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Summary 
 
Dementias are now considered to be the 5th greatest cause of death worldwide 

and the leading cause of death in the UK. One of the biggest problems facing 

Alzheimer’s Disease (AD) research is the time difference between disease onset 

and diagnosis in sporadic cases; with many patients only exhibiting symptoms 

after decades of living with AD pathologies. Due to this, current understanding of 

the early stages of this dementia is extremely limited but the pathogenic 

production of amyloid is currently considered the earliest change in AD 

development.  

 

The presence of neurotoxic amyloid is a hallmark of AD. This peptide aggregates 

to form the characteristic plaques that are used to diagnose AD post-mortem. 

The rate limiting step in amyloidogenesis is the activity of the aspartyl protease 

β-site amyloid precursor protein cleaving enzyme 1 (BACE1). Whilst the function 

of this enzyme has been well studied within the context of AD, very little is known 

about its physiological function within healthy organisms. However, studies have 

identified that BACE1 KO mice are resistant to diet-induced obesity and its co-

morbidities and BACE1 protein expression is known to increase in obesity- a 

known risk factor for AD. 

 

This thesis aims to test the hypothesis that metabolic dysfunction as a result of 

chronic high-fat feeding leads to changes in BACE1 activity, thereby increasing 

the susceptibility of developing AD. To do this, proteomic analysis of hippocampal 

and hypothalamic tissues from chow fed and high-fat fed mice were compared 

alongside a BACE1 proximity assay to determine novel BACE1 interacting 

proteins. A further study was designed to test the hypothesis that amyloid 

peptides lead to leptin resistance- a possible contributor to central memory and 

metabolic impairment.  These studies suggest a role for BACE1 in the regulation 

of cell connectivity and communication, which may underlie the changes in 

central metabolic and memory circuitry seen in both obesity and AD. 
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1.1 Dementia and Alzheimer’s Disease 
1.1.1 Background 
Dementia is an umbrella term describing degenerative diseases of the brain. 

Alterations in brain function brought about by these conditions result in difficulties 

in movement, speech, behavioural changes and memory deficits to name but a 

few. The symptoms vary with the brain region affected and the disease, but 

pathologies can overlap between dementias within the same individual often 

making precise diagnoses difficult. For example, individuals with amyloid 

pathology (associated with Alzheimer’s disease) may also exhibit lewy body 

pathology (associated with Parkinson’s disease). These diseases represent 

abnormal brain function as a result of dysfunctional neurochemistry such as; 

deficiencies in neurotransmitter release, blood flow or brain atrophy. 

Over 850,000 people are suspected of living with a dementia in the UK, more 

than 520,000 of which have Alzheimer’s disease (AD). The number of dementia 

cases is expected to rise to over 2 million by 2050 leading to a financial impact 

of £55bn by 2040 in the UK alone (Prince et al., 2007). As the leading cause of 

death in the UK, research into the causes and treatments for dementias are 

urgently needed (ARUK, 2017). 

 

Alzheimer’s disease (AD) is the most common form of dementia worldwide with 

2 out of 3 dementia diagnoses resulting from this disease (ARUK, 2018). 

Alzheimer’s disease was first reported in 1906 by Alois Alzheimer- a psychiatrist 

and neuroanatomist who described a 50 year old woman presenting paranoia, 

sleep disturbances, memory deficits, aggressiveness and confusion. Upon her 

death, Alzheimer discovered distinctive plaque and tangle morphology within her 

brain which are still used today as diagnostic markers of AD (Hippius & 

Neundörfer, 2003). AD is widely considered a disease of the hippocampus and 

cerebral cortex.  AD associated atrophy within the hippocampus results in loss of 

long-term potentiation (LTP) and, as a result, the ability to form new memories 

whilst memories from youth remain unaffected until later stages with severe 

atrophy. This inability to form new memories is the hallmark of AD and is one of 

the first symptoms to manifest. Other symptoms include impaired problem 

solving, behavioural and personality changes as well as difficulties with speech 

in later stages of the disease. AD progression was classified by Braak & Braak 

(1995). They categorised six stages of AD (I-VI) with each showing increasing 
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pathology and progressing atrophy throughout the hippocampus, limbic 

structures and the neocortex in a predictable pattern relating to behavioural 

changes observed with advancement of the disease. The pathology used by 

Braak & Braak in their classification of AD was the presence of neuro-fibrillary 

tangles (NFTs). NFTs form within neuronal cells and increase in number 

throughout AD progression. They are formed when the microtubule associated 

protein tau becomes hyper-phosphorylated, leading to accumulation of this 

protein into aggregates. The resultant loss of functional tau protein leads to 

instability within the microtubules which then disassemble, causing changes in 

cell morphology and eventual death of the cell. This pathology correlates well with 

cognitive decline and is a good aid in the determination of disease progression, 

however it is not considered the initiating factor of AD. Whilst NFT pathology can 

be identified in early Braak stages and is considered to begin approximately 10 

years before cognitive symptoms manifest; changes in amyloid- another AD 

associated pathology - are predicted to occur up to 25 years before diagnosis 

and may be a key initiator in AD onset (Bateman et al., 2012). 

 

Whilst AD is still largely considered a disease of the hippocampus and cerebral 

cortex, neuroimaging studies have identified atrophy within other brain regions. 

Indeed, grey matter abnormalities have been identified in the amygdala, striatum 

and hypothalamus of healthy individuals that later go on to develop AD (Hall, 

Moore, Lopez, Kuller, & Becker, 2008; Loskutova, Honea, Brooks, & Burns, 

2010). Furthermore, metabolic characteristics such as accelerated weight loss 

and low body weight in the elderly are associated with early stage AD (Johnson, 

Wilkins, & Morris, 2006b; White, Pieper, Schmader, & Fillenbaum, 1996). 

 

1.1.2 Amyloid in Alzheimer’s Disease 
The amyloid cascade hypothesis in AD was first proposed by Hardy & Higgins 

(1992). They proposed that accumulation of the β-amyloid (Aβ) peptide and its 

neurotoxic effects are the cause of AD and that this pathology preceded NFTs 

and even caused this second pathology. A dogma of AD pathogenesis is that the 

oligomerisation and aggregation of amyloid proteins into amyloid plaques leads 

to this neurotoxic effect however, this theory is beginning to be challenged. Aβ 

peptides are small 4kDa fragments and exist as small soluble oligomers, fibrils 

and large plaques aggregates (Chen & Glabe, 2006; Cleary et al., 2005). Recent 
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studies have indicated that soluble oligomers have greater neurotoxic and LTP 

inhibitory effects than larger amyloid species suggesting that Aβ aggregation may 

in fact be a protective mechanism against the toxicity of smaller species (Cizas 

et al., 2010; Cleary et al., 2005; Walsh et al., 2002). Whilst these studies provide 

important and valuable insight into the causes of cell death within AD, many of 

them lack physiological relevance. In vivo, Aβ plaques are known to contain a 

multitude of proteins in addition to amyloid which may confer effects not 

accounted for in in vitro amyloid oligomerisation methods. Proteomic analysis of 

amyloid plaques by Liao et al. (2004) revealed 488 proteins within these 

aggregates. 

 

The amyloid cascade hypothesis (Figure 1.1) states that Aβ production is the 

result of sequential cleavages of the amyloid precursor protein (APP). APP, a 

type I transmembrane protein, contains multiple cleavage sites for secretases. 

Under non-AD conditions, initial cleavage of APP is predominantly conducted by 

an α-secretase enzyme, typically A disintegrin and metalloproteinase domain-

containing protein 10 (ADAM10) as the main α-secretase within the brain (S 

Lammich et al., 1999). ADAM10 cleaves APP at Lys687 and Leu688. This cleavage 

results in release of a soluble APP fragment (sAPPα) into the extracellular space 

and leaves an N-terminally truncated APP within the membrane. A subsequent 

cleavage by the γ-secretase complex within the transmembrane domain 

completes processing and releases a small P3 fragment (Aβ17-40/42) into the 

extracellular space and the C-terminal domain (AICD) into the cytosol. The 

physiological purpose of this processing has yet to be determined but some 

studies have indicated that products of APP processing play an important role in 

neuronal physiology and survival.  

 

Studies into the physiological effects of APP cleavage by-products have been 

contradictory with sAPPα having been shown to both attenuate and promote LTP 

in neurons. Further evidence suggests that it may behave as a growth factor in 

the regulation of glucose uptake in skeletal muscle (Hamilton et al., 2014; Taylor 

et al., 2008). The Aβ17-40/42 fragment (Figure 1.2) does not form fibrillar oligomers 

as full length Aβ species do. However, pre-amyloid aggregates containing Aβ17-

40/42 are a known component of senile plaques in AD in Down’s syndrome (DS) 

patients. A feature of which is increased APP expression due to trisomy of 
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chromosome 21. Whilst pre-amyloid lesions may be prolific in DS patients, their 

presence is not associated with neuronal death and cerebral dysfunction as 

observed with amyloid plaques in AD. More recent studies have suggested roles 

for the N-truncated Aβ peptides such as Aβ17-40/42, including calcium signalling 

interference and proinflammatory effects (Szczepanik, Rampe and Ringheim, 

2001; Jang et al., 2010). The function of the AICD peptide is largely debated with 

some studies suggesting no or little function for this APP fragment and others 

implicating it as a transcriptional regulator of genes such as GSK3β, ACE1/2, 

EGFR and LRP1. The regulation and theorised functions of AICD have been 

extensively reviewed by Müller et al. (2008). 

 

 
Figure 1.1 APP processing under healthy and AD conditions. Under normal conditions APP is 
proteolytically cleaved first by an α-secretase such as ADAM10, then by a γ-secretase complex. This results 
in the release of extracellular sAPPα and a small 3kDa Aβ17-40/42 fragment by a non-amyloidogenic process. 
The AICD fragment is released into the cytosol. In the amyloidogenic pathway, the initial cleavage by the β-
secretase BACE1 leads to the release of extracellular sAPPβ and the neurotoxic peptides Aβ1-40/42 upon γ-
secretase cleavage. Increases in amyloidogenic processing of APP are characteristic of AD. 

 

In AD patients, there is reduced processing of APP through non-amyloidogenic 

mechanisms and increased processing via an alternative, amyloid-producing 

mechanism (Nistor et al., 2007). (Figure 1.1) This increase in amyloidogenesis is 

the result of increased expression and activity of the β-site APP cleaving enzyme 

1 (BACE1); an aspartyl protease that cleaves APP 16 amino acids N-terminal of 

the α-secretase cleavage site between Met671 and Asp672. BACE1 expression has 

been shown to increase with age whilst ADAM expression remains stable, 

suggesting a possible cause of increased amyloidogenic APP processing leading 

to AD (Nistor et al., 2007). BACE1 processing of APP leads to a shorter sAPPβ 

peptide being released and full-length amyloid (Aβ1-40/42) being produced upon γ-
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secretase cleavage (Figure 1.2). Unlike sAPPα, sAPPβ is not involved in LTP 

(Taylor et al., 2008) but, like sAPPα, has been shown to promote dendritic growth 

but not axonal length (Chasseigneaux et al., 2011). Both forms of sAPP have 

been shown to activate NF-κB and increase interleukin 1β (IL-1β) expression in 

microglia and sAPP treatment of co-cultures of microglia and primary neurons 

showed increased neurotoxicity in the presence of these peptides (Barger & 

Harmon, 1997). Further indications of the neurotoxic effects of APP peptides lie 

in a study showing that N-terminal fragments of APP bind to death receptor 6 

resulting in activation of caspase-dependent cell death pathways (Nikolaev, 

McLaughlin, O’Leary, & Tessier-Lavigne, 2009).  

APP contains a second BACE1 cleavage site (the β’ site) between Tyr681 and 

Gln682. This site is within the full-length Aβ peptide and cleavage here leads to an 

N-terminal truncation and the Aβ11-40/42 peptide (Figure 1.2). This peptide does 

not exhibit the neurotoxic effects observed with full-length Aβ species but is a 

known component of senile plaques. A novel, pyroglutamate amyloid species 

(pAβ3-X) has also been identified as a large component of senile plaques (Mori, 

Takio, Ogawara, & Selkoe, 1992). pAβ3-X represents a minor amyloid species and 

is becoming increasingly researched for its pathological effects within the brain. 

This truncation leads to dehydration of the N-terminal glutamic acid to form 

pyroglutamate by glutaminyl cyclase- a process that is known to be upregulated 

in AD (Schilling et al., 2008). This modification results in rapid aggregation as a 

result in increased N-terminal hydrophobicity, resistance to proteolytic 

degradation and increased neurotoxicity of this peptide (Piechotta et al., 2017; 

Russo et al., 2002). 
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Figure 1.2 Sequences and cleavage points of the common amyloid species. The length of amyloid 
peptide varies with APP cleavage site. APP processing by β-secretase BACE1 forms the longest peptide of 
the amyloid species’ Aβ1-40 and Aβ1-42. Aβ1-42 is considered to aggregate the most readily of the amyloid 
peptides suggesting that the IA amino acids not present in Aβ1-40 contribute to aggregation. BACE1 
processing at the β’ site leads to Aβ11-40 and Aβ11-42 peptides that are less abundant than Aβ1-40 and Aβ1-42. 
α-secretases such as ADAM10 lead to the formation of smaller Aβ17-40 or Aβ17-42 amyloid species and 
caspase processing of APP at the θ-site produces the peptides Aβ15-40 and Aβ15-42. 

 

Plant et al. (2003) showed that inhibition of BACE1 in primary rat neurons induced 

cell death. Furthermore, this effect could be overcome with Aβ1-40 treatment at 

pM concentrations. Effects of BACE1 inhibition were diminished with Aβ1-42 whilst 

Aβ25-35 offered no protection from cell death. In addition, immunodepletion of 

amyloid peptides in vivo resulted in reduced long and short-term memory as a 

result of inhibition of LTP. These effects can be overcome with human oligomeric 

Aβ1-42 overall suggesting that these peptides play an important physiological role 

within the brain under physiological conditions (Garcia-Osta & Alberini, 2009; 

Puzzo et al., 2011). Aβ peptides have been suggested to contain antimicrobial 

properties through binding of fibrillar species to pathogens resulting in pore 

formation and bacterial perforation (Kagan et al., 2012). Furthermore, amyloid 

peptides have been shown to bind viruses such as HPV and influenza, preventing 

cell infection (Brothers, Gosztyla, & Robinson, 2018). These studies are 

supported by Aβ targeting drugs inducing hippocampal atrophy, cognitive decline 

and increased infections (Brothers et al., 2018). All support the hypothesis that 

Aβ plays an important physiological role and that efficient clearance of Aβ 

peptides suppresses the potential immune and neuroprotective functions they 

confer.  
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The length of Aβ peptide appears to have a great effect upon its pathophysiology.  

Aβ1-42 is the most commonly studied as it has been shown to oligomerise more 

readily and form larger aggregates than any other amyloid species. It is also the 

most common form of amyloid within Aβ plaques. Aβ1-40 is also commonly studied 

but the lack of residues 41 and 42 result in preference towards smaller, trimeric 

or tetrameric species that do not go on to form fibrillar structures (Bitan et al., 

2003). Aβ1-40 is the most abundant of the amyloid species though expression of 

this peptide does not correlate to AD progression as well as Aβ1-42. However, with 

recent studies identifying smaller, oligomeric amyloid structures as the most 

neurotoxic, interest in Aβ1-40 is increasing.  

 

The C-terminal length of Aβ peptides is determined by the γ-secretase complex 

made up of four integral membrane proteins: Presenilin (PSEN), anterior pharynx 

defective 1 (APH1), nicastrin and presenilin enhancer 2 (PEN-2) (Kimberly et al., 

2003; Wolfe et al., 1999; G. Yu et al., 2000). Two homologues exist of Presenilin, 

PSEN1 and PSEN2 which share 67% sequence identity (Levy-Lahad et al., 

1995). PSEN proteins represent the catalytic subunit of the complex with two 

aspartic acid residues catalysing proteolysis of substrates (Wolfe et al., 1999). 

Evidence indicates that the predominant forms of Aβ within the brain are AβX-40 

indicating a preference for cleavage at 40 by the γ-secretase complex (Mori et 

al., 1992). Current thinking is that the C-terminal length of amyloid is determined 

as a result of cleavages of a larger, AβX-49 peptide with sequential release of 

tetrapeptides but the mechanisms dictating the stopping point has not been 

determined (Takami et al., 2009; Tomita et al., 1999).  

 

The extent of aggregation of Aβ has also been shown to depend on the secondary 

structure. Aged Aβ peptides exhibit increased β-sheet conformation which leads 

to greater aggregation and a propensity towards fibrillar oligomerisation. Less β-

sheet conformation in Aβ peptides results in smaller, more diffuse plaques 

(similar to the proamyloid Aβ17-40/42 plaques observed in DS brains) (Urbanc et 

al., 2004; Viet, Ngo, Lam, & Li, 2011). Whilst the larger Aβ aggregates were once 

thought to be the main cause of AD, it is now considered that smaller, oligomeric 

structures may be more neurotoxic than the fibrillar forms, suggesting that Aβ 

with less β-sheet conformation may play a greater role in AD (Ahmed et al., 2010). 

As the Aβ17-40/42 fragment forms smaller, oligomeric species without the resulting 
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neurotoxicity it may be suggested that the N-terminal cleavage site of Aβ plays a 

key role in the pathological effects of amyloid peptides; possibly as a result of 

secondary structural changes. This idea is supported by identification of folding 

differences between Aβ1-40 and Aβ1-42 that may affect the availability of 

hydrophobic regions within the peptide, thus influencing the propensity towards 

oligomerisation (Urbanc et al., 2004). 

 

Recently, a new form of AD-like dementia has been characterised termed limbic-

predominant age-related TDP-43 encephalopathy (LATE). LATE patients exhibit 

late-stage clinical symptoms comparable to AD but is a result of proteinopathy of 

transactive response DNA binding protein of 43 kDa (TDP-43) (Nelson et al., 

2019). Early stages of LATE occur within the amygdala and are identified by 

increased phosphorylation and ubiquitination of TDP-43. This is accompanied by 

translocation from the nucleus to the cytoplasm whereby TDP-43 containing, tau 

negative inclusions form. In later stages, these inclusions are also present in the 

entorhinal cortex and dentate gyrus (DG) (Kadokura, Yamazaki, Lemere, 

Takatama, & Okamoto, 2009).  

 

A major obstacle in AD research is the lack of animal models that can be used 

as a representative of sporadic AD (SAD). Whilst canine, feline and even some 

cetacean cases of AD have been documented, cases have not been identified in 

rodents (Chambers et al., 2015; E. Head, 2013; Sarasa & Pesini, 2009). This has 

led to a plethora of rodent models of AD, all of which have mutations in one or 

more of the APP, PSEN1 or Tau genes to induce AD-like phenotypes but are not 

true representations of non-genetic AD. Whilst rodents do express all of the 

amyloidogenic machinery and do produce Aβ peptides, even aged rodents do not 

exhibit the amyloid and tau pathologies associated with AD. This may be due, in 

part, to the sequence differences in APP between humans and rodents. Mouse 

Aβ varies from human in only 3 amino acids R5G, Y10F and H13R (Lv et al., 

2013). These amino acid changes result in a 20% reduction in β-sheet folding 

compared to human Aβ1-42. The extent of β-sheet conformation may then 

influence the ability of amyloid to aggregate (Viet et al., 2011). Due to these 

differences, there is currently no accurate physiological model for SAD. 
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1.1.3 Hippocampal function and Alzheimer’s Disease 
The hippocampus is the main brain region involved in learning and memory. 

Current thinking in neuroscience suggests that memories are retained and 

maintained through the regulation of synaptic sensitivity to neurotransmitters- a 

process known as synaptic plasticity. The neuronal processes of LTP and long-

term depression (LTD) are thought to be an integral part of maintaining synaptic 

plasticity. In LTP, high-frequency stimulation of neurons leads to enhanced 

synaptic strength through increased post synaptic potential thereby increasing 

signal transmission in the postsynaptic neuron (Bliss & Lømo, 1973). The effects 

of LTP can be long lasting with evidence suggesting that LTP can still be detected 

1 year after stimulation; however these effects were dependent upon 

environmental enrichment (Abraham, Logan, Greenwood, & Dragunow, 2002). 

Furthermore, neurons which have undergone high-frequency stimulation are 

more susceptible to LTP with future stimulation indicating sensitisation of this 

process.  

Conversely, low frequency signals lead to LTD whereby synaptic strength is 

weakened and can reduce effect size of high-frequency stimulation on LTP. 

Habituation to this process can lead to synapse loss and desensitisation of 

neurons. To prevent this; neurons undergo a homeostatic process whereby 

continuous LTP or LTD stimulation leads to changes in neuronal sensitivity and 

the reduction or elevation (respectively) of synapse strength to keep synaptic 

sensitivity within a sustainable physiological range. The suggested mechanisms  

for this process have been reviewed by Vitureira and Goda (2013). Synaptic 

dysfunction is a known attribute of AD and AD models. Transgenic mice over-

expressing APP have been shown to exhibit impaired LTP as well as increased 

sensitivity to LTD compared to WT controls, a result that has been replicated with 

application of Aβ peptides to hippocampal slices ex vivo (Nomura, Takechi, & 

Kato, 2012; Walsh et al., 2002; Wang et al., 2002). 

 

Multiple mechanisms have been proposed for how LTP and LTD occur but the 

form most commonly associated with learning and memory is NMDA receptor 

(NMDAR) activation. NMDAR is a neuronal receptor for the most common 

excitatory neurotransmitter in the brain- glutamate. NMDARs are both receptors 

and ion channels and are integral in synaptic plasticity by initiating Ca2+ influx 

upon persistent glutamate release (high frequency stimulation) into the synaptic 
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cleft. NMDAR activation is a slower response than that seen in action potential 

transmission, which is primarily the function of faster acting glutamatergic ion 

channels- AMPA receptors (AMPAR) and kainate receptors. One of the 

downstream effects of NMDAR activation is the translocation of further AMPAR 

to the post-synaptic terminal, thereby increasing synaptic sensitivity to further 

presynaptic glutamate release. Another modulatory mechanism behind synaptic 

strength is though the G-protein coupled glutamate receptors mGluRs. These 

receptors regulate LTP through activation of MAPK signalling (amongst others) 

that promote transcription of genes such as BDNF that regulate synaptic strength 

(Viwatpinyo & Chongthammakun, 2009). Interestingly, activation of the same 

mGluR (mGluR5) promotes APP translation (Westmark & Malter, 2007). 

Furthermore, oligomeric amyloid species have been shown to bind to mGluR5 

leading to over-stabilisation and clustering within the post-synaptic membrane. 

This increased mGluR5 signalling and led to Ca2+ influx and synaptotoxicity 

(Renner et al., 2010). Aβ peptides have also been implicated in NMDAR 

dysfunction as oligomeric species have been suggested to activate NMDARs 

(Texidó, Martín-Satué, Alberdi, Solsona, & Matute, 2011; Wu, Anwyl, & Rowan, 

1995).  

 

Whilst BACE1 activity and Aβ production is increased in the hippocampus in AD, 

amyloidogenesis is still active in cognitively normal adults. This indicates that low 

concentrations of amyloid are likely to have a physiological function. It is therefore 

plausible that oligomeric amyloid accumulation within the synapse leads to 

excitotoxicity that may contribute to the cognitive impairment observed in AD 

rather than mere presence of Aβ. This would suggest that increased BACE1 

activity within the neurons is a key switch from essential APP expression within 

the cell to synaptotoxic amyloid accumulation. 

 

1.1.4 Mutations associated with Alzheimer’s Disease 
AD onset is usually sporadic but can also occur as a result of genetic 

abnormalities as familial AD (FAD). Sporadic AD, also known as SAD, has no 

known cause and the biggest risk factor is age with one in 14 developing SAD 

over the age of 65 and one in 6 over the age of 80 (Prince et al., 2007). FAD 

occurs as a result of mutations in proteins involved in APP processing that 

increase cleavage by either BACE1 or γ-secretase. Over 52 mutations have been 
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identified within APP itself that are suspected to influence AD risk, most of which 

increase processing by BACE1. Over 180 point mutations have been found within 

the PSEN1 subunit of the γ-secretase complex which alter the Aβ1-40/42 ratio or 

lead to increased Aβ1-40/42 production. From this point forward, mentions of AD 

refer to SAD. 

 

1.2 Metabolic risk factors associated with Alzheimer’s Disease 
1.2.1 Background 
The main risk factor associated with AD is age but increasing evidence is 

implicating metabolic dysfunction with this dementia. Some describe AD as ‘type 

3 diabetes’ in reference to the insulin resistance known to occur within the brain 

and many features are common to obesity (and its comorbidities) and AD (Talbot 

et al., 2012) (Figure 1.3). Neuroimaging studies have identified grey matter loss 

and limbic atrophy in type 2 diabetics affecting areas known to be most at risk in 

AD. Furthermore, cognition has been shown to be negatively influenced by long-

term high-fat diet (HFD) in rodents (Beckett et al., 2015; Farr et al., 2008; Moran 

et al., 2015; G Winocur & Greenwood, 1999). Interestingly, the detrimental effects 

of HFD could be diminished by environmental enrichment in early life indicating 

that environmental factors likely play a role in combination to biochemical 

dysfunction (Gordon Winocur & Greenwood, 2005). 

 

 
Figure 1.3 Diagram of common features between obesity and Alzheimer’s disease. Pathologies within 
the brain associated with both obesity and AD in the hippocampus and hypothalamus. Figure was created 
using BioRender.com. 
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Obesity, both type 1 and 2 diabetes and cardiovascular disease have all been 

identified as risk factors for AD but the mechanisms behind this these 

associations have yet to be confirmed (Jolivalt et al., 2010; Stampfer, 2006). 

Many hypotheses exist to explain this association. Alterations in lipid profile and 

metabolism have been suggested which may be irrespective of ApoE4 genotype 

(a known genetic risk factor for AD). A little-discussed hallmark of AD is the 

presence of lipid inclusions within brain glial cells; first noted by Alois Alzheimer, 

these suggest that lipid storage and metabolism may be either a contributor or 

an effect of AD (Foley, 2010). Lipidomic studies have identified changes in both 

plasma and brain lipid profiles in both AD and MCI, implying that this pathology 

may occur at an early stage within the disease (Snowden et al., 2017; Wood et 

al., 2016). Changes in lipid metabolism within the brain has been shown to 

diminish stem cell proliferation- a phenomenon that contributes to learning and 

memory in adults (Hamilton et al., 2015). Furthermore, lipid accumulation is 

suspected to occur in the brains of rodents as a result of HFD however further 

studies are required to determine whether the changes in brain lipid profile with 

obesity lead to AD-like changes in brain function (Borg, Omran, Weir, Meikle, & 

Watt, 2012). 

 

The cholesterol hypothesis suggests that high plasma cholesterol contributes to 

the amyloid deposition. (Pappolla et al., 2003)  Epidemiological studies have 

identified a reduced risk of developing AD in patients on the cholesterol lowering 

drugs- statins (Shepardson, Shankar, & Selkoe, 2011). However, the majority of 

studies indicating an association between plasma cholesterol and amyloid 

production have been performed in vitro leading to questions regarding the 

physiological reproducibility of this result. One of the main confounding factors 

may be that whilst cholesterol may directly influence amyloid production, 

cholesterol does not easily cross the blood-brain barrier and the majority of 

cholesterol present within the brain is produced there through de novo synthesis 

(Balazs et al., 2004; Wood, Li, Müller, & Eckert, 2014). This could severely limit 

the effects of high plasma cholesterol on the brain unless cholesterol transport is 

increased due to increased blood-brain barrier (BBB) permeability (Saeed et al., 

2014). However, this has not been proven either in the context of AD or obesity 

and cholesterol within the CSF has in fact been shown to be reduced in AD whilst 

plasma cholesterol is increased; suggesting that increased plasma cholesterol 
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may not correlate to increased cholesterol transport into the brain (Popp et al., 

2013). However, high dietary cholesterol has been shown to increase amyloid 

production within the brains of animal models possibly as a result of increased 

gene expression of BACE1 and reduced ADAM10 (Sharman et al., 2013). These 

studies suggest a more complex system whereby high plasma cholesterol 

contribute to altered brain cholesterol synthesis and activation of AD-associated 

genes within the brain tissue through a mechanism that has yet to be identified.  

 

Another key hypothesis behind amyloidogenesis is through inflammation. Central 

inflammation has been associated with both AD and metabolic diseases such as 

obesity and types 1 and 2 diabetes (Miller & Spencer, 2014; Ratter et al., 2017).  

Furthermore, increased inflammatory markers within the brains of type 2 

diabetics has been associated with decreased cognitive function (Heyer, 

Mergeche, Bruce, & Connolly, 2013). In mice, a possible synergism has been 

identified between obesity and amyloid exposure to increase brain inflammatory 

signalling and glial activation indicating a cumulative effect on immune signalling 

within the hippocampus (Barron et al., 2016). The inflammation hypothesis 

suggests that amyloid production occurs in response to a pathogenic challenge- 

either real or perceived by the body. Therefore under conditions that illicit a 

chronic inflammatory response- such as metabolic disease- amyloid production 

becomes persistent and itself, becomes damaging (Moir, Lathe, & Tanzi, 2018).  

 

Insulin is not the only metabolic hormone implicated in AD. Both leptin and 

ghrelin, appetite regulatory hormones produced in adipose and stomach tissues 

respectively, are suspected of having actions within the hippocampus that 

contribute to memory formation, learning and inflammation (Burguera et al., 2000; 

Ghamari-Langroudi, Srisai, & Cone, 2011). Indeed, leptin has been shown to 

contribute to the inflammatory response and is considered a cytokine due to 

similarities in structure between leptin and IL-6 as well as their receptors. 

Supraphysiological doses of leptin have been shown to stimulate monocyte 

activation and release of cytokines TNF-α and IL-6, both of which are known 

markers of chronic inflammation and part of the innate immune response 

(Santos-Alvarez, Goberna, & Sánchez-Margalet, 1999; Zarkesh-Esfahani et al., 

2004). However, these cytokines have also been associated with induction of 

leptin secretion so the exact nature of the relationship between these proteins 
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remains uncertain. Leptin has also been shown to induce IL-1β release from glial 

cells, though whether this is through a Signal transducer and activator of 

transcription 3 (STAT3) dependent or independent mechanism is unconfirmed 

(Hosoi, Okuma, & Nomura, 2000, 2002; Pinteaux et al., 2007). These studies all 

indicate a relationship between leptin and innate immunity and it may be that 

leptin resistance in obese individuals contributes to their chronic inflammatory 

state. It has also been shown that BACE1 contains a NFκB transcription factor 

binding site (Sambamurti, Kinsey, Maloney, Ge, & Lahiri, 2004) suggesting 

transcriptional control of BACE1 through this inflammatory pathway. 

 
1.2.2 Metabolic dysfunction and Alzheimer’s Disease 
In 2018, 26% of the English population is classed as obese with a further 35% 

classed as overweight and in Scotland almost one third of the population is 

classed as obese (29%) with a further 36% being overweight (Baker, 2018). 

Excess weight with body mass index >30 is associated with metabolic diseases 

such as type 2 diabetes (T2D), cardiovascular diseases and stroke. One of the 

hallmarks of T2D is insulin resistance whereby prolonged hyperinsulinemia leads 

to diminished insulin response and therefore reduced glucose control leading to 

increased appetite, frequent urination with increased thirst and fatigue. Left 

untreated, T2D may lead to nerve damage, this in combination with reduced 

wound healing and vascular dysfunction can result in limb loss as wounds 

become gangrenous (American Diabetes Association, Complications). Due to 

lack of a sufficient energy store within the brain, circulating glucose is the main 

form of energy in the CNS making it very sensitive to changes in glucose 

homeostasis. Metabolic dysfunction in AD has now been strongly linked to 

changes in central insulin sensitivity and central insulin is considered the main 

regulator of glucose transport into the brain. AD patients exhibit signs of insulin 

resistance both within the hypothalamus and the hippocampus and a recent study 

has identified the insulin receptor as a possible substrate for BACE1 within the 

liver (Meakin, Mezzapesa, et al., 2018).   

 

Insulin is secreted from the pancreas and crosses the BBB into the brain by 

receptor mediated transcytosis (Duffy & Pardridge, 1987). Binding of insulin to its 

receptor activates the PI3-kinase (PI3K) and MEK/ERK signalling cascades that 

mediate glycogenesis, lipogenesis and cell growth and survival (Guo, 2014). 
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Activation of insulin signalling promotes the storage of glucose as glycogen within 

the liver as well as increasing energy usage within cells by promoting energy 

expensive processes such as protein synthesis. Central PI3K pathway activation 

by insulin results in anti-apoptotic effects and may contribute to neuroprotection 

(Ryu, Ko, Jou, Noh, & Gwag, 1999). Furthermore, insulin has been shown to 

maintain BBB integrity by regulating endothelial expression of P-glycoprotein- a 

BBB transporter that regulates efflux of toxins (Liu et al., 2009). Insulin may also 

play a role in neurotransmitter signalling as it has been shown to inhibit serotonin 

receptor 5-HT2c through regulation of MAP kinase signalling (Hurley et al., 2003). 

In addition, insulin has been shown to promote dopamine release in the nucleus 

accumbens, an effect that is diminished by diet induced obesity (DIO) and 

possibly a contributor to reward-seeking behaviour and over-eating (Stouffer et 

al., 2015). The brain is reliant on glucose as its primary source of energy whilst 

peripheral tissues, upon glycogen depletion are more capable of utilising both 

fats and proteins- albeit less efficiently- to maintain function. The brain, lacking in 

fat or glycogen stores, is reliant on circulating glucose to provide sufficient energy 

to function. As such the brain is sensitive to changes in blood glucose as a result 

of peripheral hyperglycemia, as is the case in diabetics.   

 

Recent studies have revealed that leptin resistance too, may be a causal factor 

in AD progression and contribute towards the association between metabolic 

disease and dementia (Bonda et al., 2014; Meakin, Jalicy, et al., 2018). 

Leptin is an adipokine, released into the circulation from adipocytes upon eating 

whereby it mediates a variety of effects on many organs. Leptin receptors are 

expressed in pancreas, muscle, brain and immune cells amongst other tissues 

(Burguera et al., 2000; Guerra et al., 2007; Lord et al., 1998; Morioka et al., 2007). 

Due to similarities between leptin and the cytokines IL-6, 11 and 12 as well as 

structural and signalling similarities of the leptin receptor to type I cytokine 

receptors such as gp-130 subunit of the IL-6 receptor, granulocyte colony-

stimulating factor receptor (GCSFR), and leukemia inhibitory factor receptor 

(LIFR), leptin is a presumed cytokine (Baumann et al., 1996) (Figure 1.4). 

However, the best characterised roles for leptin are in energy homeostasis both 

through peripherally and centrally driven effects.  
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Figure 1.4 Structure of type I cytokine receptors. The leptin receptor (ObR) structural similarity with type 
I cytokine receptors such as the gp130 subunit of the IL-6 receptor, the GCSF receptor (GCSFR) and the 
LIF receptor (LIFR). All contain Ig domains (IGD), cytokine receptor homology domain (CRH) and 
Fibronectin type III like domains. For this reason, ObR is considered a cytokine I receptor.  

