 

mice did not show alterations of memory function in the Y-Maze test by 8 months of age. There 

was, however, the potential initiation of cognitive deficits at 8 months, as seen by the trended 

decrease in time spent in the novel arm for 5xFAD*Tg30 animals, compared to WT 

performance. This did not reach significance.   
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Figure 2.2 Duration and percentage of time spent in each arm of the Y-maze between 3-5 months of age (A-C) seconds 

spent and (D-F) % of time spent at 3 months. (G-I) seconds spent and (J-L) % time spent at 4 months (M-O) seconds spent 

and (P-R) % of time spent at 5 months. Animals had 10 minutes familiarisation, before a 5-minute trial, 2 hours later. No 

significant differences between genotypes at 3-5 months. (A,D,G,J,M,P) Total cohort, n=16-17 per group (B,E,H,K,N,Q) 

Male animals only, n=7-10 per group (C,F,I,L,O,R) Female animals only, n=6-10 per group. 2tailed, type 2 students t-test 

performed *p<0.05 familiar vs. novel, representing the test was successful. Graph represents Mean ± SEM 
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Figure 2.3 Duration and percentage of time spent in each arm of the Y-maze between 6-8 months of age (A-C) seconds 

spent and (D-F) % of time spent at 6 months. (G-I) seconds spent and (J-L) % time spent at 7 months (M-O) seconds spent 

and (P-R) % of time spent at 8 months. Animals had 10 minutes familiarisation, before a 5-minute trial, 2 hours later. No 

significant differences between genotypes at 6-8 months. (A,D,G,J,M,P) Total cohort, n=15-17 per group (B,E,H,K,N,Q) 

Male animals only, n=7-9 per group (C,F,I,L,O,R) Female animals only, n=6-10 per group. 2tailed, type 2 students t-test 

performed *p<0.05 familiar vs. novel, representing the test was successful. Graph represents Mean ± SEM 
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2.3.3 Anxiety-like behaviour 

Anxiety-like behaviour was next assessed over time, using the large open field maze. At 3 and 

6 months, 5xFAD*Tg30 animals spent significantly more time in the centre of the maze and 

significantly less time in the corner areas of the maze compared to WT control (p<0.05) 

(Figure 2.4). This preference was retained between both genders. At 7 months of age, there 

were no genotype effects between maze locations. At 8 months of age, 5xFAD*Tg30 animals 

again spent significantly more time in the centre of the maze and less time in the corner areas 

of the maze compared to WT control. Male animals did not show this genotype difference. 

Thus, 5xFAD*Tg30 animals appear to display less anxiety-like behaviour compared to WT 

control and could indicate higher risk-taking behaviour. This could indicate an inability to 

recognise danger or vulnerability, as indicated by their increased time spent in the middle of 

the arena. The deficit in identifying a potentially hazardous situation (exposure in a brightly lit 

arena) could further suggest misprocessing in the areas of thinking and reasoning.  
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Figure 2.4 Duration time spent in areas of a large open field arena at 3-8 months of age. (A-C) 3months (D-F) 

6 months (G-I) 7months (J-L) 8months. Animals had 10 minutes in the arena lit with bright lights, corners and 

centre of arena tracked. (A,D,G,J) Total cohort, n=16-17 per group (B,E,H,K) Male animals only, n=7-10 per 

group (C,F,I,L) Female animals only, n=6-10 per group. 2tailed, type 2 students t-test performed *p<0.05 

genotype effect in duration spent in area of the field. Graph represents Mean ± SEM 
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2.3.4 Memory and novel object recognition 

To assess cognitive decline regarding object recognition, a novel object maze was performed 

at 3, 6, 7 and 8 months of age (Figure 2.5). At 3 months of age, before the appearance of motor 

deficits, there was no object recognition apparent between either genotype, suggesting further 

familiarisation was needed. 5xFAD*Tg30 animals explored both objects significantly more 

than WT control, which appeared to be attributable to the male animals (Figure 2.5 A-B)  

At 6 months, both genotypes displayed novel object recognition (p<0.05), but there were no 

genotype effects. Female 5xFAD*Tg30 animals did not explore the novel object significantly 

more than the familiar.  

At 7 months, there was a genotype effect on novel object recognition, as WT animals displayed 

a greater number of exploratory bouts towards the novel object, but this did not occur in the 

5xFAD*Tg30 animals.  

Interestingly, at 8 months, this novel object recognition returned, and both genotypes displayed 

significantly more bouts of exploratory behaviour towards the novel object compared to the 

familiar, however, there were no genotype effects.  
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3  months 

8  months 

7  months 

6  months 

Figure 2.5 Number of bouts of investigative behaviour of each object at 3-8 months of age. (A-C) number of 

bouts at 3 months (D-F) number of bouts at 6 months (G-I) number of bouts at 7months (J-L) number of bouts at 

8months. Animals had 10 minutes familiarisation with Object 1 and Object 2. Object 1 was then replaced with 

Novel Object and animals and a 10-minute test was recorded. (A,D,G,J) Total cohort, n=15-17 per group (B,E,H,K) 

Male animals only, n=7-10 per group (C,F,I,L) Female animals only, n=6-10 per group. 2tailed, type 2 students t-

test performed *p<0.05 novel object effect within both genotypes. Graph represents Mean ± SEM 
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2.3.5 Learning, spatial memory and recognition 

Morris water maze was performed at 3 and 8 months of age to assess learning and spatial 

memory abilities. There were no genotype differences in the learning curve over 7 days of 

training at 3 months (Figure 2.6 A-C). 5xFAD*Tg30 animals trended to spend more time in 

the quadrant area once the platform was removed on day 8, however this was not significant 

(Figure 2.6 D-F). At 8 months, there is a marked difference in latency to platform in the 

5xFAD*Tg30 animals, from training day 2 (p<0.05) (Figure 2.6 G-I). This was attributable to 

the females’ slower latency. Despite this, time spent in the quadrant area once the platform was 

removed for the probe trial, showed no genotype differences (although trended to be less time 

in 5xFAD*Tg30 mice) (Figure 2.6 J-L). Due to this finding, a closer look into the learning 

curve was observed, where some learning, to an extent, was occurring within the 5xFAD*Tg30 

mice.  

Thus, there was no deficits in spatial memory in 5xFAD*Tg30 mice at 3 months, but by 8 

months, deficits in learning are suggested, however it is more likely that these longer latencies 

are complicated due to the motor deficit as seen from 6-7 months of age.  
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Figure 2.6 Learning curve, latency to platform over 7 days, at 3 and 8 months of age in 

the Morris water maze. (A-C) learning curve at 3months (D-F) probe trial at 3months (G-

I) learning curve at 8months (J-L) probe trial at 8months. Animals were given a maximum 

of 120 seconds to find platform. Probe Trial- time spent in platform quadrant. Platform was 

removed on Day 8 and animals swam for 60 seconds (A,D,G,J) Total cohort, n=16-17 per 

group (B,E,H,K) Male animals only, n=7-10 per group (C,F,I,L) Female animals only, n=6-

10 per group. Graph represents Mean of 4 trials per day ± SEM. (A-C) and (G-I)Two-way 

repeated measures ANOVA with Holm-Sidak post-hoc analysis. Genotype effect at 8 months 

in latency to platform. (D-F) and (J-L) T-test. 
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Upon closer inspection of the latency graph at 8 months, it was clear that while the lines were 

separated so there was a genotype effect, this difference was seen from day 1 and maintained 

so that each genotype indeed had similar learning curves. This could indicate a slower swim 

speed to the platform rather than impaired learning performance. This was further supported 

by no significant genotype difference on probe trial day, for time spent in the platform quadrant. 

Due to these findings, swim velocity was investigated, to test this hypothesis. Velocity was 

tracked at 8 months of age and was indeed significantly reduced in 5xFAD*Tg30 mice, 

irrespective of gender (Figure 2.7 A-C). This result suggests the motor phenotype of the model 

may compound the effects on the latency data, rather than a true cognitive deficit. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 Swim Velocity. Graph represents average velocity over 4 trials on day 1 of MWM testing. (A) Total 

cohort, n=16-17 per group (B) Male animals only, n= 7-10 per group (C) Female animals only, n= 6-10 per 

group. Graph indicates mean ± SEM. ***p<0.001 students t-test 
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Preface 

A separate cohort of animals were utilised for all metabolic characterisation analyses from the 

behavioural characterisation analyses. 

 

2.3.6 Body Composition analysis 

As the initial characterisation paper observed a significant and progressive reduction in body 

weight, the next aim was to investigate the effects of tau accumulation in the presence of 

amyloid pathology on body composition. Body analysis was tracked over time including body 

weight, lean mass, fat mass and body fat percentage. Initial body weight (Figure 2.8 A-C) at 

2 months of age trended to be smaller in 5xFAD*Tg30 mice and was significantly smaller in 

males at 2 months (p<0.05). Over time, as WT control animals increased body weight, 

5xFAD*Tg30 animals remained stable and weight differences were markedly different 

(p<0.001).  

Lean mass (Figure 2.8 D-F) was significantly lower in 5xFAD*Tg30 throughout their lifespan, 

suggesting lack of muscle and/or organ development compared to WT and perhaps a transition 

to muscle atrophy at later time points (post 6mths) coinciding with when we observed motor 

defects. 

Fat mass (Figure 2.8 G-I) saw no genotype differences until 8 months, which progressed until 

endpoint at 10 months. Body fat % results were not different, with this data showing no 

differences by 10 months (Figure 2.8 J-L) indicating the relative proportion of fat to lean mass 

was maintained in the transgenic model despite the large differences in fat and lean mass size.   
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Figure 2.8 Body composition analysis in WT and 5xFAD*Tg30 mice over time. (A-C) Body weight, (D-F) lean 

mass, (G-I) fat mass (J-L) body fat percentage. (A,D,G,J) total cohort n=12-15 per group, (B,E,H,K) male animals 

only n=6-8 per group, (C,F,I,L) female animals only, n=6-7 per group. WT animals had a significantly higher body 

weight and lean mass compared to 5xFAD*Tg30 across lifespan. Fat mass was significantly different at 8 months 

of age between WT and 5xFAD*Tg30 animals. *p<0.05 **p<0.01 ***p<0.001 Graph indicates ± SEM 
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2.3.7 Oral glucose tolerance test: Set dose vs. Lean mass dose 

Due to AD being associated with metabolic disturbances such as obesity and T2D, we 

conducted two glucose tolerance tests (at 5 and 9mths of age). At 5 months, (Figure 2.9 A-C) 

we dosed the mice per their lean weight to account for the differences in their lean mass given 

skeletal muscle is a large driver of glucose disposal. There were no significant differences 

between genotypes on the oGTT curve at any specific time point. Fasting glucose levels were 

also the same between genotypes. While after an initial spike in blood glucose levels after 

initial glucose gavage, both genotypes had similar levels throughout the 120-minute test. 

 

From there, animals were aged to 9 months and the oGTT performed again with a set dose of 

glucose. 5xFAD*Tg30 mice showed a lower fasting glucose level as shown at time point 0 

(Figure 2.9 D-F), primarily from the female mice (p<0.01), where males almost reached 

significance (p<0.06). Over the 120-minute test, 5xFAD*Tg30 mice continued to have a lower 

blood glucose concentration than WT control, again, primarily attributable to the female 

animals. 5xFAD*Tg30 animals had a lower spike in blood glucose after the initial glucose load 

and continued to remain at a lower level, as time progressed. As mice each received the same 

quantity of glucose but the 5xFAD*Tg30 mice have markedly less lean mass, this improvement 

in the glucose tolerance despite receiving more glucose per unit of lean mass. 
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Figure 2.9 Whole-body glucose metabolism analysis. Fasting blood glucose levels after an oral gavage glucose 

tolerance test (2gm/kg LBM) at 5 and (50mg glucose) 9 months of age. (A-C) 5 months (D-F) 9months. (A,D) 

total cohort n=12-15 per group, (B,E) male animals only n=6-8 per group, (C,F) female animals only, n=6-7 per 

group. Fasting blood glucose was taken after a 6 hour fast and is the ‘0’ time value represented in the OGTT. 

Genotype effects between WT and 5xFAD*Tg30 at 9months. *p = <0.05 **p = <0.01, One-way repeated 

measures ANOVA with Holm-Sidak post-hoc analysis. Graphs indicate mean ± SEM 
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2.3.8 Metabolic caging analysis 

5xFAD*Tg30 animals were assessed for their metabolic function compared to WT control via 

the use of the Comprehensive Laboratory Animal Monitoring System (CLAMS). To do this, 

data was measured over 48 hours, but analysed over the last 24 hours, including respiratory 

exchange ratio (RER) (carbohydrates to lipid utilisation ratio), energy expenditure, total 

movement and VO2 consumption. Raw oxygen consumption was significantly lower in 

5xFAD*Tg30 males and trended to be lower in females (Figure 2.10 A-D). As VO2 

consumption is directly related to energy expenditure, consequently, 5xFAD*Tg30 males 

additionally demonstrated a significantly lower expenditure, with it trending to be lower in 

female 5xFAD*Tg30 animals (Figure 2.10 M-P). Oxygen consumption when normalised to 

body weight saw marked genotype effects (Figure 2.10 E-H), particularly in males (p<0.001) 

with 5xFAD*Tg30 mice having an increased VO2. When this was adjusted to lean mass, female 

animals no longer saw significant genotype effects (trending to be higher) (Figure 2.10 J,L) , 

however male 5xFAD*Tg30 mice still displayed increased VO2, in both light and dark cycles 

(Figure 2.10 I, K). Again, this was consistent with an increased energy expenditure in male 

5xFAD*Tg30 mice when adjusted for body weight (Figure 2.10 Q-T) and lean mass (Figure 

2.10 U-X).   The carbohydrate to lipid utilisation ratio (RER) remained the same between 

genotypes (Figure 2.11 A-D) as did overall activity in both the light and dark cycles (Figure 

2.11 E-H).  

Results indicated that 5xFAD*Tg30 males have a significantly lower VO2 consumption 

compared to WT control which was associated with a lower energy expenditure when looking 

at raw values. This makes sense as they are smaller and therefore have less metabolically active 

tissue. Females trended to have similar results but did not reach significance. However, when 

data was adjusted for body weight and lean mass, results were inverse, demonstrating a higher 

VO2 and energy consumption in 5xFAD*Tg30 animals per unit body tissue or lean mass. This 
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suggests the significance of appropriate adjustments when comparing data- as the size 

difference between genotypes is vast, it can be difficult to normalise appropriately. RER and 

total movement were not affected by genotype, at time of experiment, 4 months of age. 
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Figure 2.10 Aspects of whole-body energy metabolism measured in a CLAMs system for WT 

control and 5xFAD*Tg30 mice. (A-D) Raw VO2 data, Male (A,C) Female (B,D) (E-H) VO2 

data normalised to body weight, Male (E,G) Female (F,H)  (I-L) VO₂ normalised to lean body 

mass, Male (I,K) Female (J,L) (M-P) Raw Energy expenditure (Heat), Male (M,O) Female (N,P) 

(Q-T) Energy expenditure (Heat) adjusted to body mass, Male (Q,S) Female (R,T) (U-V) Energy 

expenditure (Heat) adjusted to lean mass, Male (U,W) Female (V,X)    Genotype effects in oxygen 

consumption rate, as well as energy expenditure in males. *p<0.05 ***p = <0.001 data assessed 

by a students t-test n=5-8 per group. Graphs indicate mean ± SEM. 
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Figure 2.11 Aspects of whole-body energy metabolism measured in a CLAMs system for WT control and 

5xFAD*Tg30 mice. (A-D) Respiratory exchange ratio (RER), Male (A,C) Female (B,D) (E-H) Total 

movement/activity as measured via beam breaks (x + Y ambulatory plus z breaks), Male (E,G) Female (F,H).No 

genotype effects. n=5-8 per group. Graphs indicate mean ± SEM, data assessed by a students t-test. 
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2.3.9 End point measures  

As the previous study on 5xFAD*Tg30 mice indicated a decreased survival and brain weight, 

these measures were also analysed as well as further end point measures. In agreement with 

Heraud, 5xFAD*Tg30 mice had a 37% reduction in survival rate by 10 months of age (7/19 

5xFAD*Tg30 mice suddenly died compared to 0/17 WT’s) (Figure 2.12 M) and trended to 

have a smaller brain weight compared to WT control (Figure 2.12 A&B). There was a 

significant reduction in liver weight, tibialis anterior weight and tibia length (Figure 2.12 

C,D,G,H,I,J). The ratio of tibialis anterior weight to tibia length was also analysed, which 

showed a significant reduction in 5xFAD*Tg30 animals (Figure 2.12 K,L). Additionally, 

5xFAD*Tg30 mice displayed a significant difference in % change of body weight from 

beginning of analyses at 3 months to end point at 10 months (Figure 2.12 E,F). Together, these 

data suggest that the 5xFAD*Tg30 mice are prone to early death and are smaller in stature. 
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Figure 2.12 End point measures for (A & B) Brain weight, n=4-8 per group (C & D) Liver weight, n=4-8 

per group (E & F) % change in body weight, n=5-10 per group (G & H) tibialis anterior weight, n=4-8 per 

group (I & J) Tibia length, n=7-10 per group and (K & L) tibialis anterior: tibia length at 8months of age, n= 

7-10 per group. (M) Kaplan–Meier survival percentage survival curve, evaluating males and females from 

Behavioural cohort only, by a Gehan Breslow Wilcoxon test. N=17-19. Genotype trend effect on brain weight 

between WT and 5xFAD*Tg30 animals. Genotype effect on liver weight, %change in body weight, tibialis 

anterior weight, tibia length and tibialis anterior weight: tibia length and survival between WT and 

5xFAD*Tg30 and WT. *p = <0.05 **p = <0.01 ***p= <0.001 genotype effects. Data assessed by students t-

test. Graphs indicate mean ± SEM 
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2.3.10 Protein Expression 

 

To verify the model, and that APP and tau protein expression was increased in 5xFAD*Tg30, 

as in the original Heraud paper, protein expression via western blot was performed. To replicate 

Heraud, whole brain homogenates were probed for APP and human tau. Results showed indeed 

an elevated level of APP and human tau in 5xFAD*Tg30 animals compared to WT-control.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13 APP and tau protein expression (A) Representative western blots, the expression of human APP 

and tau in 5xFAD*Tg30. Brain was harvested at 10 months and whole brain homogenates processed. (B) 

Quantification of tau/14-3-3 (C) Quantification of APP/14-3-3. Graph indicates mean ± SEM. N=8-11 per 

group *p<0.05 **p<0.01 t-test 
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2.3.11 Lipidomics  

As a recent study demonstrated vast differences in plasma lipidomic profiles between AD 

patients and healthy controls (Huynh et.al 2020), plasma lipidomic analysis was performed to 

investigate any recapitulation in the 5xFAD*Tg30 model of AD.  

After identification of 768 plasma lipid species, 266 species were found to be significantly 

different between WT and 5xFAD*Tg30 animals after correction for multiple comparisons 

(Figure 2.14).  For most species, 5xFAD*Tg30 animals demonstrated a decreased abundance, 

namely Phosphatidylcholine’s (PC’s), Phosphatidylethanolamine’s (PE’s) and Triglyceride’s 

(TG’s). Due to this vast difference, we then looked at total quantity of lipid classes. Out of 39 

identified lipid classes, 20 were significantly different in 5xFAD*Tg30 animals. 5xFAD*Tg30 

animals demonstrated significantly lower total lipids, including total free fatty acids (Figure 

2.15 A), total Sphingomyelin’s (Figure 2.15 L) and total lysophosphatidylethanolamine’s 

(LPE) (Figure 2.15 J).  
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Figure 2.14 Heat map of the 266 significantly different lipid species from WT and 5xFAD*Tg30 animals. 

Data expressed as pmol/ul plasma, significance determined by two-tailed t-test and corrected for multiple 

comparisons using the Benjamini-Hochberg false discovery rate correction set to 0.05. Lipids were 

significant if the FDR-corrected p-value < 0.05. Each column is an individual mouse, each row is an 

individual lipid species. N=12-17 per group 

 (PA) phosphatidic acid  (PC)Phosphatidylcholines (PC(O))alkylphosphatidylcholine (PC(P))  

alkenylphosphatidylcholine  (LPC) Total Lysophosphatidylcholines (PE)Total Phosphatidylethanolamine  

(PE(O))alkylphosphatidylethanolamine (PE(P))alkenylphosphatidylethanolamine 

(LPE)lysophosphatidylethanolamine (PI)  Total Phosphatidylinositol (DAGs)  Diacylglycerol (TAGs) 

Triacylglycerol  
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Figure 2.15 Total levels of lipid families in WT and 5xFAD*Tg30 animals. (A) Total free fatty acids (B) Total 

phosphatidic acid (PA) (C) Total Phosphatidylcholines (PC) (D) Total alkylphosphatidylcholine (PC(O)) (E) Total 

alkenylphosphatidylcholine (PC(P)) (F) Total Lysophosphatidylcholines (LPC) (G) Total 

Phosphatidylethanolamine (PE) (H) Total alkylphosphatidylethanolamine (PE(O)) (I) Total 

alkenylphosphatidylethanolamine (PE(P)) (J) Total lysophosphatidylethanolamine (LPE) (K) Total 

Phosphatidylinositol (PI)  (L) Total Sphingomyelin (SM) (M) Total Sphyingolipids (N) Total Diacylglycerol (DG) 

(O) Total Triacylglycerol (TG). Data expressed as pmol/ul plasma, significance determined by two-tailed t-test 

and corrected for multiple comparisons using the Benjamini-Hochberg false discovery rate correction set to 0.05. 

Lipids were significant if the FDR-corrected p-value< 0.05 n=12-17 per group 
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2.4 Discussion 

A suite of animal models modelling AD have been established over the years since the amyloid 

hypothesis became a leading target for AD research in the 1990’s. Transgenic mouse models 

allow scientists to study key pathological hallmarks of disease, as well as trial therapeutic 

experiments pre-clinically. Efforts into therapies for AD have struggled and despite a multitude 

of factors hampering efforts, a recent review has shone the spotlight on the animal models that 

are used in the initial stages of drug development (King, 2018). Historically, while animal 

models have brought about astounding insights to the disease and its mechanisms, it does not 

reflect the entire biology of the disease. The creation of the first transgenic mouse model and 

subsequent AD models have expressed high levels of mutant APP and/or PS1, developing 

plaques and cognitive deficits. However, most mouse models struggle to replicate the other 

dysfunctional protein, tau. Many models loaded with Aβ plaques do not end up developing 

NFT’s, hence models expressing physiological levels of both human APP and human tau would 

be ideal for testing potential drugs. 

 

To date, there are several mouse models that display both amyloid and tau pathology, including 

the Tg2576/JNPL3 cross, hAPP (Swe)/wildtype human Tau and the 3xTg-AD mouse (Oddo, 

2003). The 3xTg-AD model also contains mutations in PS1. Recently, a new model was 

generated expressing mutant human APP/PS1 and human tau, called 5xFAD*Tg30 which was 

the basis of the studies in this chapter. This chapter describes the phenotypic reproduction of 

the original work in this model of AD, and its extended behavioural and metabolic 

characterisation. 

The data demonstrate that the 5xFAD*Tg30 mouse model displays a significant motor deficit 

phenotype, is smaller in size and has potential initiation of cognitive decline. Additionally, this 

study showed a significant difference in survival between WT and 5xFAD*Tg30 animals, 
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validating Heraud’s 2014 initial description (Heraud et.al 2014) and contributing a rationale to 

use this model for the therapeutic studies presented in Chapter 3 and Chapter 4 of this thesis.  

To analyse and adequately compare behavioural and metabolic phenotypes of the transgenic 

model, behavioural assessments from Heraud’s publication were repeated and extended over 

the animals’ lifetime, as well as a battery of gold standard behavioural tests. By 8 months, 

5xFAD*Tg30 animals displayed signs of elevated risk-taking behaviour and decreased novel 

object recognition but no differences in memory function. Learning and spatial awareness was 

impeded, however, was presumed affected by the gross motor phenotype. 

Metabolically, 5xFAD*Tg30 animals displayed severely reduced body weight, lean mass and, 

towards later life, fat mass. This supports the severe motor impairment, suggesting a reduced 

muscle mass results in poor muscle power, strength and endurance and consequently rotarod 

performance. This is likely to come from the Tg30 mutation, as this tauopathy model is well 

known for its motor deficits (Audouard, 2015). Despite links between T2D and AD, 

5xFAD*Tg30 animals had a significantly lower fasting glucose level which was more 

prominent in females than in males.  

The standard protocol for administering a GTT to mice is calculating a glucose concentration 

based on their body weight or lean mass. If animals have a substantially different lean mass, 

errors may occur in results. This is due to lean mass being the principal site for glucose disposal. 

The second GTT performed, using a set dose of glucose, was performed to appreciate the 

difference between the two procedures. Using a set dose of glucose does not consider the 

differing lean mass between the genotypes, and more glucose may be required to be taken up 

relative to lean muscle available. 

At 9 months however, WT animals had more lean mass. Despite receiving the same amount of 

glucose, their glucose levels were higher, when it was expected to be lower due to the increased 

muscle mass. It would have been valuable to perform both a set dose and dose-per-lean-mass 
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experiments at this time point. This higher glucose curve could be attributed to the higher 

fasting glucose levels of WT animals, indicating a higher blood glucose level prior to the 

experiment. 

 

5xFAD*Tg30 animals also have a higher VO2 consumption, when adjusted for body weight 

and lean mass as well as a higher adjusted energy expenditure. Raw values for VO2 and energy 

expenditure were, however, significantly lower, which raises the question on appropriate 

normalisation. Liver, tibilias anterior and tibia were all significantly reduced matching the 

overall decreased size of the mice. While the Heraud publication showed a significant reduction 

in brain weight, our study could not reproduce this statistically, although a strong trend was 

seen.  

Finally, a full lipid profile was conducted on the 5xFAD*Tg30 model. As a result, 5xFAD*Tg30 

animals were shown to have a significantly decreased plasma lipid abundance, in 20 out of 39 

total lipid classes. Investigating into individual species saw a significant difference in 266 out 

of 768 species. In agreeance with Huynh and colleagues, who showed clinical significance in 

a number of plasma lipids, we demonstrated significant decreases in the majority of ether lipid 

classes such as alkylphosphatidylcholine (PC(O)), alkenylphosphatidylcholine (PC(P)), 

alkylphosphatidylethanolamine (PE(O)) and alkenylphosphatidylethanolamine (PE(P)). 

Unlike the examination of the Australian Imaging, Biomarker & Lifestyle Flagship Study of 

Ageing (AIBL) study, we saw no differences in GM3 species which have reported positive 

associations with AD, accelerating Aβ aggregation leading to deposition in the brain (Hoshino 

et.al 2013).  

 

While the 5xFAD*Tg30 model did not display a significant amount of cognitive decline at 8 

months when characterised further, it still gives us great insight into how the co-expression of 
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mutants APP and PS1 in a tau mutant mouse affect whole body phenotype. Mild cognitive 

impairments in AD transgenic animals are not usually seen until at least 8-10 months of age 

(Pepeu 2004).  This makes it difficult to determine cognitive decline in the 5xFAD*Tg30 model 

due to their early death, however, the initiation is apparent.  

Pathologically, Heraud noted dramatically increased formation of NFT’s in the brain, increased 

phosphorylated soluble and insoluble tau, and neuronal loss. Additionally, while 5xFAD*Tg30 

mice showed additional conformational, phosphorylation, and truncation changes in insoluble 

tau (compared to single mutant Tg30), Aβ load was lower when compared to the single 5xFAD 

model. Because the post-translational changes of PHF-tau mimic more closely what happens 

in AD, it is suggested that this model might be more beneficial to study the misprocessing of 

tau in the presence of Aβ, as normally seen in AD, and consequent cognitive behaviour and 

whole-body phenotypes.  

 

Together, we have reproduced aspects of the findings of Heraud and colleagues in relation to 

early death and rotorod impairment in this model and expanded on these findings to also 

demonstrate a decrease in lean mass, muscle size and initiation of decline in cognitive 

performance with aging. While noting the likely complication of the motor defect on the 

outcome of behavioural tests that involve movement in determining cognition status, we 

concluded that the model was viable to test our hypothesis of increasing Hsp72.With the AD 

brain pathology already described in (Heraud et.al 2014), this model is appropriate for our 

further studies as it contains both tau and Aβ brain associated pathology, and a physical 

phenotype consistent with frailty - smaller muscle size, impaired motor co-ordination, 

decreased physical performance and increased risk of death. All factors with the potential to be 

improved with Hsp72 overexpression. Given this phenotype, we utilised this model to 
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investigate if BGP-15 treatment or genetic overexpression of Hsp72 is effective in preventing 

or treating this AD-like pathology and/or frailty.   
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3 The effect of transgenic overexpression of Hsp72 on 

the 5xFAD*Tg30 mouse model of AD 

Preface 

The aim of Chapter 3 was to investigate the effect of transgenic overexpression of Hsp72 on 

the phenotypic traits of the 5xFAD*Tg30 mice presented in Chapter 2. In Chapter 1 the 

potential therapeutic benefits of Hsp72 was discussed, providing a rationale as to why we 

wished to investigate the benefits in a mouse model containing both amyloid and tau pathology.  

We utilised a Hsp72 Tg mouse model, which has been primarily used for its skeletal muscle 

overexpression, but also known to overexpress Hsp72 in the brain (Marshall et.al 2018) and 

bred it with the 5xFAD*Tg30 model. This triple transgenic model was, therefore, appropriate 

to assess Hsp72 transgenic overexpression in a model of AD. 
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3.1 Introduction 

The overexpression of Hsp72 has previously been used to study skeletal muscle insulin 

resistance (Chung 2008), mitochondrial dysfunction (Suzuki 2002; Wu et.al 2015), 

inflammatory markers (Gabai, 1997; Park, 2001) and fibrosis (Gehrig et al, 2014, Sapra et al., 

2015) due to its chaperoning ability and cytoprotective action. Despite being first proposed in 

1991 (Hamos 1991), the role of Hsp72 has only recently become a more popular area of interest 

in the scope of neurodegenerative diseases and aging.  

It was initially hypothesized that Hsp72 was induced as an early response to the formation of 

abnormal proteins such as in AD, when it was found that Hsp72 levels in the brain increased 

dramatically in AD patients while remaining low in healthy controls (Hamos, 1991). Due to 

their targeted clustering around plaques and tangles, it was thought that this was an attempt to 

restore homeostasis. Since then, as described in Chapter 1, Hsp72 has been found to provide 

an array of protective and preventative effects on the pathogenesis of AD.  

Considering that the main cause of toxicity is the aggregation of proteins (being Aβ and tau), 

it is no wonder that the molecular chaperoning abilities of Hsp72 have been explored. In healthy 

individuals, this phenomenon of protein misfolding is naturally prevented by HSP’s (Liberek, 

2008). Many in vitro studies have shown positive results, certainly suggesting that the 

expression of Hsp72 could suppress the progression of AD (Magrane, 2004; Muchowski, 2005; 

Evans, 2006; Kumar, 2007; Yoshiike, 2008). Additionally, several in vivo studies have also 

observed positive effects of the overexpression of Hsp72 not only in the pathogenesis, but also 

the functional phenotype of AD (Hoshino, 2011; Sun, 2017). Spatial learning and memory, as 

well as pathological features were ameliorated through the overexpression of HSP70 in these 

models of AD. Despite this, previous animal models used had mutations in PS1/APP genes, 

therefore only expressing Aβ. As described in Chapter 1 and Chapter 2, this does not accurately 

mimic human AD pathology.  
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We crossed two transgenic models the Hsp72 Tg mouse and 5xFAD*Tg30 mouse to produce a 

triple transgenic, expressing Aβ, tau and Hsp72 in the brain. This chapter aims to investigate 

the effects of genetically overexpressing Hsp72 in a mouse model of AD containing both 

elevated Aβ and tau.  
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3.2 Materials and Methods 

3.2.1 Generation of 5xFAD*Tg30*Hsp72Tg mice 

All activities involving the use of animals for research were approved by the Alfred Medical 

Research Education Precinct Animal Ethics Committee (AMREP AEC) and conducted 

according to the guidelines of the National Health and Medical Research Council of Australia 

for animal experimentation. Heterozygous 5xFAD and Tg30 mice were crossed to produce the 

double transgenic, 5xFAD*Tg30 as described in Chapter 2. 5xFAD*Tg30 animals were 

subsequently crossed with heterozygous Hsp72 Tg mice to create the triple transgenic, 

5xFAD*Tg30*Hsp72 Tg. The mice were all on a C57/Bl6 genetic background and were 

compared with wildtype littermate control mice and the double transgenic 5xFAD*Tg30 (See 

Supp 3 for animal flow charts). Mice were genotyped from tail samples performed by 

Transnetyx (TN, USA) using real-time PCR.  Mice were fed a normal chow diet (NC) 

(14.0MJ/kg, 75.2% kJ from carbohydrate, 4.8% from fat, 20% from protein; Specialty Feeds, 

Glen Forrest, Western Australia, Australia) during their lifespan. During the experiment, mice 

had free access to food and water (except for in fasting periods before a glucose tolerance test) 

and were housed at 22±1°C on a 12 h light/dark cycle. All animals were culled at 10months 

age.  
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3.2.2 Behavioural Characterisation 

A similar battery of behavioural experiments was performed in Chapter 3 as in Chapter 2, with 

some additional tests and some tests substituted. Since behavioural differences could not be 

seen until 6 months in Chapter 2, behavioural experiments did not start until 7 months for this 

current study. An updated timeline is as below, with protocol descriptions of experiments not 

described in Chapter 2, following. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.i Behavioural characterisation timeline design. A comprehensive battery of behavioural tests was 

performed at 5, 7, 8, 9 and 10 months of age. At 9 months, the anxiety-like behaviour test was substituted from 

Open Field to Elevated Plus Maze. At 6 months, animals were not assessed. Animals were kept at the Baker 

Institute for the duration of their life. 
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Hangwire 

 
To assess whole-body muscle strength (specifically forelimb strength), endurance and 

coordination, a Hangwire test was performed. A wire rod was suspended horizontally between 

two vertical beams, ~45 cm from a padded surface. Mice were encouraged to grasp the rod 

with their forepaws. Once forepaws firmly grasp the rod, animals were allowed to hang freely 

without the help of their hind legs. Latency-to-fall onto a padded surface was recorded in three 

successive trials with at least 5 min to rest between trials.  

 
Cheeseboard Maze 

 
To assess spatial memory, learning and recognition- we switched from the Morris Water Maze 

used in Chapter 2, to the Cheeseboard maze. In addition to attempting to alleviate motor deficit 

confounding effects, the Cheeseboard maze was utilized to assess if there were differences in 

motivational factors to assess cognition. While the Morris Water Maze utilizes aversion/fear, 

the Cheeseboard uses a reward as its end goal. Animals are fasted and food restricted until they 

reach a percentage of weight loss, to optimize interest of a food reward.  

The maze was constructed from a circular table (94cm diameter) that was painted white. Caps 

(Corning 50mL polypropyl tube caps, 3.25cm diameter, 1cm depth) were painted the same 

colour and were superglued to the table to be used as wells. 32 wells were spread evenly in a 

radial pattern of 8 lines of 4 wells. The inner most well of each line was 14cm from the centre 

of the maze and the outer most well was 5cm from the edge. Along each line, every well was 

separated from the next by 5cm. A semitransparent cylindrical start cage (28cm diameter) was 

attached to a pulley system and was placed in the centre of the maze. High contrast spatial cues 

(A3 size) were attached to the interior of the faraday cage (“North”, “South”, “East”, “West”). 
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Food restriction 

Baseline weights of the mice were obtained by taking the average weight over three days before 

commencement of food restriction. Food restriction was introduced gradually over 3 days prior 

to testing. Animals were fed approximately 80% of free feeding amount (determined in a 

preliminary test on a separate cohort of mice) to obtain a total weight loss of 10%. The weights 

of the mice were recorded every day during the CB task and individually weighed food pellets 

were supplied to maintain their weights at 90%.  

 Protocol 

Mice were habituated to strawberry milk food reward from 3 days prior to testing, during their 

acclimatization days. Testing and acclimatization for all mice across trials was conducted in 

the same room.  

During acclimatization, animals were given 5minutes to roam the cheeseboard freely, then 

were given the opportunity to lick a cotton tip with a film of strawberry milk on it. Maze was 

unbaited. 

The 4 corners of the maze were brushed with strawberry milk prior to testing phase to minimise 

the effect of odour cues. The maze was cleaned with diluted ethanol (approx. 10%) after each 

trial.  

During the testing phase, two 60sec trials with an inter trial time of 20 minutes were conducted 

on each day, for 6 days. One well was baited with a cap full of strawberry milk reward. The 

location of the baited well was conserved across trials and days for each mouse.  

 

On the 7th day, the probe trial occurred where no well was baited. Mice with an intact spatial 

memory are expected to spend more time in the target quadrant during this test.  
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Behavioural analysis 

Cheeseboard maze trials were analysed using video tracking software (Topscan CleverSys, 

VA, USA). The maze was sectioned into zones between each line of wells, totaling 8 equal 

wedge-shaped zones. Two adjacent zones were combined to create quadrants, depending on 

the location of the baited well. The centre zone (circular, reaching the inner-most well of each 

line of wells) was included for measurement of distance travelled but was excluded for 

quadrant-based analysis. The software detected when the mice reached the baited well and was 

able to output latencies, distance travelled, time spent in zones and path trace images. 

 

 
Elevated plus maze 

 
As an additional way to assess anxiety-like behaviour, the elevated plus maze was substituted 

in for the large open field test, at 9 months. The elevated plus maze has a smaller overall area 

than the large open field, which was a concern due to the severe progressive motor phenotype 

displayed from 6 months onwards. 

The elevated plus maze is comprised of two open arms and two closed arms that extend from 

a common central platform elevated to a height of 40cm above the floor. The closed arms 

provide protection via a 15cm high wall with a passageway 4.5cm wide. The open arms have 

no walls and are the same width. Mice are placed on the centre square, facing an open arm and 

allowed to freely explore the apparatus for a 10-minute period. A greater relative occupation 

in the closed arms is considered indicative of anxiety-like behaviour. Trials were tracked and 

analysed using video tracking software (Topscan CleverSys, VA, USA). 
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3.2.2 Metabolic Characterisation 

In order to assess the effects of transgenic overexpression of Hsp72 on the baseline metabolic 

results of 5xFAD*Tg30 animals as seen in Chapter 2, the same battery of metabolic 

assessments was performed. The timeline for the metabolic characterisation was as per Chapter 

2.  

 

Metabolic Caging (Promethion) 

We used the Promethion System (Sable Systems International, North Las Vegas, NV, USA) as 

opposed to the CLAMS machine for this cohort, to measure oxygen consumption (VO2), 

respiratory exchange ratio (RER), Energy expenditure (heat) and total movement (beam 

breaks). The Promethion system also measured total activity as measured by all meters 

travelled, voluntary activity as measured by total exercise wheel meters and food intake. 

Measurements were recorded over 48hrs with the first 24hrs serving as an acclimatisation 

period and the final 24 hrs serving as the period analysed. 

 

 

 

 

 

 

 

 

 



111 
 

3.2.3 Western Blotting 

Tissue samples were homogenised in protein lysis buffer (50mM HEPES, 2mM EDTA, 50mM 

β-glycerophosphate, 1mM DL-Dithiothreitol (DTT), 1mM Na3VO4, 1.0% Triton X‐100, 10% 

glycerol), 1mM NaF, 1mM PMSF, 0.05% protease inhibitor cocktail (P8340; Sigma, St.Louis, 

MO, USA), 0.05% phosphatase inhibitor cocktail (P5726; Sigma, St. Louis, MO, USA). The 

protein concentration was determined using the Pierce BCA Protein Assay Kit (Life 

Technologies, Carlsbad, CA, USA). Absorbance was read at 560nm. Equal amounts of protein 

were solubilised in 4X Laemmeli’s buffer (40% glycerol, 8.2% SDS, 50% 0.5M Tris-HCl (pH 

6.8), 0.5mL 1% Bromophenol blue, 10% H2O and 20mM DTT). Proteins were denatured at 

85 ̊C for 5-10min.  

Samples were then run on a precast 12% bis tris gel (Nupage, Life technology, CA USA). 

Proteins were transferred onto a membrane using the iBlot/PVDF stack (Life technology, CA 

USA) on a MARKG2 setting for 13minutes. Gel was initially bathed in 20% EtOH before 

transfer. Membranes were washed in TBST (137mM NaCl, 20mM Tris with 0.1% Tween), 

blocked in TBST with 5% skim milk powder, washed again and incubated with the appropriate 

primary antibody (22c11, 1:2000 in TBST,gifted by Prof Ashley Bush [made in house]; anti-

human tau, 1:2000 in TBST, Dako; Hsp72, 1:2000, Enzo Life Sciences, Farmingdale, NY, 

USA; GAPDH, 1:2000, Sigma Aldrich, St. Louis, MO, US) overnight at 4 ̊C. After washing, 

membranes were incubated again at RT for 30 minutes with the appropriate LiCor fluorescent 

secondary antibody (1:10,000) in TBST + 0.01% SDS (IRDye 800CW Goat anti-Rabbit; 

IRDye 680RD Goat anti-Rabbit; IRDye 680RD Goat anti-Mouse). 

Membranes were washed again in TBST and visualized using LICOR Odyssey Scanner. 

Quantification was performed using Image Studio Lite Analysis Software. 
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3.3 Results 

3.3.1 Protein expression 

To assess if Hsp72 was indeed over expressed in the 5xFAD*Tg30*Hsp72 Tg mice, protein 

expression via western blotting was analysed. Animals were culled at 10 months of age and 

both hippocampus and cerebellum regions of the brain were probed for Hsp72. There was a 

significant over expression of Hsp72 in both the hippocampus and cerebellum in 

5xFAD*Tg30*Hsp72 Tg animals compared to 5xFAD*Tg30 and WT-control animals (Figure 

3.1). Levels of protein expression was normalised against GAPDH expression.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Hsp72 protein expression. Representative western blots, overexpressing Hsp72 in the 5xFAD*Tg30 mouse 

model, using transgenic overexpression. Brain was harvested at 10 months and dissected into hippocampus and cerebellum. 

Quantification performed using GAPDH as loading control **p<0.01 WT vs. 5xFAD*Tg30*Hsp70Tg and 5xFAD*Tg30 vs 

5xFAD*Tg30*Hsp70Tg one- way ANOVA with post hoc. Graph indicates mean ± SEM. N=6 per group 
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Since Hsp72 was successfully overexpressed in the hippocampus and cerebellum, and we 

(Chapter 2) and the Heraud paper (Heraud et.al 2014) demonstrated overexpression of human 

tau and APP in the whole brains of 5xFAD*Tg30 animals, we next checked regional expression 

of APP and tau in the hippocampus and cerebellum.  