 
1.2.3 Leptin signalling 
Leptin has been implicated in neuronal development and the leptin receptor 

(ObR) has been identified in brain regions outside of the hypothalamus such as 

the neocortex, amygdala, hippocampus and cerebellum (Burguera et al., 2000; 

Huang, Koutcherov, Lin, Wang, & Storlien, 1996; Mercer et al., 1996). The human 

leptin receptor exists in 5 different isoforms, all varying in the length of their c-

terminal cytoplasmic domain. It has been shown that only isoform b (ObRb) 

contains all of the phosphorylation and binding sites required to initiate leptin 

signalling and regulate energy homeostasis (Tartaglia, et al. 1995). ObRb 

proteins form homodimers in order to function and phosphorylation at Y985, 

Y1077 and Y1138 regulates the activation of downstream pathways as well as 

providing binding sites for negative regulators allowing for feedback inhibition 

within the pathway. 

 

The intracellular domain of ObRb contains the binding sites for janus kinase 2 

(JAK2)- the initiator that leads to the activation of the signal transducer and 

activator of transcription 3 (STAT3), phosphoinositide 3-kinase (PI3K) and Ras- 

extracellular signal-regulated kinase (ERK) signalling responses upon leptin 

binding (Banks, Davis, Bates, & Myers, 2000; Niswender et al., 2001). 

Phosphorylation of STAT3 at Y705 is used as an indicator of leptin receptor 

activation as it is a requirement of JAK-STAT pathway activation and activated 

by few other receptor tyrosine kinases. STAT3 phosphorylation occurs when 

JAK2 binds to ObRb leading to the phosphorylation of the leptin receptor at Y985 
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and Y1138; this allows binding of STAT3 and Src homology region 2 domain-

containing phosphatase-2 (SHP-2) to the leptin receptor and permits JAK2 

mediated tyrosine phosphorylation of both. pSTAT3 then dimerises and 

translocates to the nucleus whereby it prevents transcription of orexigenic 

peptides agouti-related protein (AgRP) and neuropeptide Y (NPY) as well as 

initiating transcription of energy regulatory neuropeptides such as anorexigenic 

polypeptide pro-opiomelanocortin (POMC) as well as suppressor of cytokine 

signalling 3 (SOCS3) which inhibits the JAK2-STAT3 pathway (Figure 1.5) (Gong 

et al., 2008; Swart, Jahng, Overton, & Houpt, 2002; A. W. Xu, Ste-Marie, Kaelin, 

& Barsh, 2007). pSHP-2 activates Ras-ERK signalling upon binding to its cofactor 

growth factor receptor-bound protein 2 (GRB2) (Banks et al., 2000). The role of 

SHP-2 in leptin signalling is complex with confounding studies claiming both 

attenuation and amplification of leptin’s effects with SHP-2 depletion (Carpenter 

et al., 1998; Li & Friedman, 1999). More recent studies suggest that SHP-2 

regulates downstream pathways of leptin receptor activation through diminishing 

JAK-STAT signalling by dephosphorylating JAK2 and promoting ERK activation 

(Zhang, Chapeau, Hagihara, & Feng, 2004). Leptin signalling is negatively 

regulated by proteins such as SOCS3 and protein tyrosine phosphatase 1B 

(PTP1B). SOCS3, upon leaving the nucleus, binds to the leptin receptor at Y985. 

This may block both binding and activation of SHP-2 and prevent further 

phosphorylation of STAT3 through direct inhibition of JAK2 under prolonged 

periods of leptin receptor activation (Bjorbak et al., 2000; Sasaki et al., 1999). 

PTP1B is a phosphatase that acts on JAK2; upon phosphate removal JAK2 is 

inactivated and thereby prevents further JAK-STAT signal transduction (Lund, 

Hansen, Andersen, Møller, & Billestrup, 2005). (Figure 1.5) 
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Figure 1.5 Simplified schematic of signalling downstream of activation of the long form of the leptin 
receptor (ObRb) by leptin. Activation of ObRb results in phosphorylation of JAK2 thereby activating the 
PI3K and STAT3 signalling pathways. JAK2 also results in activation of SHP-2, which then stimulates a 
signalling cascade activating ERK. Phosphorylation of STAT3 by JAK2 leads to translocation to the nucleus 
whereby STAT3 acts as a transcription factor for the transcription of energy regulatory protein, anorexigenic 
peptide POMC in addition to turning off transcription of orexigenic peptides AgRP and NPY. STAT3 activates 
a feedback mechanism by stimulating transcription of SOCS3, which leaves the nucleus and binds to JAK2- 
inhibiting further activation of PI3K and STAT3. PTP1B and TCPTP phosphatases regulate leptin signalling 
be dephosphorylating JAK2 and STAT3 respectively. 

 

Leptin signalling within the brain is a key regulator of energy homeostasis. 

Released from adipocytes, leptin enters the circulation and initiates energy 

regulatory effects within peripheral tissues and the brain. Leptin is able to cross 

the blood brain barrier where it exerts its metabolic effects through the 

hypothalamus. Leptin binds to its receptor (ObRb) on first order AgRP/NPY and 

POMC/CART neurons in the arcuate nucleus (ARC) of the hypothalamus (Figure 

1.6) (Allison, Myers, & Jr., 2014). Activation of leptin signalling in POMC/CART 

neurons activates the JAK-STAT pathway leading to the production of Pro-

opiomelanocortin (POMC); POMC is highly processed within the hypothalamus 

leading to the production of many signalling peptides including α-melanocyte 

stimulating hormone (αMSH) (Sohn, 2015). POMC cleavage by prohormone 

convertase 1 (PC1) creates a N-terminal fragment (N-POMC (1-77)), 

adrenocorticotropin hormone (ACTH) and a c-terminal fragment (β-lipotropin; β-

LPH). Subsequent cleavages of ACTH by prohormone convertase 2 (PC2), 

carboxypeptidase E (CPE) and peptidylglycine α-amidating monooxygenase 

(PAM) respectively result in active αMSH (reviewed by Cawley, Li, & Loh, 2016).  
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Secreted αMSH binds to melanocortin-4 receptors (MC4R) on anorexigenic 

second order neurons in the paraventricular nucleus (PVN) of the hypothalamus. 

(Girardet & Butler, 2014) These anorexigenic neurons project into the nucleus of 

the solitary tract (NST), a nerve bundle which descends the spinal cord as well 

as the pituitary gland to regulate both nervous and hormonal responses. The NST 

initiates peripheral responses to reduce appetite and increase sympathetic 

activity to drive glucose uptake into tissues and increase energy expenditure via 

central effects (Blouet & Schwartz, 2012; Verberne, Sabetghadam, & Korim, 

2014). Simultaneously, leptin pathway activation in AgRP/NPY neurons leads to 

signalling of these neuropeptides in the PVN by inverse agonism of the MC4R 

(Nijenhuis, Oosterom, & Adan, 2001). This attenuates the food-seeking 

behaviours that these peptides bring about via orexigenic neurons in the lateral 

hypothalamic area (LHA) (Verberne et al., 2014). (Figure 1.6)  

 

Obese individuals enter a state of leptin resistance whereby leptin fails to activate 

the JAK-STAT pathway. This leads to aberrant energy regulation which 

exacerbates the obese state. The mechanisms behind diet-induced leptin 

resistance are contested but studies have implicated changes such as reduced 

POMC post-translational processing, reduced blood-brain barrier transport of 

leptin and defects in leptin receptor activation. (Cakir et al., 2013; El-Haschimi, 

Pierroz, Hileman, Bjørbaek, & Flier, 2000; Van Heek et al., 1997) 
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Figure 1.6 Schematic diagram of the effects of leptin within the hypothalamus on energy 
homeostasis. Binding of leptin or insulin to their respective receptors on POMC/CART neurons (green) in 
the arcuate nucleus (ARC) of the hypothalamus leads to the production and release of αMSH from synapses 
in the paraventricular nucleus (PVN). Second order neurons in the PVN extend axons into the nucleus of 
the solitary tract (NST) and release anorexigenic factors. The NST then co-ordinates an increase in 
sympathetic signalling resulting in reduced appetite, increased energy expenditure and increased energy 
storage. Leptin/insulin binding to AgRP/NPY neurons (red) leads to a reduction in the production of these 
neuropeptides and amelioration of their orexigenic effects. Figure was created using BioRender.com. 

 
Leptin is not released from all adipocytes equally and different fat depots have 

been shown to release leptin differently. Brown adipocytes do not express leptin 

whereas white adipocytes do. Expression of leptin is reciprocal to UCP1 and so 

increased browning in white adipose tissues (WAT), and therefore increased 

UCP1 expression, leads to decreased expression of leptin (Cancello, Zingaretti, 

Sarzani, Ricquier, & Cinti, 1998). This relationship can be driven by centrally 

administered leptin (Commins, Watson, Levin, Beiler, & Gettys, 2000). 

Additionally, visceral fat accumulation does not result in increased leptin mRNA 

and does not correlate to increased circulating leptin whereas subcutaneous fat 

accumulation does (Banerji, Faridi, Atluri, Chaiken, & Lebovitz, 1999; Montague, 

Prins, Sanders, Digby, & O’rahilly, 1997; T. R. Nagy et al., 1997; Russell et al., 

1998). This is important when considering the relationship between obesity and 

neurodegenerative diseases such as AD. As it has been shown that increased 

adiposity increases the risk of developing AD, however this correlation is far more 

pronounced in those with increased central adiposity in mid-life as defined by 

sagittal abdominal diameter (Whitmer et al., 2008; Whitmer et al., 2005). High 

waist-hip ratio and high body fat percentage have been associated with grey 



Introduction 

 22 

matter atrophy as well as reduced volume within brain regions such as the 

pallidum and nucleus accumbens as well as cortical thinning in males (Hamer & 

Batty, 2019; Kim et al., 2014). This relationship may also be influenced by ApoE4 

genotype (Zade et al., 2013). Interestingly, increased adiposity is associated with 

protection against AD in the elderly indicating an age-dependent effect (Hughes, 

Borenstein, Schofield, Wu, & Larson, 2009). Greater waist-to-hip ratio is 

associated with increased visceral fat within the body cavity as opposed to 

subcutaneous fat accumulation which is more equally distributed about the waist 

and hips. It may therefore be that increased central adiposity represents lower 

circulating leptin levels in these individuals and therefore a reduction in the 

protective effects that leptin offers. 

 

Besides metabolism, leptin has been shown to contribute to reproduction, 

cognitive development and inflammation (Chehab, Lim, & Lu, 1996). Indeed, 

circulating leptin is known to differ between sexes with women exhibiting greater 

levels than men. However, fluctuations in circulating leptin occur throughout the 

menstrual cycle suggesting a relationship between sex hormones and leptin 

(Ahrens et al., 2014). However, post-menopausal women appear to express 

comparable circulating leptin to premenopausal women indicating that the role of 

sex hormones in leptin regulation may not be simple (Bednarek-Tupikowska et 

al., 2006). In addition to this, the leptin deficient mouse (ob/ob) has been shown 

to be sterile due to lack of ovulation and spermatogenesis, a condition that is 

overcome with daily intraperitoneal (IP) leptin administration (Chehab et al., 1996; 

Mounzih, Lu, & Chehab, 1997). These differences in metabolism with sex may 

be important in studying the connection between metabolic dysfunction and 

dementia. There are almost twice the number of women with dementia living in 

the UK than men indicating sex is a risk factor for these diseases (Prince et al., 

2007).  

 
1.2.4 Leptin in memory and cognition 
Obese individuals have elevated plasma (approximately 2.5nM vs. 0.6nM in 

obese and lean individuals respectively) and cerebral spinal fluid (CSF) leptin 

(approximately 21pM vs. 16pM in obese and lean individuals respectively) 

(Adeyemi & Abdulle, 2000; Nam et al., 2001). They also exhibit metabolic 

dysfunction and leptin resistance whereby high concentrations of leptin fail to 
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implement the energy regulatory mechanisms required to maintain energy 

homeostasis (Caro et al., 1996; Enriori et al., 2007; Frederich et al., 1995). 

Studies have associated disruption in many aspects of leptin signalling with 

increased weight gain. Ob/Ob and db/db mice- transgenic animals deficient in 

leptin and ObRb leptin receptor isoform respectively are regularly utilised as 

murine models of obesity. More recent studies have utilised these animal models 

to study the neurological effects of obesity finding that ObR deficient animals 

exhibit reduced spatial memory abilities, decreased anxiety, locomotor deficits 

and increased psychosis behaviours with age (Li et al., 2002; Sharma et al., 

2010).  

 

Whilst AD is most commonly associated with atrophy of the cortex and 

hippocampus resulting in characteristic changes in memory, learning and 

reasoning skills; evidence is emerging that the hypothalamus is also subject to 

atrophy in this dementia (Callen, Black, Gao, Caldwell, & Szalai, 2001). Studies 

have shown that the hypothalamus exhibits amyloid pathology similar to that seen 

in the hippocampus and cortex in both mild cognitive impairment (MCI) and AD. 

(Iwatsubo, Saido, Mann, Lee, & Trojanowski, 1996; McDuff & Sumi, 1985). 

Animal model studies into the physiology of AD have identified that transgenic 

mice exhibiting increased amyloid production have metabolic phenotypes 

including decreased body weight associated with reduced fat mass, increased 

resting metabolic rate and decreased plasma leptin. These mice exhibit reduced 

POMC and CART mRNA in the hypothalamus as well as reduced 

responsiveness to leptin stimulation in NPY neurons. (Ishii, Wang, Racchumi, 

Dyke, & Iadecola, 2014) This suggests that metabolic dysfunction in AD may not 

be due to just hypothalamic atrophy, but also aberrant leptin signalling due to 

increased amyloid. Obesity and it’s co-morbidities have been shown to increase 

the likelihood of developing AD; twin studies by  Xu et al. (2011) found that AD 

patients were 70% more likely to have been overweight or obese in midlife 

compared with cognitively normal individuals. With obesity becoming a global 

epidemic, the effects of nutrient excess on the brain must be better understood 

as these dementias may become more commonplace as the current population 

ages.  

 



Introduction 

 24 

Leptin has been researched as a neuroprotectant; serum leptin positively 

correlates with hippocampal volume in the elderly and individuals with higher 

circulating leptin appear to be at reduced risk of cognitive decline (Holden et al., 

2009; Narita, Kosaka, Okazawa, Murata, & Wada, 2009). Leptin is known to 

assist with working memory as rodents deficient in the leptin receptor have been 

shown to exhibit impaired LTP and LTD in CA1 neurons and performed poorly in 

spatial memory tests compared to controls (Li et al., 2002). It is thought that leptin 

receptor activation within the hippocampus leads to increased transport of AMPA 

receptors (AMPARs) to and from the synapse via a PI3K dependent mechanism 

thereby regulating LTP and LTD (Moult et al., 2010; Moult, Milojkovic, & Harvey, 

2009). Leptin is also thought to modulate NMDA receptor function and through 

this, enhances LTP (Shanley, Irving, & Harvey, 2001). Metabolic studies in 

dementia have identified central leptin dysfunction in these neurological diseases 

by reduced leptin sensitivity and decreased circulating leptin in later stages of AD  

(Lieb et al., 2009). 

 

Weight loss is commonly associated with AD. A clinical study identified that 

weight loss of greater than 4% over 4 years gives rise to a 3-fold greater likelihood 

of AD from MCI in aged individuals; whilst weight loss from mid-life may be an 

indicator of MCI (Alhurani et al., 2016; Cova et al., 2016). However, the cause 

and effect of this relationship has yet to be established. It has been suggested 

that circulating leptin concentrations in individuals with AD is lower than that of 

their cognitively healthy counterparts but studies are conflicting (Maioli et al., 

2015; Power, Noel, Collins, & O’Neill, 2001). There is little evidence of a 

difference associated with MCI (Oania & McEvoy, 2015). Whilst evidence has 

been published claiming that increased circulating leptin associates with reduced 

incidence of AD, some studies have suggested that plasma leptin is not a 

predictor of AD risk in those with MCI however CSF leptin provided a better 

predictor of AD development (Lieb et al., 2009; Oania & McEvoy, 2015). Bonda 

et al. (2014) found that whilst AD patients exhibited higher CSF and hippocampal 

leptin concentrations, mRNA for the leptin receptor was reduced and 

immunohistochemistry (IHC) and colocalization staining revealed localisation of 

ObRb to both NFTs and neuritic plaques. This suggests that whilst leptin 

concentrations are high, signal transduction is impaired. Further studies have 

indicated that brain leptin signalling is altered in AD patients even when CSF 
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leptin is unchanged due to reduced ObRb expression (and therefore reduced 

leptin signalling) in the hippocampus as well a shift in leptin and ObRb localisation 

from neurons to reactive astrocytes (Maioli et al., 2015). Furthermore, this study 

showed that Aβ1-42 exposure increases leptin receptor synthesis in both neurons 

and astrocytes thereby associating BACE1 activity to leptin signalling within the 

brain. 

 

It has been proposed that leptin may reduce the targeting of BACE1 to lipid rafts 

by altering the lipid composition of the rafts (Fewlass et al., 2004; Ruth, Proctor, 

& Field, 2009). As targeting to lipid rafts is a requirement for BACE1 endocytosis, 

reductions would lead to accumulation of BACE1 at the cell membrane and 

reduced expression within endosomal compartments- compartments which are 

known to provide more favourable environment for BACE1 catalysis and produce 

the majority of secreted amyloid peptides (Ellis & Shen, 2015). It has also been 

proposed that leptin may mediate BACE1 activity through induction of 

peroxisome proliferator-activated receptor γ (PPARγ) expression (Sastre et al., 

2006). They identified BACE1 as containing PPARγ response elements within 

the BACE1 promotor and found that BACE1 is downregulated by this nuclear 

receptor. Human data indicate that PPARγ protein expression and its binding to 

BACE1 is reduced in the AD prefrontal cortex however BACE1 expression was 

increased (Sastre et al., 2006). Furthermore, neuron-specific PPARγ knock-out 

in mice leads to reduced weight gain on HFD, reduced food intake, increased 

energy expenditure and increased leptin sensitivity (Lu et al., 2011). Interestingly, 

STAT3 is also a suggested regulator of BACE1 transcription with p25/CDK5 

leading to BACE1 accumulation and increased amyloid production through a 

proposed STAT3 dependent mechanism (Wen et al., 2008).  

 

Leptin has also been suggested to improve amyloid pathology. It has been shown 

that leptin increases ApoE-dependent amyloid uptake in SH-SY5Y and Neuro2a 

cells (Fewlass et al., 2004). This study also found that APPswe/PSEN1 

transgenic mice exhibited reduced plasma leptin compared to WT littermates 

thereby suggesting a feedback mechanism between amyloid and leptin. This role 

for leptin has also been shown in hippocampal slices with leptin treatment 

reducing both secreted Aβ1-40 and Aβ1-42 (Marwarha, Dasari, Prasanthi, 

Schommer, & Ghribi, 2010). However, the concentrations of leptin (1-3nM) used 
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within the study were supraphysiological with typical CSF and plasma leptin 

levels being approximately 46pM and 312pM respectively in healthy individuals 

(Wong et al., 2004). Therefore, further in vivo or ex vivo validation is required. 

Overall, this has led to the suggestion of leptin as a therapeutic agent for AD.  

 
1.2.5 BACE1 and metabolism 
An increasing body of evidence implicates BACE1 as a regulator of metabolic 

homeostasis. Studies have indicated that BACE1 knock-out (KO) mice are 

protected from diet-induced obesity when challenged with a HFD. This is 

accompanied by protection from metabolic disease with retention of insulin 

signalling and leptin sensitivity with nutrient excess whilst wild-type (WT) controls 

become insulin resistant and show diabetic phenotypes (Meakin et al., 2012; 

Meakin, Jalicy, et al., 2018). It has also been shown that chronic nutrient excess 

by way of 20 week HFD led to increased BACE1 expression in both central and 

peripheral tissues (Meakin et al., 2012; Meakin, Jalicy, et al., 2018; 

Thirumangalakudi et al., 2008; Wang et al., 2013b). In contrast, BACE1 knock-in 

(KI) mice exhibited dysfunctional glucose homeostasis from 4 months of age, 

impaired glycogen storage and fatty liver. These mice have a small increase in 

forebrain BACE1 expression through the addition of the human BACE1 gene 

under the CamKII promotor in the HPRT locus (Plucinska et al., 2014). These 

mice also exhibited lipid accumulation within the brain and hypothalamic 

dysfunction shown by elevated POMC and MC4R gene expression. However, 

the increases in metabolic gene expression in the hypothalamus did not lead to 

decreased food intake compared to WT controls suggesting greater energy 

efficiency with increased BACE1 expression (Plucińska et al., 2016).  

 

A HFD study on the AD model APP/PSEN1 showed an inflammatory phenotype 

that exacerbated AD pathologies. Upon reversal of the HFD, these pathologies 

were ameliorated (Walker, Dixit, Saulsberry, May, & Harrison, 2017). One of the 

key pathologies associated with AD is the formation of extracellular amyloid 

plaques. In addition to increased BACE1 expression, chronic HFD leads to 

increases in β-site APP processing in transgenic mouse models of AD suggesting 

increased BACE1 activity with dietary stress as BACE1 is the rate limiting step in 

amyloid production (Julien et al., 2010). This may contribute to a feedback loop 

as increased amyloid has also been implicated in metabolic dysfunction. 
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Neuroimaging studies have identified correlations between amyloid burden within 

the brains of AD patients and decreased glucose metabolism (Adriaanse et al., 

2014; Carbonell et al., 2016). Clarke et al. (2015) show that acute, central 

administration of amyloid oligomers alters skeletal muscle glucose uptake, 

adipose inflammation as well as causing glucose and insulin intolerance. Amyloid 

treated mice expressed increased adipose leptin mRNA but increased weight 

gain as well as increased hypothalamic AgRP and NPY mRNA. This study also 

showed reduced glucose clearance in APP/PSEN1 transgenic mice offering 

strong evidence for a metabolic dysfunction as a result of raised oligomeric 

amyloid within the brain.  

 
1.3 BACE1 biochemistry 
1.3.1 Introduction to BACE1 
BACE1 was discovered in 1999 by 4 different teams investigating potential β-

secretase enzymes responsible for β-amyloid production (Hussain et al., 1999; 

Sinha et al., 1999; R Vassar et al., 1999; Riqiang Yan et al., 1999). These teams 

validated APP as a true substrate for BACE1 through colocalization, in vivo and 

in vitro protease assays providing strong evidence for it being the sought-after β-

secretase. 

 

BACE1 is a type I transmembrane protein of 501aa; it has a large, 435aa 

extracellular domain containing both catalytic aspartic acid residues required for 

proteolytic activity. BACE1 contains a very small cytoplasmic domain of only 

22aa, however this domain contains four potentially palmitoylatable cysteines 

and a phospho-serine. (Figure 1.7) Mouse and human BACE1 sequences have 

96.41% identity and sequence conservation can be observed throughout 

evolution with BACE1 orthologues having been identified in marine invertebrates 

such as hydra. Furthermore, BACE1 from the marine invertebrate Branchiostoma 

has been shown to cleave APP at the β site indicating a strong conservation of 

function. Interestingly, APP evolution occurs much later that BACE1. This 

conservation of BACE1 outside of APP evolution indicates an important role for 

this protein outside of amyloid formation (Moore et al., 2014b).  
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Figure 1.7 Schematic of post-translational modifications of the BACE1 protein. The BACE1 transcript 
encodes a signal and pro peptide, catalytic domain, transmembrane domain and cytoplasmic domain. D93 
and D289 are the catalytic residues required for aspartyl protease activity. BACE1 is phosphorylated at 
S498, palmitoylated at C474, 478, 482 and 485, glycosylated at N354, 223, 172 and 153 and is acetylated 
at K307, 300, 299, 285, 279, 275 and 126. Disulphide linkages connect C443-278, C420-216 and C380-
330. 
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However, whilst APP occurs much later in evolution, the APLP proteins have 

been identified in earlier evolutionary branches than BACE1. This could suggest 

that the BACE1-APLP association may be of more physiological importance than 

BACE1-APP (Moore et al., 2014a). The BACE1 paralogue, BACE2, cleaves APP 

within the β site but exhibits higher preference to a θ site that is downstream of 

the α site; thereby cleaving within the Aβ sequence and producing a truncated 

Aβ15-40/42 peptide (Farzan, Schnitzler, Vasilieva, Leung, & Choe, 2000; Sun et al., 

2005; R Yan, Munzner, Shuck, & Bienkowski, 2001). (Figure 1.2) These two 

homologs exhibit 75% sequence identity (45% identical) (Sun et al., 2005). 

 

Interestingly, genotypic analyses have yet to identify and validate polymorphisms  

in the BACE1 gene that influence susceptibility to AD (Todd et al., 2008) but 

genome-wide association studies (GWAS) on AD and non-demented controls 

have identified the BACE1 single nucleotide polymorphise (SNP) rs650585 

associates with reduced plasma Aβ1-40 (Chouraki et al., 2017). The relevance of 

this mutation in AD risk has yet to be determined. Another GWAS study identified 

the rs1047964 mutation within the 3’ UTR of BACE1 as significantly increasing 

the risk of death by CVD in women with migraine (Schürks, Buring, Ridker, 

Chasman, & Kurth, 2011). The SNP rs535860 within the 3’ UTR has been 

associated with increased risk of T2D but interestingly results in decreased 

BACE1 expression in HEK 293 cells (Hoffmeister et al., 2013). The rs638405 

mutation in BACE1 has been associated not only with increased risk of AD in 

combination with the ApoE4 allele, but increased risk of Parkinson’s Disease 

(PD) (Kirschling et al., 2003; Lange et al., 2015; Murphy et al., 2001; Nowotny et 

al., 2001). Many studies have focused on this 1239G/C SNP within exon 5 of 

BACE1, but have produced conflicting results as to whether the G or C variant 

increases the risk of developing AD (Clarimon et al., 2003; Jo et al., 2008; J. Shi 

et al., 2004; M. Yu, Liu, Shen, Lv, & Zhang, 2016). This SNP doesn’t result in 

variability at the peptide level at both the G and C variants encode valine and no 

mechanisms have been identified as to why this SNP may affect AD risk. 

Furthermore, this SNP appears to have no influence over CSF amyloid or sAPP 

levels in AD patients (Sjölander, Zetterberg, Andreasson, Minthon, & Blennow, 

2010). It must also be mentioned that the majority of studies into BACE1 variants 

use AD cases, it may be that BACE1 SNPs have a greater effect in other 

diseases. However, the lack of SNPs in BACE1 resulting in functional variation 
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should perhaps be unsurprising considering the high degree of conservation in 

this gene, further supporting the idea that BACE1 plays in integral physiological 

role.  

 

1.3.2 BACE1 KO mouse models 
BACE1 KO mice have been a primary model for studying the neurological and 

physiological functions of BACE1. BACE1 KO mice have been shown to be viable 

and exhibit few phenotypes (Luo et al., 2001). One group identified increased 

neonatal mortality in the BACE1 KO line (Dominguez et al., 2005). Others have 

identified hyperactivity, increased muscle tone, neuronal hypomyelination, 

seizures and schizophrenia within these mice however these phenotypes are not 

consistent between studies and different BACE1 KO models appear to exhibit 

these effects to varying degrees, if at all (Dominguez et al., 2005; Harrison et al., 

2003; Hitt, Jaramillo, Chetkovich, & Vassar, 2010; Hu et al., 2006; Roberds et al., 

2001).  

 

BACE1-/-BACE2-/- double KOs have been created in order to identify whether 

BACE2 may compensate for BACE1. This model exhibited greater risk of early 

life mortality compared to single BACE1 KO mice (Dominguez et al., 2005). This 

leads to questions regarding the evolutionary advantage that BACE1 must offer 

and the reason for the strict conservation of this protein throughout evolution.  

 

1.3.3 Transcriptional and translational regulation of BACE1 
BACE1 transcription is mediated through a variety of transcription factors which 

are involved in processes such as inflammation, development and 

physical/emotional stress responses. Proposed transcriptional regulation sites 

include progesterone response element, glucocorticoid, retinoic acid recognition 

and NFκB binding sites within the promotor region (Sambamurti et al., 2004). 

However, mRNA expression of BACE1 does not reflect protein activity as BACE1 

mRNA expression within the pancreas is high but enzymatic activity against APP 

substrates is low, this is contrary to the brain where BACE1 mRNA expression is 

moderate but activity high (Sinha et al., 1999; Riqiang Yan et al., 1999). There 

must, therefore, be alternative mechanisms outside of gene expression, that 

regulate BACE1 activity towards APP. 
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BACE1 has a large, 446 nucleotide 5’ UTR with high (77%) GC content that is 

thought to act as a translational regulator of BACE1 protein expression. The 3’ 

UTR does not appear to regulate BACE1 translation (Sven Lammich, Schöbel, 

Zimmer, Lichtenthaler, & Haass, 2004). The BACE1 5’ UTR also contains 

multiple upstream ATGs that may influence the translational start site for BACE1 

(De Pietri Tonelli et al., 2004; Rogers, Edelman, & Mauro, 2004). It has been 

shown that whilst BACE1 protein levels increase in AD patients, mRNA 

expression remains unchanged (Fukumoto, Cheung, Hyman, & Irizarry, 2002; 

Holsinger, McLean, Beyreuther, Masters, & Evin, 2002; Preece et al., 2003). It is 

therefore plausible that translational regulation of BACE1 is the key mechanism 

regulating BACE1 protein expression in a dementia context. Interestingly, BACE1 

mRNA has been shown to increase in mice challenged with chronic HFD 

suggesting that dietary intervention or exposure to a chronic stressor may be 

required for transcriptional regulation of BACE1 expression (Meakin, Jalicy, et al., 

2018).  

 

1.3.4 BACE1 activity 
BACE1 is a type 1 transmembrane protein and aspartyl protease. Aspartyl 

protease enzymatically cleave substrates through a hydrolytic reaction with 

catalytic aspartic acid residues within the active site. Aspartic acids at amino 

acids 93 and 289 are responsible for the proteolytic activity of BACE with mutation 

of either residue resulting in decreased cleavage of APP (Hussain et al., 1999) 

Both Asp residues are required for proteolytic activity; whilst one acts as a proton 

acceptor from a water molecule thereby initiating hydrolysis, the other stabilises 

the carboxyl group of the phosphate backbone in the substrate. (Figure 1.8) This 

allows electron transfer within the peptide substrate leading to proteolysis. 

BACE1 activity has been shown to increase in acidic environments such as in the 

endo/lysosomal compartments (Vassar et al., 1999). However, unlike typical 

aspartyl proteases, BACE1 is poorly inhibited by the broad-spectrum aspartyl 

protease inhibitor pepstatin suggesting as an alternative chemistry to proteolysis 

by this protein even compared to its closest evolutionary relative, cathepsin D 

(Ahmed et al., 2010).  
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Figure 1.8 Mechanism of proteolysis by aspartyl proteases. The aspartic acid residues within aspartyl 
proteases catalyse the proteolysis of substrates. One catalytic residue stabilises the peptide substrate whilst 
the second oxidises a water molecule which targets the phosphate backbone of the substrate leading to 
proteolysis. Figure was created using BioRender.com. 

 

Since its identification as the β-secretase, BACE1 has been a key drug target in 

the treatment and prevention of AD. The premise for its targeting being that 

inhibition of BACE1 would lead to reductions in amyloid production and thereby 

protect an individual from amyloid pathology and AD. Whilst some would argue 

that amyloid burden does not always result in AD, the emergence of the Icelandic 

mutation- an A673T substitution within APP- indicates that a 40% reduction in 

amyloid offers protection against this form of dementia (Jonsson et al., 2012). 

Whilst many BACE1 inhibitors have made it to clinical trial stages, none yet have 

progressed further. One of the first challenges in BACE1 inhibitor development is 

designing a drug that will cross both the BBB and cellular membranes to act upon 

compartmentalised BACE1. Inhibitors have been developed through multiple 

mechanisms including small molecules, peptides and antibodies, each have 

shown varying degrees of success. The most successful peptide strategies have 

exhibited reductions in plasma amyloid but failed to produce significant results 

within the CSF in Phase I clinical trials (Sankaranarayanan et al., 2009). This 

suggests poor transport across the BBB as a confounding factor with this form of 

therapy. Small molecule inhibitors were explored and effective pharmacophores; 

acylguanidine, aminopyridine, and isothiourea identified that exhibit inhibitory 

properties on both catalytic aspartic acid residues. Compared to previous 

peptide-based inhibitors, these small molecules have a low molecular weight and 

have high binding affinity (Coimbra et al., 2018). Testing of small molecule 

inhibitors led to the development of the LY2811376 BACE1 inhibitor- an 

isothiourea- by Merck. However, trials in rodents led to the discovery of glial and 
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neuronal degeneration as well as retinal degeneration caused by accumulations 

of autofluorescent granules. However, these effects were also identified in 

BACE1 KO mice given this compound indicating that they are off-target and 

should not be expected from all BACE1 targeting inhibitors (May et al., 2011).  

 

Perhaps the most promising BACE1 targeting treatment is the dual-specific 

antibodies to both BACE1 and the transferrin receptor to improve uptake into the 

brain (Atwal et al., 2011; Yu et al., 2011). Whilst some agents have passed initial 

testing and made it to clinical trials, ultimately BACE1 inhibitors have not been 

shown to significantly reduce CFS amyloid concentrations.  

 

The BACE1 inhibitors that have shown great success in reducing central amyloid 

concentration with few side effects were extremely successful in treating amyloid 

pathology and associated cognitive decline in rodent models of FAD. However, 

despite many successes in BACE1 inhibition in animal studies, many exhibit 

either side effects or are ineffective against SAD in human trials. This may be, in 

part, due to animal models being based upon the genetics of FAD rather than 

conditions associated with SAD (Volloch & Rits, 2018).  

 

1.3.5 BACE1 and APP trafficking 
Whilst both BACE1 and APP are considered cell surface proteins, evidence is 

emerging that the BACE1-APP interaction occurs elsewhere within the cell. APP 

expression has been shown predominantly within the golgi and secretory 

pathway (Caporaso et al., 1994). Unshed APP has been shown to spend 

relatively little time at the cell surface before being internalised within minutes to 

endosomes (Koo, Squazzo, Selkoe, & Koo, 1996; Marquez-Sterling, Lo, Sisodia, 

& Koo, 1997). APP is internalised via clathrin mediated endocytosis and contains 

a consensus motif (NPTY) within the cytoplasmic domain. Once in the 

endo/lysosomal system, APP can then be recycled back to the plasma 

membrane (PM) or targeted to the lysosome for degradation (Nordstedt, 

Caporaso, Thyberg, Gandy, & Greengard, 1993; Yamazaki, Koo, & Selkoe, 

1996). There is evidence to suggest that endocytosis of APP is a requirement for 

amyloid production, therefore implicating the endosomal system as a major site 

of APP processing by BACE1 (Koo & Squazzo, 1994). Expression of APP within 
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clathrin coated pits has led to the suggestion that APP is a cell-surface receptor 

however the short expression time of APP at the PM suggests otherwise.   