There was a significant overexpression of APP in the hippocampus of 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72 Tg compared to WT-control, however there were no effects of Hsp72 Tg 

overexpression (Figure 3.2). There was no significant overexpression of APP in the cerebellum 

region of both 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg animals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 APP protein expression. Representative western blots, the expression of APP in 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tg. Brain was harvested at 10 months and dissected into hippocampus and cerebellum. 

Quantification was performed using GAPDH as loading control *p<0.05 one-way ANOVA WT vs 5xFAD*Tg30*Hsp70Tg 

and 5xFAD*Tg30 vs 5xFAD*Tg30*Hsp70Tg, with post hoc. Graph indicates mean ± SEM. N=6 per group 
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Additionally, the levels of human tau were significantly overexpressed in the hippocampus in 

5xFAD*Tg30 animals, as well as 5xFAD*Tg30*Hsp72 Tg compared to WT-control (Figure 

3.3) but there was no difference in the cerebellum. There were no effects of Hsp72 Tg 

overexpression on the levels of human tau, although quantification showed levels trended to 

be lower than 5xFAD*Tg30 in the hippocampus, as indicated by the difference between WT 

and 5xFAD*Tg30 but no significant difference between 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp70Tg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Human tau protein expression. Representative western blots, the expression of human tau in 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tg. Brain was harvested at 10 months and dissected into hippocampus and cerebellum. Quantification 

was performed using GAPDH as loading control *p<0.05 One-way ANOVA WT vs 5xFAD*Tg30. Graph indicates mean ± 

SEM. N=6 per group 
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3.3.1 Gross motor strength and control 

Since Hsp72 preserves muscle function and slows progression of a model that phenocopies 

Duchenne muscular dystrophy (Gehrig, 2012) gross motor strength and control was assessed 

through rotarod performance and hangwire testing in 5xFAD*Tg30*Hsp72 Tg mice. 

Additionally, it has been found that Hsp72 Tg animals have a superior running performance 

(Henstridge, 2014), so the effect of Hsp72 overexpression on 5xFAD*Tg30 animals’ motor 

performance was assessed, during their lifespan. 

Over time, between 7-10 months of age, WT animals displayed a slightly improved but 

generally steady rotarod performance with a slight decrease in Hangwire performance. There 

were no genotype effects between 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg animals in either 

rotarod performance (Figure 3.4 A-C) or hangwire performance (Figure 3.4 D-F). There were 

no sex differences between male and female animals.  

Hence, Hsp72 overexpression was not able to rescue the severe motor phenotype as seen in 

5xFAD*Tg30.  
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Figure 3.4 Measuring gross motor strength and control over time, displayed between 7-10months of age. 

5xFAD*Tg30 and 5xFAD*Tg30*Hsp72Tg animals displayed a significant motor phenotype from 7 months onwards, 

compared to WT. Average of three trials per month, latency to fall off. (A) Rotarod Total cohort, n=25-26 per group 

(B) Rotarod Male animals only, n=11-13 per group (C) Rotarod Female animals only, n=13-15 per group. (D) 

Hangwire Total cohort, n=25-26 per group (E) Hangwire Male animals only, n=11-13 per group (F) Hangwire Female 

animals only, n=13-15 per group.   One-way repeated measures ANOVA with Holm-Sidak post-hoc analysis.  

***p<0.001. Graph represents Mean ± SEM 
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3.3.2 Memory Function 

As Hsp72 treatment has previously been shown to prevent memory decline (in a post-

operative general anaesthesia mouse model) (Vizcaychipi, 2011), memory was assessed 

in 5xFAD*Tg30*Hsp72 Tg mice over time. The analysis of memory with the Y-maze test 

was carried out at 7 and 9 months of age. WT animals showed a significant preference of 

time to the novel arm at 7 months as expected, but this did not carry over to 9 months.  

At 7 months, 5xFAD*Tg30*Hsp72 Tg showed a significant preference of time to the 

novel arm compared to the familiar arm, which can be attributed to the male animals as 

females displayed no preference. There were no genotype effects between 5xFAD*Tg30 

and 5xFAD*Tg30*Hsp72 Tg (Figure 3.5).  

At 9 months, similar to WT, there was no preference towards the novel arm, however 

there was significant preference to home arm, for both 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72 Tg (Figure 3.6). It is important to note by 9 months, a severe motor 

phenotype can be seen, so it is assumed the lack of animal movement can account for this 

result. Females showed no significance to any maze arm.  
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Figure 3.5 Duration of overall time and percentage of time spent in each arm of a Y-maze at 7 months of age. 

Animals had 10 minutes familiarisation, before a 5-minute trial, 2 hours later. (A) Total cohort, n=25 per group 

(B) Male animals only, n=10-13 per group (C) Female animals only, n=12-15 per group (D) %time spent total 

cohort, n=25 per group (E) %time spent Male animals only, n=10-13 per group, (F) %time spent Female animals 

only, n=12-15 per group. WT animals spent significantly (females; trended in males and overall) more time in the 

Novel arm compared to 5xFAD*Tg30 but Hsp72 Tg did not rescue this memory deficit. One-way ANOVA performed 

in the arm of interest, the Novel arm. 2tailed, type 2 students t-test performed between arms. *p<0.05 **p<0.01 

***p<0.001 Graph represents Mean ± SEM 
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Figure 3.6 Duration of overall time and percentage spent in each arm of a Y-Maze at 9 months of age. Animals 

had 10 minutes familiarisation, before a 5-minute trial, 2 hours later. (A) Total cohort, n=24-25 per group (B) 

Male animals only, n=9-13 per group (C) Female animals only, n=12-15 per group (D) %time spent total cohort, 

n=25 per group (E) %time spent Male animals only, n=10-13 per group, (F) %time spent Female animals only, 

n=12-15 per group. 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72Tg animals spent significantly less time in the Novel 

arm compared to Home arm. One-way ANOVA performed in the arm of interest, the Novel arm. 2tailed, type 2 

students t-test performed between arms **p<0.01. Graph represents Mean ± SEM 
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3.3.3 Anxiety-like behaviour 

As 5xFAD*Tg30 mice previously appeared to display more risk-taking behaviour (Figure 

2.4), the effect of Hsp72 overexpression was assessed on anxiety-like behaviour. 

Interestingly, animals spent a significant amount of time in the corners of the field, as 

usually expected, but not as resulted previously in Chapter 2. Both 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tg animals spent their time in the corner’s areas preferentially over 

the centre area, and there were no genotype differences between WT and 5xFAD*Tg30 

and WT and 5xFAD*Tg30*Hsp72Tg (Figure 3.7). Interestingly, female 

5xFAD*Tg30*Hsp72 Tg trended to have a genotype effect within the corners area 

between 5xFAD*Tg30 females (p<0.056) (Figure 3.7 C and F).  

 

In an attempt to alleviate motor phenotype effects that may be present in the open field 

test, at 9 months, animals were placed in an elevated plus maze, as an anxiety-like 

behaviour test substitute. This maze is smaller than the large open field and requires less 

motor ability. Similar to Chapter 2 results, 5xFAD*Tg30 animals appeared to display 

more risk-taking behaviour, by spending significantly more time in the open arm than 

WT (Figure 3.8). This behaviour suggests the inability to recognise danger to remove 

themselves from a vulnerable position. Interestingly, 5xFAD*Tg30*Hsp72 Tg also spent 

significantly more time in the open arm than WT, but it was significantly less than 

5xFAD*Tg30. What is even more interesting, is that looking into the number of bouts of 

exploratory behaviour into the open arm, it can be seen that WT animals displayed more   

nose bouts into the open arm than 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg (Figure 

3.8 G-I). A nose bout could represent exploratory behaviour, without actual risk taking. 

This is called appropriate decision making in the animal behaviour field. Again, 
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5xFAD*Tg30*Hsp72 Tg were also significantly different to 5xFAD*Tg30. This could 

suggest an effect of Hsp72 Tg on the behaviour of 5xFAD*Tg30 but not effective enough 

to recover to WT-like behaviours.  This overall genotype finding however, was primarily 

driven by female performance (Figure 3.8 I).
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Figure 3.7 Duration of time and percentage of time spent in areas of a large open field at 7 months of age. 

Animals had 10 minutes in the arena lit with bright lights, corners and centre of arena tracked (A) Total cohort, 

n=25 per group (B) Male animals only, n=10-13 per group (C) Female animals only, n=12-15 per group (D) 

%time spent total cohort, n=25 per group (E) %time spent Male animals only, n=10-13 per group, (F) %time 

spent Female animals only, n=12-15 per group. Animals spent significantly more time in the corner areas of 

field compared to the centre of the field. No genotype differences. One-way ANOVA performed in each area of 

interest. 2tailed, type 2 students t-test performed between arms * p<0.05 Graph represents Mean ± SEM 
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Figure 3.8 Anxiety-like behaviour assessed via elevated plus maze. (A-F) Duration of overall time and 

percentage spent at 9 months of age in an elevated plus maze. Animals spent 10 minutes in an elevated plus 

maze, consisting of open arms and closed arms. (A) Total cohort, n=24-25 per group (B) Male animals only, 

n=9-13 per group (C) Female animals only, n=12-15 per group (D) %time spent total cohort, n=25 per group 

(E) %time spent Male animals only, n=10-13 per group, (F) %time spent Female animals only, n=12-15 per 

group. WT animals spent significantly more time in the closed area compared to the open area, and significantly 

more time in the closed area compared to 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72Tg animals. Within the open 

area and closed areas, there were genotype differences. One-way ANOVA performed in each area of interest. 

2tailed, type 2 students t-test performed between arms *p<0.05 **p<0.01 ***p<0.001. Graph represents Mean 

± SEM 

(G-I) Nose bouts in open area. WT animals showed greater nose bouts in the open area compared to 5xFAD*Tg30 

animals. 5xFAD*Tg30*Hsp72Tg animals showed greater nose bouts in the open area compared to 5xFAD*Tg30 

animals (G) Total cohort, n=24-15 per group (H) Male animals only, n=9-13 (I) Female animals only, n=12-15 

per group 
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3.3.4 Novel object recognition 

Next, we assessed novel object recognition and the effect of Hsp72 on the ability to 

recognise and explore new or familiar objects. At 7 months, there was no genotype 

difference in preference to the novel object over familiar object. 5xFAD*Tg30 animals 

had a greater number of exploratory bouts in the novel object compared to WT (Figure 

3.9 A-C), driven by female performance (Figure 3.9 C).  

At 9 months, 5xFAD*Tg30 had reduced novel object recognition and 

5xFAD*Tg30*Hsp72 Tg did not rescue this deficit (Figure 3.9 D-F). WT animals were 

still able to recognise the novel object, however male animals were less likely to do so. 

Hence, at 7 months, 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg animals have in-tact 

novel object recognition, but this is altered by 9 months. Hsp72 overexpression does not 

rescue this decline in function.  
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Figure 3.9 Number of bouts of investigative behaviour of each object at 7 months (A-C) and 9 months (D-F) 

of age. Animals had 10 minutes familiarisation with Object 1 and Object 2. Object 1 was then replaced with 

Novel Object and animals had a 5 minute test (A) Total cohort, n=16-17 per group (B) Male animals only, 

n=7-10 per group (C) Female animals only, n=6-10 per group. WT animals observed the Novel Object 

significantly more than the Familiar Object and both 7 and 9 months. 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tg animals observed the Novel Object significantly more than the Familiar Object at 7 

months, but this did not translate at 9 months. One-way ANOVA performed in the object of interest, the Novel 

object. 2tailed, type 2 students t-test performed between arms *p<0.05 **p<0.01 ***p<0.001 Graph 

represents Mean ± SEM 
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3.3.5 Learning, spatial memory and recognition 

Learning has previously been associated with the increase in heat shock cognate 70 

(Hsc70) mRNA and protein expression (Pizarro, 2003). While Hsp70 is a stress induced 

protein and Hsc70 is a constitutively expressed protein, they share common structures 

and functions. Hence, learning was assessed with Hsp72 overexpression with the 

5xFAD*Tg30 model of AD. 

In Chapter 2 of this thesis, learning, spatial memory and recognition was assessed via the 

widely used task, the Morris Water Maze. This uses spatial learning and aversive stress 

related swimming, which, due to the severe motor phenotype we identified in this model 

carried potential risk. Therefore, as an alternative, the Cheeseboard maze was utilised. 

The cheeseboard maze assesses learning, spatial memory and recognition similarly to the 

Morris Water Maze; however, it uses reward over aversion. It is also performed on a table 

instead of in water, which aids in the safety and wellbeing of the animals.  

The Cheeseboard maze was performed at 8months of age, with male animals only. Mice 

took less time to reach and find the baited well on the second and third day, but their 

latency increased slightly on the fourth day (Figure 3.10 A). The fifth and sixth day 

continued to lessen their latencies. On the fourth day, a genotype effect could be seen 

between WT and 5xFAD*Tg30; 5xFAD*Tg30*Hsp72 Tg (p<0.01). There was no 

genotype effect between 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg. Interestingly, when 

the baited well was removed, both WT and 5xFAD*Tg30*Hsp72 Tg animals trended to 

spend more time in the baited well areas, compared to 5xFAD*Tg30 but this did not reach 

significance (Figure 3.10 B).  
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Figure 3.10 Learning curve, latency to baited well on a Cheeseboard maze. (A) Over a 6-day training period, 

male animals were given 60 seconds to find a baited well with a hidden reward, and latency was recorded. (B) On 

the last day, the reward was removed, and the duration spent in the previously baited well was recorded. Day 4 

observed a difference in latency between WT and 5xFAD*Tg30*Hsp72Tg but did not translate to any other days. 

There were no differences during the probe trial. Graph represents Mean of 4 trials per day ± SEM. Two-way 

repeated measures ANOVA with Holm-Sidak post-hoc analysis. **p<0.01 genotype effect n=4-5 per group. Graph 

indicates ± SEM 
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3.3.6 Body composition  

As 5xFAD*Tg30 animals displayed a significant body weight and lean mass phenotype 

throughout their lifespan, as well as fat mass towards the end of life, lifespan body 

composition was assessed with Hsp72 Tg overexpression.  

As in Chapter 2, body weight was significantly different between WT and 5xFAD*Tg30, 

and Hsp72 Tg overexpression did not rescue this (Figure 3.11 A-C).  

Lean mass in WT animals was significantly higher than 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72 Tg. Interestingly, 5xFAD*Tg30*Hsp72 Tg trended to have a 

slightly higher lean mass than 5xFAD*Tg30 and in males, at later stages, was significantly 

higher (Figure 3.11 D-F). Females showed no genotype effects. 

Fat mass and body fat percentage were significantly lower in 5xFAD*Tg30, as in Chapter 

2, but Hsp72 Tg overexpression did not rescue this effect (Figure 3.11 G-L).  

Animals, but could not be recovered with Hsp72 Tg overexpression. There could, 

however, be a potential for a slight effect in male lean mass.   
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Figure 3.11 Body composition analysis in WT, 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72Tg mice over time. (A-

C) Body weight, (D-F) lean mass, (G-I) fat mass (J-L) body fat percentage. (A,D,G,J) total cohort n=24-28 per 

group, (B,E,H,K) male animals only n=10-14 per group, (C,F,I,L) female animals only, n=13-17 per group. WT 

animals had a significantly higher body weight and lean mass compared to 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tg across lifespan. Fat mass and body fat percentage was significantly different at 5 months 

of age between WT and 5xFAD*Tg30 animals, but not until 6months and 9 months respectively for Male 

5xFAD*Tg30*Hsp72Tg animals. One-way repeated measures ANOVA with Holm-Sidak post-hoc analysis 

***p<0.05 #p<0.05 WT vs 5xFADTg30*Hsp72Tg ^p<0.05 5xFAD*Tg30 vs 5xFAD*Tg30*Hsp72Tg. Graph 

indicates ± SEM 
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3.3.7   Glucose Tolerance  

Since Hsp72 overexpression has previously been shown to provide protective benefits 

when glucose challenged (Chung, 2008), an oral gavage glucose tolerance test was next 

performed. The test was performed at 5 months of age, to avoid any effects from 

behavioural testing. Genders combined, 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg mice 

had a significantly lower fasting blood glucose level and this lowered blood glucose 

remained over the period of the test (Figure 3.12). Both male and female 5xFAD*Tg30 

and 5xFAD*Tg30*Hsp72 Tg had a lower initial spike in glucose after the glucose bolus, 

compared to WT (Figure 3.12 B-C). There were no genotype effects between 

5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg. Thus, there were no effects of Hsp72 Tg 

overexpression on the 5xFAD*Tg30 mouse model.  
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Figure 3.12 Whole-body glucose metabolism analysis. Fasting blood glucose levels after an oral gavage glucose 

tolerance test (2gm/kg LBM) at 5months of age. (A) total cohort n=24-26 per group (B) males only n=10-12 per 

group (C) females only n=13-14 per group. Fasting blood glucose was taken after a 6 hour fast and is the ‘0’ time 

value represented in the OGTT. Genotype effects between WT and 5xFAD*Tg30 and WT and 5xFAD*Tg30*Hsp72Tg. 

One-way repeated measures ANOVA with Holm-Sidak post-hoc analysis *p = <0.05 ***p = <0.001, # p= <0.05 

WT vs 5xFAD*Tg30*Hsp72Tg. Graphs indicate mean ± SEM 
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3.3.8 Metabolic caging analysis 

In Chapter 2, metabolic caging analyses indicated that 5xFAD*Tg30 males have higher 

VO2 consumption and energy expenditure when adjusted for both body weight and lean 

mass compared to WT control. Raw VO2 and energy expenditure however, showed a 

significantly reduced rate. To test if Hsp72 Tg overexpression had any effect on these 

measures, animals were placed inside a metabolic cage and aspects of whole-body energy 

metabolism was recorded over 48hrs, with the last 24hrs analysed.  

Gender combined (Figure 3.13A) and male (Figure 3.13B) raw VO2 rates saw no 

genotype effects, but female 5xFAD*Tg30 and 5xFAD*Tg30*Hsp72 Tg displayed a small 

period in the dark cycle where they had a significantly lower oxygen consumption 

(Figure 3.13 C). When adjusted for both body weight and lean mass, VO2 rates were 

again, significantly higher in male 5xFAD*Tg30 animals and there was no effect of Hsp72 

Tg overexpression on this (Figure 3.13 D-I). Female 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72 Tg animals also displayed a higher VO2 when adjusted for body 

weight (Figure 3.13 F).   

In Chapter 2, female 5xFAD*Tg30 animals trended to have a lower energy expenditure 

compared to WT which came out significant in this chapter (Figure 3.13 L). Interestingly, 

unlike in Chapter 2 this did not show significance for male animals (Figure 3.13 K). 

Therefore, when adjustment for body weight and lean mass was analysed, male 

5xFAD*Tg30 animals displayed a higher energy expenditure (Figure 3.13 N, Q). There 

were no genotype effects of Hsp72 Tg overexpression on these measures.  

Interestingly, males displayed a higher RER compared to WT, and females a lower RER 

compared to WT (Figure 3.14 A-C).  
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Animals showed significant increased overall activity via beam breaks in the dark cycle, 

but there were no genotype effects (Figure 3.14 D-F). The Promethion also allows 

analysis of activity such as all meters travelled, as well as voluntary meters travelled via 

an exercise wheel. These two measures additionally saw no genotype effects, which was 

expected as motor phenotype is not seen until 6 months. Female 5xFAD*Tg30*Hsp72 Tg 

however, showed an increase in all meters travelled, compared to WT (Figure 3.14 I).  

Additionally, the Promethion system allows for measurement of food intake, however 

there were no genotype effects present (Figure 3.14 M-O).  
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Figure 3.13 Aspects of whole-body energy metabolism measured in a CLAMs system for WT control, 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tgmice over a 24hour period. Total cohort (A,D,G,J,M,P), Male (B,E,H,K,N,Q), Female (C,F,I,L,O,R) 

(A-C) Raw oxygen consumption (VO₂) unadjusted for any factor during light cycle, dark cycle and over the total 24 hour 

measurement period. Genotype effects between female WT and 5xFAD*Tg30, and WT and 5xFAD*Tg30*Hsp72Tg. (D-F) VO₂ 

data normalised to body weight. Genotype effects between WT and 5xFAD*Tg30, and WT and 5xFAD*Tg30*Hsp72Tg (G-I) 

VO₂ normalised to lean body mass. Genotype effects between WT and 5xFAD*Tg30, and WT and 5xFAD*Tg30*Hsp72Tg (J-

L) Raw energy expenditure (heat) unadjusted for any factor. Genotype effects between female WT and 5xFAD*Tg30, and WT 

and 5xFAD*Tg30*Hsp72Tg (M-O) Energy expenditure data normalised to body weight. Genotype effects between WT and 

5xFAD*Tg30, and WT and 5xFAD*Tg30*Hsp72Tg (P-R) Energy expenditure normalised to lean body mass. Genotype effects 

between male WT and 5xFAD*Tg30, and WT and 5xFAD*Tg30*Hsp72Tg *p<0.05 WT vs 5xFAD*Tg30 #p<0.05 WT vs 

5xFAD*Tg30*Hsp72Tg. One-way ANOVA; n=11-13 per group. Graphs indicate mean ± SEM. Shading refers to dark 12-hr 

cycle 
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Figure 3.14 Aspects of whole-body energy metabolism measured in a Promethion system for WT control, 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72Tg mice over a 24hour period. Total cohort (A,D,G,J,M,), Male (B,E,H,K,N,), Female (C,F,I,L,O,) (A-

C) Respiratory exchange ratio (RER), genotype effects in male and female between WT and 5xFAD*Tg30, and WT and 

5xFAD*Tg30*Hsp72Tg  (D-F) Total movement/activity as measured via beam breaks (x + Y ambulatory plus z breaks). No 

genotype effects. (G-I) Total activity as measured by all meters travelled. Genotype effects during the dark cycle in female 

between WT and 5xFAD*Tg30*Hsp72Tg. (J-L) Voluntary activity as measured by total exercise wheel meters. No genotype 

effects. (M-O) Total food intake *p<0.05 **p<0.01 ***p<0.001 #p<0.05 WT vs 5xFAD*Tg30*Hsp72Tg n=11-13 per group. 

Graphs indicate mean ± SEM. Shading refers to dark 12-hr cycle 
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3.3.9 End point measures 

As 5xFAD*Tg30 animals show a significant decrease in brain weight and tibialis anterior 

weight compared with WT at end point, this was next assessed with Hsp72 Tg 

overexpression. In agreement with Chapter 2, brain weight was significantly decreased 

in 5xFAD*Tg30 animals but did not reach significance with 5xFAD*Tg30*Hsp72 Tg. 

When data was split between genders, this did not reach significance (Figure 3.15 A-C).  

Tibialis anterior weights were significantly decreased in both 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72 Tg animals compared with WT. Thus, Hsp72 Tg overexpression 

did not rescue the decrease in brain weight or tibialis anterior weight as seen in 

5xFAD*Tg30 animals.  

5xFAD*Tg30 animals additionally display a decreased survival, and while 

5xFAD*Tg30*Hsp72 Tg animals trended to have an increased survival, this did not reach 

significance (Figure 3.16). In terms of total numbers of survival vs deaths, there were 6 

deaths out of 28 (21%) in the 5xFAD*Tg30 group and 3 deaths out of 27 (11%) in the 

5xFAD*Tg30*Hsp72 Tg. 
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Figure 3.15 End point brain weight and tibialis anterior weight, at 10months of age. (A,D) total cohort n=12-

16 per group (B, E) males only n=6 per group (C, F) females only n=6-10 per group. Genotype effect in brain 

weight between WT and 5xFAD*Tg30 animals and genotype effect in tibialis anterior weight between WT and 

5xFAD*Tg30 and WT and 5xFAD*Tg30*Hsp72Tg. One-way repeated measures ANOVA *p = <0.05 **p = <0.01 

***p= <0.001. Graphs indicate mean ± SEM 
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Figure 3.16 Decreased survival in5xFAD*Tg30mice Kaplan–Meier survival curves. (A) Decreased survival 

of 5xFAD*Tg30 mice compared to WT n=24-28 per group. (B) No genotype effect between 5xFAD*Tg30 and 

5xFADTg30*Hsp72 animals, males only n=10-15 per group. (C) No genotype effect between 5xFAD*Tg30 

and 5xFAD*Tg30*Hsp72Tg animals, females only n=13-17 per group. The statistical difference was 

evaluated by a Gehan Breslow Wilcoxon test  
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3.4 Conclusions 

Hsp72, a protein implicated in AD, is now a potential target for therapeutic treatment of 

neurodegenerative diseases. Previous research into Hsp72 overexpression found 

protective treatment effects; effectively protecting neurons from intracellular 

accumulation of Aβ through promoting the clearance of Aβ (Hoshino 2011) and 

promoting tau homeostasis (Dou, 2003; Shimura, 2004; Petrucelli, 2004; Jinwal, 2010; 

Miyata, 2011; Wang, 2010).  

This study was aimed at overexpressing Hsp72 genetically, driving elevated levels in the 

brain. Further, we aimed to determine the effects of this overexpression on the 

behavioural and metabolic phenotype of the 5xFAD*Tg30 mouse model of AD. Using 

transgenic overexpression, we confirmed Hsp72 overexpression in the brain via western 

blotting analysis (Figure 3.1).  

 

Behaviourally, Hsp70 mRNA and protein has been found to increase following learning 

(Porto, 2018) and overexpression has been shown to prevent memory decline induced by 

surgery under general anaesthesia in mice (Vizcaychipi, 2011). Results from this chapter 

indicated that Hsp72 Tg overexpression could not ameliorate any memory or learning 

deficits in 5xFAD*Tg30 mice, however, evidence was found to suggest a behavioural 

effect in fear and reasoning. In the elevated plus maze performance, 5xFAD*Tg30*Hsp72 

Tg mice had a significantly lower risk performance compared to 5xFAD*Tg30 (Figure 

3.8).  This could suggest that Hsp72 overexpression improved the ability for 

5xFAD*Tg30 mice to recognise when they are in vulnerable situations and therefore 

remove themselves from danger. It must also be taken into consideration the inference of 

each experiment- primarily, does risk taking behaviour relate to exploratory behaviour? 
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Should we be associating the NOR experiment with risk taking too; rather than testing 

memory, could it also infer the readiness to risk seeking an unknown object.  It is clear 

that the exact relationship between Hsp72 expression and learning/memory has yet to be 

elucidated, as contrasting studies have shown Hsp72 levels are lower in DBA mice that 

had learned a radial maze, unchanged in C57Bl6 mice after learning the maze (Ambrosini, 

2005), but increased (Hsp cognate) in rats learning the Morris water maze (Pizarro, 2003). 

This chapters’ Cheeseboard maze results saw no Hsp72 effect.  

 

Interestingly, brain weight trended to improve with Hsp72 overexpression (specifically 

in the males, p=0.1) which could indicate protection against neuronal loss. Since Hsp72 

has been shown to protect against neuronal apoptosis (Mailhos 1994), this slight 

improvement cannot be ruled out. There were no significant differences in survival rate, 

despite previous correlations with Hsp72 and longer lifespan (Salway, 2011). While 

statistically, there were no differences, considering the raw values, there is an impressive 

trend to suggest that Hsp72 overexpression extended survival- 6 out of 28 5xFAD*Tg30 

animals died prematurely compared to 3 out of 27 5xFAD*Tg30*Hsp72Tg (Figure 3.16, 

p=0.2). 

 

Previous data had demonstrated superior running performance in Hsp72 Tg mice, which 

coincided with an increase in VO2 and mitochondria number (Henstridge et.al 2014). 

Hsp72 overexpression has also been shown to improve rotarod performance in a cerebral 

ischemic model (Xu, 2011). Since Hsp72 Tg mice also overexpress Hsp72 in the skeletal 

muscle alongside the brain (Marshall, 2018), one of this chapter’s assessments was if 

Hsp72 Tg could ameliorate motor deficits as seen in the 5xFAD*Tg30 mouse model. This 
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study did not find any difference in rotarod or hangwire performance with Hsp72 Tg 

overexpression (Figure 3.4). There was, however, slight genotype effects on VO2 

consumption and meters travelled (Figure 3.13 and 3.14 I).   Despite not ameliorating 

gross motor strength, there appeared to be a potential improvement in maintenance of 

lean muscle mass for male 5xFAD*Tg30*Hsp72 Tg mice, who showed a significantly 

higher lean muscle mass towards their end of life compared to 5xFAD*Tg30 mice (Figure 

3.11 E). No other body composition data were affected. The slight preservation of muscle 

mass could be in support of a data shown by Gehrig and colleagues, demonstrating Hsp72 

overexpression decreases muscle breakdown (Gehrig et.al 2012). While promising results 

were demonstrated by Gehrig and colleagues (Gehrig et.al 2012) regarding Hsp72 

overexpression in a model of Duschenne muscular dystrophy (DMD), it is important to 

note the methods of this publication. Gehrig and colleagues used the dmx model of 

(DMD), which portrays a mild phenotype. The 5xFAD*Tg30 model, as previously 

demonstrated displays a much more severe motor phenotype which perhaps was too 

severe to show a similar rescue with Hsp72 overexpression. Additionally, Gehrig’s 

publication used animals at 5 and 12 weeks of age, which are difficult to compare with 

the 5xFAD*Tg30 model, as they were aged to up to 10 months. Further to this, when 

Kennedy and colleagues repeated this experiment in older dmx animals, results could not 

be replicated (Kennedy et.al 2016). 

 

Hsp72 Tg studies have shown mice are protected from HFD-induced obesity and insulin 

resistance, however, intriguingly even on a NC diet, Hsp72 Tg mice showed enhanced 

glucose tolerance (Henstridge et.al 2014). This was unaltered between 5xFAD*Tg30 and 

5xFAD*Tg30*Hsp72 Tg.  
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Chapter 3 aimed to investigate the behavioural and metabolic effects of Hsp72 

overexpression on the AD mouse model, 5xFAD*Tg30. We found Hsp72 overexpression 

improved the cognitive ability to recognise dangerous or vulnerable positions. We 

demonstrated lean mass in males was maintained with Hsp72 Tg overexpression in the 

later stages of life, as well as significantly lowering body mass and lean mass adjusted 

VO2 during small periods of the dark cycle. We also found a significant genotype 

difference in all meters travelled during the dark cycle between WT and 

5xFAD*Tg30*Hsp72 Tg. Interestingly, in males, both brain weight and survival trended 

to improve with Hsp72 Tg overexpression, however, neither reached significance.  

Chapter 4 aims to investigate targeting Hsp72 via the use of a co-activator of Hsp72, the 

compound BGP-15. While Hsp72 transgenic overexpression improved some, but not all, 

phenotypic traits in the 5xFAD*Tg30 mice, pharmacological intervention with an Hsp72 

co-inducer that also targets multiple other pathways related to AD, may be sufficient to 

provide additional benefits. 
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4 The effect of Hsp72 co-inducing compound, 

BGP-15 on the 5xFAD*Tg30 mouse model of AD 

Preface 

The primary aim of Chapter 4 was to determine whether BGP-15 treatment improves the 

phenotypic traits observed in the 5xFAD*Tg30 mice. Secondly, from observations made 

during the studies from Chapter 2 and Chapter 3, we assessed the 5xFAD*Tg30 mice for 

epilepsy-like traits. The prevalence of epilepsy in patients with AD is 10-fold higher than 

the age-matched general population, and up to 64% of AD patients will develop at least 

one unprovoked seizure (Hauser 1986; Risse 1990). While handling and observing the 

5xFAD*Tg30 animals in the previously conducted studies, it was noticed that some mice 

would display tremor-like movements. Potentially, this was a cause of the observed 

sudden and unexpectant death in the model. Consequently, an additional cohort of 

5xFAD*Tg30 mice were generated to assess whether these animals exhibit spontaneous 

seizures and characterise this susceptibility. Despite glaring statistics, there is little known 

about the biological mechanisms associated with AD which might create such a 

vulnerability to epilepsy, nor are there any anti-epileptic treatments which are specific for 

epilepsy in AD. A sub-cohort of animals were also treated with BGP-15, to assess if this 

drug could have any effects on their seizure susceptibility and was conducted as a separate 

study to the rest of the data seen in Chapter 4.   
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4.1 Introduction 

Despite over 400 clinical trials that have been conducted for the treatment of AD (King, 

2018), there has yet to be a drug found both efficacious and/or safe. The neuroprotective 

effects of Hsp72 due to the initiation of Aβ clearance and the anti-aggregation of tau both 

in vitro, as well as the cognitive rescue effects in vivo begin to suggest that inducers of 

Hsp72 may be a potential therapeutic target in the treatment of AD.  

BGP-15, originally utilised as an insulin sensitising drug, increases HSP induction via 

inhibiting the acetylation of heat shock factor 1, prolonging the duration of it binding to 

heat shock elements activating Hsp72 (Gombos et al. 2011). Despite its initial use as an 

Hsp72 co-inducer, it is now well known to be a multi-action drug, inhibiting the HDAC 

and PARP-1 pathways as well as increasing the IGF-1 receptor (Szabados 2000; 

Budzynski 2017; Sapra 2014). A recent review concluded that while multiple groups 

around the world are investigating this molecule, the exact mechanisms of its effects are 

still quite unknown (Peto, 2020). Other mechanisms of effects discovered have been 

blocking JNK, increasing insulin sensitivity and remodelling lipid rafts increasing 

membrane fluidity and therefore cellular stress response potential (Sarszegi et.al 2012; 

Literati-Nagy et.al 2009; Gombos et.al 2011).  

Due to its multi-modal nature, its potential for multiple effects on disease models is 

appreciable. BGP-15 shows several beneficial cardiovascular effects, including 

cardioprotective effects on ischemic heart disease (Szabados, 2000) and repairing 

diastolic dysfunction in diabetic cardiomyopathy (Bombicz, 2019). Additionally, it has 

been found to protect against heart failure and atrial fibrillation, but interestingly, protects 

independently of Hsp72 (Sapra, 2014). Other disease models that have seen protective 

effects with BGP-15 treatment include DMD (Gehrig 2012; Kennedy 2016), liver injury 
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(Nagy 2010), skin injury (Farkas 2002), traumatic brain injury (Eroglu, 2014) and 

gynaecological diseases such as Polycystic Ovarian Syndrome (Takahashi, 2017).  

While BGP-15 has not been used in the space of AD therapy, it is a derivative of a similar 

compound called Arimoclomol, which has been previously shown successful results in 

ALS pre-clinical research (Kieran et.al 2004) as well as shown to be a potential therapy 

clinically (Lanka et.al 2009), thus supporting the principle of Hsp72 co-inducers having 

therapeutic relevance on neurodegenerative diseases more broadly. Additionally, it has a 

promising potential due to its multiple mechanisms of effect that have links to AD, as 

well as prior evidence that BGP-15 treatment has the potential to help promote the 

survival or neurons (Eroglu 2014). As a complex disease, with a multitude of pathways 

affected, it is reasonable to assume that a drug that similarly targets multiple mechanisms 

may be required. Many pathways that have been shown to be altered via BGP-15 are 

implicated in AD progression. Not only is Hsp72 (the interest of this thesis) affected by 

both BGP-15 and AD, so too HDAC, PARP-1, JNK, IGF-1. The potential for BGP-15 to 

play a protective role in AD via the Hsp72 pathway or its various other mechanisms of 

action is of great interest. Hence, this chapter aims to investigate the effects of BGP-15 

on the progression of the AD mouse model, 5xFAD*Tg30.  
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4.2 Materials and methods 

4.2.1 Generation of 5xFAD*Tg30 mice 

All activities involving the use of animals for research were approved by the Alfred 

Medical Research Education Precinct Animal Ethics Committee (AMREP AEC) and 

conducted according to the guidelines of the National Health and Medical Research 

Council of Australia for animal experimentation. 5xFAD and Tg30 animals were crossed 

to produce the double transgenic, 5xFAD*Tg30 as described in Heraud et.al 2014 and as 

in Chapter 2. Mice were genotyped from tail samples performed by Transnetyx (TN, 

USA) using real-time PCR. WT animals were littermate controls (See Supp 4-6 for 

animal flow charts). At 6 months of age, animals were relocated to Florey Institute of 

Neuroscience and Mental Health (Melbourne, Australia) for behavioural tests, with a one-

month familiarisation period before initiation. 
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4.2.2 Use of BGP-15 

BGP-15 was administered via drinking water (100mg/kg/day) in a randomised design. 

The quantity of drug was calculated and drinking water changed on a weekly basis which 

was determined by the average weight of mice and quantity of water consumed per cage. 

Animals were split into cages determined by genotype to account for large differences in 

body mass (and associated water intake) we had observed in our initial pilot study 

between WT and 5xFAD*Tg30 mice to allow for correct administration of compound. 

However, the investigator was blinded at all times to which treatment the mice were on. 
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4.2.3 Behavioural Characterisation 

To keep experimental consistency, the battery of behavioural tests were similar to 

Chapter 2 and Chapter 3, with slight alterations with the added experiments of DigiGait 

and seizure monitoring for a separate cohort. An updated timeline describing the 

procedures is presented below.  

 

 

 

 

 

 

Figure 4.i Behavioural characterisation timeline design. A comprehensive battery of behavioural tests was 

performed at 7, 8, 9 and 10 months of age. At 5 months of age, animals were tested on a DigiGait analysis machine, 

before being transported to the Florey Neuroscience Institute at 6 months, with 1-month acclimatisation period. 
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4.2.4 DigiGait 

To assess the manner of walking and to determine subtle disturbances in gait, the DigiGait 

analysis system was utilised (Mouse Specifics Inc, MA USA).  

For tests, each mouse was placed into a Perspex chamber that is fitted on to a transparent 

treadmill. The treadmill was run at 10cm/sec for a short period of time in order to get 

acceptable video footage of 3-8 seconds. Images were collected at 157 frames per second 

and stored in audio video interleaved format. Acceptable footage meant that all four paws 

remained within frame for the duration and that the mouse did not hit the back bumper. 

Mice that were unable to walk at 10cm/sec without hitting the back bumper were 

excluded, following 3 attempts. Data taken from the Digigait videos are edited using data 

analysis software to ensure that each recorded foot placement is indeed a true placement. 

The data analysis software then takes this corrected step data to produce time and spatial 

parameters for each paw. The software is used to analyse each video and determine a host 

of spatial and temporal gait indices for each limb, including the stance and swing 

components of stride as well as stride length, duration and frequency. 
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4.2.5 Seizure study 

At 6 months of age, a separate cohort of animals were taken to the Monash Neuroscience 

facility within AMREP to measure the difference in kindling rate between 5xFAD*Tg30, 

5xFAD*Tg30 treated with BGP-15 and WT mice by comparing the number of kindling 

stimulations that triggered the first class V seizure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.ii Seizure study timeline design. At 6 months of age, animals underwent electrode implantation surgery 

before 1-week recovery and video monitoring for 1 week. Electrical stimulation via amygdala kindling was 

performed daily for 3 weeks, with another week of monitoring post kindling, before euthanasia. 

1 week 1 week 1 week 
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Surgical Implantation 

Surgical implantation of stimulating and recording electrodes facilitates the stimulation 

of the brain to trigger seizures.  

Animals were given Buprenorphine (0.05mg/kg) and carprofen (5mg/kg) before 

induction of anaesthesia then fur clipped and skin disinfected. A midline incision through 

the skin is made to expose the top of the skull between lambda and bregma (suture lines 

on skull).  The surface of the skull is cleaned using the sharp edge of a scalpel blade and 

then lightly swabbed with sodium peroxide to remove any fat on the surface of the skull. 

1mm holes are drilled through the skull at the locations where the electrodes will be 

implanted. These correspond to regions above the left amygdala and right hippocampus, 

as well as two holes over the cerebellum. Stainless steel electrodes are then gently lowered 

into the brain through the holes to reside in the appropriate locations. Two stainless steel 

screw electrodes are placed into the cerebellum holes to act as reference and ground 

electrodes. Electrodes are connected to an electrical connector socket, and the whole 

exposed area of the skull and wires are then covered in dental cement to ensure the 

structural integrity of the electrodes.   

Kindling 

Kindling is a process whereby repeated electrical stimulation of the brain results in 

increasingly severe seizures.  

Animals were connected to the stimulator and EEG amplifier using cables linking the 

headpiece to a computer. Electrical stimulation of the brain occurs using a 200uA 

stimulus of 1 second duration with a frequency of 60Hz. Initially this triggers a sub 
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convulsive seizure, only detectable from view of the EEG. Animals are then returned to 

their home cages for 24 hours.  During this period, they undergo video-EEG monitoring. 

This process is repeated 5 days a week for 3 weeks (total of 15 stimulations). As the 

number of stimulations increase, animals should start to experience mild convulsive 

(partial) seizures which increase in duration. At the end of the experiment, animals are 

normally experiencing convulsive seizures lasting ~1 minute.  This is referred to as 

‘kindling’ and represents the transition of a normal brain into an epileptic brain.  

This is quantified by two measures: increasing duration of each seizure and the severity 

of each seizure, as scored using the Racine scale (Racine, 1972).  During each rest period, 

animals are continuously monitored for any spontaneous seizures which might occur, or 

other epileptiform abnormalities in the EEG. If an animal experiences 5 consecutive 

convulsive seizures as a result of the stimulation, they have reached the end-stage of 

kindling, and receive no more stimulations.  Alternatively, once the 15 stimulations have 

occurred, the procedure is complete.   

Video-EEG monitoring 

During the whole experimental period animals are video recorded to document any 

spontaneously occurring seizures (as opposed to those triggered by electrical stimulation) 

which are determined by offline review of the recordings.  This procedure is conducted 

for 5 consecutive weeks – one week prior to the onset of kindling, then continues for the 

3-week period of kindling whenever the mice are not being stimulated, followed by 

another week period occurring after the completion of kindling. 
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4.2.6 Metabolic characterisation 

To assess the effects of BGP-15 on the baseline metabolic results of 5xFAD*Tg30 animals 

as seen in Chapter 2, the same battery of metabolic assessments was performed. The 

timeline for the metabolic characterisation was as per Chapter 2.  
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4.2.7 Seahorse Analysis  

To assess mitochondrial metabolism in neurons in response to BGP-15, we utilised the 

Seahorse XF96 Analyser (Agilent, CA USA) which allows real-time measures of 

oxygen consumption and glycolysis. Glycolysis was assessed via analysing 

extracellular acidification rate (ECAR) and mitochondrial oxygen consumption via 

oxygen consumption rate (OCR), on live primary neuronal cells derived from mice at a 

density of 75,000 cells per well.  

Cells were exposed to a series of mitochondrial agents. Oligomycin inhibits ATP synthase 

to decrease OCR and can be used to assess ATP-linked respiration. 2-[2-[4-

(trifluoromethoxy)phenyl]hydrazinylidene]-propanedinitrile (FCCP) is an uncoupling 

agent that disrupts the mitochondrial membrane potential, resulting in the electron flow 

through the electron transport chain (ETC) being uninhibited and being able to achieve 

maximal respiration. This also allows for the calculation of the spare capacity- the OCR 

between basal and maximal OCR. Finally, Rotenone and Antimycin are Complex 1 and 

3 inhibitors, respectively, which shuts down mitochondrial respiration. 