 

BACE1 processing occurs in a similar manner. After translation, BACE1 

undergoes multiple post-translational modifications including propeptide 

cleavage and glycosylation in order to produce mature, active protein (Capell et 

al., 2000). The maturation of BACE1 is further discussed in section 1.3.6. Upon 

activation BACE1 is expressed in the secretory pathway whereby it is targeted to 

the plasma membrane (PM) through the trans-golgi network (TGN). Within the 

PM, BACE1 is targeted to lipid rafts and then undergoes clathrin mediated 

endocytosis upon binding of Golgi-localized, γ-ear-containing, Arf (GGA) proteins 

to the c-terminal domain (Shiba et al., 2004; Toh, Chia, Hossain, & Gleeson, 

2018). BACE1 enters sorting endosomes where, like APP, it can be targeted back 

to the PM, the TGN or enter the lysosome for degradation (Udayar et al., 2013). 

BACE1 can also be transported directly to early endosomes from the TGN by 

association with sortilin and retrograde transport from early endosomes to the 

TGN may be mediated by the same protein as c-terminal truncation of sortilin 

leads to accumulation of both proteins within endosomes (Finan, Okada, & Kim, 

2011).  

 

Multiple studies have implicated sub-cellular localisation of BACE1 as a regulator 

of APP processing suggesting that the proteins responsible of BACE1 targeting 

could be important drug targets to reduce amyloid pathology in AD (Finan et al., 

2011). APP endocytosis occurs after flotillin and cholesterol-dependent clustering 

and utilises the AP2 adaptor protein complex to internalise in a clathrin-

dependent manner (Perez et al., 1999; Schneider et al., 2008). BACE1, however 

utilises an ARF6 dependent mechanism suggesting, perhaps, different methods 

of endocytosis and therefore differing PM localisations and vesicles (Prabhu et 

al., 2012; Sannerud et al., 2011). This suggests that the first point of contact 

between these proteins from the PM would be early endosomes.  

 
1.3.6 BACE1 modification 
Maturation of BACE1 is heavily reliant on post-translational modifications. 

Translated BACE1 contains both a propeptide and signal peptide. To produce 

mature BACE1, the propeptide is cleaved within the endoplasmic reticulum (ER) 
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and is a suspected requirement for correct BACE1 folding conferring no effect on 

BACE1 activity if left intact. (Shi et al., 2001) The signal peptide targets BACE1 

to the TGN for anteriograde transport, it is here that the propeptide is cleaved by 

a furin-like protease (Bennett et al., 2000; Capell et al., 2000). Throughout 

maturation 7 BACE1 lysine residues become acetylated within the ER, this 

modification adds stability to the folding protein and once folded, deacetylation 

occurs within the golgi (Ko & Puglielli, 2009). Unfolded BACE1 is degraded 

through a pathway involving PCSK9 (Jonas, Costantini, & Puglielli, 2008). 

Acetylation, and therefore folding of BACE1, has been shown to be influenced by 

the lipid secondary messenger ceramide (Costantini, Ko, Jonas, & Puglielli, 2007; 

Puglielli, Ellis, Saunders, & Kovacs, 2003). Ceramides are significantly elevated 

in AD patients from very early stages of the disease (Holtzman, McKeel, Kelley, 

& Morris, 2002). As such it may be that increased stability of BACE1 through 

increased acetylation may be a contributing factor to the switch from non-

amyloidogenic to amyloidogenic processing of APP. 

 

Phosphorylation of BACE1 at Ser498 by casein kinase I (CK1) modulates sub-

cellular trafficking of BACE1 (Walter et al., 2001). Using WT, S498D and S498A 

BACE1, it has been shown that this post-translational modification of BACE1 is a 

key regulator in cellular trafficking of the protein. The S498D, a mimic of 

phosphorylated BACE1 was found to move freely throughout the TGN and 

endosomal systems whereas non-phosphorylatable S498A BACE1 mutants 

accumulated within early endosomes. Whilst internalisation of BACE1 from the 

PM was not affected by phosphorylation state, cycling from early endosomes 

back into the TGN or late endosomes was only possible in phosphorylated WT 

BACE1 or the S498D BACE1 mutant. The Ser498 phosphorylation site is directly 

adjacent to the di-leucine (LL) motif at amino acids 499 and 500 meaning that 

steric effects on this motif by the phosphate group could be possible (Pastorino, 

Ikin, Nairn, Pursnani, & Buxbaum, 2002; Wahle et al., 2005). The LL motif is a 

well characterised regulator of protein trafficking, particularly away from the PM 

by interactions with clathrin associated proteins (John, Meister, Banning, & 

Tikkanen, 2014). In BACE1, the LL motif is known to regulate transport from the 

PM into the endosomal system. LL to AA mutation of this motif leads to 

accumulation of BACE1 at the cell membrane however S498A mutation did not 

alter BACE1 trafficking thereby suggesting that phosphorylation at this site does 
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not hinder the function of the LL motif (Pastorino et al., 2002) and must modulate 

BACE1 trafficking through an alternative mechanism. BACE1 contains a 

characteristic GGA protein binding motif at residues 496-500 therefore the serine 

phosphorylation site is contained within this motif. GGA proteins are adaptor 

proteins that regulate the movement of receptors such as the mannose-6-

phosphate receptor between the endosomal system and the TGN. Cycling similar 

to that observed with BACE1. Moreover, phosphorylation of BACE1 at S498 has 

been shown to increase GGA1 binding and siRNA knockdown of GGA1 results 

in significant reductions in BACE1 co-expression with Rab11- a marker of 

recycling endosomes (Shiba et al., 2004; Toh et al., 2018).  

 

Plausible CK1 targeting sites have been previously identified not only in BACE1, 

but in subunits of the γ-secretase complex including PSEN1 and PSEN2 and the 

microtubule binding protein Tau (Chen et al., 2017; Flajolet et al., 2007; Li, Yin, 

& Kuret, 2004). Transcription of CK1δ been shown to increase in the brains of 

AD patients (Yasojima, Kuret, DeMaggio, McGeer, & McGeer, 2000) therefore 

suggesting an increase in BACE1 phosphorylation and possibly increased cycling 

of BACE1 through the secretory pathway.  

 

Palmitoylation of BACE1 has been shown to be integral to lipid raft targeting and 

amyloid production (Andrew et al., 2017; Vetrivel et al., 2009). It occurs on four 

cysteine residues within the cytosolic domain C474, C478, C482, C485. The 

palmitoyl-transferase DHHC20 has been largely attributed with the process 

however other DHHC proteins such as 3, 4, 7 and 15 have also been suggested 

suggesting that palmitoylation of BACE1 may occur within the golgi, ER and PM 

(Cho & Park, 2016; Vetrivel et al., 2009). Targeting of BACE1 to lipid rafts may 

be another method by which BACE1 substrates are determined. Lipid rafts 

typically contain lipidated and GPI anchored and transmembrane proteins within 

a domain high in cholesterol, saturated phospholipids, sphingolipids and 

glycolipids resulting in a hydrophobic, ordered and rigid membrane nanodomain 

(Sezgin, Levental, & Eggeling, 2017). Lipid rafts are also important in the cycling 

of BACE1 throughout the cell as they are key target areas for endocytosis 

(Nichols, 2003; Pelkmans, 2005). The process of internalisation is known to be 

responsible for retrograde transport of BACE1 away from the cell surface. 

Interesting, APP is not as readily targeted to lipid rafts and therefore 



Introduction 

 37 

palmitoylation of BACE1 may separate it from this substrate thereby leading to 

non-amyloidogenic APP processing (Ehehalt, Keller, Haass, Thiele, & Simons, 

2003). APP is also transported directly from the golgi into early endosomes and 

its transport throughout the cell may be influenced by its homodimerization which, 

in turn, influences the ability of APP to interact with sorting proteins LRP1 and 

SorLA (Eggert et al., 2018). Transport into early endosomes through both of 

these mechanisms may enable BACE1 to come into contact with APP in this 

environment rather than at the cell surface thereby providing a preferable 

environment for BACE1 cleavage of this substrate.  

 

N-glycosylation of BACE1 occurs at four residues N153, N172, N223, N354 all of 

which are contained within the ectodomain (Capell et al., 2000; Haniu et al., 

2000). (Figure 6) A study by Charlwood et al. (2001) suggested that glycosylation 

of BACE1 is important for catalytic activity as their unglycosylated BACE1 

mutants exhibited a reduction in BACE1 activity towards a APPswe peptide 

substrate; however these data were not published with a WT BACE1 control.  

 

More recent evidence indicates that BACE1 undergoes bisecting GlcNAcylation, 

the addition of N-acetylglucosamine within a fork in the branched sugar, and that 

this modification delays BACE1 degradation with non-glycosylated BACE1 

showing greater targeting to the endo-lysosome system (Kizuka et al., 2015). 

However, this increase in BACE1 targeting for degradation was shown using a 

KO model of the enzyme responsible for GlcNAcylation (GnT-III), rather than a 

BACE1 specific reduction in GlcNAcylation. It has been shown that GnT-III AD 

and GnT-III KO/hAPP mice exhibit reduced amyloid production (K. Akasaka-

Manya et al., 2010; Kizuka et al., 2015). Interestingly, this study also indicated 

that GlcNAcylation bestows anti-amyloidogenic effects through modified APP. 

However there is also evidence that this type of sugar modification is increased 

in APP with the London and Swedish mutations that result in increased amyloid 

production and are associated with FAD (Keiko Akasaka-Manya et al., 2008).   

 

BACE1 is ubiquitinated at Lys residues 63 and 501 (Kang, Cameron, Piazza, 

Walker, & Tesco, 2010). Lys501 has been shown to become mono-ubiquitinated 

as well as polyubiquitinated in a Lys-63-linked manner; whilst Lys63 is 

predominantly Lys-63-linked polyubiquitinated. Furthermore, ubiquitination of 
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BACE1 is a requirement for activation of GGA3 mediated lysosomal targeting of 

BACE1 as this protein binds to ubiquitin rather than the LL-motif of BACE1. 

Inducing a K501R mutation within BACE1 leads to increased half-life but does 

not influence BACE1 endocytosis or retrograde transport to the TGN; but does 

lead to accumulation within early endo-lysosomal systems with increased 

expression having been identified in early and late endosomes as well as 

lysosomal compartments (Kang, Biscaro, Piazza, & Tesco, 2012; Kang et al., 

2010). The type of ubiquitination that may be responsible for this processing has 

yet to be identified. The deubiquitinase responsible for removing lysosomal 

targeting signals on BACE1 is Ubiquitin Specific Peptidase 8 (USP8). RNAi 

knockdown of USP8 has been shown to reduce BACE1 protein expression due 

to increased ubiquitination and increased targeting to the endo-lysosomal 

compartments (Yeates & Tesco, 2016). BACE1 has also been shown to undergo 

SUMOylation at K501 as well as K275 and that is modulated by the presence of 

SUMO-conjugating enzyme UBC9. Interestingly, SUMOylation of K501 has been 

shown to increase BACE1 stability and activity. Injection of AAV BACE1 K501R 

into the hippocampus of APP/PS1 transgenic mice decreases amyloid deposition 

as well as cognitive decline (Bao et al., 2018). However, both SUMO and 

ubiquitination studies use the same negative control of the BACE1 K501R mutant 

as both modifications occur at the same site. Therefore, further experiments are 

required to determine which modification is responsible for which regulatory 

effects. 

 

BACE1 exists as three alternatively spliced isoforms within the human brain as 

well as full length transcript. Transcripts with deletions of 132, 75 and 207 

nucleotides at 146-189, 190-214 and 146-189 & 190-214 respectively lead to 

prepro-BACE1 proteins 457, 476 and 432aa in length. These deletions occur 

between the catalytic aspartic acid residues and lead to significant reductions in 

the production of both Aβ40 and Aβ42 as well as proteolytic activity towards an 

APPswe substrate (Tanahashi & Tabira, 2001). It has been suggested that these 

truncations cause loss of activity by altering the morphology of the active site 

(Bodendorf, Fischer, Bodian, Multhaup, & Paganetti, 2001; Ehehalt et al., 2002). 

An animal study by Zohar et al. (2005) indicated that full-length BACE1 

expression was predominant throughout the brain and is higher in APPswe mice 
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compared to WT controls. However, expression decreases with age in the 

transgenic animals whilst all BACE1 isoforms increased in WT with age.  

As previously mentioned, BACE1 expression within the pancreas is higher than 

then the brain, whilst activity here towards APP substrates is significantly lower 

than the CNS (Sinha et al., 1999; Vassar et al., 1999). It has been shown that 

expression of non-enzymatic BACE1 isoforms is high in the pancreas and may? 

be the cause of this expression-activity discrepancy (Holsinger, Goense, 

Bohorquez, & Strappe, 2013; Tanahashi & Tabira, 2001).  

 

These BACE1 isoforms have been detected within the pancreas in high levels. 

Further splice variants have been identified such as a truncated 127aa form 

containing an early termination codon and another lacking exon 4, however no 

further studies have substantiated the existence and characterisation of these 

isoforms (Mowrer & Wolfe, 2008; Tanahashi & Tabira, 2007). 

 
Finally, it has been suggested that BACE1 may, in fact, be a substrate for the α-

secretase ADAM10 and cleavage results in shedding of the BACE1 ectodomain. 

The effects of BACE1 shedding on amyloid pathology have yet to be determined 

with evidence indicating both increased Aβ1-40 (but not Aβ1-42) production or no 

effect on APP β-processing (Benjannet et al., 2001; Hussain et al., 2003)  

 
1.3.7 BACE1 substrates 
APP, whilst being the best characterised of the BACE1 substrates, is known to 

be a poor substrate to BACE1. Molecular dynamic simulations and fluorescence 

resonance energy transfer experiments have identified that binding affinity and 

catalytic activity of BACE1 to APP is lower than other substrates such as 

Neuregulin 1 (NRG1) (Halima et al., 2016).  

 

Though the amyloid cascade hypothesis has become central to AD research, the 

relevance of amyloid peptides to this disease is still contested. Whilst research 

has focussed heavily on the Aβ1-42 peptide due to its propensity for aggregation 

and its increased production in AD, the neurotoxic effects of this peptide have yet 

to be proven in vivo. Since genetic analyses in FAD has provided strong evidence 

for APP mutations in AD onset, it may be that alternative processing pathways 

are equally, if not more important in the contribution to AD than the BACE1-APP 
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relationship. Formative studies by Lu et al. (2000) and Gervais et al., (1999) show 

that APP is also a substrate for members of the caspase family of cysteine 

aspartases and that APP processing by this family of enzymes is upregulated in 

neurons in AD. Caspases are proteolytic enzymes that are best known for their 

role in cell death mechanisms. Teams identified APP as a substrate to caspases 

3, 6 and 8 whilst caspase 9 was only identified in vitro. Caspase 3 had been 

previously described as cleaving APP at Asp664 however caspases 8 and 9 were 

also suggested to cleave at this site producing a c-terminal C31 fragment (Barnes 

et al., 1998; Pellegrini, Passer, Tabaton, Ganjei, & D’Adamio, 1999; Weidemann 

et al., 1999). The C31 fragment was shown to induce cell death and apoptosis in 

cultured 293T and N2A cells respectively. Lu et al. also showed pro-apoptotic 

effects of the C99 fragment- the c-terminal peptide produced as a result of BACE1 

cleavage of APP (Figure 1.1) and suggest that both the C99 and C89 c-terminal 

fragments could be substrates for caspases for further processing. They 

identified active caspase-9 in synaptosomal preparations from brain tissues and 

found that the C31 APP fragment was present in AD cases but not controls. 

Gervais et al. identified upregulation of caspase 3 cleavage of APP not only in 

AD patients but in brain injury- a known risk factor for AD as well as identifying 

the APPswe mutation as improving the preference for APP cleavage by caspase 

6 by 3-fold however no other caspases were able to cleave APP with this 

mutation. This team also showed that peptide products of caspase cleavage of 

APP are present within amyloid plaques. Additional studies have corroborated 

the role of caspases 3, 6, 8 and 9 in APP processing and their actions in 

neurodegenerative diseases including AD and motor neuron disease (LeBlanc, 

Liu, Goodyer, Bergeron, & Hammond, 1999; Lu, Soriano, Bredesen, & Koo, 2003; 

Pellegrini et al., 1999; Rehker et al., 2017; Tamayev, Akpan, Arancio, Troy, & 

D’Adamio, 2012). The role of alternative APP processing in AD has been 

previously hypothesised. Volloch and Rits (2018) discuss the successes of 

BACE1 inhibitors in models of FAD and the relative failures of the same drugs in 

SAD cases and suggest alternative mechanisms for increased amyloid in AD- 

possible through an alternative translation initiation site just upstream of the C99 

coding region. However, due to the necessity of caspases in programmed cell 

death and inflammation, it makes them a much less attractive drug target than 

BACE1. 
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Cathepsins have also been identified as APP proteases. Cathepsins B, D and L 

(CatB, CatD & CatL respectively) have all be identified as APP proteases and it 

is known that expression of all but CatL are increased in aged brains. (Mackay et 

al., 1997; Wang et al., 2015). Interestingly, brain CatL expression is reduced with 

age (Nakanishi et al., 1994). Prior to the discovery of BACE1 as the β-secretase, 

it was hypothesised that CatD may have been involved in either  β  or γ 

processing of APP due to its ubiquitous tissue expression and localisation within 

the endo-lysosomal system where the majority of amyloid production occurs 

(Saftig et al., 1996). It, like BACE1, is an aspartyl protease and generic inhibition 

of aspartyl protease activity was shown to reduce amyloidogenesis. However, 

this hypothesis was disproven when CatD null primary neurons were identified 

as secreting β -secretase cleavage products (Saftig et al., 1996). CatD has been 

shown to be increased in the cortex of AD patients (Chai et al., 2019). Enzymatic 

studies have indicated that in acidic conditions, CatD has greater affinity for APP 

than CatB and C, this affinity was even greater for the APPswe peptide substrate 

spanning Glu668 to Phe675 of the APP β-site (Ladror, Snyder, Wang, Holzman, & 

Krafft, 1994). CatB has received particular attention for APP processing as 

studies have indicated that inhibition or attenuation of CatB activity results in 

reduced amyloid secretion from both hippocampal neurons and chromaffin cells. 

Furthermore, inhibition of CatL led to increased Aβ1-42 but not Aβ1-40 or total 

amyloid (Klein, Felsenstein, & Brenneman, 2009). CatB and CatL are cysteine 

proteases and cysteine protease inhibition has been shown to effectively reduce 

amyloid production and increase α-secretase activity (Hook, Kindy, & Hook, 

2007). However, it has also been suggested that CatB facilitates amyloid 

degradation by cleaving  Aβ1-42 into non-toxic species suggesting a protective 

function against amyloid pathology (Mueller-Steiner et al., 2006). The role of 

cathepsins in AD is therefore complex and their precise contribution to 

pathogenesis has yet to be determined.  

 

Whilst the contributions of BACE1 to APP processing and cytotoxicity remain 

debatable, the physiological function of BACE1 remains elusive. In order to better 

understand the role that BACE1 plays in a non-disease context, studies have 

been designed to profile its substrates. One of the key difficulties in identifying 

BACE1 substrates is the promiscuity of this enzyme. The BACE1 active site is 

large and evidence suggests that BACE1 is an atypical member of the pepsin 
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family and conveys biochemical differences even to its most similar homolog 

CatD. The first large-scale study to identify BACE1 substrates was conducted by 

Hemming et al. (2009). This study utilised quantitative proteomics with stable 

isotope labelling with amino acids in cell culture (SILAC) on the conditioned 

medium of both HEK 293 and HeLa cell lines overexpressing human BACE1, in 

effect analysing the secretome of these cells. This study identified 68 putative 

BACE1 substrates which included known substrates APP, APLP1/2 and LRP 

(von Arnim et al., 2005). This led to follow up studies confirming and 

characterising the interactions of BACE1 with novel substrates such as Sez6L, 

Jag1 and NCAM1. However, these studies have only identified mechanisms 

through which BACE1 may contribute to disease rather than a physiological 

function in healthy individuals. Further studies to identify the BACE1 secretome 

conducted by Kuhn et al. (2012) and  Dislich et al. (2015) confirmed many 

previous findings but again, failed to suggest a physiological role for BACE1. 

Further -omics studies have identified BACE1 substrates by monitoring changes 

in the neuronal cell surface proteome. Using surface-spanning protein 

enrichment with click sugars (SUSPECS). Based on click-chemistry, labelling 

glycoproteins with N-azidomannoseamine, the glycoproteins could then be 

biotinylated using an alkyne-containing biotin compound (sulfo-

dibenzylcyclooctyne-biotin) that covalently binds to the azide group of the 

glycoprotein label. These glycoproteins could then be identified using MS. The 

team used this method to determine that overexpression of BACE1 in living 

neurons results in strong increases in BACE1 substrates APP, APLP1, Sez6, 

Sez6L, CNTN2 and CHL1 as well as the multipass protein PLD3 (Herber et al., 

2018).   

 

A limitation to many of these studies lies in the requirement for overexpression of 

BACE1 in order to achieve quantifiable or detectable outcomes due to low 

BACE1 expression or activity in the chosen model. However, increased BACE1 

is characteristic of diseased or stressed conditions such as metabolic stress, 

inflammation or hypoxia and are therefore not representative of normal 

physiological conditions and may identify substrates only representative of 

disease. In addition to this, many validation studies are conducted ex vivo and 

therefore offer no insight into the compartmentalisation effects of BACE1 on the 

substrate.  
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It must be noted that these studies focus on the proteolytic function of BACE1 

whilst it has been shown that BACE1 may, in fact, exert non-enzymatic functions. 

Including control on voltage gated K+ channels through interaction with α-subunits 

and regulating expression, localisation and gating of channels (Lehnert et al., 

2016). These are regulators of neuronal excitability and tie in to signal 

propagation and LTP. This finding builds upon the previous finding of non-

catalytic BACE1 isoforms expressed highly within the pancreas as discussed in 

section 1.3.5; the function of which has yet to be established. However, proteomic 

studies so far would exclude these interactions and focus purely on the sheddase 

function of BACE1 since its discovery as the β -secretase. 

 

BACE1 exhibits a varied substrate profile with validated targets including the 

Notch ligand Jagged-1 (Jag-1), the integrin binding protein Neuregulin-1 (Nrg-1) 

and the voltage-gated sodium channel β2 subunit (Navβ2) (Wanxia He, Hu, Xia, & 

Yan, 2014; Wong et al., 2005).This is perhaps unsurprising when one considers 

the large and open nature of the BACE1 binding pocket offering no structural 

selectivity for substrates. The promiscuity of BACE1 has therefore implicated it in 

many cellular processes, adding further difficulty to establishing the physiological 

function of this enzyme. 

 

Through cleavage of Jag1, BACE1 is implicated as a regulator of cell fate. 

Activation of Notch by its binding partners Delta-1, Jagged 1 or Jagged 2 during 

development determine the differentiation of neural stem cells into astrocytes, 

neurons or glia (Grandbarbe et al., 2003). BACE1 KO models exhibit significantly 

elevated notch signalling by reduced ectodomain shedding of Jag1. Increased 

notch activation by Jag1 has been shown increase astrocyte formation within the 

hippocampus but reduce neurogenesis in early stage development (Xiangyou 

Hu, He, Luo, Tsubota, & Yan, 2013). Regulation of Jag1 by BACE1 opens up the 

possibility of a role for BACE1 in development and cell fate mechanisms. Despite 

BACE1 KO mice exhibiting no significant increases in lethality during gestation, 

and no significant increase in BACE2 as a compensator, the effects of double 

knock-out of BACE1 with other known jagged proteases, such as ADAM17, have 

not been investigated.   
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Another well characterised substrate is with the integrin binding protein 

neuregulin-1 (Nrg-1). This protein has many functions and structures within the 

brain which have been extensively reviewed by Mei and Xiong (2008). There are 

6 types of Nrg-1 isoforms which are expressed differentially throughout tissues 

and cell types and regulated by alternative splicing and alternative promotor 

sequences within the gene (Tan et al., 2007). 5 of the 6 types of Nrg-1 are 

membrane anchored and shedding by a protease, such as BACE1, results in 

activation of the protein as a growth factor (Wang, Miller, & Falls, 2001). Research 

into this protein focuses mainly on schizophrenia with the discovery of an 

Icelandic population that exhibit mutations within the Nrg-1 gene leading to this 

condition due to its effects on neurotransmitter receptors such as NMDARs. 

(Stefansson et al., 2002). Interestingly, some BACE1 KO models are known to 

express a schizophrenic like phenotype (Savonenko et al., 2008). BACE1 

cleaves Nrg1 types I and III which are known to bind to ErbB receptor tyrosine 

kinases.  

 

Whilst BACE1 may regulate synaptic glutamate through indirect mechanisms, 

there is evidence to suggest that the ion channel Navβ2 subunit is a substrate of 

BACE1. Due to the presence of an Ig loop within the β-subunits they are classified 

as cell adhesion molecules and are part of the same superfamily as cadherins, 

selectins and integrins (Isom & Catterall, 1996). BACE1 overexpression may 

therefore prevent cell surface expression of the sodium channels by cleaving the 

β-subunit; this could resulted in reduced sodium current density and could cause 

reduced depolarisation of neurons thereby reducing the likelihood of an action 

potential within the neuron (Kim et al., 2007).  

 

From these few substrates we know that BACE1 regulates a wide variety of 

cellular processed through multiple mechanisms; the maturation and activation 

of proteins to initiate signalling cascades, inhibition of signalling by shedding of 

ligands and the regulation of cell surface expression of ion channels covering cell 

functions such as synaptogenesis, cell fate and neuronal signal transduction.  
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1.4 Project aims 
The aims of this project were to better understand how changes in BACE1 

expression and activity influence, and are influenced by, metabolic stress and the 

physiological role of BACE1. This was conducted through three studies:  

 

An in vivo study into the effects of BACE1 expression on the brain proteome. This 

study monitored changes in protein expression within the hippocampus and 

hypothalamus of transgenic mice with either a global BACE1 KO or an 

approximately 2-fold over-expression of the human BACE1 gene under the 

CamKII promotor in order to make it brain-specific (BACE1 KI). The BACE1 KI 

mice exhibit a diabetic phenotype even without dietary intervention suggesting a 

role for BACE1 in energy homeostasis and glucose control (Plucinska et al., 

2014; Plucińska et al., 2016).  

 

A cell-based proximity assay was developed in order to identify BACE1 

interacting proteins. This assay was based around the Bio-ID method whereby a 

fusion protein was made of BACE1 with the E.coli biotin ligase BirA (R118A). This 

enabled biotinylation of proteins within 10nm radius of BACE1/BirA. Development 

of this assay would enable future experiments to identify whether known 

stressors, such as a HFD or chronic inflammation lead to changes in the BACE1 

interactome.  

 

Finally, this project followed previously published work into the effects of Aβ 

exposure on leptin signalling. In vivo data using intracerebroventricular (ICV) 

infusion of amyloid peptides into the brains of WT mice indicate that central 

exposure to these peptides induces hypothalamic leptin resistance (Meakin, 

Jalicy, et al., 2018). This study used leptin responsive cell lines including 

hypothalamic neurons (GT1-7) to determine the effects of simulated ‘chronic’ 

amyloid exposure at physiological concentrations on leptin sensitivity and 

signalling components. Known regulators of leptin signalling were determined in 

order to detect a possible mechanism by which amyloid peptides may induce 

leptin resistance.  



 

 
 
 

Chapter 2 
Materials & methods 
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2.1 Common chemicals and methods 
2.1.1 Chemicals 
All chemicals utilised were obtained from Sigma Aldrich unless otherwise stated. 

Bromophenol blue and D-Glucose were obtained from Fisher Scientific. 30% 

polyacrylamide was obtained from National diagnostics. Butanol, Ethanol, 

Isopropanol, Methanol, PBS tablets, Sodium chloride and sucrose were obtained 

from VWR international. 

 

2.1.2 Commonly used solutions 
Commonly used buffers and solutions are represented in table 2.1. 

 

2.1.3 Antibodies and probes 
All primary and secondary antibodies and RT PCR probes utilized within this 

thesis are represented in table 2.2. 
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Solution Component Concentration 

Lysis buffer (pH 7.4) 

Tris HCl pH 7.4 25mM 
NaF 50mM 
NaCl 0.1M 
EDTA 1mM 
EGTA 5mM 
NaPPi 10mM 
Triton X-100 1% (v/v) 

(added at time of use) 

Sucrose 92mg/ml 
β-Mercaptoethanol 1µl/ml 
NA3OV4 1mM 
Benzamidine 1mM 
PMSF 0.1mM 

4x Sample Buffer (12ml) 

Tris HCl pH 6.8 4ml 
Glycerol 3.2ml 
20% SDS 3.2ml 
β-Mercaptoethanol 1.6ml 
Bromophenol blue pinch 

10x SDS-PAGE running buffer Tris HCl 190mM 
Glycine 2M 

(added at time of use) 10% SDS 0.01% (v/v) 

SDS-PAGE transfer buffer 
Methanol 20% (v/v) 
Tris HCl 48mM 
Glycine 39mM 

Tris-buffered saline (TBS) Tris HCl pH 7.4 20mM 
NaCl 150mM 

TBS+ Tween (TBST) TBS as above 
Tween-20 0.01% (v/v) 

Stripping buffer pH 2.2 
Glycine 200µM 
10% SDS 0.1% (v/v) 
Tween 20 1% (v/v) 

COMSR buffer (pH10.4) 
Urea 7M 
Thiourea 2M 
Tris HCl 40mM 
C7BzO 1% (w/v) 

Bio-ID lysis buffer 

SDS 0.1%w/v 
Triton X-100 1% 
PBS 1x 
NA3OV4 1mM 
Benzamidine 1mM 
PMSF 0.1mM 

Bio-ID digestion buffer Urea 1M 
Ammonium bicarbonate 100mM 

 

Table 2.1 Commonly used solutions 

 

 

  



Materials & methods 

 49 

 
Primary Antibodies for Western Blotting 

Antibody Supplier Code Concentratio
n 

Blocking 
Agent 

Actin Sigma A2066 1:5000 5% BSA TBST 

BACE1 Cell Signalling 
Technologies 5606S 1:1000 5% BSA TBST 

EPB41L1 ThermoFisher 
Scientific PA563352 1:500 5% BSA TBST 

EPB41L1 Abcam ab179453 1:1000 5% BSA TBST 
FUCA1 R&D Systems MAB7039-SP 1:1000 5% BSA TBST 

HA-tag Cell Signalling 
Technologies 3724S 1:2000 5% BSA TBST 

pSHP2 Y542 Cell Signalling 
Technologies 3751 1:1000 5% BSA TBST 

pSHP2 Y580 Cell Signalling 
Technologies 3703 1:1000 5% BSA TBST 

pSTAT3 Y705 Cell Signalling 
Technologies 9131S 1:1000 5% BSA TBST 

PTP1B Supplied by Prof. 
Mirela Delibegovic   1:1000 5% BSA TBST 

SHP2 Cell Signalling 
Technologies 3397 1:1000 5% BSA TBST 

SOCS3 Cell Signalling 
Technologies 2923 1:1000 5% BSA TBST 

STAT3 Cell Signalling 
Technologies 9139 1:1000 5% BSA TBST 

Streptavidin-HRP Cell Signalling 
Technologies 3999S 1:2000 5% BSA TBST 

TXNDC15 Thermo Fisher 
Scientific PA548583 1:1000 5% BSA TBST 

Primary Antibodies for Immunoflourescence Staining 
BACE1 Cell Signalling 

Technologies 5606S 1:100 3% BSA TBST 

EPB41L1 ThermoFisher 
Scientific PA563352 1:50 3% BSA TBST 

HA-tag Cell Signalling 
Technologies 3724S 1:200 3% BSA TBST 

M6PR Abcam ab2733 1:100 3% BSA TBST 
Primary Antibodies for Immunohistochemistry 

EPB41L1 ThermoFisher 
Scientific PA563352 1:200  

BACE1 (human) GeneTex N1C2 1:500  
BACE1 (mouse) Sigma B0681 1:200  

NeuN Merck ABN90P 1:500  
Secondary Antibodies for Western Blotting 

IgG-HRP rabbit 
anti-mouse 

Thermofisher 
Scientific 31450 1:5000 5% BSA TBST 

IgG-HRP goat anti-
rabbit 

Sant Cruz 
Biotechnology sc-2004 1:10,000 5% BSA TBST 

Secondary Antibodies for Immunofluorescence 
Alexa Fluor 488  Life Technologies A21200 1:500 3% BSA TBST 
Alexa Fluor 594  Life Technologies A11012 1:500 3% BSA TBST 

 

Table 2.2 Antibodies used in both immunoblotting and immunostaining along with dilutions and 
blocking conditions. 
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2.1.4 Western Blotting 

2.1.4.1 Sample preparation 

Upon completion of the experiment, lysates were produced for analysis. Cells 

were washed with ice-cold PBS in order to stop cellular processes and ice-cold 

lysis buffer (table 2.1) was added to the well or plate. The volume of lysis buffer 

used varied with cell line and the size of culture vessel. Cells were scraped on 

ice and lysates were transferred to a 1.5ml microcentrifuge tube and stored at -

20°C. 

 

Tissues were lysed using 5ml tight-fit glass homogenisers (Fisher). Tissues were 

kept in liquid nitrogen until required whereupon they were transferred immediately 

into an ice-cold homogeniser containing 500µl (hippocampus and cortex) or 

150µl (hypothalamus) of lysis buffer. The tissue was then allowed to defrost in 

lysis buffer and homogenised until no visible tissue remained. The lysed tissue 

was transferred into a clean 1.5ml microcentrifuge tube and stored at -20°C. 

 

2.1.4.2 Determination of protein content and sample preparation 

Protein content of each lysate was established by Bradford Assay (Bradford, 

1976). Lysates were prepared for western blot analysis by defrosting on ice and 

centrifugation at 10,000g for 15 minutes at 4°C. The supernatants were 

transferred to a new 1.5ml microcentrifuge tube and the pellets stored at -20°C. 

The Bradford assay was conducted on a 96-well plate containing 1µl of 

supernatant and 250µl Bradford reagent (Thermo Fisher Scientific, Pierceä).  

Colorimetric analysis was conducted on an EnVision 2104 Multilabel plate reader 

(Perkin Elmer) using a protocol that shook the plate for 30 seconds, incubated 

the plate for 5 minutes at 37°C and shook the plate for a further 30 seconds prior 

to reading the optical density at 595nm. A standard curve was generated using 

serial dilutions of BSA (Thermo Fisher Scientific, Pierceä) in Bradford reagent 

and used to determine the protein content of each lysate supernatant. 