 

Additionally, the extracellular acidification rate (ECAR) was directly measured, with 

different doses of BGP-15. Briefly, the conversion of glucose to pyruvate, then on to 

lactate in the cytoplasm causes an increase of protons in the extracellular medium. This 

results in the acidification of the medium surrounding the cell. 

Glucose induces glycolysis, increasing the ECAR- this induced response is relative to the 

cells’ basal glycolysis rate. Oligomycin inhibits mitochondrial ATP production, shifting 

all energy production into glycolysis, further increasing ECAR. The final injection of 2-



155 
 

deoxy-glucose completely inhibits glycolysis through the competitive binding with 

glucose hexokinase. This acts as a confirmation that ECAR produced is from glycolysis.   

 

OCR Media 

Seahorse base media was prepared with 2mM glutamine, 1mM sodium pyruvate and 

25mM glucose. It was then warmed to 37 ̊C, pH adjusted to 7.4 then sterilised using 

0.22uM filter. 

The XF 96 calibrant plate was prepared with 200 µL of calibrant and placed in a non-

CO2 incubator overnight. 

 

OCR experiment 

Briefly, primary cells were used and measurements of oxygen consumption were made 

continuously and averaged over a period of three minutes. Cells were initially treated 

with BGP-15 at varying doses (5µM, 50µM and 500µM) and incubated at room 

temperature for 1 hr. After incubation, cells were sequentially treated with 1.5 µM 

oligomycin (ATP synthase inhibitor), FCCP (0.75µM) (Carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone; an uncoupling agent), and 0.5 µM 

rotenone/antimycin A (inhibitors of complex I/III of the ETC). 

 

Glycolytic capacity test media 

Seahorse base media was prepared with 2mM glutamine and warmed to 37 ̊C, pH 

adjusted to 7.4 and sterilised using a 0.22µM filter. 
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For Glycolysis 

Briefly, primary cells were used and measurements of extracellular acidification were 

made continuously and averaged over a period of three minutes while cells were 

sequentially treated with 10µM glucose, 1µM oligomycin (ATP synthase inhibitor) and 

50mM 2-deoxy-glucose.  

 

Cells used were primary neuronal cells, received 24 hours after culture and used at 7-14 

days in culture. Cells were prepared as per Ray et.al 2011. Briefly, neurons from 

individual pups were maintained in Neurobasal medium (Gibco) containing 10% fetal 

calf serum, at 37°C in humidified air containing 5% CO2. The culture medium was 

replaced with serum- and glutamic acid-free culture medium after 24 hours. 
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4.2.8 Measuring BGP-15  

The measuring of BGP-15 was conducted by Dr. Phil Wright at the Monash Institute of 

Pharmaceutical Sciences 

 

Bioanalytical Method Summary 

 LC-MS analysis was performed on a Shimadzu 8030 triple quadrupole instrument 

coupled with a Shimadzu Nexera UHPLC. MS analysis was conducted in positive mode 

electrospray ionisation and quantitation of the analytes performed in MRM mode. Table 

A1 details the MS acquisition parameters and LC retention times. Representative 

chromatograms are provided in Figures A1 and A2.  The column employed was a 

Phenomenex Kinetex EVO C18 column (2.6 µm particle size, 50 x 2.1 mm i.d.) equipped 

with a Phenomenex Security Guard column with C18 packing material. The column was 

maintained at 40°C. The mobile phase consisted of 10mM ammonium acetate in water 

(pH adjusted to 9.5) (Mobile Phase A) and 100% acetonitrile (Mobile Phase B). 

Separations were conducted using a flow rate of 0.4 mL/min and an injection volume of 

3 µL.  Samples were controlled in the autosampler at a temperature of 10ºC.  

 

 

Standard and Sample Preparation 
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 Extraction of the BGP-15 from plasma was conducted using protein precipitation with 

acetonitrile (3-fold volume ratio). Plasma standards were freshly prepared on the day of 

analysis with the calibration curve comprising at least 10 different analyte concentrations. 

Solution standards were diluted from the stock solution (5mg/mL in methanol) with 50% 

acetonitrile in water. Plasma standards were prepared by spiking blank mouse plasma 

(provided by the Garvan Institute, 20µL) with solution standards (4µL) before protein 

precipitation by the addition of 100% acetonitrile (containing internal standard; 

diazepam, 0.025µg/mL). Standards were then vortexed and centrifuged (10,000 rpm, 

3mins). The supernatant was subsequently separated, transferred to a HPLC vial and 

injected for LC-MS analysis. Plasma samples were similarly prepared except blank 50% 

acetonitrile in water (4µL) was added instead of the solution standard.  

  

Assay Validation and Quality Control 

 Validation of the bioanalytical assay was conducted to support discovery stage sample 

analysis. The plasma assay was assessed with respect to calibration range, linearity, 

accuracy, precision, extraction efficiency and matrix effect. The accuracy, precision, 

extraction efficiency and matrix effect of the assay were evaluated at nominal 

concentrations of 10, 50, 100 and 500 ng/mL. Quantification was performed using an 

external standard method as the response for the internal standard differed from standards 

to samples. Quality Control (QC) samples were analysed as part of the batch analysis and 

were conducted at nominal concentrations of 50, 100 and 500 ng/mL.   
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4.3 Results  

4.3.1 Measuring BGP-15 in plasma and the brain and protein expression 

We first quantified the plasma and brain concentration of BGP-15 after 8 months of 

treatment. 

 

At 10 months of age, the plasma concentration of BGP-15 was elevated in both WT and 

5xFAD*Tg30 animals administered BGP-15 (Image 4.1A).  

Next, the concentration of BGP-15 in the brain was assessed. At 10 months, significant 

levels of BGP-15 were found in the brain of both WT and 5xFAD*Tg30 animals (Image 

4.B). Similarly, to plasma concentrations, brain concentrations of BGP-15 saw no 

genotype effect, suggesting there were no significant effects of overall brain health on 

concentration levels. While the differences were not significant, BGP-15 concentration 

did trend to be lower in in 5xFAD*Tg30 mice for both plasma and brain perhaps reflecting 

the decreased size of the mice. 
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Figure 4.1A Plasma BGP-15 concentration (ng/g). BGP-15 concentration in the plasma of WT and 5xFAD*Tg30 animals 

on long-term BGP-15 or saline vehicle treatment. Graph represents mean ± SEM. N= 4-6 per group *p>0.05 for drug effect 

2-way ANOVA 

Figure 4.1B Brain BGP-15 concentration (ng/g). BGP-15 concentration in the brains of WT and 5xFAD*Tg30 animals on 

long-term BGP-15 or saline vehicle treatment. Graph represents mean ± SEM. N= 4-6 per group *p>0.05 for drug effect 2-

way ANOVA 
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To assess if long-term administration of BGP-15 co-induces Hsp72 overexpression in the 

brain, 10-month-old animals were culled, and brain regions dissected into hippocampus 

and cerebellum for western blot analysis. Protein expression of Hsp72 did not 

significantly increase with BGP-15 treatment, in either WT-control animals or 

5xFAD*Tg30 treated animals (Figure 4.1C). As BGP-15 is known to be a ‘co-inducer’, 

it is thought that cellular stress (such as the environment from AD pathology) is a 

requirement for BGP-15 to induce Hsp72. So, while we were not necessarily expecting 

an increase in WT mice, we were hypothesizing that the pathology of the brain in the AD 

model would provide sufficient conditions to induce Hsp72 with BGP-15 treatment.    
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Figure 4.1C Hsp72 protein expression. Representative western blots, Hsp72 in the 5xFAD*Tg30 mouse model, after long-

term BGP-15 administration. Brain was harvested at 10 months and dissected into hippocampus and cerebellum. 

Quantification performed using GAPDH as loading control. Graph indicates mean ± SEM. N=4 per group, 2-way ANOVA 
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It is important to note at this point the relevance of this western blot result. The initial aim 

of this chapter, and indeed the thesis, is to investigate the effects of Hsp72 overexpression 

in the brain and its effects on whole body phenotype and behaviour. In this chapter, the 

effects of Hsp72 was to be explored via its co-induction with BGP-15 treatment. 

However, despite the result of BGP-15 not significantly inducing overexpression of 

Hsp72 in the brain, BGP-15 still has an interesting therapeutic potential, due to its other 

mechanisms of actions, as mentioned in Chapter 1. Briefly, this includes the inhibition of 

PARP-1 and HDAC’s and the suppression of inflammatory markers such as JNK and 

TNF-α. 

 

The protein expression of APP was significantly increased in the hippocampus of 

5xFAD*Tg30 mice compared to WT-control (Figure 4.2). BGP-15 treatment did not 

significantly affect APP protein expression, although trended to reduce its expression in 

the hippocampus. Similarly, to Chapter 3, expression of APP was not elevated in the 

cerebellum of 5xFAD*Tg30 animals and BGP-15 had no effect on protein levels. 
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Figure 4.2 APP protein expression levels. Representative western blots, measuring protein expression levels of APP in 

hippocampus and cerebellum of 5xFAD*Tg30 mice treated and untreated with BGP-15. Brain was harvested at 10 months and 

dissected into hippocampus and cerebellum. Significant expression levels in the hippocampus of 5xFAD*Tg30 animals compared 

to WT-control. BGP-15 trended to reduce APP levels but did not reach significance. Expression normalised to total protein. No 

overexpression of APP in the cerebellum of 5xFAD*Tg30 and no effect of BGP-15. Quantification performed using GAPDH or 

total protein as loading control. Graph indicates mean ± SEM. **p<0.01 2-way for genotype effect. ANOVA, n=4 per group 
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Protein expression of human tau was significantly increased in 5xFAD*Tg30 animals, in 

both the hippocampus and cerebellum regions of the brain (Figure 4.3) reproducing our 

findings from Chapter3. There was no effect of BGP-15 on tau protein levels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Human tau protein expression levels. Representative western blots, measuring protein expression levels of 

tau in hippocampus and cerebellum of 5xFAD*Tg30 mice treated with or without BGP-15. Brain was harvested at 10 

months and dissected into hippocampus and cerebellum. Significant expression levels in both the hippocampus and 

cerebellum of 5xFAD*Tg30 animals compared to WT-control. No effect of BGP-15 on expression of tau. Expression 

normalised to total protein or GAPDH. Graph indicates mean ± SEM. **p<0.01 for genotype effect 2-way ANOVA.  n=5 

per group 

 



166 
 

4.3.2 Gross motor strength and control 

As mentioned in Chapter 3, Hsp72 preserves muscle function and slows progression of a 

model that phenocopies Duchenne muscular dystrophy (Gehrig, 2012). This paper 

additionally demonstrated that BGP-15 treatment exhibited the same effects. Hence, gross 

motor strength and control was assessed through rotarod performance and hangwire 

testing on 5xFAD*Tg30 mice. Despite Hsp72 Tg overexpression not displaying any 

phenotype in Chapter 3, BGP-15 has had beneficial effects in skeletal muscle previously, 

so it was assessed if its long-term administration improved rotarod and hangwire 

performances.  

As expected, at 7 months, WT animals had a significantly higher rotarod performance 

compared to 5xFAD*Tg30, which continued to diverge until 10 months. By 10months, 

5xFAD*Tg30 mice have a severely impacted motor impairment. Animals treated with 

BGP-15 did not have an improved rotarod performance and followed performances of 

untreated animals (Figure 4.4 A-C).  

The hangwire test was performed at 8 and 10 months of age and followed a similar pattern 

of motor degeneration over time in 5xFAD*Tg30’s. WT animals were, again, 

significantly unimpaired and the treatment of BGP-15 did not affect either genotypes for 

their performance (Figure 4.4 D-F). 
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Figure 4.4 Measuring gross motor strength and control over time, displayed between 7-10months of age. 5xFAD*Tg30 

animals displayed a significant motor phenotype from 7 months onwards, compared to WT. There was no effect of treatment 

with BGP-15. Average of three trials per month, latency to fall off. (A) Rotarod Total cohort, n=24-27 per group (B) Rotarod 

Male animals only, n=10-15 per group (C) Rotarod Female animals only, n=9-14 per group. (D) Hangwire Total cohort, 

n=24-27 per group (E) Hangwire Male animals only, n=10-15 per group (F) Hangwire Female animals only, n=9-14 per 

group.   Two-way repeated measures ANOVA with Holm-Sidak post-hoc analysis.  ***p<0.001 for genotype effect Graph 

represents Mean ± SEM 
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4.3.3 Memory function 

Along with the co-induction of Hsp72, BGP-15 has other targets including being a known 

inhibitor of HDAC’s (Budzynski, 2017), which are implicated in AD and memory 

function. Therefore, it was next assessed if treatment of BGP-15 could improve memory 

function in 5xFAD*Tg30 animals.  

At 7 months, a deficit in memory function could be seen in 5xFAD*Tg30 animals, who 

spent a significantly reduced amount of time (seconds and % of time) in the novel arm 

compared to WT and their own time in the familiar arm (Figure 4.5). Females had a more 

impaired performance whereas males trended to be impaired but did not reach 

significance. There were no effects of BGP-15 treatment.  

At 9 months, female 5xFAD*Tg30 animals continued to show an impaired memory 

function, compared to WT animals within the novel arm, but males did not reach 

significance (Figure 4.6). However, comparing this to their own durations in the familiar 

arm, it does appear that even the male WT animals are failing to investigate the novel arm 

more often. BGP-15 treatment in females trended to improve time spent in the novel arm 

of the maze compared to untreated 5xFAD*Tg30 females. This may suggest a trend in 

improved memory function, but this did not reach significance nor increase their time 

spent in novel compared to their time in familiar arms.  
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Figure 4.5 Duration of overall time and percentage of time spent in each arm of a Y-maze at 7 months of age. 

Animals had 10 minutes familiarisation, before a 5-minute trial, 2 hours later. (A-C) Total time spent. (D-F) % time 

spent (A) Total cohort, n=23-24 per group (B) Male animals only, n=10-15 per group (C) Female animals only, n=9-

15 per group (D) Total cohort, n=23-24 per group (E) Male animals only, n=10-15 per group, (F) Female animals 

only, n=9-15 per group. WT animals spent significantly (females; trended in males) more time in the Novel arm 

compared to 5xFAD*Tg30 but BGP-15 did not rescue this memory deficit. 2-way ANOVA was performed in the arm 

of interest, the Novel arm***p<0.001 for genotype effect Graph represents Mean ± SEM.  
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Figure 4.6 Duration of overall time and percentage of time spent in each arm of a Y-maze at 9 months of age. 
Animals had 10 minutes familiarisation, before a 5-minute trial, 2 hours later. (A-C) Total time spent. (D-F) % time 

spent (A) Total cohort, n=7-9 per group (B) Male animals only, n=3-5 per group (C) Female animals only, n=2-4 

per group (D) Total cohort, n=7-9 per group (E) Male animals only, n=3-5 per group, (F) Female animals only, 

n=2-4 per group. WT animals spent significantly (females) more time in the Novel arm compared to 5xFAD*Tg30 

but BGP-15 did not rescue this memory deficit. 2-way ANOVA was performed in the arm of interest, the Novel arm 

*p<0.05 for genotype effect Graph represents Mean ± SEM 
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4.3.4 Anxiety-like behaviour 

To assess anxiety-like behaviour with the treatment of BGP-15, the large open field test 

was performed at 7 months and the elevated plus maze, at 9 months.  

At 7 months, a genotype effect could be seen between WT and 5xFAD*Tg30 animals, as 

well as an effect for the area of maze. While all animals showed preference to corners, 

5xFAD*Tg30 animals spent more time in the centre of the maze, compared to WT. The 

duration and percentage of time were higher for 5xFAD*Tg30 than WT which agreed 

with results in Chapter 2 which were not reproduced in Chapter 3. There was no effect 

of BGP-15 (Figure 4.7). It is important to note that in this Chapter, as well as in Chapter 

2, tests were conducted at the Florey Institute and Chapter 3 at the AMREP site, this 

discrepancy could be a consequence of the different location and/or different equipment 

utilised. The large open field arena at the Florey Institute was markedly different to the 

one used at the AMREP site, in terms of size and layout.  

At 9 months, 5xFAD*Tg30 mice displayed similar anxiety-like behaviour, spending the 

most time in the open area of the elevated plus maze. Again, there was no effect of BGP-

15 (Figure 4.8). 
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Figure 4.7 Anxiety-like behaviour assessed via large open field at 7 months. (A-C) Duration of time spent in 

areas of a large open field at 7 months of age. Animals had 10 minutes in the arena lit with bright lights, corners 

and centre of arena tracked (C-D) Percentage of time in areas of an elevated plus maze at 7 months of age. (A,D) 

Total cohort n= 24-27 per group (B,E) Males only, n=10-15 per groups (C,F) Females only, n=9-14. Area of maze 

effect, between corners and centre as well as genotype effect between WT and 5xFAD*Tg30. Interaction with 

genotype and area of maze. Treatment with BGP-15 had no effect. *p<0.05genotype effect **p<0.01 genotype 

effect ***p<0.001 genotype effect ###p<0.001 area effect ^^^p<0.001 interaction genotype x area. 2-way ANOVA 

performed in each area. T-test performed between areas for each group. Graph indicates ± SEM 
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Figure 4.8 Anxiety-like behaviour assessed via an elevated plus maze at 9 months. (A-B) Duration of overall 

time in areas of an elevated plus maze at 9 months of age. (C-D) Percentage of time spent in areas of an elevated 

plus maze. Animals spent 10 minutes in an elevated plus maze, consisting of open arms and closed arms. (A,C) 

Male animals only, n= 5 per group (B,D) Female animals only, n=4 per group. Genotype effect between WT and 

5xFAD*Tg30. Area effect between open and closed areas. Interaction effect between genotype and area of maze. 

***p<0.001 genotype ###p<0.001 area effect ^^^p<0.001 interaction effect. 2-way ANOVA performed in each 

area. T-test performed between areas for each group. Graph indicates ± SEM 
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4.3.5 Novel object recognition 

To assess short term memory and novel object recognition, the test was completed at 7 

months to determine if BGP-15 treatment improved performance. Mice displayed a 

preference to the novel object over the familiar object, after a 10-minute familiarisation 

period and a 5-minute test period. Surprisingly, although WT-CON animals trended to 

show this preference, it did not reach significance (Figure 4.9 A). After separating for 

sex, only 5xFAD*Tg30-CON animals showed significant preference to the novel object 

in females (Figure 4.9 C), whereas male animals displayed a preference to the novel 

object (Figure 4.9 B). There were no effects of BGP-15 treatment on novel object 

recognition.  
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Figure 4.9 Number of bouts of investigative behaviour of each object at 7 months of age. Animals had 10 minutes 

familiarisation with Object 1 and Object 2. Object 1 was then replaced with Novel Object and animals had a 10 

minute test (A) Total cohort, n=16-18 per group (B) Male animals only, n=8-10 per group (C) Female animals only, 

n=6-8 per group. WT animals and 5xFAD*Tg30 animals observed the Novel Object significantly more than the 

Familiar Object. There was no effect of BGP-15. 2-way ANOVA performed in object of interest, the Novel Object. 

T-test performed between each object for each group. *p<0.05 **p<0.01 Graph represents Mean ± SEM 
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4.3.6 Learning, spatial memory and recognition 

Learning, spatial memory and recognition was assessed as per Chapter 2 with the Morris 

Water Maze in a sub-set of the cohort. By the 6th trial day, both male and female WT 

animals halved their latency from day 1 to the hidden platform. Although latencies were 

significantly different between genotypes, and female 5xFAD*Tg30 animals did not show 

a learning curve, male 5xFAD*Tg30 animals also halved their latency (Figure 4.10 A-

B). Genotype effects for time spent in quadrant area on probe trial day (Figure 4.10 C-

D) were observed. In Chapter 2, by 8 months, deficits in learning were also noted, 

however it was more likely that these longer latencies are due to the motor deficit as seen 

by 6 months of age. Hence, swim velocity was additionally recorded and despite latency 

to platform being significantly different, so too was swim velocity, which could suggest 

latency is due to motor ability rather than learning impairment (Figure 4.10 E-F).  There 

were no effects of BGP-15 on learning curve, probe trial or swim velocity. 
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Figure 4.10 Learning curve, latency to platform over 6 days, at 8 months of age. (A-B) learning curve at 8 months, male 

and female respectively (C-D) probe trial at 8months, male and female respectively (E-F) Average swim velocity and 8 

months, male and female, respectively. Animals were given a maximum of 120 seconds to find platform. Probe Trial- time 

spent in platform quadrant. Platform was removed on Day 7 and animals swam for 60 seconds. N=8-15 males per group, 9-

14 females per group. Graph represents Mean of 4 trials per day ± SEM. Two-way repeated measures ANOVA with Holm-

Sidak post-hoc analysis. Genotype effect at 8 months in latency to platform. *p<0.05 **p<0.01 
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4.3.7 Gait Analysis 

Due to the marked differences in rotarod performance and hangwire ability in Chapter 2 

and Chapter 3, further gait abilities were assessed via DigiGait analysis. Analysis of 

swing duration confirmed a weak walk in 5xFAD*Tg30 animals, with all four limbs 

displaying a reduced swinging paw compared to WT (Figure 4.11 A, D. Figure 4.12 A, 

D). Similarly, 5xFAD*Tg30 mice displayed a lower propulsion duration in each limb, 

confirming a weak lifting of paw movement (Figure 4.11 B, E. Figure 4.12 B, E). This 

suggests that the 5xFAD*Tg30 mice have significantly weaker gait movements than WT 

mice, likely due to muscle weakness. The treatment of BGP-15 did not rescue swing 

duration or propulsion duration deficits in any limb, nor enhance the performance in WT 

animals. Additionally, 5xFAD*Tg30 animals displayed a higher frequency of steps per 

second, compared to WT (Figure 4.11 C, F. Figure 4.12 C, F). This is most likely due 

to the significant size difference between the two genotypes, resulting in 5xFAD*Tg30 

mice needing to move their smaller legs faster, in order to keep up with the moving 

DigiGait belt. Similarly, these results were not affected with the treatment of BGP-15. 