 

200µg of supernatant was diluted in ddH2O to establish equal concentrations of 

protein within the samples of each replicate. Samples were made by adding 25% 

4x sample buffer (table 2.1) to the diluted lysate. Samples were heated to 95°C 
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for 5 minutes and cooled on ice prior to brief centrifugation in order to collect the 

sample within the tube.  

 

2.1.4.3 SDS -Page 

Gels were cast using the Mini-PROTEAN® Tetra Handcast Systems (BIO-RAD) 

using 1mm spacer plates. Samples were run on 10% acrylamide separating gels 

unless otherwise stated with a 4% acrylamide loading gel. (table 2.3) Plates were 

cleaned using 70% ethanol and loaded into the casting stand. The separating gel 

was made with ammonium persulphate (APS) added just prior to casting. The gel 

was added to the plates using a Pasteur pipette to a level marked approximately 

50mm below the comb. A 50:50 (v/v) ddH20, n-butanol mix was pipetted onto the 

surface of the loaded gel to remove bubbles and ensure the gel surface remains 

level. Once set, the ddH20, butanol mix was removed and the gel washed with 

ddH20. The plates were dried using filter paper and the loading gel was applied. 

10 or 15 well combs were inserted and the gel allowed to set. 

Amyloid oligomerisation was determined using 7-20% gradient gels. These were 

cast using the and Mini-PROTEAN® 3 Multi-Casting Chamber with 0.75mm 

spacer plates. (table 2.3) 

Complete gels were transferred into the buffer tank and filled with running buffer. 

(table 2.1) 20µg of protein sample was loaded into each well with 5µl SeeBlueä 

Plus2 (Thermo Fisher Scientific; LC5925) protein standard used as a molecular 

weight marker. Gels were run at 150V for approximately 1.5hrs. 

 

 Separating Gel Gradient Gels 
Loading 
Gel 

Percentage acrylamide 10% 15% 7% 20% 4% Component 
ddH2O 4.15ml 2.27ml 18.03ml 2.10ml 2.8ml 
1.5M Tris HCl ph 8.8 3.15ml 3.15ml 8.97ml 7.38ml - 
0.5M Tris HCl pH 6.8 - - - - 1.25ml 
30% Acrylamide 3.75ml 5.6ml 8.34ml 19.6ml 0.85ml 
10% SDS 110µl 110µl 358.65µl 295.04µl 50µl 
TEMED 11µl 11µl 2.49µl 2.49µl 5.35µl 
20% APS 55µl 55µl 49.85µl 31.4µl 50µl 

 

Table 2.3 Composition of tris-glycine gels for protein separation. 

 



Materials & methods 

 52 

 

2.1.4.4 Transfer onto membranes 

Gels were transferred onto 0.45µm nitrocellulose (Amersham Bioscience) unless 

otherwise stated using the Mini Trans-Blot® Cell (BIO-RAD) wet transfer system.  

Gels were prised apart using a plastic spatula and the loading gel gently removed. 

The transfer cassettes were placed in a trough of transfer buffer (table 2.1) and 

a pre-soaked sponge and filter paper added to the black side. The gel was gently 

prised off the glass and onto the filter paper in the cassette. Nitrocellulose was 

wetted with transfer buffer and carefully aligned on top of the gel ensuring no 

bubbles are trapped between the gel and the membrane. Pre-soaked filter paper 

followed by a sponge were placed on top of the nitrocellulose and the cassette 

carefully closed. Cassettes were placed into the transfer tank with an ice pack 

and the tank was filled with transfer buffer. The transfer took place at 100V for 1 

hour.  

 

2.1.4.5 Immunoblotting 

Post transfer, nitrocellulose membranes were removed from the cassette and air-

dried for 1 hour. When dry, the membranes were stained using Ponceau-S 

solution and washed with ddH2O to observe the bands. Membranes were cut into 

a maximum of 3 pieces to allow multiple proteins to be observed. Ponceau-S 

solution was washed off with TBS and the membranes were blocked in TBS 

containing 10% skimmed milk powder (Marvel). Membranes were blocked for 1 

hour. Following blocking, membranes were washed briefly in TBS to remove 

excess milk and incubated in primary antibody solution (table 2.2) overnight at 

4°C on a rocker at 35 osc./min. The following day, the blots were washed 5x 

5minutes in TBST and incubated in secondary antibody solution (table 2.2) for 1 

hour at RT on a rocker at 35 osc./min. The membranes were then washed 5x 5 

minutes with TBST and stored in TBST at 4°C prior to visualisation.  

 

2.1.4.6 Membrane stripping 

Once phospho-proteins had been blotted for, membranes were stripped and re-

probed for total proteins. Membranes were washed thoroughly in TBST to remove 

ECL and incubated in enough stripping buffer (table 2.1) to cover the membrane 

for 2x 10mins. Membranes were then washed twice in PBS for 10 minutes and 
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twice in TBS for 5 minutes. Membranes were then blocked and re-probed as per 

the protocol previously stated.  

 

2.1.4.6 Analysis 

Blots were visualised on film using ECL western blotting substrate (Thermo fisher 

Scientific, Pierceä; 32106) made and applied as per manufacturer 

recommendations. 2ml were applied to a whole membrane or 500µl to cut 

membranes. Membranes were blotted dry on tissue paper and placed into an X-

ray film cassette and covered with clear acetate. X-ray film (Fisher; 34089) was 

applied to the membranes in a dark room and film was developed in a Konica 

Minolta SRX-101A table top processor. 

Blots were scanned (Epson Perfection 2400 Photo) and quantified using ImageJ 

densitometry software on inverted images. 

 

2.1.4.6 Statistical Analysis 

All densitometry data were normalised to actin loading controls. Total proteins 

were then normalised to a control and the fold change represented graphically. 

Phospho-proteins are represented as a ratio of ratios to total protein expression. 

This was then normalised to the control sample within the study to give a fold 

change and represented graphically. Graphs indicate each data point with the 

bar representing the mean for each group. Error bars indicate the standard error 

of the mean. Statistical analysis was achieved through the non-parametric 

Kruskall-Wallis test and Dunn’s multiple comparison test used to compare 

groups. p£0.05 was considered significant (*), p£0.01 (**) and p£0.001(***). 

 

2.1.5 Gene expression analysis 

2.1.5.1 Sample preparation 

Tissues were lysed in the same manner as with sample preparation for western 

blot however each tissue was lysed in 1ml TRI Reagent (T9424; Sigma Aldrich). 

Samples were then stored at -80°C until RNA extraction. 

 
2.1.5.2 RNA extraction 

Samples were defrosted on ice then allowed to stand at room temperature (RT) 

for 5 minutes. Phase separation was carried out by adding 200µl RT chloroform 

and shaken by hand for 1 minute. Samples were then allowed to stand at RT for 
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a further 15 minutes before centrifugation at 12000rpm for 15 minutes at 4°C. 

The RNA containing aqueous phase was then removed to a clean 1.5ml 

microcentrifuge tube. 0.5ml of RT isopropanol was added to each sample and 

inverted to mix. The samples were left at RT for 10 minutes followed by 

centrifugation at 12000rpm for 5 minutes at 4°C. The supernatant was removed 

and pelleted RNA washed with 1ml 75% ethanol at RT. Samples were mixed by 

pipetting to ensure resuspension of the pellet and centrifuged at 12000rpm for 5 

minutes at 4°C. The ethanol was carefully removed and the purified RNA pellet 

air dried for 15 minutes in a fume hood. The RNA was resuspended in 30µl of 

nuclease-free water (Ambion) and mixed by pipetting. The purity and 

concentration of the RNA was determined using a nanodrop ND-8000 

Spectrophotometer and Nanodrop 8000 V2.3.2 Software. The 

spectrophotometer was cleaned prior to use and blanked using nuclease-free 

water. The concentration of RNA was determined at 260nm and DNA:RNA ratio 

determined adequate at 260/280nm of >1.7. RNA was stored at -80°C until cDNA 

synthesis. 

 

2.1.5.3 cDNA synthesis 

cDNA libraries were created from the purified RNA of each sample using the 

SuperScript™ II reverse transcriptase (Invitrogen; 10864014). For each sample, 

1µl total RNA was combined with 3µg of random primers (Invitrogen; 48190011) 

and 1µl dNTP mix (10mM each) (Invitrogen; 18427013) and nuclease-free water 

added to a total volume of 13µl in a sterile microcentrifuge tube. This solution was 

incubated at 65°C for 5 minutes and placed on ice before adding 4µl of 5x first-

strand buffer and 2µl of 0.1M DTT. This was mixed gently before the addition of 

200U SuperScript™ II reverse transcriptase followed by further mixing. The 

cDNA synethsis took place at 42°C for 50 minutes and the reverse transcriptase 

denatured with a 70°C incubation for 25 minutes. The cDNA library was diluted 

to 5ng/µl and stored at -20°C. 

 

2.1.5.4 Real-time PCR 

RT PCR was conducted using the Taqman® gene expression analysis system 

(Applied Biosystems). This system used the FAM™ reporter dye attached to a 

gene-specific probe. The PCR reactions were prepared in sterile 96-well plates 

(Nunc). Each reaction contained 2.5µl cDNA, 10µl of mastermix (applied 
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biosystems) , 1µl of probe and 6.5µl of nuclease-free water. An actin control for 

each sample was included in every plate. The plate was briefly centrifuged to 

ensure collection of each reaction mix in the bottom of each well and sealed. RT 

PCR was conducted using the 7900HT fast RT PCR system. The cycling 

conditions included an activation step of 95°C for 10 minutes followed by 40 

cycles of: 95°C for 15 seconds, 60°C for 2 minutes. The copy number determined 

by the RT PCR system was used to calculate RNA expression and normalised to 

the actin control. The probes used are detailed in table 2.4. 

 

 
Probe Name Code 
Actin Mm00438023_m1 
Caspase1 Mm00434226_m1 
IL-18 Mm00434228_m1 
IL-1β Mm00446190_m1 
IL-6 Mm00840904_m1 
NLRP3 Mm00545913_s1 
SOCS3 Mm00443260_g1 
TNF⍺ Mm00438023_m1 

 

Table 2.4 Table of Taqman® RT PCR probes used in gene expression analysis 

 

2.1.6 Cell maintenance  

Cell lines were maintained under aseptic conditions and cultures at 37°C and 5% 

atmospheric CO2. All plasticware used was purchased from Nunc. 

All cell lines used and their culture media are presented in table 2.5. All cells were 

passaged 2-3 times weekly upon reaching 70-80% confluency. The passage 

ratios for each cell line are indicated in table 2.5. Cells were passaged by 

removing the cell culture medium and adding 2.5ml 0.05% Trypsin-EDTA (Gibco; 

25300054) to the T75 culture flask. Cells were incubated in trypsin for 3-5 minutes 

in a cell culture incubator. Cell dissociation was established by observing the cells 

through a microscope. The trypsin was then deactivated by the addition of cell 

culture medium and cells were dispersed by gentle pipetting. 10ml cell culture 

medium was added to a clean T75 flask and the cell suspension added.  

 

2.1.7 Cell storage  
Cells stocks were stored in 1ml aliquots in liquid nitrogen. To freeze cells for 

storage and 70 - 80% confluent T75 flask was washed with warm, sterile PBS 

and trypsinised with 2.5ml 0.05% Trypsin-EDTA. Cells were incubated in trypsin 
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for 3-5 minutes in a cell culture incubator until cells had dissociated from the flask. 

5ml of normal culture medium was added and transferred to a sterile 15ml 

centrifuge tube. Cells were pelleted by centrifugation at 800rpm for 4 minutes with 

a slow deceleration. Whilst cells were spinning a freezing medium was made by 

combining 4ml of normal culture medium with 1ml sterile DMSO. (Sigma Aldrich; 

D2650-5X5ML) When the cells had pelleted the medium was removed and the 

pellet flicked to begin resuspension. 2ml of normal culture medium was added to 

the cells and the suspension pipetted to achieve a single cell suspension. 2mls 

of freezing medium was added to the suspension and gently mixed. 1ml of the 

cell suspension was added to each of 4 cryovials and frozen in a Mr Frosty 

freezing container at -80°C overnight. Once frozen, the cryovials were transferred 

into liquid nitrogen for long-term storage. 

 

To thaw cells from storage the cryovials were placed in a 37°C water bath until 

almost completely defrosted. The cryovial was then removed from the water bath 

and the cells transferred into a T25 containing 5ml of normal culture medium. The 

cells were gently pipetted to achieve a single-cell suspension and incubated in a 

cell culture incubator overnight. Once adhered the following day, the medium was 

removed and the cells washed with warm, sterile PBS. 5ml culture medium was 

then added to the cells which were then left to grow in a cell culture incubator 

until confluent. When confluent, cells were transferred into a T75 flask and 

cultured as described in 2.1.5. 
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Cell Line Passage ratio Medium Supplements Provider 

 Wild-type Hek 
293 1:10 

DMEM, No 
Glucose (Gibco; 

11966025) 

Fetal bovine 
serum Seralab; EU-000-S 

50U/ml Penicillin-
Streptomycin Gibco; 15140122 

4mM L-Glutamine Gibco; 25030081 
25mM/10mM D-

Glucose   

mObRb Hek 293 1:10 
DMEM, No 

Glucose (Gibco; 
11966025) 

Fetal bovine 
serum Seralab; EU-000-S 

4mM L-Glutamine Gibco; 25030081 
10mM D-Glucose 

+ 200µg/ml 
Geneticin™ 

(maintenance) Gibco; 10131027 + 500µg/ml 
Geneticin™ 
(selection) 

N46 1:5 

DMEM/F-12 
GlutaMAX 

(Gibco; 
31331093)  

Fetal bovine 
serum Seralab; EU-000-S 

50U/ml Penicillin-
Streptomycin Gibco; 15140122 

mHypoA 2/22 1:5 
DMEM, High 

Glucose (Gibco; 
41965039) 

Fetal bovine 
serum Seralab; EU-000-S 

50U/ml Penicillin-
Streptomycin Gibco; 15140122 

4mM L-Glutamine Gibco; 25030081 

GT1-7 1:4 
DMEM, High 

Glucose (Gibco; 
41965039) 

Fetal bovine 
serum Seralab; EU-000-S 

4mM L-Glutamine Gibco; 25030081 
+ 200µg/ml 
Geneticin™ 

(maintenance) Gibco; 10131027 + 500µg/ml 
Geneticin™ 
(selection) 

HT-22 1:10 
DMEM, High 

Glucose (Gibco; 
41965039) 

Fetal bovine 
serum Seralab; EU-000-S 

50U/ml Penicillin-
Streptomycin Gibco; 15140122 

4mM L-Glutamine Gibco; 25030081 
 

Table 2.5 Cell culture media composition for each cell line 
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2.2 Animal models 
2.2.1 Maintenance of mouse lines 
Animal procedures were performed in accordance with Home Office guidelines 

under the project licences of Michael Ashford PPL 60/4280 (prior to September 

2016), PPL 70/9068 from September 2016 within the University of Dundee. 

Animal procedures within the University of Aberdeen were performed under the 

project license of Prof. Mirela Delibegovic (P94B395E0) and personal license of 

Claire Hull (PIL I9EAD51F20). Regulated procedures were carried out by multiple 

personal license holders. Claire Sneddon (PIL I156E6B55) and Bethany Coull 

(PIL ID046E63B) conducted fixing of tissues. Paul Meakin (PIL  I50789083) and 

Bethany Coull were responsible for the changing and maintaining of diets. 

 

All animals were maintained in a 12-hour light/dark cycle in a temperature-

controlled facility at 21°C. Mice were allowed ad libitum access to either normal 

chow (NC) diet (7.5% fat, 75% carbohydrate, 17.5% protein content by energy; 

RM1 diet, Special Diet Services) or 45% high-fat (HF) diet (45% fat, 35% 

carbohydrate, 20% protein content by energy; 824053, Special Diet Services) 

and water. Mice used for staining, proteomics and validation were male whilst 

preliminary studies were conducted from female BACE1 KO and KI cortices. Mice 

used in the proteomic study were fasted overnight to reduced variability in 

metabolic protein expression as a result of inconsistencies in time since last feed. 

This allowed identification in basal protein levels. By fasting overnight, it is 

presumed the animals enter a catabolic state whereby all postprandial signalling 

has returned to baseline and blood glucose variability is minimised. Mice were 

weighed weekly and handled daily.  

 

2.2.2 BACE1 -/- mouse line 
BACE1-/- mice were generated by GlaxoSmithKline on a C57BL/6J background 

and maintained in-house at Ninewells Hospital & Medical School, University of 

Dundee. The mice used in this study were >97% C57BL/6J due to a historical 

back-cross with 129P mice and subsequent breeding back on to C57BL/6J. 

BACE1 -/- mice were produced by the insertion of the LacZ reporter gene in place 

of exon 1 of BACE1. (S M Harrison et al., 2003) 
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2.2.3 Genotyping of BACE -/- mice 
BACE1-/- mice were genotyped by PCR amplification within BACE1 and LacZ 

genes. Once weaned, ear notches were taken. DNA was extracted by combining 

100µl of extraction solution (Sigma; E7526) and 25µl of tissue preparation 

solution. (Sigma, T3073) The ear notch was submerged in the extraction solution 

and incubated at room temperature for 10 minutes followed by 95°C for 3 

minutes. 100µl of neutralisation solution B (Sigma; N3910) was added and the 

mix placed on ice. Once cool, DNA extractions were stored at -20°C until 

required. PCR was conducted using KOD hot start DNA polymerase (Merck 

Millipore; 71086) in two reactions for the BACE1 and LacZ separately. BACE1 

was identified using the forward primer 5’-CGC TGC ACT GGC TCC TGC TAT 

GGG-3’ and reverse primer 5’-TCT CCA CAT AGT CCT GGC CGG-3’. LacZ was 

identified using the forward primer 5’-GAC CAG CCC TTC CCG GCT GTG CCG-

3’ and the reverse primer 5’-GCC GAC CAC GGG TTG CCG TTT TCA-3’. 

Contents of the PCR reactions contained 1x KOD buffer, 1.5mM MgSO4, 0.2mM 

dNTPS (each), 0.02U/µl KOD Hot-start DNA polymerase and 0.15µM forward 

and reverse primers. Reactions were made up to 50µl total volume using sterile, 

nuclease-free H2O. Thermocycler conditions are stated in table 2.6. PCR 

products were analysed by horizontal gel electrophoresis on a 1% agarose gel 

containing 10% v/v SYBR™ Safe DNA Gel Stain (Invitrogen; SS33102). Samples 

were prepared by adding 10µl of 6x blue/orange loading dye (Promega; G1881) 

and a well loaded with 10µl of 100bp DNA ladder (Promega; G2101). Gels were 

run at 120V for 45 minutes in TAE buffer (Sigma; T9650) and visualised on a Bio-

rad ChemiDoc MP XRS+ Imaging System. BACE1 bands are present at 200bp 

whilst the LacZ band occurs at 299bp. (Figure 2.1) KO mice were identified by 

the absence of the BACE1 band in addition to a LacZ band. Heterozygous mice 

exhibited a band for both genes and WT mice exhibited only a BACE1 band. 
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Step Temperature (°C) Duration 
Polymerase activation 95 2 min 

35 cycles: 
Denaturation 95 20s 

Annealing 62 15s 
Extension 70 7s 

Hold at 4°C  
 

Table 2.6 PCR conditions for amplification of the BACE1 gene from genomic mouse DNA. 

 

 
 

Figure 2.1 Gel representing the amplified fragments from PCR reactions to detect the BACE1 and 
LacZ genes from genomic DNA extracted from ear notches. White arrow represents the 200bp marker 
in a 100bp DNA ladder. Heterozygous mice exhibit a band in both the BACE1 and LacZ reactions, BACE1 
KO mice exhibit a band in LacZ and a characteristic laddering in the BACE1 reaction, WT mice exhibit a 
band in the BACE1 reaction and nothing in the LacZ. 

 

 
2.2.4 hBACE1 Knock-in mouse line 
hBACE1 knock-in mice were generated and maintained by Prof. Bettina Platt at 

the University of Aberdeen as described by Plucińska et al. (2014). Knock-in mice 

exhibit a ∼2- fold increase in forebrain BACE1 expression through the addition of 

the human BACE1 gene addition to the HPRT locus under a CamKIIa promotor.  

Mice were singly housed. The diet was administered in the same way as with the 

BACE KO and WT animals kept in Dundee and tissues were collected by the 
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same individuals. The same batch of HFD was used and RM1 diet was given to 

the WT NC controls.  

 

2.2.5 Diet-induced obese mice 
WT C57BL/6J were used as a diet-induced obese (DIO) model due to their 

susceptibility to weight gain when challenged with a HFD. Animals were group 

housed (£3 per cage). At 8 weeks the mice were weighed and their food changed 

to a 50:50 mix of NC and HFD. After one week the mice were weighed again and 

their diet changed to 100% HFD and their weight monitored weekly for a further 

11 weeks. NC controls were weighed weekly but were kept on RM1 diet for the 

duration of the dietary challenge. By utilising HF fed animals instead of transgenic 

obese models this study could utilise a model comparable to the majority of obese 

human cases as the high-fat, high-sugar diet of western populations is the 

greatest contributor to human obesity. However, by comparing HFD to NC 

animals one neglects the effects of other nutritional contributors. In order to 

maintain the calorific density of the diet (eg.14.74Mj/kg), the protein and 

carbohydrate content of the HFD must be reduced and this must be considered 

when evaluating the data.  

 

Animals were considered obese if their weight gain in grams at the end of the 

study was greater than 3 standard deviations of the average weight gain of the 

NC controls therefore all WT high-fat (HF) mice exhibited weight gain of at least 

9.82g over 12 weeks of HFD. Two mice were removed from the study with weight 

gains of 3.6g and 4.1g over the 12 week HF dietary challenge.  

 

2.3 Brain Proteomics 
2.3.1 Tissue preparation 
Animals were killed by cervical dislocation and major artery laceration. Brains 

were dissected on ice and tissues snap-frozen before storage at -80°C prior to 

proteomic analysis. Tissues were homogenised in 200µl COMSR buffer (Table 

2.1) and protein concentrations determined by bradford assay. Lysates were 

precipitated in acetone for 1 hour at -20°C and centrifuged at 15000RPM for 20 

minutes at 2°C to pellet.  

100µg of acetone-precipitated protein pellets were resuspended with 100µL of 

100mM TEAB. 20µL of the trypsin storage solution was added to the lyophilised 
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trypsin and incubated for 5 minutes before adding 2.5µg of trypsin to each protein 

pellet. Samples were digested overnight at 37°C. 

 
2.3.2 TMT labelling 
Tandem mass tag (TMT) isobaric labelling of sample digests was performed 

using the TMT10plexÔ Isobaric label reagent set as per protocol. (ThermoFisher 

Scientific; 90110) Tissues from individual mice were processed separately so that 

each label represented a single mouse. Three TMT10plexÔ kits were utilised. 

The first used hippocampal samples from 3 WT NC mice, 3 WT HF mice and 3 

BACE1 KO HF mice, the second used hypothalamic samples from the same 

mice. 

 

2.3.3 LC/MS 
Samples were fractionated into 24 fractions using a high pH reversed phase C18 

on an Orbitrap Q Exactive Plus mass spectrometer for 160 minutes. Each sample 

was separated into 24 fractions, the top 15 ions were selected for sequencing. 

Each sample was run through MS at 70,000 resolution and tandem MS (MS/MS) 

at 17,500 resolution using data dependent acquisition. Peptides were assigned 

to proteins by comparison to the Uniprot database using MaxQuant (v1.6.0.13) 

software with a peptide false discovery rate of 0.01. Occam’s razor was employed 

to assign peptides that encode multiple proteins. This tool determined which 

protein was most likely to be a true identified hit based on parameters such as 

peptide coverage and reporter ion intensities. The unidentified peptide was then 

assigned to that protein as the most probable source of the peptide. False 

discoveries were excluded by matching peptide data, reverse hits and scrambled 

hits to a contaminant database.  

 

2.3.4 Statistical analysis 
Analysis of the proteomic data was conducted using both quantitative and 

qualitative methods. 

2.3.4.1 Method 1 
This analysis was conducted by Dr Sara Ten-Have of the fingerprints facility at 

the University of Dundee. Analysis was conducted using MaxQuant (v1.6.0.13) 

software and ion scores for each protein were normalised to the median log 

intensity of each sample and compared to the mouse UniProt database. The false 
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discovery rate (FDR) was set to 0.01 for both peptide and protein. Volcano plots 

were produced to identify statistically significant changes in the brain proteome 

with both HFD and BACE1 KO. In order to increase the number of hits, the protein 

reporter intensity ratios were grouped into similar values into a pre-defined data 

range (eg. 0.05-0.14, 0.15-0.24 ect.) by a process called binning. This produced 

a normalised distribution of reporter intensities. From here proteins outwith 2 

standard deviations of the median were considered significant. This method 

increased the tolerance of the analysis and resulted in many more hits.  

 

2.3.4.1 Method 2 
This analysis was conducted by Dr Michele Tinti a bioinformatician at The 

University of Dundee. He normalised the data using the CONSTANd method. 

Normalisation of the data allowed for statistical analysis by t-test using the 

Bonferroni correction to account for false discoveries. This method of analysis 

was only compatible with the WT NC, WT HF and KO HF groups as comparison 

is not possible between TMT10plexÔ kits due to potential batch effects and 

differences between kits. 

 

2.4 Testing proteomic validity 
2.4.1 Determination of relative protein expression 
Protein abundance for each proteomic hit was conducted by western blotting as 

described in section 2.1.4. Protein 4.1N (EPB41L1) expression was determined 

in both hippocampal and cortical samples. TXNDC15 and FUCA1 expression 

were determined in hypothalamic and cortical samples. All data were normalised 

to the mean of the WT NC control. Testing the validity of hits utilised tissue lysates 

from the same animal cohorts as that used for proteomic analysis. Due to a 

shortage of tissue, it was not possible to use hypothalamic lysates from proteomic 

animals for validation purposes but tissues from other animals under each 

condition in the study were used.  

 
2.4.2 Fixing tissues 
The brains of NC and HFD mice were perfuse fixed prior to embedding and 

sectioning. Animals were killed using a schedule 1 procedure (CO2 in a rising 

concentration). Once dead, the chest was opened and a needle inserted in the 

left ventricle of the heart and the right atrium incised to allow perfusion of the 
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circulatory system. 10ml of ice cold PBS was injected into the ventricle to clean 

the tissues. After cleaning, 10ml of 4% PFA was injected into the ventricle to fix 

the tissues. Once fixed, the whole brain was removed and transferred into 4% 

PFA for 24 hours then transferred to 70% ethanol for storage. Brains were stored 

at 4°C for 1 week before embedding. 

 

2.4.3 Embedding tissues 
Prior to processing, mouse brains were incubated in 70% ethanol for 8 hours. 

Brains were then halved along the sagittal plane and a hemibrain from each 

mouse was processed and paraffin embedded. Tissues were processed using 

the Shandon Citadel 1000 and embedded using Shandon HistoCentre 3. All 

tissues were processed on the same settings, at the same time. 

 

2.4.4 Processing of murine tissues for staining 
Sectioning, antigen retrieval and IHC was performed by Dr Susan Bray of Tayside 

Tissue Bank. All sections were treated using the same reagents at the same time 

to negate batch differences.  

 

7 micron sections from paraffin embedded tissue were cut on a Leica RM 2135 

microtome onto Superfrost® plus slides (VWR International Ltd) and dried for 1 

hr at 60 °C. Antigen retrieval and de-paraffinisation was performed using DAKO 

EnVision™ FLEX Target Retrieval solution (high pH) buffer (50x conc) (K8004) 

in a DAKO PT Link for 20 minutes at 97°C. 

 

Immunostaining used Vectastain® Elite® ABC HRP kit (Peroxidase, Rabbit IgG)  

(PK-6101) with a DAKO Link Autostainer with initial staged conducted by hand:  

Sections were washed in Flex Wash Buffer (K8006) then blocked using Flex 

Peroxidase-Blocking Reagent (SM801) for 5 mins then 10%(v/v) goat serum 

blocking solution from stock avidin solution (Vector Labs) (SP-2001) for 15 mins. 

Secions were incubated overnight at 4°C with rabbit anti human EPB41L1 

primary antibody, at 1/200 dilution or rabbit anti human BACE-1 primary antibody, 

at 1/1000 dilution in Flex Antibody Diluent (K8006) including 10%(v/v) stock biotin 

solution (Vector Labs) (SP-2001) 

 

Using the automated platform: 
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Sections were incubated in biotinylated anti-rabbit antibody for 30 min followed 

by VectastainÒ Elite ABC reagent for 30 min, Flex DAB+ working solution 

(SM803) for 2 x 5 minutes, copper sulphate solution for 5 minutes and flex 

haematoxylin (SM806) for 5 minutes. 

 

In between each step, sections were rinsed with flex wash buffer with a final wash 

ddH2O. Sections known to stain positively were included in each batch and 

negative controls were prepared by replacing the primary antibody with DAKO 

antibody diluent. Slides were manually washed in tap water before being rinsed 

in graded concentrations of alcohol, with a final rinse in Xylene and glass 

coverslips were applied. 

Sections were all imaged on the same day, on the same microscope using the 

same settings and magnifications between replicates.  

 

2.4.5 Human tissue data 
Human cortical sections were obtained from Edinburgh brain bank who granted 

ethical approval for the use of these samples. Sex, age and BMI data for cortical 

tissues are indicated in table 2.7. All AD tissues were from individuals at Braak 

stage VI. Hippocampal sections were obtained from the south west dementia 

brain bank who granted ethical approval for the use of these samples. Details of 

sex, age and AD progression are indicated in table 2.8. The Braak stage of these 

sections were unavailable. 
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Sex Age BMI 
Control 

F 59 23 
F 45 23 
F 37 21.5 
M 57 22.8 

Obese 
F 57 36.1 
F 46 38 
F 40 38.8 
M 57 31.4 

Aged control 
F 65 21.5 
M 76 29 
M 84 NA 
F 74 30.9 

Alzheimer's Disease 
M 76 NA 
M 78 NA 
M 80 NA 
F 85 NA 

 

Table 2.7 Sex, age and BMI of individuals from whom cortical sections were obtained 

Age Sex AD Diagnosis 
Control 

F 80 NA 
M 90 NA 
F 89 NA 
F 78 NA 
M 80 NA 
M 73 NA 
M 77 NA 
F 87 NA 

Alzheimer's Disease 
F 74 AD 
F 88 AD 
F 78 AD 
M 86 Mild AD 
F 86 AD 
M 74 Severe AD 
M 78 Mod/Sev AD 
M 95 Probable AD 

 

Table 2.8 Sex, age and AD diagnosis of individuals from whom hippocampal sections were 
obtained 
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2.4.6 Processing of human tissues for staining 
Antigen retrieval was conducted by Dr Susan Bray of Tayside tissue bank as 

previously described (section 2.4.3).  

 

Immunostaining using DAKO EnVision™ FLEX system was performed using a 

DAKO Link Autostainer with initial staged conducted by hand:   

Sections were initially washed in Flex Wash Buffer (K8006) followed by: 

5-minute incubation in Flex Peroxidase-Blocking Reagent (SM801) then 

incubation overnight at 4°C with rabbit anti human EPB41L1 primary antibody, 

(Invitrogen Fisher) at a dilution of 1/200 or rabbit anti human BACE-1 (NIC1) 

primary antibody, (GeneTex) at a dilution of 1/250 in Flex Antibody Diluent 

(K8006)  

 

Using the automated platform: 

Sections were incubated with Flex/HRP labelled polymer (SM802) for 20 minutes, 

Flex DAB+ working solution (SM803) for 2 x 5 minutes, copper sulphate solution 

for 5 minutes followed by Flex Haematoxylin (SM806) for 5 minutes. 

 

In between each step, sections were rinsed with Flex Wash Buffer with a final 

wash dH2O. Sections known to stain positively were included in each batch and 

negative controls were prepared by replacing the primary antibody with DAKO 

antibody diluent. Slides were manually washed in tap water before being rinsed 

in graded concentrations of alcohol, with a final rinse in Xylene. Glass coverslips 

were then applied. 

Sections were imaged on the same day, on the same microscope using the same 

settings and magnifications between replicates.  

 

2.5 BioID  
2.5.1 Site-directed mutagenesis 
Site-directed mutagenesis was utilised to insert the BACE1 signal peptide and 

pro-peptide into the N-terminal BirA vector pcDNA3.1 mycBioID upstream of the 

BirA gene (Figure 2.2). This was done using the Q5Ò site-directed mutagenesis 

kit. (New England Biolabs; E0554S) Primers (table 2.9) were designed with a 

region complementary to the empty vector and a 5’ non-binding section 



Materials & methods 

 68 

containing the complementary sequence to half of the insert sequence. The 

vector was then amplified by PCR using the KOD hot-start DNA polymerase as 

described in table 2.10 and 2.11. The amplified products were then circularised 

using the kinase, ligase, DpnI (KLD) reaction. 2µl of the PCR product was added 

to 10µl of 2X KLD buffer, 2µl of 10X KLD enzyme mix and 6µl of nuclease-free 

water. The reaction was incubated at room temperature for 5 minutes. The KLD 

product was transformed into NEB 5-alpha competent E.coli. The cells were 

defrosted on ice and 25µl of cell suspension added to a sterile 5ml snap-cap 

round bottomed tube. (Fisher Scientific;  14-959-11A). 2.5µl of the KLD reaction 

mix was added to the cells, mixed, and incubated on ice for 30 minutes. The 

bacteria were then heat shocked at 42°C for 30 seconds and returned to ice for 

5 minutes. 475µl of SOC medium was added to the tube and cultured were 

incubated at 37°C for 1 hour in a shaking incubator at 220rpm. Cells were plated 

on LB selection plates containing 100µg/ml ampicillin and incubated at 37°C 

overnight. All colonies were selected the following day and a miniprep performed 

as described in section 2.5.6. A sample of each miniprep was sent for Sanger 

sequencing using the sequencing primers indicated in table 2.14 in order to 

identify successful mutants. When unsuccessful, site directed mutagenesis was 

then conducted using a 2-step reaction to add the signal and pro-peptides in 

separate reactions. The primers and reaction components are indicated in tables 

2.12 and 20.13 respectively. 
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Figure 2.2 Plasmid map of empty pcDNA MycBirA(R118G) plasmid with the BACE1 signal peptide 
insert 5’ of the BirA gene. 

 

The BACE1 gene was amplified from a BACE1 construct using primers to add 5’ 

NheI and 3’ BamHI restriction sites using primers cycling conditions outlined in 

table 2.11 and 2.12 respectively. PCR products were precipitated to remove the 

polymerase and PCR components from the solution. To do this an equal volume 

of sodium acetate (0.3M, pH 5.2) followed by 0.7 volumes of isopropanol were 

added to the PCR reaction mix. The mixture was then centrifuged at 15,000g for 

30 minutes at 4°C. The supernatant was removed and the pellet resuspended in 

1ml 70% ethanol. The suspension was centrifuged at 15,000g for a further 15 

minutes at 4°C. The supernatant was removed and the pellet air dried for 20 

minutes or until no ethanol remained. The pellet was then resuspended in 50µl 

of nuclease-free water. BACE1 inserts were digested using NheI and BamHI 

restriction enzymes (NEB; R0131S, R0136S). The reaction mix contained 1x 

NEBuffer 2.1, 10U of NheI, 100ng purified BACE1 and nuclease-free water to a 

total reaction volume of 50µl. The digest was carried out at 37°C  for 15 minutes 

followed by heat-inactivation at 65°C for 20 minutes. 10U of BamHI restriction 

enzyme was then added and the reaction mix digested for a further 15 minutes 

at 37°C. Digest were then purified by horizontal gel electrophoresis using a 1% 

agarose gel and excision of the BACE1 band. This was purified using the 
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QIAquick PCR and gel purification kit, (QIAGEN; 28506) resuspending in 30µl 

nuclease-free water.  