It is interesting to note, that at this timepoint, these gait differences are apparent despite 

rotarod deficits not appearing until a month later, at 6 months. At 5 months, 5xFAD*Tg30 

animals do not have a significantly impaired rotarod performance, yet more precise gait 

analysis from the DigiGait system was able to pick up on these underlying impairments. 

As such, on the rotarod at 5 months of age, the mice must be able to compensate for these 

weaknesses but with further deterioration the system is overwhelmed and rotarod 

impairment is detected.   
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Figure 4.11 DigiGait analysis. (A,D) Swing duration, (B, E) propulsion duration and (C, F) stride frequency measured in 

steps per second of the left and right hindlimb of WT and 5xFAD*Tg30 animals with and without BGP-15 treatment. 

Analysis was performed on male animals only, at 5 months of age. Swing and propulsion duration were significantly 

reduced in 5xFAD*Tg30 animals indicating an impaired, weaker gait. Stride frequency was significantly increased in 

5xFAD*Tg30 animals, likely from smaller stature. No treatment differences with BGP-15. N= 12-21 per group ***p<0.001 

2-way ANOVA Graph indicates mean ± SEM 
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Figure 4.12 DigiGait analysis. (A,D) Swing duration, (B, E) propulsion duration and (C, F) stride frequency measured in 

steps per second of the left and right forelimb of WT and 5xFAD*Tg30 animals with and without BGP-15 treatment. 

Analysis was performed on male animals only, at 5 months of age. Swing and propulsion duration were significantly 

reduced in 5xFAD*Tg30 animals indicating an impaired, weaker gait. Stride frequency was significantly increased in 

5xFAD*Tg30 animals, likely from smaller stature. No treatment differences with BGP-15. N= 12-21 per group ***p<0.001 

2-way ANOVA Graph indicates mean ± SEM 
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4.3.8 Body composition  

BGP-15 has previously been shown to ameliorate dystrophic muscle wasting in a model 

of Duchenne muscular dystrophy (Gehrig 2012). Therefore, it was of interest to 

investigate any BGP-15 effect on lean mass given the lower lean mass in the 

5xFAD*Tg30 model.  

As in Chapter 2 and Chapter 3, vast genotype differences were observed in body mass, 

lean mass, fat mass and body fat percentages. As mice were transported to a different 

location at 6 months of age that did not have body composition equipment, lean mass, fat 

mass and body fat percentage was only recorded up to 6 months.  

Body weight and lean mass continue to increase as WT animals aged, but this did not 

occur in 5xFAD*Tg30 animals, who already have a significantly smaller weight and lean 

mass at just 2 months of age. BGP-15 treatment did not rescue this deficit (Figure 4.13 

A-F).  

Fat mass and body fat percentage showed the same trends as in Chapter 2 and Chapter 3, 

not showing significant divergence until around 5 months of age. Again, BGP-15 

treatment did not rescue this deficit (Figure 4.13 G-L). 
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Figure 4.13 Body composition analysis in WT-CON, WT-BGP15, 5xFAD*Tg30-CON and 5xFAD*Tg30-BGP15 

mice over time. (A-C) Body weight, (D-F) lean mass, (G-I) fat mass (J-L) body fat percentage. (A,D,G,J) total 

cohort n=24-30 per group, (B,E,H,K) male animals only n=10-16 per group, (C,F,I,L) female animals only, n=9-

14 per group. WT animals had a significantly higher body weight and lean mass compared to 5xFAD*Tg30 from 2 

months onwards and a higher fat mass and body fat percentage from 5 months onwards. **p<0.01 ***p<0.001. 

Two-way repeated measures ANOVA with Holm-Sidak post-hoc analysis. Graph indicates ± SEM 
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4.3.9 Glucose tolerance 

BGP-15 has previously been shown to improve insulin sensitivity (Literati-Nagi 2009) 

and is currently in clinical trials for the treatment of T2D. At 5 months of age, an oral 

gavage glucose tolerance test was performed to see the effects of BGP-15 on the 

5xFAD*Tg30 model of AD.  

Similar to results in Chapter 2 and Chapter 3, 5xFAD*Tg30 animals showed a lower 

oGTT curve compared to WT, in both males and females, however there was a larger 

discrepancy in the females (Figure 4.14). Analysing the female curve, there was an 

additional BGP-15 treatment effect, which elevated the oGTT curve of both WT and 

5xFAD*Tg30 female mice. 
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Figure 4.14 Whole-body glucose metabolism analysis at 5 months of age. Fasting blood glucose levels after an oral 

gavage glucose tolerance test (2gm/kg LBM) at 5months of age. (A) total cohort n=24-28 per group (B) males only 

n=10-15 per group (C) females only n=9-14 per group. Fasting blood glucose was taken after a 6 hour fast and is 

the ‘0’ time value represented in the OGTT. Genotype effects between WT and 5xFAD*Tg30. *p = <0.05 **p = <0.01, 

# p= <0.05 drug effect in females. Two-way ANOVA. Graphs indicate mean ± SEM 
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4.3.10 Metabolic caging analysis  

As in Chapter 2 and Chapter 3, metabolic caging was used to determine if BGP-15 altered 

metabolic measures such as VO2 consumption, energy expenditure, respiratory exchange 

ratio (RER) and total movement. Results were analysed over the 24-hr period and showed 

5xFAD*Tg30 animals had a significantly lower raw oxygen consumption, particularly 

during the dark cycle (active part) of their day. When adjusted for body mass, these 

differences were not apparent, however when adjusted for lean mass the opposite effect 

occurred, where a higher VO2 rate was observed. This higher VO2 result complemented 

what was seen in Chapter 2 and Chapter 3 (Figure 4.15i G-I). There was no effect of 

BGP-15 on any VO2 measurements.  

In Chapter 2 and Chapter 3, 5xFAD*Tg30 animals showed a lower energy expenditure 

which was reproduced in this chapter (Figure 4.15ii J-L). This predominately came from 

male 5xFAD*Tg30 animals, as female animals did not show any differences compared to 

WT. There was no effect of BGP-15 on energy expenditure.  

There was a vast difference in RER (utilisation of carbohydrates to fat ratio) between 

5xFAD*Tg30 and WT animals (Figure 4.15ii M-O). In Chapter 2, 5xFAD*Tg30 animals 

trended to have a higher RER however this did not reach significance and in Chapter 3, 

there were no apparent differences. Results in this chapter suggest that 5xFAD*Tg30 

animals indeed have a vastly higher RER compared to WT animals across a large period 

of the 24hr cycle. This indicates carbohydrates are predominately being used over lipid 

metabolism, compared to WT. There were no effects of BGP-15 on RER. 

Overall activity was additionally assessed via the number of beam breaks, and 

5xFAD*Tg30 animals had a significantly decreased activity level, which was largely 

accounted for the vast difference in female animals (Figure 4.15ii P-R). Male 
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5xFAD*Tg30 animals had similar activity level to WT animals at this time point (5 

months). There was no effect of BGP-15 on activity levels.  

Thus, it was confirmed that 5xFAD*Tg30 animals have a lower lean mass adjusted VO2 

consumption, lower energy expenditure and higher RER. There were no effects of BGP-

15 on any of these metabolic measures.   

 

As a caveat to these results, it is important to recognise the difficulty in comparing mice 

of difference sizes for these measures. As the size difference between genotypes is so 

vast, it can be difficult to normalise the data appropriately- there is both an overall size 

difference as well as a body composition difference. Normalising may not consider 

different organ sizes, which were demonstrated in Chapter 2, such as brain and liver, 

which are highly metabolic organs. One way around this could be to measure the 

metabolic activity of every single organ, which would be extremely difficult. Another 

could be to take WT animals at a younger age and compare them to 5xFAD*Tg30 animals 

at an older age, with a similar body composition.  
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Figure 4.15i Aspects of whole-body energy metabolism measured in a CLAMs system for WT control, 

5xFAD*Tg30 BGP-15 treated and untreated animals over a 24hr period. Total cohort (A, D, G, J, M, P) n=22-30 

per group, Male (B, E, H, K, N, Q) n=10-19 per group, Female (C, F, I, L, O, R ) n=9-15 per group. (A-C) Raw 

oxygen consumption (VO2) unadjusted for any factor. Genotype effects between 5xFAD*Tg30 and WT animals. (D-

F) VO2 data normalised to body weight. No genotype effects. (G-I) VO2 normalised to lean body mass. Genotype 

effects between WT and 5xFAD*Tg30 *p<0.05 **p<0.01 t-test. Graphs indicate mean ± SEM. Shading indicates 

dark 12hr cycle. 
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Figure 4.15ii Aspects of whole-body energy metabolism measured in a CLAMs system for WT control, 

5xFAD*Tg30 BGP-15 treated and untreated animals over a 24hr period. Total cohort (A, D, G, J, M, P) n=22-30 

per group, Male (B, E, H, K, N, Q) n=10-19 per group, Female (C, F, I, L, O, R ) n=9-15 per group. (J-L) Raw energy 

expenditure (heat). Genotype effects in total cohort and in males between WT and 5xFAD*Tg30 (M-O) Respiratory 

exchange ratio (RER), genotype effects in total cohort and males between WT and 5xFAD*Tg30, (P-R) Total 

movement/activity as measured via beam breaks (x + Y ambulatory plus z breaks).Genotype effects in total cohort 

and female animals between WT and 5xFAD*Tg30. *p<0.05 **p<0.01 t-test. Graphs indicate mean ± SEM. Shading 

indicates dark 12hr cycle. 
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4.3.11 End point measures  

As in Chapter 2 and Chapter 3, tibialis anterior weight was significantly reduced in 

5xFAD*Tg30 mice, at almost half the weight of WT control littermates. Despite BGP-15 

previously rescuing muscle atrophy in a model of Duchenne muscular dystrophy, there 

was no effect on muscle atrophy in 5xFAD*Tg30 animals (Figure 4.16).  

A Kaplan-Meir survival curve was analysed after 10 months, which was determined as 

end point. After 10 months, 5xFAD*Tg30-CON animals had a significantly reduced 

survival compared to WT, as in Chapter 2 and Chapter 3, with a survival of 

approximately 60%. 5xFAD*Tg30 animals treated with BGP-15 appeared to have an 

increased survival rate, improving to a survival rate above 85% (Figure 4.17 A). Sexes 

were then split, to account for any sex differences and it was determined that female 

5xFAD*Tg30 mice did not show an improved survival and BGP-15 treatment had no 

effects (Figure 4.17 B). It was determined that differences in survival rates in the whole 

cohort were attributed to male 5xFAD*Tg30 mice, so an additional lifespan study was 

performed to increase experimental numbers. Male 5xFAD*Tg30-CON mice saw a 72% 

survival rate, which was improved by BGP-15 treatment to 88% (Figure 4.17 C). In total 

numbers of survival vs death, there were 11 deaths out of 40 (27.5%) in the 5xFAD*Tg30-

CON group, vs 4 deaths out of 34 (12%) in the 5xFAD*Tg30-BGP15 group. Specifically, 

in males, there were 10 deaths out of 26 (38%) in the 5xFAD*Tg30-CON group, vs 3 

deaths out of 21 (14%).  Despite this, this result did not prove to be statistically significant, 

but does suggest potential benefits for increased survival with BGP-15 treatment.  

Thus, BGP-15 did not rescue muscular atrophy in tibialis anterior but trended to improve 

lifespan in male 5xFAD*Tg30 mice.   
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Figure 4.16 End-point Tibialis anterior weight of BGP-15 treated and untreated animals. (A) Total cohort n=9-12 

per group (B) Male only n=4 per group (C) Female only n=7-8 per group. Genotype differences in weight between 

WT and 5xFAD*Tg30 animals. No effect of BGP-15 ***p<0.001 2-way ANOVA. Graphs indicate mean ± SEM.  
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Figure 4.17 Kaplan-Meir survival curves (A) 5xFAD*Tg30 animals show a significant decreased survival. BGP-15 

increased their survival from 72% to 88%. Total cohort n=24-40 per group (B) BGP-15 treatment in female 

5xFAD*Tg30 mice does not alter survival n=13-14 per group (C) BGP-15 treatment in male 5xFAD*Tg30 mice trends 

to improve survival n=21-26 per group. Graph represents mean ±SEM **p<0.01 evaluated by a Gehan Breslow 

Wilcoxon test 
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4.3.12 Seizure study 

Preface 

This seizure study was conducted in conjunction with Prof. Nigel Jones and Ms. Anna 

Harutyunyan at Monash Neuroscience.  

 

As there was a trend in longevity with animals treated with BGP-15, an additional cohort 

of male mice were used in a seizure study to measure the difference in kindling rate 

between 5xFAD*Tg30, 5xFAD*Tg30 treated with BGP-15 and WT mice. By comparing 

the number of kindling stimulations that triggered the first-class V seizure, this would 

give an indication if male 5xFAD*Tg30 mice were more susceptible to seizures/fatal 

seizures and if BGP-15 was rescuing this susceptibility and therefore improving their 

survival through this mechanism.  

A class V seizure is considered when the animal is fully kindled and are compared with 

the secondary generalised seizure found in human epilepsies. The behavioural 

manifestation from this type of seizure includes both rearing and falling. The number of 

stimulations required for 5xFAD*Tg30 mice to reach a class V seizure was significantly 

less than the required number for WT animals. While WT animals required around 10 

stimulations, 5xFAD*Tg30 animals required less than 5. There was no effect of BGP-15 

treatment (Figure 4.18 A). When graphed over time, it is clear that WT animals require 

a linear progression to reach class V seizures, whereas 5xFAD*Tg30 animals reach this 

class rapidly, and continue to seize as so, for the remainder of the kindling process 

(Figure 4.19 A). 

The average seizure duration was also recorded throughout the kindling process, and 

indeed, 5xFAD*Tg30 mice experienced longer seizures than their WT control. 
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5xFAD*Tg30 animals that were treated with BGP-15 showed no differences in seizure 

duration to those untreated (Figure 4.18 B). Interestingly, when analysed over time, it 

appears that although the genotypes display different seizure durations, the rate of change 

over time is similar, with WT animals slowly increasing the seizure duration after each 

successive stimulation. Similarly, 5xFAD*Tg30 animals slowly see an increase in seizure 

duration, until around stimulation 8, where we then see a spike until it levels out after 

stimulation 11 (Figure 4.19 B). 

Additionally, throughout the kindling process, the average class of seizures were 

recorded. As expected, 5xFAD*Tg30 mice, both untreated and treated, had an average 

class seizure of V and there were no treatment effects. WT animals displayed on average 

a seizure class of III (Figure 4.18 C).  

Thus, 5xFAD*Tg30 male animals have a significantly reduced kindling rate compared to 

WT animals. After characterising differences in seizure duration, 5xFAD*Tg30 animals 

display significantly longer seizures and an increased seizure severity. There were no 

effects on any measures with BGP-15 treatment.  
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Figure 4.18 (A) Number of kindling stimulations delivered to trigger the first, class V seizure in each animal. 

Kruskal-Wallis test **p<0.01 (B) Average seizure duration. Two-way ANOVA and Tukey HSD *p<0.05 (C) Average 

seizure class. Two-way ANOVA and Tukey HSD **p<0.01 n= 4-7 per group 
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Figure 4.19 (A) Seizure class progression. Significant genotype differences in overall seizure class (B) Seizure 

duration. Significant genotype differences in over seizure duration *p<0.05 n= 4-7 per group. One-way ANOVA with 

Tukey’s post hoc analysis performed. Graph represents mean ± SEM 
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4.3.13 Seahorse Analysis 

To assess if BGP-15 alters key parameters of mitochondrial function in neurons, OCR 

was directly measured, with a range of doses of BGP-15. Included below is a diagram 

from Agilent Seahorse XF, displaying the key parameters of mitochondrial function that 

the assay measures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.20 Mito stress test profile. Key parameters of mitochondrial function, including basal respiration, ATP-

linked respiration and maximal respiration. Source: Agilent, CA USA 
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Basal respiration and respiration post BGP-15 treatment showed no OCR differences 

between BGP-15 treatments and control. The injection of Oligomycin reduced OCR in 

each condition, (ATP linked respiration), however there was no significant difference 

between treatment groups. Similarly, uncoupled respiration showed no differences 

between treatments. BGP-15 treatment trended to increase the maximal respiration, 

compared to control, with the lowest dose producing the highest OCR, but this did not 

reach significance. Consequently, the spare respiratory capacity trended to increase with 

BGP-15 treatment, with 5uM yielding the greatest results.  

 

 

 

 

 

 

 

 

Figure 4.21 Oxidative capacity rate (pmol/min) of neuronal cells treated with BGP-15. Basal respiration, 

ATP-linked respiration and uncoupled respiration saw no effects with BGP-15 on OCR. BGP-15 trended to 

increase maximal respiration and spare respiratory capacity. Graph represents average of 3 individual 

experiments, conducted in triplicates mean ±SEM.  
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Next, to assess if BGP-15 had effects on glycolytic function, ECAR was directly 

measured, with a range of doses of BGP-15. Included below is a diagram from Agilent 

Seahorse XF, displaying the key parameters of mitochondrial function that the assay 

measures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22 Glycolysis stress test profile. Key parameters of glycolytic function, including basal glycolytic rate 

and maximal glycolytic capacity. Source: Agilent, CA USA 
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Glucose-induced basal glycolysis had no effect with 5uM BGP-15 treatment compared to 

control. However, higher doses of BGP-15 treatment trended to decrease ECAR and basal 

glycolysis. This did not reach statistical significance (Figure 4.23 A). Glycolytic capacity 

trended to increase slightly with 5uM BGP-15 treatment but showed no difference with 

higher doses of BGP-15uM. There was no statistical significance (Figure 4.23 C). 

Despite maximal glycolytic capacity showing no differences between treatment groups, 

as there were slight differences in basal glycolysis, this resulted in trended differences in 

glycolytic reserve. BGP-15 treatment trended to increase the reserve, compared to control 

(Figure 4.23 B), however this result is most likely from the reduced basal rate. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 Glycolysis stress test. (A) Glucose induced glycolysis post drug treatment. BGP-15 trended to 

decrease basal glycolysis at higher doses (50uM and 500uM). (B) BGP-15/DMSO induced glycolytic reserve. 

Glycolytic reserve trended to increase with BGP-15 treatment, however, could be put down to decreased 

glycolysis. (C) BGP-15/DMSO induced glycolytic capacity- maximal glycolytic capacity did not increase. 

Changes were not statistically significant, 2-way ANOVA performed. Graph represents average of 3 individual 

experiments, conducted in triplicates, mean ±SEM. 
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Despite BGP-15 treatment, at multiple doses not improving neuronal mitochondrial 

oxidative capacity and glycolytic capacity, this group of experiments suggests, at the 

least, that BGP-15 treatment is non-toxic to neuronal cells. 
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4.4 Discussion 

BGP-15, a small hydroxylamine derivative, is a potential target for therapeutic treatment 

of neurodegenerative diseases. Previous research into models of injury, stress, and disease 

have demonstrated its involvement with several intracellular pathways (Szabados, 2000; 

Halmosi, 2001; Racz, 2002; Chung, 2008; Bárdos, 2003; Nagy, 2010; Sarszegi, 2012; 

Gehrig, 2012; Sapra, 2014; Henstridge, 2014; Wu, 2015; Salah, 2016; Kennedy, 2016; 

Sumegi, 2017), including the Hsp72, HDAC, PARP1 and IGF-1 pathways. Despite not 

having been studied extensively in the space of AD or neurodegeneration, BGP-15 has 

the promising potential due to its multiple mechanisms of effect that have links to AD.   

 

This study was devised to increase Hsp72 via pharmacological intervention with BGP-15 

treatment. Further, we aimed to determine the effects of this elevation on the behavioural 

and metabolic phenotype of the 5xFAD*Tg30 mouse model of AD. As BGP-15 has been 

shown to activate several pathways, this study did not rule out other mechanisms of action 

other than Hsp72. Hence, results did not cause perturbation when Hsp72 protein 

expression was found to have not significantly overexpressed in the brain via western blot 

analysis.   

Previous studies demonstrated protective effects on dystrophic muscle wasting in a model 

of Duschenne muscular dystrophy with BGP-15 treatment (Gehrig 2012), so it was 

assessed if BGP-15 treatment could ameliorate motor deficits as seen in the 5xFAD*Tg30 

mouse model. Frailty has been associated with several clinical outcomes including 

dementia and a more rapid cognitive decline (Avila-Funes et.al 2009; Montero- Odasso 

et.al 2016) which, additionally, was a part of the rationale behind assessing the effects of 

BGP-15 on this model. This study did not find any difference in rotarod or hangwire 
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performance with BGP-15 treatment. Similarly, BGP-15 did not alter any body 

composition. Despite promising results from the Gehrig paper, we did not see similar 

positive effects with the 5xFAD*Tg30 model which could be due to several reasons.  The 

animals used in Chapter 4 were aged to 2 months before treatment commenced, and were 

aged to 10 months, whereas animals used in the DMD study were administered BGP-15 

at a young age (3-4 weeks). The age difference between the two models are considerable, 

as was the severity of the muscle phenotype. The mdx model of muscular dystrophy is 

known to cause a mild phenotype, with minimal clinical symptoms and a life span 

reduction of only 25% (Chamberlain et al., 2007; Li et al., 2009). 

 

The initial use of BGP-15 came when primary studies showed its ability to increase 

insulin sensitivity (Literati-Nagy 2009). Since then, it has also been shown to markedly 

decreased olanzapine-induced insulin resistance (Literati-Nagy 2010) and ameliorate 

cholesterol-fed induced insulin resistance (Literati-Nagy 2014). 5xFAD*Tg30 females 

treated with BGP-15 had a significantly elevated oGTT curve compared to those of WT 

females. Similar to results in Chapter 2 and Chapter 3, 5xFAD*Tg30 untreated animals 

showed a lower oGTT curve compared to WT, in both males and females, which BGP-

15 was able to elevate in females. Interestingly, BGP-15 elevated this in WT females also. 

As these BGP-15 effects were only seen in female animals, this suggests potential sex 

differences in drug efficacy. In 2008 when Chung and colleagues showed BGP-15 

improved glucose tolerance (Chung et.al 2008), these experiments were only conducted 

in male mice. These unexpected results in Chapter 4 strongly indicate the importance of 

considering both male and female animals in the experimental design for metabolic 

testing, as sex differences can occur. This concept is further supported by a recent review, 
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highlighting the possibility that metabolic responses can be altered in a sex‐dependent 

manner (Henstridge et.al 2019). It is not clear why these sex differences have occurred in 

response to BGP-15, as there are no drug effects on body composition, however, it does 

suggest sex-specific research and/or treatments should be considered in the future.   

 

The activity of several mitochondrial specific enzymes is also reduced in AD and has 

therefore encouraged the hypothesis that AD is a disease of perturbed brain energy 

metabolism (Blass et al., 2002, Gibson et al., 1998, Sorbi et al., 1983). While it was 

confirmed that 5xFAD*Tg30 animals have a lower lean mass adjusted VO2 consumption, 

lower energy expenditure and higher RER, there were no effects of BGP-15 on any 

metabolic measures as seen by the CLAMS metabolic caging.    

On a cellular level, mitochondrial oxidative capacity and glycolytic capacity were 

assessed via Agilent Seahorse XF. There were no effects of BGP-15 treatment on any key 

mitochondrial functions except for a trend in the increased max respiratory rate for the 

lowest BGP-15 dose, 5uM. Similarly, there were no effects of BGP-15 during the 

glycolytic stress test, except for a trend in reduced basal glycolytic basal rate for the 

highest BGP-15 treatment doses (50uM and 500uM). Despite no significant alterations to 

mitochondrial function or glycolytic capacity in neurons, these results nevertheless show 

BGP-15 treatment, at varying doses, is not toxic to neuronal cells.   

 

Behaviourally, minimal research has been conducted in the space of BGP-15 treatment 

and cognitive decline. Research into the protective effects of BGP-15 have shown it has 

potential in TBI treatment to help promote the survival of neurons (Eroglu 2014), 

however this does not necessarily translate to working memory function. Results from 
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this chapter indicated that BGP-15 treatment could not ameliorate any cognitive deficits 

in 5xFAD*Tg30 including memory, anxiety-like behaviour, novel object recognition or 

spatial memory.  

 

Interestingly, despite the improved brain weight trend with Hsp72 overexpression in 

Chapter 3, there was no effect of BGP-15 on any end-point measures. There was however, 

an extremely strong trend for an improved lifespan with BGP-15 treatment. While this 

did not reach statistical significance, a 30% mortality rate by 10 months of age was 

improved to a 12% mortality rate in 5xFAD*Tg30 animals treated with BGP-15 

suggesting a genuine improvement.  

It is critical to note the limitation of a lifespan survival study when utilizing animals with 

a severe phenotype.  Due to welfare reasons it was not appropriate to continue to age the 

mice out longer than 10 months. Essentially, the consequence of this was fewer vehicle 

treated 5xFAD*Tg30 animals dying as they naturally would, had they been left to age out 

further. This may have limited the true potential of BGP-15 improving survival rates. 

Additionally, from 7 months of age, zero BGP-15 treated 5xFAD*Tg30 mice experienced 

sudden death (Figure 4.17C) which could suggest BGP-15 was having more of an effect 

as age increased- precisely when the majority of 5xFAD*Tg30-CON mice began to die. 

This further suggests if the lifespan study could have been prolonged, there may have 

been a true effect of BGP-15 on survival.  

 

Due to the trend in improved lifespan, which was also suggested in the Gehrig paper 

(Gehrig 2012), the elucidation of this protection was of interest. During the 

characterisation study in Chapter 2, it was noticed that several 5xFAD*Tg30 animals 
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were displaying tremor-like behaviour. As such, it was then hypothesised that 

spontaneous seizures could be responsible for the premature deaths of 5xFAD*Tg30 

animals, and BGP-15 protected against this in males. After completing the kindling 

experiments, it was confirmed that 5xFAD*Tg30 males had a significantly lower 

threshold to reach a class V seizure, shown by a significantly reduced kindling rate 

compared to WT animals. Additionally, 5xFAD*Tg30 animals display significantly 

longer seizures and an increased seizure severity. Despite this, there were no effects on 

any measures with BGP-15 treatment. This suggests that seizure protection was not the 

mechanism of life span extension as seen in BGP-15 treatment and opens other avenues 

for experimentation.  

In terms of AD-like pathology and previous seizure susceptibility research, it is difficult 

to accurately portray a model of epilepsy in AD for several reasons. There are many 

different types of epilepsy as well as ways to model it. The two standard ways include 

those that examine acute seizure susceptibility and those that examine chronic epilepsy 

or epileptogenic change.  For this study, the second approach was used- looking at a 

genetic model. For the epilepsy readout, it was assessed how quickly the animal 

transitions from a (presumably) non-epileptic brain into a highly seizure-prone brain 

using the amygdala kindling model. The advantage of this model is that epileptogenesis 

progresses in a readily quantifiable manner, to assess which animal (either treated with 

BGP-15 or saline) are more susceptible to this process. Generally, via the criteria used in 

epilepsy research, models that are considered acceptable as seizure models are those that 

exhibit spontaneous seizures (Scharfman 2012). There are two such models with AD 

pathology that display spontaneous seizures; the hAPP and APde9 model (Palop et.al 

2007; Minkeviciene et.al 2009). As with most AD research, these models display APP 
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overexpression and Aβ pathology, without displaying tau pathology or NFT’s. 

Interestingly though, a post-mortem study in 2011 used a staging criterion in chronic 

epilepsy in relation to traumatic brain injury and hippocampal sclerosis, based on NFT’s, 

suggesting an important link between NFT pathology and seizures (Thom et.al 2011). 

Therefore, it could be suggested, in order to sufficiently make comparisons between AD 

and epilepsy to identify novel opportunities for mechanistic insight and therapeutic 

strategies, a more advanced model is required.  

On the contrary, the 5xFAD*Tg30 model, while more advanced in its pathology, did not 

exhibit spontaneous seizures. Kindling does, however, appear to be a beneficial and well-

accepted way to model epilepsy (Scharfman 2012), which was the methods utilized in 

Chapter 4.  

 

Chapter 4 aimed to investigate the effects of BGP-15 treatment and its resultant Hsp72 

induction on the AD mouse model, 5xFAD*Tg30. It was shown that BGP-15 can be 

detected in the brains of animals administered the drug long-term, however this did not 

result in significant elevations in Hsp72.  

A strong trend for increased lifespan specifically in males was observed, as well as an 

elevation in the glucose tolerance curve in female animals.  
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5. Discussion 

With the rising incidence of dementia and AD in society, the need for identifying potential 

targets for therapeutic benefits in the disease is increasingly necessary. It is also 

imperative that  pre-clinical models accurately mimic human pathology associated with 

AD, in order to study the pathological hallmarks, underlying cellular processes and 

provide a realistic model for pharmacological trials.  

Since their discovery almost 60 years ago, HSP’s have been implicated in numerous 

physiological processes and disease states including in cardiovascular disease, diabetes 

and obesity research, neuroscience, mitochondrial function, cell survival and 

inflammation to name a few. HSP’s, in particular for this thesis Hsp72, play a pivotal role 

in cellular homeostasis, and we are only just beginning to appreciate the importance of its 

role in repairing and/or removing damaged or aggregated proteins in the space of AD. 

This thesis aimed to address the effects of increasing Hsp72 on a dual pathological mouse 

model of AD, via transgenic overexpression as well as pharmacological overexpression. 

Together, these experiments have furthered our understanding on the therapeutic potential 

of Hsp72, long term BGP-15 treatment, and the use of the 5xFAD*Tg30 mouse model of 

AD. Specifically, we found: 

1. Reproducibility from the Heraud et al. study in that the 5xFAD*Tg30 model, is 

characterised by early death, rotarod impairment and APP/tau protein expression. 

2. The 5xFAD*Tg30 model contains a severe motor phenotype as evidenced by 

altered gait (DigiGait analysis), hangwire test (muscular endurance) and 

swimming velocity (muscular power). 

3. While complicated by the motor phenotype, the 5xFAD*Tg30 model has signs of 

initiation of cognitive deficits particularly in regard to fear/anxiety testing. 
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4. The 5xFAD*Tg30 mice are smaller in stature. They have lower body weight, fat 

mass, lean mass, and smaller organs such as skeletal muscle, brain, liver and tibia 

length. The decreased muscle size if a likely mechanism for the impairments in 

rotarod, hangwire and swim velocity tests.  

5. The 5xFAD*Tg30 model has an increased seizure susceptibility and severity.  

6. The 5xFAD*Tg30 model displays a distinct plasma lipidomic signature, 

characterised by alterations in lipids such as total free fatty acids, total 

phosphatidic acid, total phosphatidylcholines, total sphingomyelin, total 

sphyingolipids, total diacylglycerol and total triacylglycerol.  

7. Hsp72 Tg overexpression reduced fear/anxiety as evidenced by the elevated plus 

maze data and while not statistically significant, half the number of 

5xFAD*Tg30*Hsp72 Tg mice had died before endpoint as compared to the 

number of 5xFAD*Tg30 mice. Male 5xFAD*Tg30*Hsp72 Tg mice maintained 

their lean mass with aging compared to 5xFAD*Tg30 mice.  

8. BGP-15 treatment did not activate Hsp72 in the brain. 5xFAD*Tg30 mice were 

more likely to survive to endpoint on BGP-15 with 1 mouse every 3.3 mice dying 

if untreated and 1 mouse every 8.5 mice dying if treated with BGP-15.   

These findings indicate that Hsp72 overexpression is not adequate to fully protect against 

the resultant phenotype of a model with severe AD pathology. BGP-15 showed it has the 

potential to increase survival in our model, but this finding was independent of Hsp72 

brain overexpression. Additionally, this thesis provides extensive new insights into the 

relatively unknown 5xFAD*Tg30 mouse model. In this chapter, we discuss the 

implications of these findings, with recommendations for future directions. 
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5.1 The 5xFAD*Tg30 Model 

The use of transgenic mouse models in the space of AD has been an interesting journey. 

Since the 1990’s the leading hypothesis for the development of the disease has been 

involving Aβ deposits aggregating in the brain and brainstem. Consequently, therapeutics 

have been attempting to target the removal or impeding the development/aggregation of 

these plaques; however, until 1995, no animal models were available to test such 

therapeutics. In 1995, a transgenic mouse carrying a single gene mutation associated with 

the less common, inherited form of AD was successfully developed (Games et.al 1995). 

Since then, several models of AD have been developed using genetic mutations from 

familial AD, but with stark limitations. While transgenic models can provide great 

insights to the disease, they do not reflect the entire biology of the human condition. 

According to the amyloid cascade hypothesis, the hyperphosphorylation of tau and its 

aggregation occurs post Aβ cleavage, yet transgenic animals expressing mutated APP 

and/or PS1 gene(s) do not develop NFT’s like in human AD (Boutajangout et al., 2004). 

To combat this, dual pathological transgenic models began to be developed, modelling 

both amyloid and tau pathology, including the Tg2576/JNPL3 cross, hAPP 

(Swe)/wildtype human Tau and the 3xTg-AD mouse. Despite these models expressing 

both amyloid and tau, they have been described as slow developing and relatively modest. 

Additionally, they may lack the PS1 gene (Paulson et al. 2008, Perez et al. 2005, Seino 

et al. 2010, Terwel et al. 2008) and still do not develop NFT’s.  

In 2014, Heraud and colleagues developed and published a new model named 

5xFAD*Tg30 where in-depth pathological analysis showed transgenic animals 

expressing NFT’s, phosphorylated tau and Aβ pathology. This model was not fully 

characterised, in terms of its cognitive and holistic phenotype, hence the first chapter of 
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this thesis (and aspects of Chapter 3 and 4) aimed to extensively further characterise the 

5xFAD*Tg30 model and extended this to female animals to investigate any sex 

differences.  

In agreement with the Heraud study, we observed a significant rotarod impairment from 

6 months of age onwards (Figure 2.1) and we were able to further confirm a gross motor 

control and strength phenotype via conducting Hangwire test, swim velocity and DigiGait 

analysis. We observed a significant impairment on the Hangwire test which was 

performed at 8 and 10 months of age (Figure 3.1) with these results being consistent at 

these age points given the rotarod findings. Interestingly, the DigiGait analysis gave us 

deeper insights into the gait of the 5xFAD*Tg30 which showed impaired performance at 

5 months, prior to rotarod performance being impaired. In depth analysis showed us swing 

duration, propulsion and speed frequency were significantly different between 

5xFAD*Tg30 and WT-control, indicating a weaker, impaired gait (Figure 4.12).  

The impaired rotarod performance and reduced motor phenotype could be attributed to 

the tau mutation, which is known to cause progressive motor impairment with neurogenic 

muscle atrophy (Leroy 2007). While no other publications have assessed body 

composition on the Tg30 model, Leroy and colleagues showed severely reduced cross-

sectional areas of muscle fibres and severe muscle atrophy in their hindlimbs which 

extended to their axial muscles and forelimbs. Impaired performance stemming from the 

Tg30 mutation is further supported by the data from Heraud in 2014 showing rotarod 

performance was significantly worse in Tg30 than 5xFAD, however was compounded 

further in the double 5xFAD*Tg30. As we know from the Heraud study, there is a reduced 

Aβ load in the 5xFAD*Tg30 compared to 5xFAD, and a higher tau load compare to Tg30. 

Together, these indicate that the combined tau and amyloid pathology accelerates the 
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motor deficits of the 5xFAD*Tg30. This may additionally indicate that a good model of 

AD would incorporate frailty, as this is a common symptom in AD patients and data has 

suggested an association between these two conditions. Recent studies have shown cases 

of frailty impacted several clinical outcomes including dementia and a more rapid 

cognitive decline (Avila-Funes et.al 2009; Montero- Odasso et.al 2016) suggesting that 

AD and/or dementia and frailty share some type of common biological mechanism or 

etiology. Complementing this finding is a study of 165 older persons with AD pathology 

post-mortem, which demonstrated their last frailty test was associated with AD 

pathology, but was not related to other common age-related pathologies such as the 

presence of cerebral infarcts or Lewy body disease (Buchman et.al 2008). These findings 

raise the possibility that AD pathology may be a contributing factor to frailty or that frailty 

and AD pathology share a common etiopathogenesis. Therefore, a common physiological 

mechanism that could be targeted for both conditions concurrently would be optimal.   

 

A similar consequence is the severe reduction in body weight due to a reduced lean and 

fat mass (Figure 2.7). The lean mass effect, again, likely can be attributed to the 

neurogenic muscular atrophy seen in the Tg30 model, however, compounded by the 

added amyloid pathology. In agreeance with Heraud, we found a 60-70% survival rate of 

5xFAD*Tg30 animals out to 10 months of age, with early death suggested by Heraud and 

colleagues to be related to their severe motor deficits.  

We however, through close observation, suggested the early death could be associated 

with spontaneous seizures. Consequently, we performed several experiments to 

investigate this hypothesis and while we were unable to observe spontaneous seizures, 

we indeed found that 5xFAD*Tg30 mice have a severely reduced kindling rate, indicating 
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greater susceptibility to seizures. Additionally, we discovered 5xFAD*Tg30 animals 

displayed significantly more severe and lengthier seizures (Figure 4.18). 

 

There has been previous evidence that alterations in phospholipids (Goodenowe et.al 

2017; Igarashi et.al 2011; Mapstone et.al 2014), plasmalogens (Han et.al 2001), 

ceramides (Cheng et.al 2010), gangliosides (Yamamoto et.al 2004) and sulfatides (Han 

et.al 2002; Cheng et.al 2011) occur in AD, as well as alterations associated with AD 

pathogenesis observed in the blood (Mapstone et.al 2014; Chatterjee et.al 2016; Whiley 

et.al 2014). Because of this and a recent study published on AD patients showing distinct 

plasma lipidomes (Huynh et.al 2020) we aimed to recapitulate this in 5xFAD*Tg30 

animals. Through in-depth plasma lipid analysis, we demonstrated that indeed 

5xFAD*Tg30 too, have a distinct plasma lipidome signature (Figure 2.13-2.14). While 

we were not able to recapitulate every aspect of the comprehensive lipidomic analysis 

from Huynh and colleagues, we supported their findings that Ether classes were 

negatively associated with AD (Huynh et.al 2020).  

 

 

Limitations and considerations 

During the behavioural characterisation of the 5xFAD*Tg30 model, it became apparent 

that there were complications assessing markers of cognition due to the confounding 

nature of their motor phenotype. While we potentially saw the initiation of cognitive 

deficits, through the Y-Maze (Figure 2.3) and Large Open Field (Figure 2.4) the early 

death and severe motor impairments make it difficult to establish this fully as we could 

not age the mice out longer as it was necessary from an animal welfare perspective to 



213 
 

cease the study by 10 months of age. The Y-Maze data suggested impaired memory 

recognition as 5xFAD*Tg30 trended to spend less time in the novel arm, however, this 

assessment requires movement which is reduced. Additionally, the Large Open Field 

showed significant genotype differences, which could suggest impaired reasoning due 

their inability to recognise the centre of an exposed area as a vulnerable location. 

However, strong considerations need to be made as part of experimental protocol, animals 

are initially placed in the middle of the arena. Considering 5xFAD*Tg30 animals have 

limited movement, they may not be as competent at removing themselves from this area 

regardless of if they could recognise danger. This motor phenotype limitation was evident 

during the MWM experiments (Figure 2.6). At 8 months there was a significant genotype 

difference in the latency to the platform, however the learning curve between the 

genotypes were almost identical. When investigated further, we showed it was indeed due 

to a significant decrease in swim velocity, due to the motor phenotype.  

Despite the description of the brain pathology of the 5xFAD*Tg30 being more human-

like in the Heraud paper, it was evident throughout our characterisation study that the 

cognition phenotype was not going to display all human AD traits. Many other AD 

models require the animal to be aged to at least 12 months (some even 18months – 2 

years) before cognitive deficits can be seen, which could not be repeated in our studies 

due to early death and ethical considerations for the animals’ welfare. Another 

consideration could be the type of experiments that were being conducted, particularly 

the MWM as an aversion test. Considering this, as well as ethical and safety 

considerations for the animal, we utilised a Cheeseboard maze to assess spatial memory 

and learning through a reward paradigm, in Chapter 3. Despite moving from aversion to 

reward-based analysis, this test still requires motor ability, and results were hampered. 
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Moving forward from Chapter 2, we attempted to alleviate these confounding factors as 

much as possible, by substituting in tests that assessed similar cognitive traits, but with 

smaller arenas. We believed the tests used were able to give a thorough overall assessment 

of cognitive deficits, should the animal be capable of movement, and this was evidently 

the limitation. It is worth noting that rotarod performance was not different until after 6 

months of age, therefore any behaviour analysis performed prior to 6 months was not 

impacted by any motor phenotype. This confounding factor was unexpected when 

initially embarking on this project, as only one previous paper has been published on the 

5xFAD*Tg30, which did not include extensive behavioural characterisation. This 

demonstrates the reoccurring limitation of recapitulating AD pathology accurately, while 

also displaying significant behavioural deficits.  

As mentioned, while brain pathology displayed similar characteristics to human AD brain 

pathology, whole body phenotype and cognition cannot be accurately mimicked in the 

5xFAD*Tg30 model. However, evidence from our seizure study suggests that further 

investigation into the use of this model for epilepsy research is warranted. The prevalence 

of epilepsy in patients with AD is 10-fold higher than the age-matched general population, 

and up to 64% of AD patients will develop at least one unprovoked seizure (Hauser 1986; 

Risse 1990). Data suggests that pathology seen in AD, through unknown mechanisms, 

increases seizure susceptibility in human patients, which we were further able to support 

using the 5xFAD*Tg30 model. It has previously been suggested that the mechanisms of 

neuronal hyperexcitability as a consequence of Aβ or phosphorylated tau accumulation, 

as well as the structural changes in cortical and hippocampal regions are strongly involved 

in the link between AD and epilepsy (Miranda 2014). Despite evidence from population-

based and observational studies, as well as studies using animal models that show this 
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significant susceptibility (Jenssen et.al 2010; Friedman et.al 2012; Ziyatdinova et.al 

2011; Hommet et.al 2007), very little is known about the actual relationship between the 

two disorders. Due to this limitation in scientific knowledge, therapeutics for seizure 

control specifically in those with AD are not currently available and therefore treatment 

options are limited to traditional anti-epileptic drugs (AED). This poses problems due to 

the vulnerability of AD patients in terms of adverse effects of drugs with central nervous 

system activity, drug interactions and co-morbidities such as depression (Jenssen et.al 

2010; Belcastro et.al 2007; Cumbo et.al 2010). Currently, the guidelines for choosing the 

best medication for AD patients with epilepsy is not succinct, with the choice of AED’s 

made relatively empirically. Further research into the associated relationship of AD and 

epilepsy, perhaps using the 5xFAD*Tg30 model could help with biomarker discoveries, 

neurophysiological findings or potentially lead to improved guidelines for treating 

epilepsy in AD.   