 
 
 
 
 

 
  

Table 2.11 Cycling conditions for site-
directed mutagenesis 

Table 2.9 Site-directed mutagenesis primers for the addition of both the BACE1 signal and pro peptides to the empty 
and melting temperatures 

 

Table 2.10 Reaction composition for 
site-directed mutagenesis 
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Table 2.12 Primers for site directed mutagenesis in a 2-step process to add the BACE1 signal peptide and pro-
peptides in separate reactions 

Table 2.14 Sequencing primers for 
detecting the BACE1 gene  

Table 2.13 Reaction 
composition for 2-step 
site directed mutagenesis 
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2.5.2 Restriction cloning  
Restriction cloning was attempted using the pcDNA3.1 MCS-BirA(R118G)-HA 

vector to create a BACE1-BirA fusion protein. The BACE1 gene was amplified 

from a BACE1 construct using primers designed to create 5’ NheI and a 3’ BamHI 

restriction sites (Table 2.15). PCR conditions as described in tables 2.16 and 

2.17. BACE1 inserts were produced and purified using methods described in 

section 2.5.1.  

 

The pcDNA3.1 MCS-BirA(R118G)-HA vector was precipitated by isopropanol 

DNA precipitation as previously described and linearised by sequential digestion 

with NheI and BamHI restriction enzymes in a reaction mix containing 1x 

NEBuffer 2.1, 10U of restriction enzyme, 1µg vector DNA and nuclease-free 

water to a total reaction volume of 50µl. NheI digestion was carried out at 37°C  

for 1 hour followed by heat inactivated at 65°C  for 20 minutes. BamHI was then 

added and digestion carried out for a further hour at 37°C. Following digestion, 

purification was carried out by horizontal gel electrophoresis and the QIAquick 

PCR and gel purification kit as described in section 2.5.1. 

 

Ligation was carried out using the LigaFast system. (Promega; M8221) In a 

microcentrifuge tube 100ng of linear vector DNA and 46ng of BACE1 insert were 

added to 1x rapid ligation buffer and 3 Weiss units of T4 DNA ligase with 

nuclease-free water to a total reaction volume of 10µl. Ligations were incubated 

at room temperature for 5, 10 or 15 minutes. The ligase was then heat inactivated 

by incubation at 70°C for 10 minutes. Ligation products were transformed into 

NEB 5-alpha competent E.coli as described in section 2.5.1 as well as XL-1 blue 

E.coli (Agilent; 200249) transformed as per recommended protocol. Remaining 

ligation reaction was analysed by horizontal gel electrophoresis with empty 

vector, BACE1 insert and 1kb DNA ladder (NEB; N3232) to offer an indication of 

ligation efficiency. (Figure 2.3)  
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 BACE1 amplification primers 
Direction Primer sequence 5' - 3' Tm 
Forward GTA CGC TAG CGG GAG ACC GAC GAA GAG C 50 Reverse GTA CGG ATC CAA CTT AAG CTG GAG ACC G 
Forward GCG CTA GCC ATG GCC CAA GCC CTG 55 Reverse GCG GAT CCG CGA TGG TCG ACG GCG C 

 

Table 2.15 Primers for the amplification of the BACE1 gene from a BACE1 containing plasmid. 

 
Component Concentration 
KOD buffer 1X 

MgSO4 1.5mM 
dNTPs 0.2mM each 
Primers 0.3µM each 

Template DNA 10ng 
KOD polymerase 0.02U/µl 

DMSO 2µl 
Total volume: 50µl 

 

Table 2.16 Reaction components for the amplification of BACE1 by PCR 

 
Step Temperature (°C) Duration 

Polymerase Activation 95 2m 
25 cycles: 

Denaturation 95 20s 
Annealing Tm 10s 
Extension 70 30s 

Hold at 4°C  
 

Table 2.17 Cycling conditions for the PCR of BACE1 from plasmid DNA 

 

 
 

Figure 2.3 DNA gel of ligation products from restriction cloning of a BACE1 into the pcDNA3.1 MCS-
BirA(R118G)-HA vector. Lane 1: empty vector. Lane 2: PCR amplified BACE1. Lanes 3, 4 and 5 represent 
5, 10 and 15 minute ligation reactions respectively. Each ligation reaction contain fragments that correspond 
to both the empty vector and the insert indicating the ligation may have been incomplete. A larger band at 
approximately 10kbp may represent the ligated plasmid. 
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2.5.3 In-Fusion cloning 
Cloning the C-terminal BACE1-BirA fusion protein was attempted using the In-

FusionÒ HD Cloning Plus system. (TaKaRa; 638909) The BACE1 gene was 

amplified from a construct using the CloneAmpä HiFi PCR Premix included in 

the cloning kit. PCR reaction mix contained 1x CloneAmp HiFi PCR premix, 

0.3µM of forward and reverse primers (Table 2.18), 50ng BACE1 template DNA 

and sterile Nuclease-free water to a total reaction volume of 25µl. The cycling 

conditions for amplification are indicated in table 2.19. Once amplified, the 

template DNA was removed by DpnI digest. The reaction contained 1x 

CutSmartÒ Buffer, 1U DpnI restriction enzyme and nuclease-free water to a total 

reaction volume of 50µl. Digests were incubated at 37°C for 1 hour followed by 

heat deactivation at 80°C for 20 minutes. The pcDNA3.1 MCS-BirA(R118G)-HA 

vector was linearised by AgeI (NEB; R3552L) restriction digest. 2µg were 

digested at 37°C overnight in a reaction mix containing 1x NEBuffer 1.1, 2U AgeI-

HF in nuclease-free water to a total volume of 50µl. Following digestion the 

restriction enzyme was denatured by heating to 65°C for 20 minutes. The digests 

and linearised vector were then cleaned using the QIAquick PCR and gel 

purification kit as directed in the protocol and eluting into nuclease-free water. 

The In-Fusion cloning was performed by combining 46ng of BACE1 insert, 100ng 

of linearised vector and 1x In-Fusion Enxyme Premix to a total volume of 10µl 

with nuclease-free water. The contents was pipetted to mix and incubated at 50°C 

for 15 minutes and then placed on ice. The clones were transformed into library 

efficiency DH5a competent E.coli as described in section 2.5.4 and plated onto 

LB + 100µg/ml ampicillin plates. Plates were incubated overnight at 37°C. No 

colonies were produced from this method.  

 
In-Fusion Primers 

PCR 
Primer 

pair 
Direction Primer sequence 5' - 3' Tm 

1 Forward AGG CCT GTT AAC CGG ATG GCC CAA GCC CTG C 58 Reverse GAG ACG TAC GAC CGG CTT CAG CAG GGA GAT GTC AT 

2 Forward ACT GGA CTA GTG GAT CAG GAG ACC GAC GAA GAG CCC G 58 Reverse GAG ACG TAC GAC CGG CTT CAG CAG GGA GAT GTC AT 

3 Forward ACC CAA GCT GGC TAG ATG GCC CAA GCC CTG CCC 60 Reverse TGT TGT CCT TGG ATC CTT CAG CAG GGA GAT GTC ATC AGC 
 

Table 2.18 Primers for the In-fusion cloning of BACE1 into empty pcDNA3.1 MCS-BirA(R118G)-HA 
vector 
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Step Temperature 
(°C) Duration 

30 cycles: 
Denaturation 95 10s 

Annealing 55 15s 
Extension 72 10s 

Hold at 4°C 
 

Table 2.19 Cycling conditions for the In-fusion cloning of BACE1 

 
2.5.4 Transformation 
BACE1 inserts were commercially synthesised by Sigma Aldrich and inserted into 

pcDNA5D FRT vectors through restriction cloning by Dr Rachel Toth of the 

University of Dundee cloning facility (Figure 2.4). With the c-terminal BirA fusion 

protein, a 10bp linker was added between the BACE1 and BirA encoding regions. 

Transformation of the constructs was conducted using Library efficiency DH5a 

competent E.coli in aseptic conditions. (Invitrogen; 18263012) LB agarose plates 

were made by heating LB medium until melted. The LB was allowed to cool until 

the bottle was able to be handled. 10ml LB per plate was inoculated with 

100µg/ml ampicillin and poured into sterile 10cm dishes. Once the medium had 

set the plates were transferred to an incubator at 37°C to dry.  

 

Cells were defrosted on ice and 50µl of cell suspension added to a sterile 5ml 

snap-cap round bottomed tube. (Fisher Scientific; 14-959-11A) 100ng of DNA 

was added to the cells and flicked to mix. The cells were then incubated on ice 

for 30 minutes. Following incubation the cells were heat-shocked in a water bath 

at 42°C for 45 seconds before returning to ice for a further 2 minutes. 250µl of 

sterile SOC medium (Invitrogen; 15544034) was added and the cultured 

incubated at 37°C in a shaking incubator at 220rpm for 1 hour. The cultures were 

plated into the LB dishes by adding 50µl, 100µl or 200µl to 3 plates. Colonies 

were allowed to grow in an incubator overnight at 37°C. 
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Figure 2.4 Plasmid maps of BACE1 fusion proteins (A) BirA-BACE1 and (B) BACE1-BirA fusion 
protein plasmids. Figures were created using SnapGene molecular biology software. 
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2.5.5 Colony PCR 
Prior to miniprep, the 10 largest, separated (without satellite colonies) colonies 

were selected. Colonies were exposed to 50µl sterile H2O in a clean 

microcentrifuge tube prior to addition to LB medium for miniprep. The cells were 

lysed in the H2O by incubating the tubes to 95°C for 5 minutes. The lysates were 

then used as template DNA for a PCR reaction to detect BACE1. The protocol 

and primers used for this reaction are described in 2.2.3. 

 

2.5.6 Miniprep 
Overnight bacterial cultures were made from transferring the colonies into 2ml LB 

growth medium supplemented with 100µg/ml ampicillin. Cultures were incubated 

for 18 hours in a shaking incubator at 37°C and 220rpm. 1.5ml of the culture was 

miniprepped as instructed in the recommended protocol using a QIAGEN 

Plasmid Mini Kit. (QIAGEN; 12125) The remaining 500µl of bacterial culture was 

combined with 500µl sterile Glycerol and stored at -80°C as a glycerol stock. 

 

2.5.7 Midiprep 
Overnight bacterial cultures were made from stabs of glycerol stock or 1ml of 

miniprep culture in 200ml LB growth medium supplemented with 100µg/ml 

ampicillin. Cultures were incubated for 18 hours in a shaking incubator at 37°C 

and 220rpm. Midipreps were conducted as per the recommended protocol using 

a QIAGEN Plasmid Midi Kit. (QIAGEN; 12143) The pellet was resuspended in 

100µl nuclease-free H2O. (Ambion; AM9939). 

 

2.5.8 Linearisation 
The purified pcDNA5D FRT BACE1-BirA(R118A) plasmid was linearised within 

the ampicillin resistance gene promotor region by SspI-HF (New England 

Biolabs; R3132S) restriction digest (Figure 2.4). The concentration of DNA within 

the sample was established through nanodrop microvolume spectrophotometer 

set to ‘DNA’. Purity was considered sufficient when the 260/280 ratio ³1.9.  20µl 

of purified plasmid was retained and stored at -20°C. The remaining DNA was 

digested overnight at 37°C in a reaction mix containing: 20µg DNA, 1x 

CutSmartâ buffer, 20U SspI-HFâ, nuclease-free H2O to a total reaction volume 
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of 200µl. Following digestion, the restriction enzyme was denatured by heating 

the reaction mix to 65°C for 20 minutes. A sample of linearised plasmid was run 

on a 1% agarose gel alongside uncut control and 1kbp DNA ladder (Thermofisher 

Scientific; SM0311) to determine whether linearization was successful. (Figure. 

2.5) 

 

 
 

Figure 2.5 Gel of linearization digest product. Circular (lane 1) and linear (lane 2) pcDNA5D FRT BACE1-
BirA(R118A) plasmid. pcDNA5D FRT BACE1-BirA(R118A) is approximately 7.6kbp in size and runs close 
to the 8kbp DNA marker. 

 

2.5.9 Transfection 
Cells were transfected using the FuGENE HD (Promega; E2311) transfection 

reagent. 3x 10cm dishes were seeded with 1x106 or 0.5x106 GT1-7 or HT-22 cells 

respectively and left to adhere overnight. The following day, the Fugene was 

allowed to warm to room temperature and Opti-MEMä medium (Gibco; 

31985070) supplemented with 100U/ml Penicillin-Streptomycin (Gibco, 

15140122) was warmed to 37°C alongside the normal culture medium and sterile 

PBS. In a sterile tube the transfection mix contained 18µl of linear BACE1-BirA 

plasmid (containing 100ng/µl DNA), 423µl Opti-MEM medium and 36µl FuGENE 

HD. A control transfection mix was made containing 414µl Opti-MEM with 36µl 

FuGENE HD. The transfection mixes were incubated at RT for 15 minutes. The 

cells were washed with 2ml warm PBS and 10ml of fresh culture medium was 

added to each dish. After incubation, 415µl of transfection mix was added to two 

plates and an equal volume of the control mix to the third plate. Cells were 

incubated at 37°C, 5% CO2 for 24 hours.  
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2.5.10 Proximity assay 
After 24 hours the transfected cells were biotin loaded. Biotin was suspended in 

DMSO and diluted to 50mM in sterile H2O. Biotin was aliquoted and stored at -

20°C until required. To biotin load the cells an aliquot of biotin was heated to 65°C 

for 1hr to resuspend the precipitate. The transfected cells were washed three 

times with PBS warmed to 37°C and 10ml of warm culture medium added to the 

culture. When the biotin was in solution, 10µl was added to each dish. The cells 

were biotin loaded for 24 or 48 hours in a cell culture incubator. Untransfected 

cells were incubated for 48 hours. 

 

Once biotin treated, cells were washed three times with warm PBS and lysed in 

500µl Bio-ID lysis buffer. (table 2.1, page 49) Cells were scraped and lysis aided 

by pipetting. Lysates were incubated on ice for 15 minutes then cell debris was 

removed by centrifugation at 17,000g for 5 minutes. 50µl of soluble lysate was 

retained for western blot. In a LoBind microcentrifuge tube (Sigma; Z666505) 30µl 

per lysate of Streptavidin-sepharose beads (GE Healthare; 17511301) were 

washed in 300µl BioID lysis buffer. The beads were centrifuged at 2g for 5 

minutes to sediment and washed with a further 300µl of BioID lysis buffer. This 

was removed and the remaining soluble lysate was added to the equilibrated 

beads. The soluble lysate was left on a rotator overnight at 4°C. Following 

incubation with streptavidin beads, the unbound fraction was removed. The 

beads were washed 5 times in 1ml lysis buffer followed by 5x 1ml washes with 

BioID digestion buffer (table 2.1, page 49); sedimenting between each wash by 

centrifugation. The washed beads were resuspended in 100µl of digestion buffer 

and 1µl 50mM trypsin gold (Promega; V5280) reconstituted in 50mM acetic acid. 

The digests were incubated overnight in a thermomixer at 37°C, 1000rpm. 

Peptides were recovered by centrifugation and transfer of the protein digest into 

a LoBind microcentrifuge tube using a sterile gel loading tip to minimise bead 

transfer. Digests were stored at -20°C until sent to an external facility for protein 

identification.  

 

15µl of soluble lysate and unbound fraction was combined with 5µl of 4x sample 

buffer. These samples were then analysed by western blot for biotinylated 
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proteins using streptavidin-HRP antibody and for transfection efficiency using a 

HA-tag antibody. 

 

2.5.11 Protein identification 
Peptides of biotinylated proteins were identified through MALDI-TOF MS/MS and 

analysed using Mascot software. The identified peptides were compared to the 

Swiss-prot mouse database of known mouse proteins in order to identify BACE1 

interactors. Peptides were assigned an ion score based on peptide abundance 

and probability of occurrence based on the mouse proteome database. Peptides 

with an ion score below 36 were discarded. Protein scores were determined as 

the sum of ion scores of all peptides identified.  

 

Upon identification of proteins within a sample, the BACE1-BirA transfected 

lysates were compared to the control for each replicate. Any protein identified 

within the control was removed as a hit from that assay. The replicates were then 

compared to generate a list of proteins that were identified as hits in 2/3 replicates 

and 3/3 replicates. The 2/3 and 3/3 protein lists were then compared between 

24hr and 48hr biotin loads to identify hits present in 3/3 at both time points and 

any proteins present in 2/3 replicates in both time points (representing a hit in at 

least 4/6 replicates). All of the protein hits were submitted for pathway analysis 

with the Reactome online pathway analysis program generating pathway hits at 

both 24 and 48 hour timepoints using over-representation analysis whereby 

software identifies enrichment of specific pathways within input data. This leads 

to the calculation of a probability score that uses the Benjamani-Hochberg 

method for FDR correction. Pathway topology mapping was also conducted 

whereby the interactions between proteins were considered. This method gives 

an indication of the proportion of a pathway that is present within the given hit list. 

The top 25 pathways were identified at both timepoints based on the FDR 

corrected over-representation probability score. 

 
2.5.12 Cell Fixation 
13mm cover slips were placed into a 12-well plate and sterilised with 1ml 70% 

ethanol for 15 minutes. The cover slips were washed with 1ml PBS and all liquid 

removed. The coverslips were treated with 100µl 0.1mg/ml PLL pipetted into the 

centre of the coverslip. The plate was covered and left for 1 hour. Following PLL 
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treatment the coverslips were washed with 1ml PBS and transfected GT1-7 SALK 

cells seeded at 75,000 cells/well in 500µl normal cell culture medium. The cells 

were allowed to adhere overnight at 37°C, 5% CO2. 

 

The following morning, all culture medium was removed and the cells were 

washed with 1ml ice-cold PBS. The cells were then treated with 500µl ice-cold 

4% PFA for 15 minutes followed by washing with 1ml ice-cold PBS. Half of the 

plate was permeabilised by the addition of 0.1% Triton X-100 PBS for 5 minutes 

followed by washing in 1ml PBS. Coverslips were stored in PBS at 4°C for up to 

1 week. 

 

2.6 Leptin sensitivity experiments 
2.6.1 Cell line generation 
The pCneo-mObRb construct used to generate leptin sensitive cells was a kind 

donation from Yves Rouillé, Institut Pasteur de Lille. GT1-7 immortalised mouse 

hypothalamic and HEK 293 human kidney cells were used to generate stable 

cells lines overexpressing the mouse leptin receptor B isoform (mObRb). GT1-7 

and HEK 293 cells were plated in 5 wells of a 6-well plate at 1x106 and 0.5x106 

respectively. Cells were allowed to adhere overnight prior to transfection. Once 

adhered, the media were replaced with 3ml of warm normal culture medium. The 

FuGENE HD transfection reagent was allowed to come to room temperature and 

OptiMEM medium was warmed in a 37°C water bath. Once warm, transfection 

mixes were made according to table 2.20 and incubated at room temperature for 

15 minutes. 125µl of transfection mix was added to each of the wells so that each 

plate contained 4 different ratios of FuGENE HD to DNA and a control well (table 

2.20). Plates were incubated for 48 hours in a cell culture incubator. After 

transfection the cells were washed with warm, sterile PBS and 3ml of normal 

culture medium added to each well for 24 hours to allow cells to recover. Once 

recovered, 3ml of cell-specific selection medium containing G418 antibiotic was 

added to each well (table 2.5). Selection medium was changed daily until all of 

the cells in the control well had died. The surviving cells from each transfection 

were transferred into a T25 and cultured in cell-specific maintenance medium 

(table 2.5) until confluent. The cells were then maintained in T75 flasks in the 

maintenance medium and stocks frozen for storage in liquid nitrogen.  
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 Ratio FuGene� HD: DNA 

  4:1 3:1 2:1 1:1 4:0 
(Control) 

Opti-MEM 135µl 138µl 141µl 144µl 138µl 
DNA 

(100ng/µl) 3µl 3µl 3µl 3µl - 

FuGENE HD 12µl 9µl 6µl 3µl 12µl 
      

Table 2.20 Transfection mix composition for each Fugene HD:DNA ratio tried in the transfection of 
cells with pCneo-mObRb  

 

2.6.2 Leptin dose response in amyloid exposed cells 

b-amyloid1-42 and Scrambled b-amyloid1-42 (Bachem; 4035885, 4064853) control 

peptides were made into 0.1mg/ml stock solutions in DMSO and stored at -20°C 

until required. Peptides were diluted in sterile ddH2O to stock concentrations of 

11nM and 100nM. GT1-7 mObRb cells were plated into 2 6-well plates at a 

seeding density of 1x105 cells/well and allowed to adhere overnight. HEK 293 

mObRb cells were plated into 2 T25 flasks at 1.5x105 cells/flask and allowed to 

adhere overnight. The following day Ab1-42 and scrambled Ab1-42 (ScrP) medium 

were made by transferring maintenance culture medium into a T25 flask and 

adding the peptide at a 1:1000 dilution to a final concentration of either 11pM or 

100pM peptide. Serum-free medium was also prepared in the same way. Cells 

were washed twice with warm PBS and the amyloid medium added to the well or 

plate. Cells were transferred back to the cell culture incubator for 2 days. All 

amyloid media were stored in a T25 in the cell culture incubator for the duration 

of the experiment. After 2 days, the GT1-7 cell medium was replaced with fresh 

amyloid medium. The HEK 293 mObRb cells were trypsinised as described in 

section 2.1.5 and transferred into a T75 flask in fresh amyloid medium. The GT1-

7 mObRb cells were incubated for a further 2 days in the cell culture incubator 

after which the amyloid medium was refreshed once more. The HEK 293 mObRb 

were incubated for 2 days and then plated into sterile 10cm dishes at 1.5x105 

cells/dish. The cells were placed back into the cell culture incubator overnight. 

The following morning the cells were washed with warm sterile PBS and the 

culture medium replaced with serum-free medium containing amyloid. The 11pM 

amyloid exposed cells were incubated in serum-free medium for 4 hours. At 

100pM amyloid the cells were serum starved for 2 hours after which all cells were 

stimulated with leptin (R&D systems; 498-OB). Stocks of leptin were made at 

0.5mM, 1mM, 2mM and 3mM by dilution in sterile PBS. Stocks were stored at -



Materials & methods 

 83 

20°C until required and defrosted in the cell culture hood shortly before 

requirement. Leptin was added to the cell medium at final concentrations of 

0.5nM, 1nM, 2nM and 3nM as well as a PBS control. The plates were swirled to 

distribute the leptin and the cells were placed back into the cell culture incubator 

for 30 minutes. After stimulation, the cells were prepared for western blot analysis 

as described in section 2.1.4.  

 

 



 

 

 

 

Chapter 3 
Metabolic and inflammatory changes in the 

cerebral cortex of BACE1 knockout mice 
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3.1 Introduction 
BACE1 is the rate limiting step in the production Aβ from APP. In healthy 

individuals, BACE1 expression is low and its contribution to APP processing is 

small. It is supposed that with onset of AD, α-secretase processing of APP is 

reduced and BACE1 expression and activity increases leading to overproduction 

of Aβ and the initiation of neurodegeneration with it. Despite our understanding 

of APP processing in AD, the cause of the increase in BACE1-mediated cleavage 

is still unknown. BACE1 activity is influenced by stress pathways such as the up-

regulation of NF-κB signalling as an activator of the innate immune response, 

oxidative stress, hypoxia and both hyper and hypoglycaemia.  (Chen et al., 2012; 

Guglielmotto et al., 2009; Mouton-Liger et al., 2012; O’Connor et al., 2008) This 

leads to the hypothesis that changes in BACE1 expression is a stress response 

and that chronic stresses such as obesity, diabetes and chronic inflammation 

may lead to persistently increased BACE1 activity. 

 

Both obesity and type 2 diabetes are known risk factors for AD with suggestions 

that insulin resistance within the brain may be a major contributing factor for this 

dementia (reviewed: Neth & Craft (2017)). However the order in which these 

events occur has not been established. BACE1 knockout mouse models have 

been shown to present resistance to diet-induced obesity, retention of insulin 

sensitivity with HFD and no impairment of glucose homeostasis in contrast to 

wild-type littermates (Meakin et al., 2012; Plucińska et al., 2016). BACE1 

expression has also been shown to increase with chronic HFD suggesting that 

BACE1 upregulation may be a response to the stress of nutrient excess.  

 

This study aimed to identify whether changes in BACE1 expression lead to 

changes in metabolic and inflammatory markers. It utilised two transgenic BACE1 

animal models; a global BACE1 KO and a forebrain specific BACE1 KI with the 

human BACE1 gene added under the CamKII promoter (Harrison et al., 2003; 

Plucinska et al., 2014). Samples of the cerebral cortex were analysed for protein 

and mRNA changes in known markers of metabolic signalling and inflammation. 
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3.2 Results 
3.2.1 Changes in metabolic and inflammatory factors with BACE1 
expression 
Cortical samples from NC fed, WT BACE1 Knock-out (KO) and BACE1 knock-in 

(KI) non-fasted mice were analysed by immunoblot and RT-PCR for metabolic 

and inflammatory markers. Western blot showed no difference in PI3K p85 or 

PKB expression (Figure 3.1A and B respectively) but serine phosphorylation of 

PKB was significantly increased in the BACE1 KI model. Gene expression 

analysis also revealed a trend towards a 50% decrease in SOCS3 mRNA in the 

BACE1 KI model. This result was not significant however this is likely to be due 

to low numbers of replicates. (Figure 3.2). No differences were observed in 

protein expression of GSK3α or GSK3β nor in their tyrosine phosphorylation 

(Figures 3.3E, 3,3F, 3.3A and 3.3B). However, serine phosphorylation of both 

GSK3α and GSK3β was significantly increased in the BACE1 KI mice with 

GSK3α exhibiting a 2-fold and GSK3β a 3-fold increase in phosphorylation 

compared to WT controls. The BACE1 KO mice showed a trend towards a 50% 

reduction in serine phosphorylation of both GSK3α and GSK3β but this was not 

significant- most likely due to the low number of replicates (Figures 3.3C and 

3.3D). Serine phosphorylation of both GSK3 α and β has been shown to inhibit 

GSK3 activity therefore these results suggest reduced GSK3 activity in in the 

BACE1 KI mice (Fang et al., 2000; Sutherland, Leighton, & Cohen, 1993). Kinase 

assay (conducted by Prof. Calum Sutherland, University of Dundee) on affinity 

purified cortical GSK3α and GSK3β revealed no significant changes in GSK3 

activity. However, a trend is apparent towards reduced GSK3β activity in the 

BACE1 KI and increased GSK3β activity in the BACE1 KO. This trend is not 

present in GSK3α activity despite similar changes in phosphorylation between 

the two isoforms. (Figure 3.4A and 3.4B) 

 

Inflammatory markers neutrophil elastase and IKBα were unchanged between 

the BACE1 models but Caspase 1 protein expression was significantly elevated 

in the BACE1 KI mice. (Figures 3.5B, 3.5C, 3.5D and 3.5A respectively) No 

changes were observed in NF-κB proteins p105, cREL or p85 (Figures 3.6A, 3.6B 

and 3.6C) Gene expression analysis revealed no significant changes in 

inflammatory cytokines IL-1β, IL-18 or IL-6 (Figures 3.7A. 3.7B and 3.7C). 
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However, a trend was observed towards increased IL-6 mRNA expression in both 

the BACE1 KO and BACE1 KI mice. Interestingly, caspase 1 mRNA expression 

was unchanged despite the observed increase in protein expression (Figure 

3.7D). A trend towards increased NLRP3 mRNA expression was observed in the 

BACE1 KI, however this was not significant (Figure 3.7E). TNFα mRNA 

expression was significantly increased in the BACE1 KI cortex compared to the 

BACE1 KO. The KI showed a trend towards elevated mRNA compared to WT 

and the KO a trend towards reduced TNFα mRNA but neither were significant. 

(Figure 3.7F) 
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Figure 3.1 Expression and phosphorylation of PI3K pathway proteins with BACE1 KO and KI. 
Relative change in PI3K P85 (A), PKB (B) and serine pPKB (C) compared in BACE1 KO and forebrain 
specific BACE1 KI cortices compared to WT controls. No change was present in total PKB of PI3K 
expression. One-way ANOVA by Kruskall-Wallis test identified significantly increased pPKB in the BACE1 
KI cortices compared to WT controls but not the BACE1 KO. n=3 per group. Individual data points indicate 
the range of data. Standard error indicated by error bars, * = p<0.05 
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Figure 3.2 Gene expression of SOCS3 with BACE1 KO and KI. mRNA expression of the SOCS3 gene in 
the cortical tissues of forebrain specific BACE1 KI mice compared to both WT and BACE1 KO tissues. One-
way ANOVA by Kruskall-Wallis test revealed no significant change in SOCS3 gene expression between the 
WT and BACE1 KO mice but a trend towards reduced SOCS3 was observed in the BACE1 KI compared to 
both the WT and KO. n=3 per group. Individual data points indicate the range of data. Standard error indicated 
by error bars, * = p<0.05 
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Figure 3.3  Expression and phosphorylation of  proteins with BACE1 KO and KI. Protein expression 
of total GSK3α and GSK3β in the cortices of WT, BACE1 KO and forebrain specific BACE1 KI mice. (E, F) 
as well as phosphorylation states at both serine (C,D) and tyrosine (A,B) sites. One-way ANOVA by 
Kruskall-Wallis test revealed neither total GSK3α and GSK3β nor tyrosine phosphorylation changed with 
BACE1 expression. Serine phosphorylation at S21 and S9 of GSK3α and GSK3β respectively was 
significantly increased with BACE1 KI compared to BACE1 KO. BACE1 KO cortices exhibited a trend 
towards reduced phosphorylation at serine sites but this was not significant. n=3 per group. Individual data 
points indicate the range of data . Standard error indicated by error bars, * = p<0.05 
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Figure 3.4 Activity of GSK3 proteins with BACE1 KO and KI. Kinase activity of affinity purified GSK3α 
and GSK3β from cortex lysates of WT, BACE1 KO and forebrain specific BACE1 KI tissues. Despite 
increases in serine phosphorylation with BACE1 KI, One-way ANOVA by Welch’s test and revealed no 
difference was seen in GSK3α (A) or GSK3β (B) activity. n=3 per group. Individual data points indicate the 
range of data. Standard error indicated by error bars. 
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Figure 3.1 Expression and phosphorylation of immune proteins with BACE1 KO and KI.  Protein 
expression of cortical immune markers: Caspase 1 (A), Neutrophil elastase (B) and IKBα (C) as well as 
phosphorylated IKBα (D). One-way ANOVA by Kruskall-Wallis test revealed significantly increased 
Caspase 1 expression with forebrain specific BACE1 KI but no change with BACE1 KO. No other immune 
markers showed changes with BACE1 expression. n=3 per group. Individual data points indicate the range 
of data. Standard error indicated by error bars, * = p<0.05  
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Figure 3.2 Expression and phosphorylation of NF-κB pathway proteins with BACE1 KO and KI. 
Changes in protein expression of p105 (A), cREL (B) and p85 (C). One-way ANOVA by Kruskall-Wallis 
test revealed no significant changes in these proteins with BACE1 KO or forebrain specific BACE1 KI in 
the cortex. n=3 per group. Individual data points indicate the range of data. Standard error indicated by 
error bars. 
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Figure 3.3 Changes in gene expression of immune proteins with BACE1 KO and KI. RT PCR in the 
cortex of WT, BACE1 KO and forebrain specific BACE1 KI of inflammatory markers. One-way ANOVA by 
Kruskall-Wallis test revealed no changes in gene expression of inflammatory cytokines IL1-β, IL-18 or IL-6 
(A, B and C respectively). Caspase 1 and NLRP3 mRNA were also unchanged with BACE1 expression. 
(D and E respectively) TNFα mRNA was significantly increased in the BACE1 KI cortex compared to 
BACE1 KO with a trend towards greater gene expression compared to WT controls. BACE1 KO exhibited 
a trend towards reduced TNFα compared to WT. (F) n=3 per group. Individual data points indicate the 
range of data. Standard error indicated by error bars, * = p<0.05. 
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3.3 Discussion 
 
3.3.1 BACE1 expression regardless of diet influences expression of 
metabolic and inflammatory markers 
This study was conducted on stored cortical samples from female, non-fasted 

WT, BACE1 KO and BACE1 KI mice. These samples were used as they had not 

been utilised in previous studies therefore remained in -80 storage as whole 

tissue samples. This study permitted identification of changes in cortical 

metabolic and inflammatory status as a product of altered BACE1 expression. As 

changes in insulin signalling within the brains of AD patients has been well 

documented, preliminary data included analysis of proteins involved in the insulin 

signalling pathway to determine the effects of BACE1 on signal transduction in 

cortical samples (Figure 3.8). Changes in PKB have been previously published 

with BACE1 KO mice exhibiting reduced pPKB with insulin stimulation in liver 

tissue but no change compared to WT when unstimulated, therefore our data 

support this previous finding (Meakin et al., 2012). It has also been identified that 

BACE1 KI mice exhibit a trend toward increased pPKB compared to WT in whole 

brain lysates as observed here (Plucińska et al., 2016). GSK3 data are contrary 

to previous BACE1 KI data that indicate that the KI line exhibits a trend towards 

reduced GSK3β expression in whole brain lysate whereas data from this study 

shows a marked increase in both GSK3α and β (Plucińska et al., 2016). However, 

this discrepancy may be due to regional changes as opposed to whole brain or 

due to fasted vs non-fasted tissues being used. Previous studies have indicated 

no difference in SOCS3 mRNA expression between BACE1 KO mice and WTs 

which is supported by data in this study (Meakin, Jalicy, et al., 2018). Whilst no 

significant change was observed in PI3K p85 subunit or PKB expression in either 

BACE1 model, serine phosphorylation of PKB, a downstream effector of PI3K 

pathway activation, was significantly increased in the BACE1 KI mice. As these 

mice were not fasted it cannot be determined whether these mice have increased 

basal phosphorylation of PKB thereby suggesting increased sensitivity to insulin 

or whether they are exhibiting a greater post-prandial insulin response and 

therefore better glucose stimulated insulin secretion. As no data have been 

published with regards to plasma insulin levels or insulin tolerance in the BACE1 

KI mice, this cannot be determined but increased PTP1B and IRβ contribute to 

the idea of central insulin resistance in these mice (Plucińska et al., 2016). Further 
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suggestion towards dysfunctional insulin signalling came from a significant 

reduction in SOCS3 gene expression in the BACE1 KI mice. This suggests 

reduced inhibition of IRS which could be an indication of improper regulation of 

insulin signalling in this model. This is further corroborated by substantially 

elevated serine phosphorylation of both GSK3α and GSK3β in the BACE1 KI 

mice. This effect was accompanied by a trend towards reduced serine 

phosphorylation in the BACE1 KO mice as expected due to the inhibitory nature 

of this phospho-site. However, this effect was not significant. Whilst many of 

these changes may be considered as indicators of altered insulin signalling with 

BACE1 expression, it must be noted that changes to PKB, GSK3 and SOCS3 

are also part of cytokine signalling such as leptin and IL-6, acting through their 

specific receptors. As such, these changes may in fact be independent of the 

insulin signalling pathway. 