As discussed in Chapter 4, there are many ways to model epilepsy in animals. For this 

study, we looked at a genetic model and assessed how quickly the animal transitions from 

a (presumably) non-epileptic brain into a highly seizure-prone brain using the amygdala 

kindling model. There are additional models available with AD pathology that, unlike the 

5xFAD*Tg30 model, display spontaneous seizures; the hAPP and APde9 model (Palop 

et.al 2007; Minkeviciene et.al 2009). However, as with most AD research, these models 

display APP overexpression and Aβ pathology, without displaying tau pathology or 

NFT’s. Recently, a study was presented using the 3xTg model to assess seizure 

susceptibility (Vyver et.al 2020). The 3xTg model expresses APP/PS1/tau and has a 

closer AD-like pathology than previous Aβ only expressing models (Oddo et.al 2003). 

Similar to our findings, the 3xTg model demonstrated increased seizure susceptibility as 
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well as resistance to ASD’s (Vyver et.al 2020). Future research should be conducted with 

a range of genotypes; WT, Aβ only expressing, tau only expressing and a double 

transgenic. Further, investigating the histology of these animals could be beneficial, to 

assess an association between the speed of kindling and Aβ/tau burden. It would also be 

interesting to preform seizure susceptibility experiments over the lifetime of 3xTg or 

5xFAD*Tg30 mice- to assess if seizures are more inducible during the whole life of the 

animal. 

While this area was not an initial aim of this thesis, through the thorough characterisation 

of the 5xFAD*Tg30 model, we have shown a robust candidate for a potential new 

epileptic-AD mouse model. 

We have also shown the 5xFAD*Tg30 model has the potential to be a good model for 

certain aspects of AD, such as pathology (as seen in Heraud et.al 2014), frailty and early 

death. However, limitations exist for longer term cognitive studies due to the motor 

phenotype and early death.  
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5.2 Chaperoning to the Alzheimer’s party: genetic targeting of 

Heat Shock Protein 72 

Since its discovery, HSP’s, specifically Hsp72, have been investigated actively due to 

their role as molecular chaperones and maintaining homeostasis in stress induced cellular 

environments. More recently, the role of Hsp72 has become a popular area of interest in 

the scope of neurodegeneration and treating AD. As AD is hypothesised to be 

characterised by the accumulation and aggregation of misfolded Aβ and tau proteins, the 

use of HSP’s in their potential refolding and/or removal is of great interest.  

 

Chapter 3 aimed at overexpressing Hsp72 genetically, driving elevated levels in the brain. 

Further, we aimed to determine the effects of this overexpression on the behavioural and 

metabolic phenotype of the 5xFAD*Tg30 mouse model of AD.  

 

There were several ways to measure the efficacy of Hsp72 overexpression on the 

5xFAD*Tg30 model. After confirming Hsp72 was indeed overexpressed in the brain of 

5xFAD*Tg30 animals (Figure 3.1), we then performed comprehensive cognitive 

experiments throughout their lifespan. As mentioned as part of Chapter 2, this measure 

of efficacy had its challenges, as cognition could not be accurately assessed due to the 

severe motor phenotype. Despite this, we saw a treatment effect on anxiety-like behaviour 

at 9 months during the elevated plus maze, which demonstrated a rescue in the suggested 

inability for 5xFAD*Tg30 animals to recognise dangerous/vulnerable situations (Figure 

3.8). This rescue appeared to be more apparent in females (Figure 3.8 C), where female 

5xFAD*Tg30*Hsp72 Tg animals spent more time in the closed arm of the maze than 

5xFAD*Tg30 mice.  
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Body composition and metabolic measures were assessed extensively, and we showed a 

slight rescue in lean mass for male 5xFAD*Tg30*Hsp72 Tg animals, at the later stages of 

life once muscle atrophy appeared to develop (Figure 3.11 E). This improvement in lean 

mass did not however, translate to an improved rotarod (Figure 3.4 A-C) or hangwire 

(Figure 3.4 D-F) performance, which was an indicator of gross muscle strength and 

control. Hsp72 overexpression showed no significant effects on metabolic measures 

including VO2, energy expenditure (Figure 3.13) or glucose tolerance (Figure 3.12).  

 

Interestingly, survival trended to improve with Hsp72 overexpression (Figure 3.16), 

which correlated with a trend in improved brain weight, specifically in males (Figure 

3.15 B). Longer lifespan has previously been correlated with Hsp72 overexpression 

(Salway 2011), so the trend seen in Chapter 3 could support this principle. Additionally, 

as Hsp72 overexpression has been shown to prevent neuronal apoptosis (Mailhos 1994), 

perhaps the trend in improved brain weight indicated lower neuronal loss and therefore 

premature death of the animal. Further research into the mechanisms of improved lifespan 

are warranted. 

Considerations and Limitations 

The largest limitation from Chapter 3 is the lack of histology measuring amyloid and tau 

burden. Considering much of the rationale of using Hsp72 overexpression came from its 

positive effects in Aβ clearance, it is impossible to determine if Hsp72 overexpression 

had an effect pathologically on the 5xFAD*Tg30 model as this was not measured (due to 

COVID-19 restrictions). It is possible that Hsp72 overexpression had an impact on Aβ 

burden but did not translate to substantial behavioural/metabolic effects. COVID-19 
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lockdown laws in Melbourne prevented lab work for all non-essential research to be 

conducted for the majority of 2020, which prevented these data from being collected.  

Much of the previous research from Hsp72 overexpression was in Aβ models or in vitro 

and it is possible that Hsp72 overexpression simply was not sufficient to overcome the 

extreme pathology associated with the 5xFAD*Tg30 model. As described in Heraud and 

colleagues’ paper (Heraud et.al 2014), the 5xFAD*Tg30 mouse develops severe 

pathology, rapidly- much faster than standard AD models. Despite marked 

overexpression of Hsp72 in the brain, it is possible that the severity of pathology and its 

resultant phenotype was too harsh to alter. Possible future research could cross the 3xTg 

model with a Hsp72 Tg model, to assess Hsp72 overexpression in a less severe Aβ/tau 

model. This of course still has its limitations as it does not develop NFT’s and is slower 

developing, however could still offer insights into elevated Hsp72 levels in the presence 

of Aβ and tau pathology. 

 

A secondary promising effect of Hsp72 overexpression was its previous positive effects 

in skeletal muscle (Henstridge et.al 2014; Gehrig et.al 2012). While we showed signs of 

positive effects in lean mass in 5xFAD*Tg30*Hsp72 Tg animals, this did not translate to 

improved motor performance. From previous knowledge, we know the motor effect 

comes primarily from the Tg30 mutant, as it develops severe neurogenic muscle atrophy 

and axonopathy (Leroy et.al 2007). We know that Hsp72 Tg animals overexpress Hsp72 

in muscle and brain (Marshall et.al 2018), but considering atrophy is neurogenic, there is 

the possibility that Hsp72 is needed in nerve cells to create this effect. It is well known 

clinically that muscle atrophy is associated with a severely reduced life expectancy 

(Wannamethee et.al 2007), which we were able to recapitulate in the 5xFAD*Tg30 
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model, yet there are no drug treatments available, suggesting the complex relationship 

between the brain, muscle and nerves. Currently, exercise and increased protein intake 

are the intervention options available to slow the progression of neurogenic muscle loss 

(Sepulveda et.al 2015; Garber 2016), so it could be interesting to assess regular exercise 

trained animals and/or a high protein-fed cohort of 5xFAD*Tg30 mice.  
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5.3 BGP-15: are multi-mechanistic drugs the answer?   

The race for scientists to find a therapeutic target that not only treats but slows down the 

progression and/or prevents AD has been challenging and multi-faceted. While it is well 

established that patients with AD experience mild-severe cognitive deficits, such as early-

stage memory loss (Panegyres 2004), patients may also exhibit a range of other symptoms 

such as psychological symptoms (Ropacki et.al 2005, Shimabukuro et.al 2005), and 

attention deficits (Perry et.al 1999). Visuospatial deterioration (Cronin-Golomb et al 

1995) and extreme motor dysfunction become more pronounced during the late stages of 

the disease (Suva et al 1999). The sophisticated nature of the disease may suggest the 

need for a multi-targeted approach, that has shown positive effects not only on cognition, 

but also on a holistic level.  

 

BGP-15 is a nicotinic amidoxime derivate, developed as a Hsp72 co-inducer and has since 

been used by many research groups for its effects on a wide range of diseases and 

conditions (Peto et.al 2020). Chapter 4 aimed at targeting Hsp72 via the co-induction 

using BGP-15 and investigating this long-term pharmacological treatment on the 

cognition, behaviour and metabolism of the 5xFAD*Tg30 model. We found that, despite 

knowledge of BGP-15 reaching the brain (unpublished data from developers, N-Gene), 

which we recapitulated (Figure 4.1A, B) -BGP-15 did not drive overexpression of Hsp72 

in the brain. Due to its multi-target effects that have associations with AD, the long-term 

use of BGP-15 was nevertheless explored. 

 

Similar to Chapter 3, there were several ways to measure the efficacy of BGP-15 

treatment. Behaviourally, long-term administration of BGP-15 did not alter cognition or 
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behaviour via any measures, such as memory function (Figure 4.5-4.6), anxiety-like 

behaviour (Figure 4.7-4.8), novel object recognition (Figure 4.9) or spatial memory and 

learning (Figure 4.10). 

As BGP-15 treatment has previously shown positive effects against dystrophic muscle 

wasting in a model of Duschenne muscular dystrophy (Gehrig et.al 2012), we assessed if 

any measures of body composition or gross motor strength were affected. There were no 

treatment effects on lean muscle mass (Figure 4.13 D-F) which correlated to no effects 

on motor strength/control via the rotarod and hangwire tests (Figure 4.4). To assess these 

deficits closer, we looked at gait analysis via the DigiGait analysis software which 

demonstrated a reduced swinging paw and lower propulsion (Figure 4.11-4.12). This 

suggested at 5 months of age, impaired gait is prominent, however 5xFAD*Tg30 animals 

are able compensate for these weaknesses as shown by rotarod impairment only being 

detected at 6 months. BGP-15 treatment did not affect the gait of 5xFAD*Tg30 animals.  

Metabolically, results were interesting. Despite BGP-15 not altering body composition 

(Figure 4.13) or metabolic caging analysis (Figure 4.15), BGP-15 appeared to worsen 

the glucose tolerance of female animals, both WT and 5xFAD*Tg30 (Figure 4.14). This 

raised the importance of the use of different sexes in pre-clinical studies, as sex effects 

can play a role in metabolic processes.  

Interestingly, like Chapter 3 survival trended to improve with BGP-15 treatment 

(although, independent from Hsp72 overexpression) and in a male-specific fashion 

(Figure 4.17). Longer lifespan has previously been correlated with BGP-15 treatment 

(Gehrig et.al 2012), but its mechanisms have not been elucidated. As a result, we then 

hypothesised spontaneous death was caused by spontaneous seizures, in which BGP-15 

could have protective effects against. An extensive seizure study was then conducted, 
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which demonstrated, as previously mentioned, severe susceptibility to seizures in the 

5xFAD*Tg30 mice, however, with no protective effects from BGP-15 treatment (Figure 

4.18-4.19).  

 

Limitations and considerations 

Similar to Chapter 3 limitations and considerations, it is evident that for Chapter 4 there 

is the lack of histology measuring amyloid and tau burden. While BGP-15 itself has not 

been researched in the context of AD, many pathways it is implicated with have. 

Considering this, it is impossible to determine if BGP-15 treatment had an effect 

pathologically on the 5xFAD*Tg30 model as this was not measured (due to COVID-19 

restrictions). It is possible that long-term administration had an impact on Aβ/tau burden 

but did not translate to substantial behavioural/metabolic effects.  

A large consideration was BGP-15 failing to co-induce Hsp72 overexpression in the brain 

(Figure 4.1). Despite showing a significant concentration of BGP-15 in both plasma and 

brain tissue of both genotypes (Figure 4.24-4.25), this did not translate to overexpression 

of our protein of interest, Hsp72. There are several considerations for this- we know the 

drug passes through the blood brain barrier, but it remains unclear how, or how much 

would be required to effect expression levels. It is possible that BGP-15 requires a further 

cellular assault, to co-induce the Hsp72 expression pathway- and we saw signs of this 

with the trended increased expression in 5xFAD*Tg30 animals compared to WT (Figure 

4.1). A secondary stressor, perhaps elevated temperature could be tested together with 

BGP-15 treatment. While BGP-15 was found in the brain tissue, we were not able to 

analyse which specific cell types its accumulated in.  
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Another consideration could be the relevance of dosing. We used a dose (100mg/kg/day) 

which was recommended by the developers of the drug which was previously shown in 

Wistar Rat studies to lead to elevation of BGP-15 in the brain. Previously, BGP-15 has 

increased tissue insulin-sensitivity in different animal models of metabolic disorders at 

10–30 mg/kg doses (Literati-Nagy et.al 2014; Chung et.al 2008). In other disease settings, 

a 10-day treatment of BGP-15 at a dose of 40 mg/kg per day to Sprague-Dawley rats 

improved diaphragm muscle fibre function (Ogilvie et.al 2016). To compare, Gehrig and 

colleagues used a dose of 15 mg/kg per day to improve muscle strength and endurance in 

mdx transgenic mice (Gehrig et.al 2012). In contrast to this dosage, Sapra and colleagues 

demonstrated at a 15mg/kg dose, BGP-15-treatment did not alter the levels of Hsp70 in 

the myocardial tissue, however, did increase the phosphorylation of IGF1R (Sapra et.al 

2014). 

In the clinical setting, BGP-15 has entered clinical phase I–II as an insulin-sensitizer and 

proved to increase tissue insulin-sensitivity in 200 mg/day and 400 mg/day doses 

(Literati-Nagy et.al 2009). Dosing used in Chapter 4, led to BGP-15 in brain tissues, but 

whether this concentration is most effective is unknown. Unlike in Chapter 3 with tissue 

specific Hsp72 Tg overexpression (expressing in heart, muscle and brain), BGP-15 is not 

tissue specific. So as with any drug, there is also the possibility that it could have off 

target effects in other tissues.  

There are several other critical considerations whenever a therapeutic strategy has not 

been effective. Perhaps the dosing of BGP-15 did not begin early enough, and a window 

of efficacy was missed. Genetic models, by their nature have a substantial amount of 

pathology, and it can take a lot to intervene in that process. From Chapter 1, we saw that 

phenotypically, genotype effects were not apparent until 6 months of age. Therefore, 
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dosing from 2 months of age seemed appropriate, however there is the possibility that too 

much damage was already done pathologically in the first 2 months of life. It would be 

beneficial for time-point experiments to be conducted, showing pathology with and 

without BGP-15 treatment from birth onwards. Additionally, it is possible that the Hsp72 

regulator was impaired and therefore BGP-15 couldn't induce an effect. 

 

It was evident from our lifespan study that there was a trend of BGP-15 on longevity of 

the 5xFAD*Tg30 animals (Figure 4.17, p=0.07). Despite not reaching statistical 

significance using the tests we used, there is a strong trend for survival which must be 

considered. Within our limits and resources, and the way the analysis is measured (via a 

Kaplan Meir survival curve) we attempted to flesh out this trend as much as possible. Our 

biggest limitation was ethical standards- if we had the flexibility to continue to a later 

timepoint (further than 10 months) it is likely that there would have been greater effects 

seen. BGP-15 treated 5xFAD*Tg30 animals were ethically required to be culled at 10 

months, despite most of them not reaching care form requirements. Many saline treated 

5xFAD*Tg30 animals were on care forms at the time of end point, whom would have 

added to the statistical power had they been left past the required end point. It could be 

warranted to repeat a longevity study with perhaps the Tg30 single mutant, whom also 

has a reduced lifespan but is not as severe as the double 5xFAD*Tg30 line and could 

therefore potentially be exposed to a longer experimental period.  
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5.4 Concluding remarks 

In summary, the data presented in this thesis demonstrates the complexity of AD mouse 

models and has expanded our understanding of the phenotype of an Aβ model in the 

presence of tau pathology. We have extensively characterised the 5xFAD*Tg30 model as 

well as described its potential to be a mouse model of epilepsy with AD pathology. Future 

work on AD mouse models should continue exploring models that closely mimic the 

pathology as seen in human brains, as well as contain behaviour phenotypes such as 

memory loss, cognitive deficits and frailty- accurately mimicking the human form of 

disease. 

These studies further provided insight into targeting Hsp72 both genetically and 

pharmacologically in the context of mouse behaviour and metabolism, as well as lifespan 

and muscle mass/strength and control. Future work should investigate the role of Hsp72 

and BGP-15 on a less severe, Aβ/tau model using similar methods as presented here, 

investigating the model holistically including pathology, lipidomic profile, behaviour, 

metabolism and lifespan. 
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Supplementary Diagrams 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supp.1: Animal flow chart of Chapter 2 behavioural cohort 

Animals ordered/issued (n=36) M/F (19/17) 

Genotype 

N=17 WT/ 19 5xFAD*Tg30 

WT (male) n=7 
WT (female) 

n=10 

5xFAD*Tg30 
(male) n=12 

5xFAD*Tg30 
(female) n=7 

Endpoint (10 months) (n=29) 

Deaths 
n=0 

Deaths 
n=0 

Deaths 
n=5 

Deaths 
n=2 

Excluded n=0 

Behavioural analysis 
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Animals ordered/issued (n=27) M/F (14/13) 

Genotype  
N=12 WT/ 15 5xFAD*Tg30 

WT male n=6 
WT female 

n=6 

5xFAD*Tg30 
male n=8 

5xFAD*Tg30 
female n=7 

Endpoint (n=23) 

Deaths 
n=0 

Deaths 
n=0 

Deaths 
n=1 

Deaths 
n=3 

Supp.2: Animal flow chart of Chapter 2 metabolic cohort 

Excluded n=0 

Metabolic Experiments 
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Animals ordered/issued (n=79) M/F (35/44) 

Genotype  
N= 24 WT/ 28 5xFAD*Tg30/ 27 5xFAD*Tg30*Hsp72Tg 

WT 
(male) 
n=10 

WT 
(female) 

n=14 

5xFAD*Tg30 
(male) n=15 

5xFAD*Tg30 
(female) n=13 

Endpoint (10months) (n=70) 

Deaths 
n=0 

Deaths 
n=0 

Deaths 
n=4 

Deaths 
n=2 

5xFAD*Tg30
*Hsp72Tg 
male n=10 

5xFAD*Tg30
*Hsp72Tg 

female n=17 

Deaths 
n=1 

Deaths 
n=2 

Supp.3: Animal flow chart of Chapter 3 

Excluded n=0 

Behavioural and Metabolic analysis 
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Animals ordered/issued (n=105) M/F (55/50) 

Excluded n=0 

Genotype  
N= 48 WT / 57 5xFAD*Tg30  

Allocated to treatment groups (n=105) 
Receive intervention: n=51 BGP‐15, n=54 saline 

Supp.4: Animal flow chart of Chapter 4  

Randomised n=105 (GraphPad randomiser tool) 

Saline vehicle 
N=54 

BGP-15 
N=51 

Discontinued intervention (n=0) 
 

WT-
CON 

(male) 
n=10 

WT-CON 
(female) 

n=14 

WT-
BGP15 

(female) 
n=9 

WT-
BGP15 
(male) 
n=15 

5xFAD*T
g30-
CON 

(male) 
n=16 

5xFAD*T
g30-
CON 

(female) 
n=14 

5xFAD*T
g30-

BGP15 
(male) 
n=14 

5xFAD*T
g30-

BGP15 
(female) 

n=13 

Deaths 
n=0 

Deaths 
n=0 

Deaths 
n=0 

Deaths 
n=0 

Deaths 
n=7 

Deaths 
n=1 

Deaths 
n=2 

Deaths 
n=1 

Endpoint (10 months) (n=94) 

Metabolic and Behavioural analysis 



231 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Animals ordered/issued (n=18 males)  

Excluded n=1 (death) 

Allocated to treatment groups (n=17) 
Receive intervention: n=7 BGP‐15, n= 10 saline 

Discontinued intervention (n=0) 
 

5xFAD*Tg30-CON 
N=10 

5xFAD*Tg30-BGP15 
N=7 

Supp.5: Animal flow chart of Chapter 4 repeat lifespan study, added to survival curve analysis 

Genotype (n=18 5xFAD*Tg30)  

Deaths 
n=1 

Deaths 
n=3 

Endpoint (10 months) (n=13) 
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Animals ordered/issued (n=36 males)  

Excluded n=1 (death) 

Allocated to treatment groups (n=35) 
Receive intervention: n=10 BGP‐15, n=25 saline 

 

Allocation 

WT Saline vehicle 
N=12 

5xFAD*Tg30 BGP-15 
N=10 

Discontinued intervention (n=1) premature death 
 

Premature deaths before analysis (WT saline n=5, 5xFAD*Tg30 
Saline n=7, 5xFAD*Tg30 BGP‐15 n= 5) 

Deaths from optimising surgery/implantation 

Seizure 
Analysis 

Saline vehicle 
N=7 

5xFAD*Tg30 BGP-
15 

N=4 

Supp.6: Animal flow chart of Chapter 4 seizure study 

Genotype (n=36) 
N= 12 WT/ 24 5xFAD*Tg30 

 

5xFAD*Tg30 Saline 
vehicle 
N=13 

5xFAD*Tg30 
Saline 
N=6 
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