 

These data indicated that BACE1 may play a role in GSK3 inhibition. To confirm 

the effects of BACE1-mediated serine phosphorylation of GSK3 on activity, a 

kinase assay was performed which showed that whilst serine phosphorylation 

suggests decreased activation of GSK3, this had no effect on GSK3α or GSK3β 

activity towards a muscle glycogen synthase (GS2) isoform target peptide in the 

BACE1 KI mice. However, decreased S9 phosphorylation led to a trend towards 

increased GSK3β activity. This change was not present in GSK3α. Due to this, 

questions must be raised as to the physiological effects of the differences in 

phosphorylation in this pathway. It may be that activity assay using a known brain 

substrate may provide more information about the inhibitory nature or substrate 

selectivity of serine phosphorylation of GSK3 within the brain. GSK3β inhibition 

decreases BACE1 expression and activity through NFκB  signalling (Ly et al., 

2013) but no evidence indicates a direct role for BACE1 regulation of GSK3 

activity (Avrahami et al., 2013). However, GSK3 characterisation in 5xFAD 

mouse models overexpressing mutant APP and PS1 showed increased activity 

of both GSK3α and β suggesting that elevated Aβ1-42 may increase GSK3 activity 

(Avrahami et al., 2013). Furthermore, oligomeric amyloid species have been 

identified as activators of GSK3β in transgenic APP mouse primary neurons 

(DaRocha-Souto et al., 2012; Kirouac, Rajic, Cribbs, & Padmanabhan, 2017). 

However, these studies identify GSK3 activation through decreased serine 

phosphorylation- while this study indicated that GSK3 phosphorylation may not 
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be a good indicator of catalytic activity. GSK3 expression and activity is known to 

be elevated in the brains of patients with AD including the hippocampus and 

cerebral cortex (Blalock et al., 2004; Leroy, Yilmaz, & Brion, 2007). Furthermore, 

GSK3 is known to phosphorylate the AD-associate protein Tau and contribute to 

the hyperphosphorylation that leads to NFT formation (Sperbera, Leight, 

Goedert, & Lee, 1995). 

 

It must also be considered that whilst both the BACE1 KO and BACE1 KI 

transgenic lines have been bred into the C57bl/6J mouse line, the BACE1 KO 

mice had been back-crossed with 129P mice therefore some genetic differences 

are likely to be present. Without the presence of a WT control for the BACE1 KI 

line, it was not possible to determine whether these effects are the result of 

background genetic differences, environmental factors or BACE1 expression. 

 

 
 

Figure 3.8 Simplified schematic of the insulin signalling pathway. Insulin binds to homodimeric insulin 
receptor (IR) at the plasma membrane. This brings about autophosphorylation of IR and binding of insulin 
receptor substrate (IRS). IRS phosphorylation activates the PI-3 kinase (PI3K) pathway by which PI3K 
phosphorylates Phosphoinositide dependent kinase 1(PDK1) which, in turn, phosphorylates protein kinase 
B (PKB/AKT) at serine 473. Activation of PKB then leads to phosphorylation of glycogen synthase kinase 3 
(GSK3) at serine 21 or serine 9 for GSK3α or GSK3β respectively. SOCS3, transcribed as a result of JAK-
STAT pathway activation, inhibits further insulin signalling by competitively inhibiting IRS binding to IR. 

 

Differences were also observed in inflammatory markers. Protein expression of 

neutrophil elastase remained unchanged indicating no difference in neutrophil 
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activation in the cortices of these mice. Whilst neutrophils are prevented from 

entering the brain in healthy individuals by the presence of the BBB, it has been 

shown that changed in BBB integrity as a result of inflammation results in 

circulating immune cell entry into the CNS (Joice et al., 2009). Neutrophil invasion 

has been shown to occur in the brains of AD model mice and humans where they 

target to amyloid plaques and produce neutrophil extracellular traps 

(NETs)(Zenaro et al., 2015). These traps are an anti-microbial response that 

result in tissue damage when activated in a sterile environment and a key 

component to their formation is chromatin unravelling by neutrophil elastase 

(Papayannopoulos, Metzler, Hakkim, & Zychlinsky, 2010).  

 

The BACE1 KI mice exhibited increased Caspase 1- a marker of innate immune 

response- compared to WT mice. Caspase 1 is a key protease in the NLRP3 

inflammasome pathway and is responsible for the maturation and release of pro-

inflammatory cytokines IL-1β and IL-18 (Winkler & Rösen-Wolff, 2015). 

Furthermore, Caspase-1 expression and NLRP3 activation has been shown to 

be elevated in the brains of AD patients whilst Caspase-1-/- and NLRP3-/- APP 

mice are protected from cognitive deficits (Heneka et al., 2013). In addition to 

this, microglia derived ASC specks (adaptor protein to NLRP3) have been 

suggested to seed amyloid deposition (Venegas et al., 2017). However, as this 

result was not accompanied by a change in Caspase 1 mRNA, this result should 

be treated with caution. No other changes in inflammatory markers were 

identified including regulators and members of the NF-κB signalling pathway: 

IKBα, p105, cREL and p65. Inflammatory cytokine IL-1β and IL-18 mRNA were 

unaffected by BACE1 expression and inflammasome NLRP3 mRNA was 

unchanged. IL-6 mRNA expression exhibited a trend towards increasing in both 

the BACE1 KO and BACE1 KI mice. This may be due to both the pro- and anti-

inflammatory nature of IL-6 which may be dependent on the method of IL-6 

pathway activation. An assay of soluble IL-6 may provide insight into the pro-

inflammatory pathway activation of IL-6 (Scheller, Chalaris, Schmidt-Arras, & 

Rose-John, 2011). No change in TNFα mRNA was apparent between the BACE1 

transgenic mice and WT controls. However, TNFα was significantly increased in 

the BACE1 KI mice compared to BACE1 KO. There were also trends towards 

elevation TNFα in the KI compared to WT and reductions in the KO mice 

compared to WT. As TNFα is a potent NF-κB pathway activator, it is somewhat 
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surprising that increased transcriptional regulation of TNFα did not result in 

changes in NF-κB proteins. However, it may be that sub-cellular fractionation 

would be required for detailed insight into NF-κB as these data were taken from 

total lysates and represent both cytosolic and nuclear proteins. Alternatively, in 

this instance TNFα may be exerting effects through an TNFR1- an apoptotic 

pathway that does not encompass NF-κB and signals via caspases to induce cell 

death mechanisms. TNFα has been shown to be elevated in AD brains as a result 

of increased microglial activation, leading to neurotoxic effects, possibly through 

glutamate release (Takeuchi et al., 2006). Furthermore, HFD has been shown to 

increase TNFα in muscle and adipose tissues (Borst & Conover, 2005). 

Therefore, it may be that BACE1 may contribute to this effect in both 

circumstances. Once again, the genetic background of these mice must be 

considered, as it may be that the BACE1 KI line exhibit higher basal TNFα 

production.  

 

3.3.2 Conclusions 
These data indicate that BACE1 expression alone can contribute to changes in 

metabolic signalling and inflammation without the presence of an environmental 

stressor such as dietary excess. Whilst elevated phosphorylation of both PKB 

and GSK3 and reduced SOCS3 suggest that central increase in BACE1 

expression contributes to PI3K signalling activation, activity assay of GSK3 

indicated that phosphorylation of these proteins is not necessarily indicative of 

activation. As such, further experiments are required to identify whether BACE1 

KI mice do exhibit increased PI3K activation and whether this is linked to insulin 

sensitivity.  

 

Changes in inflammatory markers between the models proved inconsistent as 

the results do not indicate clear activation of specific pathways. This provides little 

evidence to suggest whether inflammatory pathways are influenced by BACE1 

expression. However, the changes in metabolic markers suggest a role for 

BACE1 regulation of energy homeostatic mechanisms within the brains of these 

mouse models. This provided sufficient evidence for proteomic analysis to be 

conducted of brain tissues between these models. The addition of HFD to the 

study allowed the determination of the effects of chronic dietary stress, as it is 

known that chronic HFD leads to increased BACE1 expression which may be a 
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factor towards the increased risk of AD with obesity (Meakin et al., 2012). It is 

known that HFD leads to chronic inflammation both centrally and peripherally, 

oxidative and ER stress and central metabolic dysfunction through both leptin 

and insulin resistance (Cakir et al., 2013; Meakin, Jalicy, et al., 2018; Stępień et 

al., 2014; Thaler, Guyenet, Dorfman, Wisse, & Schwartz, 2013). All of which are 

also observed in AD and contribute to cognitive decline (De Felice & Ferreira, 

2014; McGrath et al., 2001; Meakin, Mezzapesa, et al., 2018; Siegel, Bieschke, 

Powers, & Kelly, 2007). A study was therefore designed to offer insight into the 

contributions of BACE1 to these effects and determine whether BACE1 is part of 

their contributions to cognitive decline.



 

 

 

 

 

 

Chapter 4 
Effects of HFD and different levels of BACE1 

expression on the brain proteome 
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4.1 Introduction 
This project intended to shed light on the pathway/s through which dietary stress 

increases the risk of AD. Here it was hypothesised that chronic exposure to 

stresses- such as dietary stress by way of prolonged HFD- may contribute to 

changes in BACE1 activity and targeting within the brain (Meakin et al., 2012; 

Meakin, Jalicy, et al., 2018; Plucińska et al., 2016). Furthermore, evidence (as 

shown in chapter 3) indicate that BACE1 expression alone may lead to changes 

in metabolic signalling the brain. It known that nutritional excess and HFD lead to 

chronic inflammation, hyperlipidemia and glucose dyshomeostasis as well as 

increased BACE1. Therefore,  changes in  BACE1 expression may provide a link 

between dietary stress and these effects.  

 

This proteomic study was designed to investigate whether dietary induced 

increases in BACE1 expression leads to changes in the brain proteome. Whilst 

in previous studies dietary stresses employed a 20-week HFD to induce 

metabolic disease within the animals; concerns over the survival of the BACE1 

KI mice for this duration of time led to a shortening in the dietary intervention to 

12 weeks (Personal communication; Platt lab, University of Aberdeen).  

 

Protein hits were analysed for possible BACE1-dependent changes driven by 

nutritional excess. Two methods of analysis were conducted on the proteomic 

data. Method 1 produced more, less statistically robust hits through a less 

stringent statistical method. This method used median sweep normalisation and 

hits were initially identified by volcano plot of protein reporter ion intensities- 

cumulative signal strength of identified peptides assigned to a protein. In order to 

increase the number of proteins identified, proteins were grouped (‘binned’) by 

ratio of reporter ion intensities as described in section 2.3.4. Ratios were 

represented by histogram and proteins with a ratio outwith two standard 

deviations of the median were considered significant. This threshold was chosen 

as Gaussian distribution of data indicate that points greater or less than two 

standard deviations of the median represent a statistical confidence of 95% in the 

probability that the protein hit is different between groups. As this method of hit 

identification is much less stringent it will be referred to hereon as ‘semi-

quantitative analysis’. (Figure 4.1) Method 1 analyses were conducted by Dr Sara 



Effects of HFD and different levels of BACE1 expression on the brain proteome 

 103 

Ten-Have of the Fingerprints facility (University of Dundee). Method 2 applied the 

most stringent statistical approach in a fully quantitative analysis in order to 

determine the most statistically significant hits, this analysis was conducted by Dr 

Michele Tinti (University of Dundee) and incorporated the comprehensive method 

of normalisation tailored to isobaric labelling methods- CONSTANd (Maes et al., 

2016). This method of analysis also incorporated bias such as changes in 

conditions between MS runs and technical errors and will be referred to as 

quantitative analysis.  

 

 
 

Figure 4.1 Flow diagram of proteomic data analysis 

 

4.2 Results 
4.2.1 Comparison of Wild-type mouse lines 
As BACE1 KO breeding resulted in a low yield of KO mice, it was not possible to 

include a KO NC group within this study. Due to limitations in the number of 

samples allowed by TMT labelling kits it would not have been possible to include 

this group within the proteomics analysis and for this reason BACE1 KI mice were 

not used in proteomics either. However, these tissues were utilised in validation 

attempts therefore wild-type controls from both the BACE1 KO (WT[KO]) and 

BACE1 KI (WT[KI]) mouse lines were compared for metabolic phenotype. The 

mice began their dietary challenge at 8 weeks and weights were taken weekly in 

order to determine their weight gain in response to HFD. After 12 weeks of dietary 

intervention, mice were fasted overnight prior to culling and tissue harvest. WT 

mice from both lines exhibited comparable weekly weights over the 12-week 
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dietary intervention on both the NC and HFD. (Figure 4.2A) However, WT[KI] 

mice were consistently heavier than WT[KO] mice and a significant difference in 

weight between the two was observed at the end of the study (Figure 4.2B). This 

difference was not observed between the mouse lines on NC diet. Weight change 

(calculated as weight (g)- weight at 12 weeks of age (g)) was comparable 

between the two WT lines on both diets over the 12 weeks (Figure 4.2C) and no 

significant difference was observed in % weight gain between animal lines at the 

end of the study (Figure 4.2D) 

 
 

Figure 4.2 Comparison of Wild-type mice of the BACE1 KO line with BACE1 KI line when 
challenged with 12 weeks of HFD or normal chow. A) Body weight over 12-week dietary intervention. 
B)  Final body weight after 12-week dietary intervention indicated a significant difference with both 
genotype and diet with grouped 2-way ANOVA. (p = 0.0076, p < 0.0001 respectively) Bonferroni’s multiple 
comparison test identified a significant difference between the genotypes on HFD. C) Body weight change 
from 12 weeks of age to the end of the study D) Percentage body weight change after 12 weeks of dietary 
intervention compared to 12 weeks of age. Grouped 2-way ANOVA identified significant differences in 
percentage body weight change with both genotype and diet (p = 0.0073, p < 0.0001 respectively) but no 
significant differences were identified with multiple comparison. n=5-7 per group. Individual data points 
indicate the range of data.  
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4.2.2 Weight gain in BACE1 KO and BACE1 KI models with HFD 
Mice were weighed weekly in order to monitor the effects of HFD in both the WT 

mice and determine how the BACE1 genotype influences the response to dietary 

stress. BACE1 KI mice showed comparable weights to WT mice on HFD whilst 

WT mice on NC were consistently lighter than their HF counterparts. Whilst 

BACE1 KO mice were generally heavier than the WT NC controls, they were still 

generally lighter than the WT HF mice. (Figure 4.3A) After 12 weeks of dietary 

intervention, the HFD resulted in significant weight gain in WT animals compared 

to NC controls. BACE1 KO ameliorated the effects of HF with this group being 

significantly lighter than the WT HF group and showed no significant difference 

to WT NC controls. KI HF mice exhibited comparable body weights to the WT 

HFD group and were significantly heavier than WT NC controls. (Figure 4.3B) 

Over the study every group exhibited a similar trend of weight gain in response 

to HF whilst the NC group exhibited consistently less weight gain each week. 

Both BACE1 KO and BACE1 KI mice exhibited a trend towards decreased weekly 

weight gain compared to WT NC controls (Figure 4.3C) however after 12 weeks 

of dietary intervention, only the BACE1 KO exhibited significantly reduced % 

weight change compared to WT HF mice. BACE1 KI NC mice showed increased 

weight gain compared to WT NC controls but were comparable to WT HF mice 

in their % weight gain over the course of the study. WT HF mice showed 

significantly greater % weight gain over the 12 weeks. (Figure 4.2D)  
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Figure 4.3 Comparison of Wild-type, normal chow fed mice (WT NC) with WT mice, BACE1 KO and 
forebrain specific BACE1 KI body weights when challenged with 12 weeks of HFD. A) Body weight 
over 12-week dietary intervention. B) Final body weight after 12-week dietary intervention indicated 
significant differences with both genotype and diet using Two-way ANOVA. Tukey’s multiple comparison 
showed both WT HF and KI HF groups to be significantly heavier than WT NC controls whilst KO mice 
were significantly lighter than WT mice on the HFD after 12 weeks of dietary intervention. C) Body weight 
change from 12 weeks of age to the end of the study D) Percentage body weight change at end of study 
compared to 12 weeks of age. Two-way ANOVA and Tukey’s multiple comparison test showed both WT 
HF and KI HF groups to have gained significantly more weight than WT NC fed controls. BACE1 KO mice 
gained significantly less weight than WT HF fed mice. n=8 per group. Individual data points indicate the 
range of data. Standard error indicated by error bars, * = p<0.05, ** = p<0.01, *** = p<0.001.  

 

 

 

 

 

 

 



 

4.2.3 Analysis of biological replicates 
Samples for this study were not pooled and each replicate represented the brain 

region from a single mouse. 3 mice per group were randomly selected for analysis 

and labelled as indicated in table 4.1. BACE1 KO WT littermates were utilised for 

controls. A total of 72,491 peptides were identified in the hippocampal samples 

whilst 57,550 peptides were identified in the hypothalamus. 

 

  TMT label 

 Tissue 126 127N 127C 128N 128C 129N 129C 130N 130C 131 

10Plex 1 Hippo WT 
NC 1 

WT 
NC 2 

WT 
NC 3 

WT 
HF 1 

WT 
HF 2 

WT 
HF 3 

KO  
HF 1 

KO  
HF 2 

KO  
HF 3 

 

10Plex 2 Hypo WT 
NC 1 

WT 
NC 2 

WT 
NC 3 

WT 
HF 1 

WT 
HF 2 

WT 
HF 3 

KO  
HF 1 

KO  
HF 2 

KO  
HF 3 

 

 

Table 4.1 Allocation of proteomic tissues to TMT labels. 3 TMT 10plex kits were used. 10Plex 1 
consisted of hippocampal samples from wild-type normal chow (WT NC), wild-type high-fat (WT HF) and 
BACE1 KO HF mice- 3 mice per group. 10Plex 2 consisted of hypothalamic samples from WT NC, WT HF 
and KO HF mice- 3 mice per group. 10Plex 3 consisted of both hippocampal and hypothalamic tissues 
from 3 BACE1 KI mice. 

 

Pearson correlation was conducted to determine the similarity between biological 

replicates in their protein expression profile. Correlation was calculated between 

samples in each TMT10plex™ as statistical comparison between 10plex’s is not 

yet accurate. Pearson’s coefficient was calculated. Method 1 analysis produced 

Pearson’s coefficients >0.99 for each correlation in both the hippocampus and 

hypothalamus with one exception. Whilst all replicates exhibited very significant 

correlation in the hippocampus on HFD (Supplemental figure S1), replicate 2 

showed less similarity to both replicate 1 and 3 in the hypothalamus with both 

comparisons producing a coefficient of 0.98. Whilst this still indicates great 

similarity in the hypothalamic proteome within this group and is not sufficient to 

exclude this replicate from analysis, it suggests that the proteome of mouse HFD 

2 is less similar to the others within that group (Figure S1B). Analysis by method 

2 produced pearson’s coefficients >0.99 for all correlations in the hippocampus. 

(Supplemental figure S2). In the hypothalamus, HFD2 replicate again exhibited 

greater proteome variation compared to HFD replicates 1 and 3. In this analysis 

HFD replicate 2 produced a Pearson’s coefficient of 0.96 when compared to the 

two other replicates in this group. All other coefficients in this 10plex were greater 

than 0.99 (Supplemental figure S3).  
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In addition to Pearson’s correlation, principle component analysis (PCA) was 

conducted in order to compare replicates. PCA using method 1 analysis data 

identified distinct clusters of samples representing the hippocampal and 

hypothalamic tissues. Both tissues varied in component 1 but exhibited little 

variability in component 2 (Supplemental figure S4A). The hippocampal samples 

showed greatest variability in the hippocampus with PCA by quantitative analysis 

(Supplemental figure S4B). These samples exhibited variability in both 

components across all sample groups. Hypothalamic samples showed very little 

variability in component 1 but greater variability in component 2 (4C). Once again, 

HFD replicate 2 hypothalamus exhibited greater variability in than the others of 

that group showing itself to differ from the other hypothalamic samples 

predominantly in component 1. Both PCA analyses failed to indicate grouping of 

samples by condition based on these components indicating little variability in 

samples of genetic and dietary groupings. 

 
4.2.4 Protein hits from method 1 
Volcano plots from method 1 indicated no significant change in the hippocampal 

or hypothalamic proteomes of WT mice with 12 weeks HFD compared with NC 

fed controls (Figures 4.4A and 4.5A). However, 19 and 15 protein hits were 

observed between WT NC and KO HFD in the hippocampus and hypothalamus 

respectively. 12 and 9 hits were identified comparing WT HFD and KO HFD in 

the hippocampus (Figures 4.4B and 4.4C) and the hypothalamus. (Figures 4.5B 

and 4.5C) These hits are listed in tables 4.2 and 4.3 respectively.  

 

In order to increase the number of hits between the WT NC, WT HFD and KO 

HFD groups, reporter ion ratios between groups were allocated to bins as 

described in section 2.3.4 and a histogram produced of reporter ion ratios. From 

this a normal distribution of ratios was created. The standard deviation was 

calculated and hits were determined as any protein with a ratio out-with two 

standard deviations of the median (Figures 4.6 and 4.7). This method of analysis 

increased the number of proteins significantly affected by both diet and BACE1 

expression in both brain regions with hippocampal hits increasing to 146, 183 and 

67 hits in the hippocampus (WT NC vs KO HF, WT HF vs KO HF and WT NC vs 

WT HF respectively). These hits can be viewed via the following link in a google 
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browser: 

[https://drive.google.com/open?id=1SjsiknW9rk5hIfGgqcKK4NREgBravPXC] 

In the hypothalamus the number of hits increased to 256, 150 and 598 (WT NC 

vs KO HF, WT HF vs KO HF and WT NC vs WT HF respectively). These hits can 

be viewed via the following link in a google browser: 

[https://drive.google.com/open?id=1WAD0G4sSRuyTkscVQTaI801ECZBEN1d

2] 

The proteins identified through this method and all significant hits along with 

reporter ion ratios can be viewed via the following link in a google browser:  

[https://drive.google.com/open?id=1GqHikFdA_oQJcP1ona0ZwwjoTxn-6Lzg].  
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Figure 4.4 Volcano plots of hippocampal protein reporter ion intensity ratios between (A) Wild-type 
normal chow vs Wild-type high-fat where points within the green region indicate proteins upregulated with 
high-fat diet and points within the red region indicate proteins downregulated with high-fat diet (B) Wild-
type normal chow vs BACE1 Knock-out high-fat where points within the green region indicate proteins 
upregulated with BACE1 KO and high-fat diet and points within the red region indicate proteins 
downregulated with BACE1 KO and high-fat diet (C) Wild-type high-fat vs BACE1 Knock-out high-fat 
where points within the green region indicate proteins upregulated with BACE1 KO and points within the 
red region indicate proteins downregulated with BACE1 KO. Hits were identified by one-way ANOVA. 
These hits were identified using method 1 using median sweep normalisation and represent hits prior to 
post-hoc correction.  
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Figure 4.5 Volcano plots of hypothalamic protein reporter ion intensity ratios between (A) Wild-type 
normal chow vs wild-type high-fat where points within the green region indicate proteins upregulated with 
high-fat diet and points within the red region indicate proteins downregulated with high-fat diet (B) Wild-
type normal chow vs BACE1 knock-out high-fat where points within the green region indicate proteins 
upregulated with BACE1 KO and high-fat diet and points within the red region indicate proteins 
downregulated with BACE1 KO and high-fat diet (C) Wild-type high-fat vs BACE1 knock-out high-fat where 
points within the green region indicate proteins upregulated with BACE1 KO and points within the red 
region indicate proteins downregulated with BACE1 KO. Hits were identified by one-way ANOVA. These 
hits were identified using method 1 using median sweep normalisation and represent hits prior to post-hoc 
correction. 
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WT NC Vs KO HFD WT HFD Vs KO HFD 

Gene 
name Protein name log2 

difference 
-log10          

p-value 
Gene 
name Protein name log2 

difference 
-log10   

p-value 

Map1b Microtubule-associated 
protein 1B -4.39 5.49 Map1b Microtubule-

associated protein 1B -4.04 4.63 

Atp2b2 
Plasma membrane 

calcium-transporting 
ATPase 2 

-3.20 3.21 Atp2b2 
Plasma membrane 

calcium-transporting 
ATPase 2 

-2.77 3.18 

Epb41l1 Protein 4.1N -2.51 6.16 Epb41l1 Protein 4.1N -2.25 5.91 

Caskin1 Caskin-1 -2.11 2.99 Caskin1 Caskin-1 -1.78 2.44 

Akr1b10 Aldo-keto reductase 
family 1 member B10 -2.06 2.36 Tmsb15b Thymosin beta -1.71 2.16 

Serpina3k Serine protease 
inhibitor A3K -1.90 3.75 Serpina3k Serine protease 

inhibitor A3K -1.70 3.51 

Ptpns1 
Tyrosine-protein 

phosphatase non-
receptor type substrate 

1 
-1.84 2.47 Ptpns1 

Tyrosine-protein 
phosphatase non-

receptor type 
substrate 1 

-1.62 2.28 

Tmsb15b Thymosin beta -1.72 2.75 Adck5 
Uncharacterized aarF 

domain-containing 
protein kinase 5 

-1.00 2.73 

Adck5 
Uncharacterized aarF 

domain-containing 
protein kinase 5 

-1.03 2.92 Tefm Transcription elongation 
factor, mitochondrial 0.50 3.89 

Hars Histidine--tRNA ligase -1.02 2.25 Ppp1r11 E3 ubiquitin-protein 
ligase PPP1R11 0.69 2.46 

Mug1 Murinoglobulin-1 -0.65 2.69 Gabra2 
Gamma-aminobutyric 
acid receptor subunit 

alpha-2 
0.75 2.49 

S100a6 Protein S100-A6 0.44 2.84 Bace1 Beta-secretase 1 1.02 3.05 

Iah1 Isoamyl acetate-
hydrolyzing esterase 1 0.44 3.78     

Srp54c Signal recognition particle 
54 kDa protein 0.60 2.71     

Hsd11b1 Corticosteroid 11-beta-
HSD 1 0.73 2.70   

  

Bace1 Beta-secretase 1 0.87 2.88   

  

Igk Kappa light chain 0.87 3.27   

  

Igh Immunoglobulin heavy 
constant gamma 2C 0.88 3.24     

HC 
11D8 anti-human 

butyrylcholinesterase 
(BChE) heavy chain 

1.05 5.45   

  
Table 4.2 Significantly regulated proteins within the hippocampus of wild-type normal chow, high-
fat and BACE1 knock-out high-fat fed mice. Determined by method 1 and volcano plot. Highlighted 
proteins indicate hits across both comparisons whilst proteins in bold indicate hits across all comparisons 
in both brain regions. Proteins highlighted green are hits in WT NC Vs BACE1 KO HF in both brain regions. 
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WT NC Vs KO HFD WT HFD Vs KO HFD 

Gene 
name Protein name log2 

difference 
-log10           

p-value 
Gene 
name Protein name log2 

difference 
-log10         

p-value 

Atp2b2 
Plasma membrane 

calcium-transporting 
ATPase 2 

-3.66 4.07 Map1b 
Microtubule-
associated 
protein 1B 

-3.16 3.62 

Map1b 
Microtubule-

associated protein 
1B 

-3.37 4.10 Atp2b2 

Plasma 
membrane 
calcium-

transporting 
ATPase 2 

-3.10 3.56 

Epb41l1 Protein 4.1N -3.10 3.86 Epb41l1 Protein 4.1N -2.87 3.71 

Ccdc93 Coiled-coil domain-
containing protein 93 -2.75 3.79 Arhgap5 

Rho GTPase-
activating protein 

5 
-2.67 3.00 

Akr1b10 Aldo-keto reductase 
family 1, member B10 -2.42 2.46 Ccdc93 

Coiled-coil 
domain-containing 

protein 93 
-2.25 3.70 

Serpina3k Serine protease 
inhibitor A3K -2.04 3.54 Ptpns1 

Tyrosine-protein 
phosphatase 
non-receptor 

type substrate 1 
-1.86 3.82 

Dfna5 Gasdermin-E -2.01 2.60 Serpina3k Serine protease 
inhibitor A3K -1.65 2.54 

Ptpns1 
Tyrosine-protein 

phosphatase non-
receptor type 
substrate 1 

-1.92 4.11 Adck5 

Uncharacterized 
aarF domain-

containing protein 
kinase 5 

-1.32 3.06 

Adck5 
Uncharacterized aarF 

domain-containing 
protein kinase 5 

-1.46 4.87 Mmrn2 Multimerin-2 -1.29 2.61 

Retsat All-trans-retinol 13,14-
reductase -1.35 4.34 

    

Trp53bp1 TP53-binding protein 1 -1.34 2.97   

  

Tcaf2 TRPM8 channel-
associated factor 2 -1.07 2.68   

  

Serpina3n Serine protease 
inhibitor A3N -0.92 2.74 

    

C9 Complement 
component C9 -0.88 3.03 

    

CD59A CD59A glycoprotein -0.83 3.67   

  

Table 4.3 Significantly regulated proteins within the hypothalamus of wild-type normal chow, high-
fat and BACE1 knock-out high-fat fed mice. Determined by method 1 and volcano plot. Highlighted 
proteins indicate hits across both comparisons whilst proteins in bold indicate hits across all comparisons 
in both brain regions. Proteins highlighted green are hits in WT NC Vs BACE1 KO HF in both brain 
regions. 
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Figure 4.6 Histograms of reporter ion ratio distributions in the hippocampus. Wild-type normal chow 
vs Wild-type high-fat (WT NC/WT HF), Wild-type normal chow vs BACE1 knock-out high-fat (WT NC/ KO 
HF) and Wild-type high-fat vs BACE1 knock-out high-fat (WT HF vs KO HF). The median reporter ion 
intensity, standard deviation and upper and lower threshold for significant proteins are indicated. 

 

 
 

Figure 4.7 Histograms of reporter ion ratio distributions in the hypothalamus. Wild-type normal chow 
vs Wild-type high-fat (WT NC/WT HF), Wild-type normal chow vs BACE1 knock-out high-fat (WT NC/ KO 
HF) and Wild-type high-fat vs BACE1 knock-out high-fat (WT HF vs KO HF). The median reporter ion 
intensity, standard deviation and upper and lower thresholds for significant proteins are indicated. 
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Pathway analysis was conducted on these data to identify enriched pathways in 

the significant proteins. Enriched pathways from each comparison in the 

hippocampus and hypothalamus are presented in tables 4.4 and 4.5 respectively. 

Pathway diagrams can be found via the link in a google browser: 

[https://drive.google.com/open?id=1OMKh1AY_AvDQtSrq08B-SyujgGHsUG2o] 

 

Pathways implicated in lipid metabolism and nervous system development were 

identified as changing with HFD in both the hippocampus and the hypothalamus. 

Whereas neurological disease and cell death pathways were identified as being 

over-represented in the hippocampus: nervous system development and 

function, connective tissue disorder, cell signalling, cell assembly, cell-cell 

signalling, cardiovascular, carbohydrate metabolism, protein trafficking, cell 

cycle, protein folding, post-translational modifications (PTMs), amino acid 

metabolism, cell movement, connective tissue disorder, free radical scavenging, 

small molecule biochemistry and cancer pathways were identified in the 

hypothalamus that were not present in the hippocampus. Pathways regarding: 

small molecule biochemistry, lipid metabolism, molecular transport, cellular 

assembly and organisation, endocrine system disorders, GI disease and nervous 

system development and function were over-represented in both the 

hippocampus and hypothalamus of BACE1 KO mice compared to WT HF 

controls. The hippocampus exhibited changes in: amino acid and carbohydrate 

metabolism, cell-cell signalling and organisation, immunological disease, protein 

synthesis and trafficking, PTMs, energy production, cellular response to 

therapeutics, cardiovascular development and function, cell morphology, 

inflammatory response, hematological system development and function, 

connective tissue disorders and organismal injury and abnormalities pathways 

that were not present in the hypothalamus. The hypothalamus exhibited over-

representation of cellular assembly and organisation, metabolic disease, cellular 

function and maintenance, small molecule transport, cancer, nucleic acid 

metabolism, molecular transport and cellular movement pathways- all of which 

were not present in the hippocampus. Both hippocampus and hypothalamus 

exhibited changes in inflammatory response, neurological disease, nervous 

system development and cellular growth and proliferation pathways between the 

WT NC and BACE1 KO groups. Whilst the hippocampus exhibited changes in 

cellular morphology, organisation and assembly, auditory disease, hereditary 
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disease, cell mediated immune response, cellular assembly and organisation, GI 

disease, hepatic disease, carbohydrate metabolism and nucleic acid metabolism 

the hypothalamus indicated over representation of lipid metabolism, metabolic 

disease, tissue morphology, cellular function and maintenance, cell death and 

survival, cancer and organismal injury and abnormalities pathways.  

 

Pathways that appear to change with both diet and BACE1 expression in the 

hippocampus are lipid metabolism and nervous system development. In the 

hypothalamus; nervous system development and function, cellular assembly and 

organisation, cellular movement, small molecule biochemistry and cancer 

pathways appear to be influenced by both HFD and BACE1 expression.  
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Hippocampus 

WT NC vs WT HF WT NC vs KO HF WT HF vs KO HF 
Pathway Figure Pathway Figure Pathway Figure 

Lipid Metabolism IPA 11 
Cellular morphology, 
organisation and 
assembly 

IPA 14 
Amino acid and 
carbohydrate 
metabolism, small 
molecule biochemistry 

IPA 1 

Neurological Disease IPA 12 Neurological disorders IPA 15 Lipid metabolism, 
molecular transport IPA 2 

Cell Death/ Nervous 
system development IPA 13 Auditory disease, 

hereditary disease IPA 16 

Cell-cell signalling and 
organisation, cellular 
assembly and 
organisation 

IPA 3 

  

Cell morphology, cell 
mediated immune 
response 

IPA 17 
Endocrine system 
disorders, GI disease, 
immunological disease 

IPA 4 

  

Cellular assembly and 
organisation IPA 18 PTMs, Protein synthesis 

and protein trafficking IPA 5 

  

GI disease, hepatic 
disease IPA 19 

Nervous system 
development and 
function, amino acid 
metabolism, PTMs, 
Energy production 

IPA 6 

  

Inflammatory response IPA 20 

Cellular response to 
therapeutics, 
cardiovascular system 
development and 
function, cell 
morphology 

IPA 7 

  

Carbohydrate 
metabolism IPA 21 

Cell-cell signalling, 
hematological system 
development and 
function, inflammatory 
response 

IPA 8 

  

Nervous system 
development IPA 22 

Cell-cell signalling, 
inflammatory response, 
hematological system 
development and 
function 

IPA 9 

  

Nucleic acid 
metabolism, cellular 
growth and proliferation 

IPA 23 

Connective tissue 
disorders, inflammatory 
disease, organismal 
injuries and 
abnormalities 

IPA 10 

 

Table 4.4 Over-represented pathways within the hippocampus. Wild-type normal chow, high-fat and 
BACE1 knock-out high-fat fed mice as determined by semi-quantitative analysis and histogram of reporter 
ion ratios 
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Hypothalamus 
WT NC vs WT HF WT NC vs KO HF WT HF vs KO HF 
Pathway Figure Pathway Figure Pathway Figure 

Nervous system 
development IPA 40 

Nervous system 
development, lipid 
metabolism, 
inflammatory 
response 

IPA 33 
Cellular assembly 
and organisation, 
metabolic disease 

IPA 24 

Connective tissue 
disorders IPA 43 Metabolic disease IPA 34 Cellular function 

and maintenance IPA 25 

Nervous system 
development and 
function 

IPA 44 
Nervous system 
development and 
function 

IPA 35 
Lipid metabolism, 
small molecule 
transport 

IPA 26 

Cell signalling 
PTMS IPA 45 Lipid metabolism IPA 36 Endocrine system 

disorders IPA 27 

Cellular assembly 
and organisation IPA 46 Tissue morphology IPA 37 Cancer IPA 28 

Cell-cell signalling IPA 47 Cellular growth and 
proliferation IPA 38 

Cellular function 
and maintenance, 
nucleic acid 
metabolism, 
molecular transport 

IPA 29 

Cardiovascular 
system development 
and function 

IPA 48 Neurological 
disease IPA 39 

Cancer, endocrine 
disorders, GI 
disease 

IPA 30 

Carbohydrate 
metabolism IPA 49 Cellular function 

and maintenance IPA 40 

Cellular movement, 
nervous system 
development and 
function 

IPA 31 

Protein trafficking 
and cell cycle IPA 50 

Cell death and 
survival, Nervous 
system 
development and 
function 

IPA 41 
Lipid metabolism, 
small molecule 
biochemistry 

IPA 32 

PTMs, Protein 
folding IPA 51 

Cancer, organismal 
injury and 
abnormalities 

IPA 42 

  
Amino acid 
metabolism, PTMs IPA 52 

    
Cellular movement, 
hypersensitivity 
response 

IPA 53 
    

Connective tissue 
disorders IPA 54 

    
Free radical 
scavenging, small 
molecule 
biochemistry 

IPA 55 

    
Cell signalling IPA 56     
Connective tissue 
disorders IPA 57 

    
Cancer IPA 58     
Lipid metabolism IPA 59     

Table 4.5 Over-represented pathways within the hypothalamus. Wild-type normal chow, high-fat 
and BACE1 knock-out high-fat fed mice as determined by semi-quantitative analysis and histogram of 
reporter ion ratios 
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4.2.5 Protein hits from method 2 
Method 2 employed a comprehensive statistical analysis using a method of 

peptide normalisation that addresses technical errors such as loading variations 

and systematic errors such as batch effects (Maes et al., 2016). The data were 

then corrected using the Bonferroni post-hoc test using the total number of 

peptides identified in each 10-plex. Whilst this method provides much better 

statistical evidence for hits found, it substantially reduces the number of 

significant hits. Analysis by this method showed no significant changes in either 

the hippocampus or hypothalamus with diet (Figures 4.8A and 4.9A respectively) 

. This method led to the identification of one significantly altered protein in the 

hippocampus- Protein 4.1N (Gene: EPB41L1) which was different between in 

both WT NC Vs KO HFD (p= 0.003, Difference= -2.61) and WT HFD Vs KO HFD 

(p= 0.01, Difference= -2.47). This protein was significantly changed when 

comparing the BACE1 KO data to both the WT NC and WT HF data sets. (Figures 

3.20B and 3.20C) Within the hypothalamus, two proteins were identified as 

significantly changing with BACE1 KO comparison to both WT NC and WT HF. 

(Figures 3.21B and 3.21C) These proteins were thioredoxin domain containing 

protein 15 (TXD15) (p= 0.0007, Difference= -2.82 and p= 0.03, Difference= -2.81 

in WT NC Vs KO HF and WT HF Vs KO HF respectively) and alpha-L-fucosidase 

1 (FUCA1) (p= 0.0007, Difference= -2.82 and p= 0.001, Difference = -2.59 in WT 

NC Vs KO HF and WT HF Vs KO HF respectively). 
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Figure 4.8 Volcano plots map protein reporter ion intensities within the hippocampus between (A) 
Wild-type normal chow vs Wild-type high-fat where points within the green region indicate proteins 
upregulated with high-fat diet and points within the red region indicate proteins downregulated with high-fat 
diet (B) Wild-type normal chow vs BACE1 knock-out high-fat where points within the green region indicate 
proteins upregulated with both BACE1 KO and  HFD and points within the red region indicate proteins 
downregulated with both BACE1 KO and HFD (C) Wild-type high-fat vs BACE1 Knock-out high-fat where 
points within the green region indicate proteins upregulated with BACE1 KO and points within the red 
region indicate proteins downregulated with BACE1 KO. These hits were identified using quantitative 
analysis by CONSTANd normalisation. Volcano plots represents hits identified after one-way ANOVA with 
red points indicating hits significant after Bonferroni correction. 
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Figure 4.9 Volcano plots map protein reporter ion intensities within the hypothalamus between (A) 
Wild-type normal chow vs Wild-type high-fat where points within the green region indicate proteins 
upregulated with high-fat diet and points within the red region indicate proteins downregulated with high-fat 
diet (B) Wild-type normal chow vs BACE1 knock-out high-fat where points within the green region indicate 
proteins upregulated with both BACE1 KO and  HFD and points within the red region indicate proteins 
downregulated with both BACE1 KO and HFD (C) Wild-type high-fat vs BACE1 Knock-out high-fat where 
points within the green region indicate proteins upregulated with BACE1 KO and points within the red 
region indicate proteins downregulated with BACE1 KO. These hits were identified using quantitative 
analysis by CONSTANd normalisation. Volcano plots represents hits identified after one-way ANOVA with 
red points indicating hits significant after Bonferroni correction. 
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4.2.6 BACE1 expression across models and comparison to preliminary 
data 
Seven peptides were identified across the BACE1 protein sequence in the 

hippocampus with a peptide coverage of 11%; whilst in the hypothalamus, only 

three peptides were identified resulting in a peptide coverage of just 6% (Figure 

4.10) The first identified peptide began at the first amino acid of the mature 

BACE1 protein as opposed to the signal or pro-peptides indicating that it is 

unlikely that immature BACE1 peptides were included. Unexpectedly, BACE1 

was identified in both the hippocampus and hypothalamus of the BACE1 KO mice 

across both methods of analysis (Figure 4.11). Whilst method 1 suggests an 

approximate. 50% reduction of BACE1 in the KO line in both brain regions, 

method 2 only identified an approximate 50% reduction in BACE1 in the 

hippocampus. Normalised reporter ion intensities for each peptide (analysed by 

method 2) suggest that the 50% reduction is consistent across all identified 

peptides in both brain regions and the data to not suggest an over-representation 

of a specific region of the BACE1 protein (Figure 4.12). This confirms that the 

presence of these peptides is not due to the production of truncated native 

BACE1. Upon inspection it was noted that the quality of the MS spectra identifying 

the BACE1 peptides were very poor and the evidence for allocating these ion 

peaks to BACE1 peptides was tenuous. This suggested that the identification of 

BACE1 within the KO tissues was erroneous and may be due to contamination 

within the mass spectrometer between samples. 

 

Western blot analysis of hippocampal, hypothalamic and cortical tissues support 

the BACE1 KO mice are indeed KOs as no BACE1 protein was identified in brain 

samples from this group (Figure 4.13). No change was observed in BACE1 

expression with HFD compared to NC in WT mice across either method of 

analysis or brain region. This was reflected in the normalised peptide reporter ion 

intensities (Figures 4.11).  
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Figure 4.10 Map of MS/MS identified BACE1 peptides within the mouse hippocampus and 
hypothalamus. The blue sequence represents the BACE1 signal and propeptide region that is removed 
with protein maturation. Sequences underlined in green represent hypothalamic peptides and sequences 
underlines in black represent hippocampal peptides. Regions with underlined twice represent multiple 
peptides spanning the same section as a result of missed cleavages. 
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Figure 4.11 BACE1 protein intensities in the hippocampus and hypothalamus normalised by method 
1 and method 2. Method 1 utilised a median sweet method of normalisation and identified an approximate 
50% reduction in BACE1 expression within the hippocampus and hypothalamus of BACE1 KO mice. Method 
2 utilised the CONSTANd method of normalisation and found an approximate 50% reduction of BACE1 
expression within the hippocampus but no change in BACE1 expression in the hypothalamus. n=3 per group. 
Individual data points indicate the range of data. Standard error indicated by error bars. 

 
 
 



Effects of HFD and different levels of BACE1 expression on the brain proteome 

 125 

 
 
Figure 4.12 Normalised reporter ion intensities for each BACE1 peptides identified within the 
hippocampus (A) and the hypothalamus (B). Peptides were normalised using method 2- the CONSATNd 
method of normalisation. This revealed an approximate 50% reduction in each of the BACE1 peptides 
identified in both brain regions and does not suggest an over-representation of a specific region of the 
BACE1 protein. n=3 per group. Individual data points indicate the range of data. Standard error indicated by 
error bars. 
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Figure 4.13 Western blot and densitometric analysis of BACE1 expression within the hippocampus 
(A), hypothalamus (B) and cortex (C). Immunoblots suggest complete absence of BACE1 within all brain 
regions in the BACE1 KO mouse model compared to WT and KI models. WT HF mice exhibit a trend towards 
increased BACE1 within the hypothalamus and cortex whilst this was not apparent in the hippocampus. 
BACE1 KI mice exhibit increased BACE1 expression within the hippocampus but not the cortex. n=5-9 per 
group. Individual data points indicate the range of data. Standard error indicated by error bars, * = p<0.05 
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4.2.7 Peptide coverage of proteomic hits 
Three peptides were identified within the protein sequence for TXNDC15 

representing a peptide coverage of 16% in both the hippocampus and 

hypothalamus (Figure 4.14). Two peptides were identified within the FUCA1 

protein sequence representing a peptide coverage of approximately 6% in both 

brain regions (Figure 4.15). 

 

The greatest peptide coverage was within protein 4.1N whereby 46 peptides were 

identified within the hippocampus and 44 within the hypothalamus. These 

peptides represent peptide coverage of 54% and 55% of the full-length protein in 

the hippocampus and hypothalamus respectively (Figures 4.16 & 4.17). 
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Figure 4.14 Map of MS/MS identified TXNDC15 peptides within the mouse hippocampus and 
hypothalamus. Sequences underlined represent peptides identified in proteomic analysis of both 
hippocampal and hypothalamic tissues. 

 

 
 
 
 
 

 
 

Figure 4.15 Map of MS/MS identified FUCA1 peptides within the mouse hippocampus and 
hypothalamus. Sequences underlined represent peptides identified in proteomic analysis of both 
hippocampal and hypothalamic tissues. 
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Figure 4.16 Map of MS/MS identified protein 4.1N peptides within the mouse hippocampus. 
Sequences underlined represent peptides identified by MS/MS. Black and red sequences indicate 
alternating exons and highlighted residues indicate single amino acid changes. 46 peptides were identified 
representing a peptide coverage of 54%. Arrow indicates the absence of a peptide corresponding to exon 5 
that is present in the hypothalamus. Regions with underlined twice represent multiple peptides spanning the 
same section as a result of missed cleavages. 
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Figure 4.17 Map of MS/MS identified protein 4.1N peptides within the mouse hypothalamus. 
Sequences underlined represent peptides identified by MS/MS. Black and red sequences indicate 
alternating exons and highlighted residues indicate single amino acid changes. 44 peptides were identified 
representing a peptide coverage of 55%. Arrow indicates the presence of a peptide corresponding to exon 
5 that is absent in the hippocampus. Regions with underlined twice represent multiple peptides spanning 
the same section as a result of missed cleavages. 
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Figure 4.18 Normalised protein expression of the 4.1N Uniprot entries based on unique peptides. 
Three 4.1N entries within the Swiss-prot database were identified in proteomics, each with unique peptides. 
Normalisation and quantification of the unique peptides indicates that only 4.1N protein with sequence 
corresponding to entry Q9Z2H5 was altered with BACE1 KO in the hippocampus. This trend was consistent 
across both methods of analysis. n=3 per group. Individual data points indicate the range of data. Standard 
error indicated by error bars. 

 

 

During proteomic analysis, it was noted that multiple entries exist within the 

Swiss-Prot and TrEMBL databases for protein 4.1N. These entries predominantly 

differ by single amino acid changes and splice variation (Figure 5.12). However, 

two entries (E9PV14 and B6ZHC9) exhibit substantial sequence variation from 

the others. As these entries were not reviewed within the database and were not 

significantly altered by BACE1 expression (Figure 4.18), they were not 

considered for further study. Interestingly, MS identified peptides containing 
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nucleotide polymorphisms from 3 different 4.1N sequences within each replicate 

corresponding to database entries A2AUK5, B6ZHC9 and Q9Z2H5. Entry 

A2AUK8 represents an alternatively spliced form of the A2AUK5 sequence and 

Q9Z2H52 & 3 represent splice variants of the Q9Z2H5 sequence (Figure 4.19). 

Due to concerns raised by MS spectra allocation in BACE1 identification, the 

spectra of these peptides were quality checked. It was determined that the 

spectra provided clear evidence for the presence of peptides from all forms of 

4.1N therefore these sequence differences may suggest an accumulation of 

mutations in the EPB41L1 gene in these mice or the presence of a pseudogene 

or gene duplication of protein 4.1N; The ramifications of either are yet to be 

established. However, only the Q9Z2H5 variant was significantly increased with 

BACE1 expression as identified by both methods of analysis. This sequence is 

also the main entry within the Swiss-Prot database and the only one to have been 

reviewed.  
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Figure 4.19 Multiple sequence alignment of UniProt database entries for protein 4.1N. All 6 entry 
sequences were identified as determined by the presence of peptides containing unique sequence variations 
for each entry. Sequences Q9Z2H5, A2AUK8, A2AUK5 and B6ZHC9 are distinguished by a small number 
of single amino acid changess. Entries E9PV14 and B6ZHC9 contain significantly different C-terminal 
regions to other sequences. 
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Many identified peptides within the proteomic screen covered exon junctions, 

allowing some interpretation of splice differences within the brain. A key 

difference between the 4.1N peptides between brain regions is the presence of a 

peptide spanning the N-terminal region of exon 4 in the hypothalamus that is 

absent within the hippocampus (Figure 4.16 and 4.17 respectively). This, in 

conjunction with an N-terminal exon 5 peptide in the hippocampus that is not in 

the hypothalamus, suggest an absence of exon 4 in the hippocampus. This would 

lead to the loss of a trypsin cleavage site at R163. Loss of this exon represents 

loss of 5% of the FERM domain corresponding to a region in a ubiquitin-like roll 

domain in the domain superfamily CATH 3.10.20.90 in protein 4.1R. However, 

this domain (3binA01) exhibits great diversity between members of the 

superfamily, so the potential functional relevance of exon 4 could not be 

determined. However, this region has been shown to be involved in the binding 

of glycophorin proteins to protein 4.1R so it is therefore feasible that this exon 

contributes to protein binding or specificity (Mohandas, Jap, Han, Nunomura, & 

Takakuwa, 2000).  

 
4.3 Discussion 
4.3.1 Comparison of WT mice between BACE1 KO and BACE1 KI 
transgenic lines 
As described in section 3.3.1, the BACE1 KO and BACE1 KI mouse lines are 

different in their levels of breeding onto the C57bl/7J mouse line with the BACE1 

KI being approximately >99% C57bl/6J. The BACE1 KO is genetically 97-99% 

C57bl/6J and 1-3% 129P having been repeatedly crossed onto this mouse line 

and back-crossed onto C57bl/6J in order to overcome breeding difficulties. This 

brings a degree of genetic variability into the study before considering the effects 

of BACE1 expression. Due to exposure to a metabolic stress within the study 

design and the use of BACE1 KI mice for validation attempts, it was decided that 

WT animals from the BACE1 KI (WT[KI]) line should be compared to WT animals 

from the BACE1 KO (WT[KO]) line in their body weight response to HFD. Since 

no other tests were performed on the mice to test their metabolic phenotype (eg. 

insulin/glucose tolerance) this was the only method that could be used to 

compare the metabolic function of the two mouse lines. Data here showed that 

whilst the WT[KI] animals were consistently heavier than those from the WT[KO] 

line, their weight gain in response to HFD was comparable and therefore their 
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response to metabolic stress may be comparable also. The starting weight (at 

8wks age) of both WT[KO] mice were heavier than previously observed. Indeed, 

their starting weight was greater than the weights of mice from both genotypes 

after 12 weeks of HFD in previous studies (Meakin et al., 2012). However, the 

weight gain observed throughout the 12-week dietary intervention was 

consistently greater than seen previously, suggesting that their metabolic 

response to HFD has not changed. The body weights of WT[KI] mice were 

comparable to those previously reported in this mouse line (Plucinska et al., 2014; 

Plucińska et al., 2016). As no data were collected on the lean mass of these 

models and the body length of WT[KI] mice is not published, it cannot be 

determined whether the WT[KI] line are heavier due to increased size compared 

to WT[KO] or increased lean/fat mass but these data suggest the metabolic 

response to HFD is comparable between WT[KI] and WT[KO] groups.   

 

4.3.2 Body weight gain in response to HFD and BACE1 expression 
Body weight analysis revealed that HFD in WT mice led to DIO after 12 weeks of 

dietary stress. Unless otherwise stated, from here on ‘WT’ refers to WT mice from 

the BACE1 KO line. Obesity was defined in this study as the change in body 

weight over 12 weeks greater than three standard deviations of the mean weight 

gain of WT NC fed mice. Mice with weight gain less than this were considered 

DIO resistant and were not included in the study. By this definition, BACE1 KO 

mice were DIO resistant whereas BACE1 KI mice were considered obese. 

BACE1 KI mice were not heavier than WT DIO mice indicating that increases in 

BACE1 expression did not lead to increased weight gain; BACE1 KO however 

did offer some, but not total, protection against DIO. Both BACE1 KO and WT 

mice on HFD exhibited greater body weight gain in response to HFD than 

previously published with weight changes observed after 12 weeks in this study 

comparable to the weight change observed after 20 weeks of dietary intervention 

in previous studies (Meakin et al., 2012). This suggests that the current BACE1 

KO mouse line have a greater propensity to fat accumulation than previously 

observed. As the diet composition and supplier remains unchanged, this effect is 

may be due to genetic drift within the BACE1 KO line since it was first obtained 

or environmental factors causing changes in stress response. Metabolic 

phenotyping in current BACE1 KO mice could provide further insight into whether 
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this line still demonstrate protection from metabolic dysfunction with dietary 

challenge. 

 

It was also noted that WT NC mice were consistently heavier throughout the study 

compared to previous data. As no other measurements were taken regarding 

lean mass or body length, it cannot be determined whether this difference is due 

to increased fat mass, lean mass or difference in body size in current mice 

compared to previous animals. 

 

4.3.3 Comparison of proteomic samples indicate good replicates within 
groups 
Pearson’s correlation coefficients revealed very strong correlation between 

replicates with each condition indicating good replicates within groups. Replicate 

2 within the WT HFD group exhibited less correlation to others within the group 

but with a coefficient over 0.96, however this result still represents very high 

correlation between replicates. This pattern was observed in both methods of 

analysis. 

 

PCA indicated little variability between the samples; therefore, this indicates few 

differences between the proteomes of all samples. This was an early indicator to 

suggest few proteomic hits between these groups.  

 
4.3.4 Identification of possible BACE1 regulated proteins 
As predicted by PCA, few proteins were identified as significantly changing with 

BACE1 expression, with neither analysis finding any significant differences with 

diet in either hippocampus or hypothalamus. 

 

The data acquired through the ‘binning’ of reporter ion ratios, whilst increasing 

the number of hits, does not provide strong statistical evidence for those 

identified. This is due to a lack of bias correction and use of median sweep 

normalisation. Whilst this type of proteomic analysis was a good way of providing 

indicators of proteomic variability between samples and enabled pathway 

analysis to be conducted, these data are not as statistically reliable. In order to 

determine the most likely BACE1 regulated proteins from these data, only data 
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collected from volcano plots between mice on the BACE1 KO mouse line were 

continued for analysis. 

 

Volcano plots produced from method 2 analysis identified 19 protein hits between 

the WT NC and KO HFD groups in the hippocampus and 15 in the hypothalamus. 

Comparison of WT HFD and BACE1 KO HFD produced fewer hits with 12 and 9 

in the hippocampus and hypothalamus respectively. As the comparison between 

WT NC and WT HFD produced no hits, it was determined that hits in both of these 

comparisons are the result of changes in BACE1 expression and that, in this 

instance, genotype appears to have a greater effect on the hippocampal and 

hypothalamic proteome than HFD. However, as the WT NC vs KO HFD 

incorporated two variables, this comparison was not considered on its own, but 

rather, in combination with WT HFD vs KO HFD comparisons. Hits from WT HFD 

vs KO HFD were cross-referenced with WT NC vs KO HFD hits and proteins 

identified in both comparisons were considered to be the most significant. This 

analysis was conducted in each tissue and was followed by comparison between 

tissues. 10 proteins were therefore identified in the hippocampus (BACE1, 

Calcium transporting ATP-ase 2, Caskin 1, Microtubule-associated protein 1B, 

Protein 4.1N, PTPNS1, Serine protease inhibitor A3K, Uncharacterised aarF 

domain containing protein kinase 5 and thymosin β) and 7 in the hypothalamus 

(Microtubule-associated protein 1B, Calcium transporting ATP-ase 2, Protein 

4.1N, Coiled-coil domain-containing protein 93, PTPNS1, Serine protease 

inhibitor A3K and Uncharacterised aarF domain containing protein kinase 5). Of 

these, all were upregulated with BACE1 KO except BACE1. Interestingly, 6 of the 

7 of the proteins identified as changing with BACE1 in the hypothalamus were 

also detected in the hippocampus; thereby adding credibility to these proteins as 

being regulated by BACE1. Furthermore, upregulation of Aldo-keto reductase 

family 1 member B10 was identified only under WT NC Vs KO HFD conditions 

suggesting that this protein is under the dual control of BACE1 and diet. Due to 

the absence of a KO NC group, this hit would require further dietary studies to 

determine whether diet alone regulates expression and, in the absence of 

BACE1, is rescued.  

 

Aldo-keto reductase family 1 member B10 reduces carbonyls to alcohols with 

cofactor NADPH (Cao, Fan, & Chung, 1998).  The aldo-ketoreductases are more 
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commonly associated with cancers both centrally and within peripheral tissues 

(Laffin & Petrash, 2012).  Originally identified in the GI tract, AKR1B10 has been 

shown by Ma et al. (2008) to be a potential regulator of fatty acid synthesis by 

association with acetyl-CoA carboxylase-α. In addition, AKR1B10 has been 

shown to reduce toxic aldehydes produced from the reduction of fatty acids in 

lipid membranes by reactive oxygen species (Martin & Maser, 2009) including 4-

hydroxynonenal- a reactive aldehyde increased in the plasma of AD patients that 

may contribute to Aβ protofibril formation  (McGrath et al., 2001; Siegel et al., 

2007).  

 

Also detected in the hippocampus was the brain specific scaffold protein caskin-

1. Caskin-1 binds to CASK, a multi-domain scaffold protein known to interact with 

neurexins (Hata, Butz, & Südhof, 1996). Amongst the many functions of CASK, 

including synaptic ion channel targeting and synaptic adhesion, CASK binds 

transcription factor TBR1, a protein implicated with autism, a neurological 

disability which itself, has been linked with increased non-amyloidogenic APP 

processing and decreased amyloid secretion (Sokol et al., 2006). Functional 

knockout of TBR1-CASK interaction leads to memory deficits in mice (T.-N. 

Huang & Hsueh, 2017; A. Nagy et al., 1993). Caskin-1 KO mice exhibit deficits in 

both chronic pain transmission, anxiety and fear conditioning behaviours 

suggesting a role for this protein in synaptic transmission (Katano et al., 2018). 

Interestingly, the Caskin-1 binding partner CASK is also known to bind to protein 

4.1R. A family member of another hit found in this study- protein 4.1N (Biederer 

& Südhof, 2001; Cohen et al., 1998). Surprisingly, BACE1 was only identified as 

a hit within the hippocampus and not the hypothalamus. This and validation of 

BACE1 expression will be discussed further in chapter 5. 

  

The 6 proteins identified as hits in both brain regions include calcium transporting 

ATPase 2, a plasma membrane protein integral in the process of ATP-dependent 

calcium export out of the cell. Calcium signalling is an important messenger in 

eukaryotic cells mediating important functions such as cell proliferation, steroid 

synthesis and differentiation (Berridge, Lipp, & Bootman, 2000). It is of particular 

importance to neurons where it initiates synaptic neurotransmitter release in 

response to action potential. It is therefore essential for neuronal function to 

maintain the calcium gradient across the plasma membrane.  Studies have 
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indicated that calcium transport may be dysfunctional in AD and amyloid peptides 

have been shown to inhibit Atp2B proteins, thereby inhibiting calcium efflux. 

However, this was not found to be the case with Atp2b2 (Berrocal et al., 2009).  

Microtubule-associated protein 1B (MAP1B) is a stabilising protein for 

microtubule and possibly actin filaments (Tögel, Wiche, & Propst, 1998). This 

protein is a member of the MAP1 family of microtubule binding proteins, closely 

associated with MAP2 proteins of which Tau is a member. Neuronal deficiencies 

in MAP1B have been shown to lead to reduced excitatory synaptic density and 

increased inhibitory or immature synapses (Bodaleo, Montenegro-Venegas, 

Henríquez, Court, & Gonzalez-Billault, 2016).  

Protein 4.1N was significantly upregulated with BACE1 KO in both brain regions. 

This protein will be discussed later in this section. 

 

PTPNS1- also known as SIRPα- is a type I transmembrane immunoglobulin and 

receptor for CD47. Within the brain it contributes to synaptogenesis by promoting 

presynaptic maturation in hippocampal neurons.  Interestingly, PTPNS1 has also 

been shown to shed its extracellular domain as part of the synaptic maturation 

process (Toth et al., 2013). Furthermore, both ADAM10 and the γ-secretase 

complex have been identified as proteases of PTPNS1 lending support towards 

the idea of PTPNS1 as a putative BACE1 substrate. Furthermore, PTPNS1 

expression was found to be enriched in lysates of BACE1 -/- primary pancreatic 

islets but not identified as a hit in the brain in BACE1 secretome studies (Stützer 

et al., 2013). In metabolism, PTPNS1 is known to activate both SH2-domain-

containing protein tyrosine phosphatases SHP-1 and SHP-2 (Fujioka et al., 

1996). SHP-2 specifically is a known regulator of both insulin and leptin signalling 

through IRS-1 binding and inhibition of the JAK-STAT pathway as well as 

activating MAP kinase signalling downstream of both of insulin and leptin receptor 

activation (Banks et al., 2000; Myers et al., 1998).  

 

Whilst little published evidence exists as to the specificity and function of Serine 

protease inhibitor A3K, some studies have suggested a role for this protein in 

anti-inflammatory effects with decreased expression leading to increased TNFα 

as well as preventing oxidative stress in diabetic retinopathy (Zhang, Hu, & Ma, 

2009; B. Zhang & Ma, 2008). 
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No published evidence currently exists for the function of uncharacterised aarF 

domain containing protein kinase 5. Gene ontology suggests kinase activity for 

this protein through the presence of a kinase-like domain within the protein 

sequence and transmembrane- like helical domain.  

 

Thymosin β 15 is an actin binding protein known to contribute to cancer 

metastasis and expression attenuated by transforming growth factor beta 1 

(TGFB1) (Banyard, Barrows, & Zetter, 2009; Bao et al., 1996). Currently, little is 

known about the function of this protein, particularly within the brain.  

 

Coiled-coil domain-containing protein 93 is a component of the 

COMMD/CCDC22/CCDC93 (CCC) complex- a regulator of protein recycling 

between endosomes and the cell surface including the LDL receptor (Bartuzi et 

al., 2016; Phillips-Krawczak et al., 2015). However, the mechanism through 

which this is achieved has not yet been established. 

 

Method 2 identified 3 proteins as possible BACE1 effectors. Within the 

hypothalamus, Thioredoxin-domain containing protein 15 (TXNDC15) and α-L-

fucosidase (FUCA1) were identified. Interestingly, these hits were not identified 

by semi-quantitative analysis thereby indicating the importance of normalisation 

method in proteomic analysis. 

 

TXNDC15 is another single pass transmembrane protein making it a candidate 

as a BACE1 substrate. Besides structural data, little is known about this protein 

and BLAST results reveal very little sequence similarity to any other protein using 

either mouse or human protein sequences. It is a member of the protein 

disulphide  isomerase (PDI) family of proteins known to contribute to protein 

folding in the ER and redox homeostasis; the mechanisms by which PDIs 

contribute to these processes have been reviewed by Okumura et al. (2015). 

Early studies have suggested a role for TXNDC15 in repressing store-operated 

Ca2+ entry (SOCE) in HELA cells (Konrad, 2016). This method of Ca2+ 

homeostasis involves the calcium channels TRPC and ORAI as well as STIM- a 

calcium signal transducer that facilitate ORAI mediated calcium entry into the cell 

(Yandong Zhou et al., 2018). SOCE has been implicated in multiple 

neurodegenerative diseases including AD, a subject which has been reviewed by 
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Bollimuntha et al. (2017). TXNDC15 mutations are associated with Meckel-

Gruber syndrome- a lethal autosomal recessive disorder characterised by 

polycystic kidneys, liver fibrosis and CNS malformations (Kheir et al., 2012; 

Shaheen et al., 2016). High-throughput interactome analysis in HEK293 cells 

indicate that TXNDC15 interacts with the E3 ligase MARCH6 and GPI anchor 

biosynthesis protein PIGN (Huttlin et al., 2015). PIGN mutation has been shown 

to cause significant reduction in GPI anchoring and results in epilepsy, 

developmental delay and cerebellar atrophy in humans (Ohba et al., 2014). 

However, the association between TXNDC15 and PIGN has not been further 

validated. Cell type specific labeling using amino acid precursors (CTAP) 

proteomics identified 368 interacting proteins with TXNDC15, however BACE1 

was not identified (Shaheen et al., 2016). Beyond this, little is known about the 

function of this thioredoxin family protein.  

 

FUCA1 is an enzyme within the endosomal system responsible for the removal 

of fucose sugars from glycoproteins. Fucose, a monosaccharide, is a subunit of 

N and O-linked glycans and glycolipids. It is often the terminal component of 

glycan branches but can exist within the polysaccharide chain. The most common 

form of fucosylation is with the addition of a ‘core fucose’ to the core structure of 

N-terminal glycans (Schneider, Al-Shareffi, & Haltiwanger, 2017). (Figure 4.20) 

This modification occurs within the golgi by the fucosyltransferase FUT8 and is a 

requirement for postnatal and lung development in new born mice. Most FUT8 

KO mice die within days due to growth defects most likely as a result of increased 

TGF-β1 activation and reduced EGF and PDGF signalling (Xiangchun Wang, Gu, 

Miyoshi, Honke, & Taniguchi, 2006). Terminal fucosylation also occurs within the 

golgi on N-terminal glycans by a variety of fucosyltransferases (Schneider et al., 

2017).  

 

Fucose may also be directly attached to serine and threonine residues on 

proteins with EGF and TSR repeats through two different fucosyltransferases 

FUT12 and FUT13 respectively (Luo, Koles, Vorndam, Haltiwanger, & Panin, 

2006; Luo, Nita-Lazar, & Haltiwanger, 2006; Shao, Moloney, & Haltiwanger, 

2003).  
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Figure 4.20 Structure of GlcNAc and types of fucosylation. Examples of N-linked fucose modification; 
Core and terminal fucosylation. 

 

  



Effects of HFD and different levels of BACE1 expression on the brain proteome 

 143 

Fucose has been shown to be important in LTP with increased fucose uptake 

within the hippocampus having been shown to occur with LTP stimulation and 

brain fucose injections increasing LTP in rats (Krug, Wagner, Staak, & Smalla, 

1994; Pohle, Acosta, Rüthrich, Krug, & Matthies, 1987). 

 

 Deficiencies in FUCA1 enzymatic function lead to fucosidosis: a lysosomal 

storage disorder whereby accumulations of undegraded fucosylated proteins and 

lipids in tissues lead to a variety of symptoms. It particularly affects the brain 

leading to seizures, motor deficits and motor and cognitive deficits which 

progress with age leading to premature death (Willems, Seo, Coucke, Tonlorenzi, 

& O’Brien, 1999). Demyelination and neuronal loss occurs within multiple brain 

regions in fucosidosis including the hypothalamus and cerebral cortex (Galluzzi, 

Rufa, Balestri, Cerase, & Federico, 2001). Symptoms in the periphery include 

angiokeratoma, muscle stiffness and visceromegaly, recurrent pulmonary 

infections, skeletal bone and cartilage abnormalities (dysostosis multiplex)  and 

stunted growth (Turkia et al., 2008). Interestingly, proteomic analysis of lipid raft 

composition in 3xTgAD mice identified FUCA1 expression in healthy controls but 

not in the AD model (Chadwick, Brenneman, Martin, & Maudsley, 2010). This is 

contrary to previously published sub-cellular expression of FUCA1 leading to the 

idea of FUCA1 transport between the plasma membrane and lysosomal system. 

In addition, kinetic studies identified the optimal pH for FUCA1 activity as being 

normal physiological conditions (pH6.5-7) as opposed to the acidic conditions 

within the lysosome (Ezawa et al., 2016). The same study identified FUCA1 

expression within the perinuclear region suggesting expression within the ER or 

golgi. This study also indicates that this expression profile is altered under AD 

conditions.FUCA1 is increased in cancers and has been identified as a target for 

the tumour suppressor and apoptosis inducer p53 (Cheng et al., 2015; Ezawa et 

al., 2016). Furthermore, p53 is upregulated in AD brains (Hooper et al., 2007).  

 

Protein 4.1N was identified as being upregulated with BACE1 KO through both 

methods of analysis. The 4.1s are a little-characterised family of large 

cytoplasmic proteins of which protein 4.1N is a member. All family members are 

membrane targeted through a N-terminal 4.1 protein, Ezrin, Radixin and Moesin 

(FERM) domain, a central spectrin/actin binding domain and a C-terminal domain 

that allows substrate binding. (Figure 4.21) Encoded by the EPB41 genes, they 
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contain a large number of small exons that are differentially spliced in 3 regions 

between the known domains: U1, U2 and U3. Alternative splicing of the 4.1 

proteins within the brain may be regulated by the RNA binding protein Nova1 (Ule 

et al., 2005). NOVA1 has been shown to increase in early Braak stages before 

the cognitive changes of AD appear, reducing to normal levels again in the later 

stages of the disease (Barbash et al., 2017). Little structural data has been 

collected on these proteins with only the FERM domain having been mapped to 

high resolution. Difficulties in gaining structural data suggests these proteins are 

largely unstructured. The 4.1 family has been extensively reviewed by Baines et 

al. (2014). 

 

The best characterised of this family is protein 4.1R; first identified in erythrocytes, 

it is implicated in maintaining cell shape and plasma membrane organisation 

through interaction with the cytoskeleton and binding to integral membrane 

proteins (Gauthier, Guo, Mohandas, & An, 2011). A well-known interaction of 

4.1R is that with the protein CASK (Biederer & Südhof, 2001). CASK is a 

ubiquitously expressed scaffold protein involved in protein anchoring and ion 

channel trafficking and contributes to gene expression through interaction with 

the transcription factor TBR1; a factor shown to be important in neuronal 

migration and axon formation in mature neurons and in developing embryos 

(Huang & Hsueh, 2017). Protein 4.1R also has suspected interactions with the 

neuroligins; cell adhesion proteins on the post-synaptic membrane that maintains 

synaptic connections within the brain through the association with neurexin 

(Biederer & Südhof, 2001). Additionally, cell surface expression of neuroligins 1,2 

and 3 were recently identified as increasing with BACE1 inhibition (Herber et al., 

2018).  
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Figure 4.21 Domain profile of protein 4.1 family members B,G,N and R. Conserved FERM, Spectrin-
actin binding (SABD) and C-terminal domains (CTD) are separated by alternatively spliced U1, U2 and U3 
regions. These regions represent the majority of variability between these isoforms. 

 

The vertebrate 4.1 family consists of 4 members: 4.1R, 4.1N, 4.1G and 4.1B all 

of which were first identified within the brain but are expressed in many tissues.  

4.1N was first identified in neurons and expression within the brain is known to 

be higher than other tissues. In the brain it has been identified within the 

cerebellum in the granule cell layer and deep cerebellar nuclei. It is also 

expressed within all layers of the cortex, the striatum, the DG and CA1, 2 and 3 

of the hippocampus (Walensky et al., 1999). 4.1N has been suggested to interact 

with D2 and D3 dopamine receptors (Binda, Kabbani, Lin, & Levenson, 2002) 

and AMPAR mGluR1 subunits (Lin et al., 2009; Shen, Liang, Walensky, & 

Huganir, 2000) at the plasma membrane and may be a requirement for synaptic 

expression of these receptors. 4.1N has also been associated with the synaptic 

calcium release channel  inositol (1,4,5)-trisphosphate receptor 1 (Fukatsu, 

Bannai, Inoue, & Mikoshiba, 2006; Maximov, Tang, & Bezprozvanny, 2003). 

4.1N has been shown to interact with cell adhesion molecules such as NECL1 

(Yan Zhou et al., 2005) and acts as part of a neuronal complex to form actin 

filaments through interactions with CASK and neurexins (Biederer & Südhof, 

2001). 

 

4.1N has been shown to play a role in cell division through its interactions with 

the nuclear mitotic apparatus (NuMA) and regulates the proliferative effects of 

nerve growth factor (Ye, Compton, Lai, Walensky, & Snyder, 1999). PI3K- an 

activator of mTOR and a regulator of the cell cycle has also been shown to be 

regulated by 4.1N. 4.1N binding to an enhancer of PI3K named PIKE leads to 
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abolition of PI3K inhibition suggesting a role for 4.1N in core cellular processes 

such as protein/lipid synthesis, autophagy/mitophagy and cell growth (Ye et al., 

2000). 

 

These data hint at multiple functions for BACE1 through the upregulation of a 

variety of proteins in the BACE1 brain tissues. A recurring theme can be identified 

in BACE1’s regulation of proteins involved in cell adhesion and synaptic function 

through the identification of hits Caskin-1, MAP1B, PTPNS1 and protein 4.1N. 

The effects of BACE1 on proteins such as FUCA1, TXNDC15 may be dependent 

on BACE1 sub-cellular localisation as these proteins are suspected to function in 

the endosomal system and endoplasmic reticulum respectively. 

 

4.3.5 Pathway Analysis 
In order to gain further insight into the physiological function of BACE1, the hits 

identified through ‘binning’ of reporter ion intensities analysis by method 1 were 

input into ingenuity pathway analysis software. These data were used as other 

methods of analysis did not produce hits in high enough quantity to conduct 

pathway analysis. By identifying pathways that are over-represented by WT NC 

vs WT HF and WT HF vs BACE1 KO vs HF comparisons, possible BACE1 

regulating pathways were identified. Within the hippocampus both lipid 

metabolism and nervous system development pathways were over-represented 

in the protein hits. However, both lipid metabolism and nervous system 

development pathways identified were different between groups suggesting four 

independent pathways influenced by BACE1. Indeed, the pathway identified in 

the WT HF vs BACE1 KO group contained BACE1 as part of the pathway. The 

same was found of the hypothalamic nervous system development and function, 

cellular assembly and organisation, cellular movement, small molecule 

biochemistry and cancer pathways that were identified as changing with both diet 

and BACE1 expression. Overall, pathway analysis did not identify any common 

pathways influenced by diet and those influenced by BACE1 expression. This is 

unsurprising as data indicate that the HFD group did not exhibit significantly 

increased BACE1 expression and therefore dietary intervention in this instance 

is unlikely to have influenced BACE1 pathways. This also indicates that the 

absence of BACE1 with HFD does not result in down-regulatory effects on the 

same pathways as are upregulated with HFD but instead maintains metabolic 
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function through alternative pathway activation. However, this analysis was 

conducted using a method of analysis that was less statistically stringent than the 

others used and this must be considered when evaluating these results. 

 

4.3.6 BACE1 expression in animal models 
Proteomic and western blot analysis in both the rodent hippocampus and 

hypothalamus indicate that 12 weeks of HFD is not sufficient to increase 

expression of BACE1. This is unsurprising as previous studies have indicated 

that 10 weeks of dietary challenge is insufficient to raise BACE1 activity (Meakin, 

Jalicy, et al., 2018). However, it was surprising that no significant hits were 

identified within the brain with diet. This suggests that, at this dietary timepoint, 

either changes predominantly occur at the PTM level (as seen with 

phosphorylation changes in chapter 3 between BACE1 models) and not 

identifiable with this type of proteomics or that the study was underpowered and 

that a greater number of replicates are required to obtain significant effects.  

Of main concern is the presence of BACE1 peptides within the BACE1 KO mouse 

model identified by proteomics. Upon further analysis, it was discovered that the 

MS spectra identifying the BACE1 peptides were of very poor quality making this 

result unreliable whilst the spectra identifying other protein hits were robust. In 

combination with poor peptide coverage and western blot analysis indicating an 

absence of BACE1 within all brain regions in the global BACE1 KO; it was 

determined that the proteomic identification of BACE1 within this model was 

unreliable and likely erroneous. This result does bring into question the reliability 

of the dietary data as poor BACE1 spectra were observed in all groups. 

Particularly as western blot analysis suggests an increase of BACE1 within the 

hypothalamus with dietary intervention, despite this trend not being significant 

upon quantification.  

 

As a method of comparison between the cohort used in proteomic analysis and 

those used for preliminary study (as shown in chapter 3), GSK3 expression and 

phosphorylation were determined. As described in chapter 3, serine 

phosphorylation of both GSK3α and β were substantially increased with BACE1 

KI in the cortex. This result was not replicated within the second cohort and may 

be due to a variety of factors. Whilst the first cohort were female, non-fasted mice 

with no dietary challenge, the second were male, fasted and placed on a 12-week 



Effects of HFD and different levels of BACE1 expression on the brain proteome 

 148 

HFD. The loss of GSK3 serine phosphorylation may therefore be due to sex 

differences between the models, the introduction of a dietary intervention or, most 

likely, the fasted status of the mice (Clodfelder-Miller, De Sarno, Zmijewska, 

Song, & Jope, 2005; Kothari et al., 2017).  

Due to the length of fast, it may be that protein synthesis was reduced for energy 

conservation which may have affected the overall proteome of the mice. Future 

studies would be better adopting a fast-refeed method whereby a shorter fasting 

period of 6 hours would be followed by a short period of food reintroduction prior 

to tissue harvest. This would enable interpretation of metabolically important 

pathways such as insulin and leptin responses that are also influenced by BACE1 

expression (Dinely, Jahrling, Denner, 2014; Folch et al., 2015; Meakin et al., 

2012; Meakin, Jalicy, et al., 2018; Plucińska et al., 2016). Furthermore, the type 

of proteomic analysis conducted may not have been appropriate. As preliminary 

data did not indicate changes in total protein with diet, it may have been more 

informative to identify changes in the proteome phosphorylation status. 

Furthermore, the complexity of multiple comparisons reduces the statistical 

strength of the proteomic analysis. Before looking into the effects of BACE1 

expression in combination with dietary stress, it would be beneficial to look for 

changes in each variable individually to simplify the study. 

 

4.3.7 Conclusions 
Large differences in protein hits were achieved by using different methods of 

normalisation prior to analysis. This led to uncertainty with regard to which hits 

were significant enough for further study. Whilst many hits were observed by 

binning the reporter ion ratios in semi-quantitative analysis, pathway analysis of 

these hits did not reveal any pathways by which BACE1 may regulate 

metabolism. As this method did not include stringent statistical analysis, there 

were concerns regarding the significance of these hits and for this reason, these 

hits were not considered for validation. The analysis most likely to have produced 

statistically significant results and therefore most likely to be reproducible, was 

method 2. For this reason, TXNDC15, FUCA1 and Protein 4.1N were carried 

forward for validation studies and further study whilst the hits produced from 

qualitative analysis were not carried forward. However, protein 4.1N was 

identified as a hit with BACE1 KO in both volcano analyses of method 1 as well 
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as method 2, making this the hit most likely to be influenced by BACE1 

expression.  



 

 
 
 

Chapter 5 
Testing validity of brain proteomic changes with 

BACE1 expression and diet 
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5.1 Introduction 
As described in chapter 4, proteomic analysis of hippocampal and hypothalamic 

tissues of BACE1 KO HFD mice with WTNC and HFD controls identified 3 

proteins that significantly changed with BACE1 expression. In the hypothalamus, 

both FUCA1 and TXNDC15 were significantly increased in the BACE1 KO HFD 

compared to WT HFD and NC controls. Within the hippocampus, expression of 

the protein 4.1N was identified as significantly increasing in the BACE1 KO mice 

when compared to WT controls. Identification of a relationship between BACE1 

expression and 4.1N was considered to be highly relevant to AD and 

neurodegeneration. In part, due to the known relationship between 4.1N 

expression within the brain and cell surface AMPA receptor (AMPAR) expression. 

As described in chapter 1, AMPARs are key modulators of action potential and 

increased cell surface expression as a result of NMDA receptor (NMDAR) 

activation is one mechanism through which LTP and LTD occur. Therefore, 

increased 4.1N expression with BACE1 KO may indicate increased NMDAR and 

AMPAR stability at synapses and better cognitive function. It is therefore 

important to determine whether BACE1 influences excitatory signalling within the 

hippocampus and LTP. 

 

Membrane anchoring is an essential part of maintaining neurotransmitter (NT) 

function, ensuring that the fluidity of the plasma membrane does not result in mis-

localisation and therefore loss of function of ion channels and NT receptors. 

Dendritic spines on excitatory neurons have been shown both in vitro and in vivo 

to contain a high level of F-actin (Allison, Gelfand, Spector, & Craig, 1998; Matus, 

Ackermann, Pehling, Byers, & Fujiwara, 1982). 4.1N is a member of the 4.1 

family, membrane targeted proteins that stabilise transmembrane targets by 

anchoring to the cytoskeleton. 4.1N has been shown to stabilise cell surface 

expression of AMPARs GluR1 and GluR4- both of which localise to post-synaptic 

densities and require cytoskeletal anchoring as an integral part of their function 

(Coleman, Cai, Mottershead, Haapalahti, & Keinänen, 2003; Lin et al., 2009; 

Scott, Keating, Bellamy, & Baines, 2001; Shen et al., 2000). Additionally, stable 

actin filaments have been shown to be important in the expression and 

distribution of synaptic NMDARs but not GABARs indicating the importance of 

the cytoskeleton in excitatory, but not inhibitory signalling (Allison et al., 1998). 

Furthermore, studies have indicated that dynamic actin is essential to LTP 
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(Krucker, Siggins, & Halpain, 2000). However, somewhat contradictory is a study 

(Gimm et al,. 2002) that suggests that the 4.1N spectrin actin binding domain is 

functionally incapable of binding to spectrin and actin. This, therefore, raises 

questions as to how 4.1N stabilises glutamate receptors as another study (Wozny 

et al,. 2009) revealed that the 4.1N/4.1G double knockout mice exhibited no 

alteration in hippocampal excitatory connectivity. However, it must be noted that 

these animals did not exhibit complete knockout of a smaller variant of 4.1N. 

Expression of 4.1B was unaltered but 4.1R expression was not reported so it is 

also possible that compensation can occur through upregulation of 4.1R. Protein 

4.1N and its family members 4.1G and 4.1B have been shown to be upregulated 

in both amyloid and tau aggregates in the AD hippocampus but few studies have 

explored a connection between 4.1 proteins and AD (Ayyadevara et al., 2016).  

 

There are multiple ways in which neurons can be classified. Often, they are 

described based on NT release such as excitatory or inhibitory if they release 

glutamate or GABA respectively. Neurons can also be defined by cell type. This 

is typically descriptive of cell morphology and gives a generalised idea of function. 

Two key neuron types within the brain are granule cells and pyramidal neurons. 

Granule cells are the most common and the term is used to describe neurons 

with small cell bodies. Typically, they are found within the DG of the 

hippocampus, the granular layers of the cerebral cortex, the granule layer of the 

cerebellum, the olfactory bulb and the dorsal cochlear nucleus. Atypical of 

neurons, DG granule cells actively undergo neurogenesis. These cells are 

excitatory and extend glutamatergic axons into the CA3 region of the 

hippocampus known as mossy fibers. Mossy fibers are distinct unmyelinated 

axons that connect granule cells of the DG to pyramidal cells of the CA3 and 

mossy cells of the DG polymorphic layer (Figure 5.1). Within the polymorphic 

layer, the mossy fibers become heavily branched leading to a large number of 

synapses from DG granule cells (Claiborne, Amaral, & Cowan, 1986).  

 

Despite nomenclature, granule cells are not present within the granule layers of 

the cerebral cortex. These layers are predominantly small pyramidal cells and 

stellate cells (Figure 5.2). Pyramidal cells are highly expressed throughout the 

cortex and forebrain regions such as hippocampus. These cells receive both 

glutamatergic and GABAergic signals. The main suggested function of these 
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neurons is the perpetuation of action potentials (Reviewed by (Spruston, 2008)). 

It has also been suggested that the extent of pyramidal cell branching within the 

temporal lobe is an indicator of IQ (Goriounova et al., 2018). Pyramidal cell loss 

is associated with early stages of AD (Davies, Horwood, Isaacs, & Mann, 1992). 

AD mouse models suggest altered glucose metabolism and reduced synaptic 

density within mossy fibers of the DG with indications that loss of connectivity 

may be overcome with mimetics of NCAM- a neural cell adhesion protein (Corbett 

et al., 2013; Piquet et al., 2018; Silva et al., 2019). 

 

 

 
Figure 5.1 Schematic of the key regions of the hippocampus and neuronal pathways (A) and layers 
of the dentate gyrus (B) and CA1 (C). Signals entering the hippocampus along the performant pathway (light 
blue) from the entorhinal cortex (EC) can either travel directly to the CA1 via the temporoammonic pathway 
(TA) or enter the trisynaptic circuit (TS). Axons from the EC terminate at granule cells of the dentate gyrus. 
The potential travels along the mossy fibers (orange) to the pyramidal cells of the CA3. It then travels along 
Schaffer collaterals (green) to the CA1 pyramidal neurons. The potential then travels out of the hippocampus 
via the subiculum (sub). The DG can be defined by three layers. The central granule layer (red) contains the 
granular cell bodies with axons and dendrites projecting into the molecular layer towards the CA3. Afferent 
terminals constitute the polymorph layer receiving potentials from the EC. Within the cortex afferent 
potentials from the EC along the temporoammonic pathway connect with synapses within the stratum 
lacunosum moleculare (SLM) whilst signals from the trisynaptic pathway along Schaffer collaterals connect 
in the stratum radiatum (SR). Pyramidal cell bodies form the stratum pyrimidale (blue) and efferent branches 
towards the subiculum form the stratum oriens (SO). Figure was created using BioRender.com. 
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Figure 5.2 Schematic of the layers within the cerebral neocortex with representations of neuronal 
populations. The molecular layer (I) is largely populated by dendrites and terminal branches of neurons 
within layers II-VI. The external granule (II) and internal granule (IV) layers are populated by small pyramidal 
and stellate neurons. The external pyramidal (III) and Internal pyramidal (V) are predominantly pyramidal 
cells and the polymorphic layer (VI) contains axons and projections from neurons entering and leaving the 
cortex. Figure was created using BioRender.com. 

 

 

This chapter aims to validate these proteomic hits in stored, frozen hippocampal, 

hypothalamic and cortical tissues from the proteomic mouse cohort. Cortical 

tissues were included for validation due to the degenerative effects of AD on this 

brain region. Expression within the cortex was included in the validation studies 

as this brain region, along with the hippocampus, undergoes severe atrophy in 

AD patients and sees some of the largest pathological changes. 

 

5.2 Results 
5.2.1 Comparing the proteomic cohort to previous data 

To compare this cohort with those of the preliminary study, GSK3 expression and 

phosphorylation was analysed by western blot in the hippocampus, 

hypothalamus and cortex. No difference in either total, or serine phosphorylated 

GSK3α or β across any of the groups was observed (Figure 5.3). 
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Figure 5.3 GSK3α and β expression and inhibitory phosphorylation state within the cortex. (A) GSK3α 
expression and (B) serine 9 phosphorylation. (C) GSK3β expression and (D) serine 21 phosphorylation. 
Total GSK3 expression of neither α or β isoform was altered with diet or BACE1 expression. No change was 
seen in serine phosphorylation with either diet or BACE1 genotype. n=3 per group. Individual data points 
indicate the range of data. Standard error indicated by error bars. 
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5.2.2 Testing the validity of Hypothalamic hits 
Western blot analysis of WT NC, WT HF and BACE1 KO HF hypothalamic tissues 

was conducted in order to validate the proteomic result. However, immunoblot 

revealed no change in TXNDC15 expression with either diet or BACE1 

expression (Figure 5.4A). Further analysis in cortical tissues was conducted as 

the cerebral cortex is also affected in the early stages of AD. However, no 

difference was observed in cortical tissues with either diet or BACE1 expression 

(Figure 5.4B). 

 

 

 
 

Figure 5.4 Western blot and densitometry analysis of TXNDC15 expression within the hypothalamus 
and the cortex. Western blot analysis did not identify any change in TXNDC15 expression in either the 
hypothalamus (A) or cortex (B) with diet of BACE1 genotype. n=4-8 per group. Individual data points indicate 
the range of data. Standard error indicated by error bars. 
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FUCA1 testing was also conducted on both hypothalamic and cortical tissues. 

The immunoblots for this were not of sufficient quality to quantify and the 

presence of multiple bands suggested either non-specific binding of the antibody 

or modification of this protein. The anticipated molecular mass for FUCA1 is 

approximately 54kDa and three bands were present within this region with further 

bands at approximately 43 and 24kDa (Figure 5.5). This pattern was observed in 

both the hypothalamic and cortical samples. Furthermore, whilst the proteomic 

data indicated that FUCA1 expression increased with BACE1 KO compared to 

both WT NC and WT HF groups, immunoblots of both brain regions suggest that 

FUCA1 expression decreases with HFD in WT mice and reduced further in 

BACE1 KO HFD mice compared to WT HF. These apparent expression changes 

were present across all bands however the significance of these changes could 

not be established without quantification.  
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Figure 5.5 Western blot analysis of FUCA1 expression in the hypothalamus and cortex. Western blot 
revealed a possible decrease in FUCA1 expression in BACE1 KO hypothalamic (A) and cortical (B) tissues. 
However, due to the presence of multiple bands at approximately 54-64, 43 and 24kDa it could not be 
determined whether this blot represents FUCA1 expression. (n=4-8 per group) 
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5.2.3 Testing validity of Protein 4.1N 
Protein 4.1N testing was conducted on hippocampal tissues from WT NC, WT 

HF, BACE1 KO HF and BACE1 KI HF mice. Initial analysis was conducted using 

an N-terminal antibody with an epitope corresponding to a region present in all of 

the 4.1N variants identified by proteomics. Immunoblots using this antibody did 

not identify any change in 4.1N expression with either diet or BACE1 genotype in 

either the hippocampus or cortex (Figures 5.6A and 5.6B respectively). An 

alternative protein 4.1N antibody was found that was compatible with IHC. Using 

this antibody, 3 bands were identified; likely corresponding to 3 splice variants at 

130, 110 and 75kDa. Within the hippocampus, expression was variable, and no 

significant differences were observed in total 4.1N expression (Figure 5.7A) of 

any presumed splice variants with either diet or BACE1 genotype (Figure 5.7B-

D). Protein 4.1N expression was equally variable in the cortex and no significant 

changes were observed within this brain region wither either diet or BACE1 

genotype in either total 4.1N (Figure 5.8A) or any of the presumed 4.1N splice 

variants (Figure 5.8B-D). 
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Figure 5.6 Western blot and densitometry analysis of protein 4.1N expression within the 
hippocampus and cortex. Western blot analysis revealed no change in protein 4.1N expression in either 
the hippocampus (A) or cortex (B) with diet or BACE1 genotype using an antibody specific to aa 1-100. n=4-
8 per group. Individual data points indicate the range of data. Standard error indicated by error bars. 
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Figure 5.7 Western blot and densitometry analysis of 4.1N expression within the hippocampus. 
Western blot analysis did not reveal any change in 4.1N expression within the hippocampus using an 
antibody specific to aa 12-92. Multiple bands were identified using this antibody that represent probable 
splice variants of 4.1N. Total 4.1N expression was quantified (A) as well as bands at 130kDa (B),110kDa 
(C) and 75kDa (D).  n=4-8 per group. Individual data points indicate the range of data. Standard error 
indicated by error bars. 
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Figure 5.8 Western blot and densitometry analysis of 4.1N expression within the cortex. Western blot 
analysis did not reveal any change in 4.1N expression within the hippocampus using an antibody specific to 
aa 12-92. Multiple bands were identified using this antibody that represent probable splice variants of 4.1N. 
Total 4.1N expression was quantified (A) as well as bands at 130kDa (B),110kDa (C) and 75kDa (D). n=4-
8 per group. Individual data points indicate the range of data. Standard error indicated by error bars. 
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5.2.4 Protein 4.1N expression with 20wk dietary stress in BACE1 KO 
hippocampus 
Due to the absence of a BACE1 KO group fed a NC diet in the proteomic study 

design, archived frozen tissues were utilised to look for changes in protein 4.1N 

expression with diet in the BACE1 KO mice. Hippocampal tissues were utilised 

from 20-week HF fed mice with WT controls. Immunoblot revealed that with HFD, 

protein 4.1N expression increases 2-fold, thereby suggesting that 4.1N 

expression may be under dietary, as well as BACE1 control (Figure 5.9).  

 

5.2.5 Protein 4.1N expression with chronic dietary excess in WT 
hippocampus 
Further analysis into the effects of diet was performed on aged (>12 month) DIO 

WT mice with age-matched WT NC controls. IHC was performed to identify 

changes in protein 4.1N localisation and expression within the hippocampus, 

hypothalamus and cortex under chronic dietary stress. Staining for NeuN 

identified no change in the hippocampus with diet (Figure 5.10). This stain acted 

upon neuronal cell bodies and clearly identified the CA1-3 and DG regions of the 

hippocampus allowing for distinction between cell bodies and projections.  

BACE1 expression within the hippocampus appeared to be isolated to the 

stratum radiatum and polymorph layer of the DG (Figure 5.10, arrows 1). BACE1 

expression appears to be notably absent in stratum lacunosum moleculare with 

NC fed animals but this pattern is not present under HF conditions suggesting 

that HFD leads to increased BACE1 expression within this region (Figure 5.10, 

arrow 2). Slight staining can be seen in the stratum oriens and stratum radiatum 

of the hippocampus (Figure 5.10, arrows 3)  

Protein 4.1N exhibited distinct expression within the molecular layer of the DG 

(Figure 5.10, arrow 6) but showed a similar expression pattern as BACE1 

throughout the stratum radiatum of the CA3 region (Figure 5.10, arrow 4). This 

expression appeared reduced in the hippocampi of HFD mice. Interestingly, a 

band of staining appears following the stratum lacunosum moleculare with visibly 

increased staining with HFD. This suggests that co-localisation could occur with 

BACE1 under HF conditions (Figure 5.10, arrow 5). These staining patterns were 

observed consistently between replicates in each group. 
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Figure 5.9 Western blot and densitometry analysis of protein 4.1N expression in the hippocampus 
of BACE1 KO mice with 20wk HFD. Non-parametric Mann-Whitney test revealed BACE1 KO mice 
challenged with HFD for 20 weeks revealed an approximately 2-fold increase in hippocampal 4.1N 
expression. n=6-10. Individual data points indicate the range of data. Standard error indicated by error bars, 
* = p<0.05. 
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Figure 5.10 Hippocampal immunostaining of WT mice challenged with HFD or NC for 12 months. 
Sagittal brain sections stained for BACE1, 4.1N and NeuN expression. Immunohistochemical staining 
revealed that BACE1 expression is greatest within the stratum radiatum of the CA3 hippocampal region and 
the polymorph layer of the dentate gyrus (arrow 1) as well as some expression within stratum oriens and 
stratum radiatum regions of CA1 (arrow 3). BACE1 was notably absent in the stratum lacunosum moleculare 
in animals on NC diet (arrow 2) with expression increasing with HFD so that this structure is no longer visible. 
4.1N expression was also present in the stratum radiatum of CA3 and the stratum lacunosum moleculare 
(arrows 4 and 5 respectively). However, 4.1N expression was greatest within the molecular layer of the 
dentate gyrus (arrow 6). NeuN expression clearly defined the hippocampal CA1-CA3 cell bodies as well as 
those within the dentate gyrus. 
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Within the cortex, NeuN clearly defined the molecular layer and external 

granule/pyramidial layers I-III (Figure 5.11) The expression of NeuN within the 

cortex did not appear to change with diet. BACE1 expression did not appear to 

be high within the cortex but patterns were identified that showed higher BACE1 

expression within the molecular layer (I) and the internal granule layer (IV) (Figure 

5.11, arrows 1 and 3 respectively). These darker bands were separated by a  

region of reduced expression within the external granule/pyramidial layers (II/III) 

(Figure 5.11, arrow 2). The same pattern was observed in HF mice. Protein 4.1N 

was expressed highly within the molecular layer of the cortex (I) (Figure 5.11, 

arrow 4) but exhibited a similar expression pattern to BACE1 with higher 

expression in the internal granule layer (IV) than the external granule/pyramidial 

layers (II/III) (Figure 5.11, arrows 6 and 5 respectively). This staining pattern was 

also observed in HF fed mice but the depth of staining in the internal granule layer 

was less apparent with HFD.  

 

In the hypothalamus of aged mice, both BACE1 and 4.1N were absent from the 

medial mammillary nucleus (Figure 5.12, arrows 1 & 3 respectively). Whilst 4.1N 

expression was uniform across the hypothalamic area, expression did not change 

with diet. BACE1 expression was not isolated to a particular hypothalamic region 

but rather spanned the ventral edge. Hypothalamic expression of BACE1 

appeared to increase with high-fat diet but again, expression was not isolated to 

a particular region (Figure 5.12, arrow 2).  
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Figure 5.11 Cortical immunostaining of WT mice challenged with HFD or NC for 12 months. Saggital 
brain sections stained for BACE1, 4.1N and NeuN expression. Immunohistochemical staining revealed that 
BACE1 expression is greatest within the molecular layer (I) of the cortex (arrow 1) with some expression 
within the internal granule layer (IV) (arrow 3). These were separated by a band of low BACE1 expression 
in the external granule/pyramidal layers (II/III) (arrow 2). 4.1N expression followed a similar pattern of 
expression which was greatest in the molecular layer (I) (arrow 4), absent in the external granule/pyramidal 
layers (II/III) (arrow 5) and present in the internal granule layer (IV) (arrow 6). NeuN expression clearly 
defined layers I-IV through staining of cell bodies. 
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Figure 5.12 Hypothalamic immunostaining of WT mice challenged with HFD or NC for 12 months. 
Sagittal brain sections stained for BACE1, 4.1N and NeuN expression and visualised at x50 magnification. 
BACE1 staining within the hypothalamus could not be easily identified to a specific region however it was 
notable absent in the medial mammillary nucleus (arrow 1). Staining was predominantly along the ventral 
edge of the hypothalamus which increased with HFD (arrow 2). 4.1N expression was also absent within the 
medial mamillary nucleus (arrow 3). NeuN staining was clearly absent in the fiber tracts and show high 
neuronal body density within the medial mammillary body (MMB), ventral premammillary nucleus (VPN), 
dorsal premammillary nucleus (DPN) and ventromedial hypothalamus (VMH). 
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5.2.6 Human 4.1N expression with obesity and AD in the cortex and 
hippocampus 
Paraffin embedded human cortical sections were obtained from Edinburgh brain 

bank for the purpose of IHC analysis of 4.1N and BACE1 expression in both 

obese and AD cases with age-matched controls (n=4 per group). Obese cases 

had a BMI of 36 ± 3.3, age 50 ± 8.4 and were 75% female. Controls for this group 

had a BMI of 22.5 ± 0.7, age 49 ± 10.4 and were 75% female. All AD cases were 

from patients at Braak stage VI and died due to complications associated with 

the disease. The average age for this group was 79 ± 3.8 whilst controls were 75 

± 7.8 years of age. The AD group was 25% female whilst the control was 50% 

female. The BMI of the AD cases were unknown however it is commonly 

understood that most individuals in late stages of AD have undergone severe 

weight loss (Johnson, Wilkins, & Morris, 2006a; White, Pieper, & Schmader, 

1998). Despite this, epidemiological studies suggest that AD patients are still 

classified as overweight due to a high pre-AD BMI (Cronin-Stubbs et al., 1997). 

The BMI of AD controls were known for 3 of the 4 cases. One was had a BMI 

within a healthy range at 21.5; whilst two were obese or borderline obese with 

BMIs of 30.9 and 29 respectively.  

 

Within the cortex, BACE1 expression appeared to be predominantly within the 

molecular layer (Layer I) and within some cell bodies throughout the cortex. 

Molecular layer expression of BACE1 appeared greatest in non-aged controls 

and was reduced with both obesity, age and AD (Figure 5.13, arrow 1). Aged 

non-obese controls exhibited a particularly low expression of BACE1 within the 

molecular layer of the cortex when compared to expression within the external 

granule and pyramidal layers. Cell body staining did not appear to change with 

age, obesity or AD (Figure 5.13, arrow 2).  

 

Protein 4.1N expression also appears largely isolated to the molecular layer 

(layer I) of the cortex and cell bodies. Expression of 4.1N in the molecular layer 

(layer I) of the cortex varies with diet, age and AD. Whilst obese individuals exhibit 

reduced 4.1N expression in this region compared to healthy controls, this 

relationship appears to reverse with age as older individuals exhibit increased 

molecular layer expression of 4.1N in obesity and less with healthy BMI. AD 

cortices also exhibit staining of the molecular layer of the cortex (Figure 5.13, 
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arrow 3). 4.1N expression within cell bodies is present in both control and obese 

cortices and lost in both AD and aged obese individuals. Expression in cell bodies 

is retained in aged controls of a healthy body weight (Figure 5.13, arrow 4). This 

pattern of staining was similar to that seen with BACE1 suggesting there may be 

a level of co-localisation of these two proteins. Both BACE1 and 4.1N were 

increased in AD Cortex molecular layers compared to aged controls however 

aged obese cases exhibited no noticeable change in BACE1 expression. In non-

aged cases, BACE1 too is increased within the molecular layer of the cortex in 

healthy controls and reduced with obesity. 
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Figure 5.13 Cortical immunostaining of human cortical sections from controls, obese, AD, aged 
obese and aged control groups. Stained for BACE1 and 4.1N at both 50X and 100X magnification. BACE1 
expression was predominantly within the molecular layer of the neocortex (arrow 1) with some expression 
within cell bodies in all groups (arrow 2). Expression within the molecular layer was reduced in aged controls 
and aged obese cases whilst retained in AD. 4.1N expression too was predominantly within the molecular 
layer of the neocortex in control, AD and aged obese cases (arrow 3). Cell body expression was not present 
in aged obese and AD cases but was present in aged controls (arrow 4).  
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Hippocampal AD sections were obtained from cases at late stages that died from 

complications associated with the disease whilst controls died from causes not 

related to the brain. The average age of AD cases was 82 ± 6.2 and controls 82 

± 7.5. 50% of each group was female and a total of 8 cases were obtained per 

group. BACE1 exhibited staining within the stratum pyramidale of rostral CA1 

region of the hippocampus exhibiting expression in both projections and cell 

bodies within this region (Figures 5.14 and 5.25, arrow 1). This pattern of staining 

followed the stratum pyramidale from CA1 through CA3 (Figure 5.14, arrow 2) 

and into rostral pyramidal cells of the CA4 (Figure 5.14, arrow 3). BACE1 

expression in cell projections was less pronounced within the CA4 region but 

maintained within cell bodies. Cell body staining was also apparent within the 

polyform layer of the rostral DG (Figure 5.14, arrow 4) staining of the molecular 

layer of the rostral DG was also observed (Figures 5.14 and 5.15, arrow 5) but 

not the subgranular zone of the rostral DG (Figures 5.14 and 5.15, arrow 6). This 

staining pattern was comparable between control and AD cases except for 

localisation within the DG. In AD cases, BACE1 appeared more localised to the 

subgranular zone (Figures 5.14 and 5.15, arrow 6) than the molecular layer of 

the rostral DG (Figures 5.14 and 5.15 arrow 5). 

Interestingly, expression of 4.1N within the human hippocampus follows a very 

similar expression profile to BACE1. 4.1N can be found within stratum pyramidale 

from CA1 through to CA3 and CA4 (Figure 5.14, arrows 7-9 respectively) as well 

as polyform and molecular layers of the DG where diffuse staining suggests 

expression in neuronal projections rather than cell bodies as with BACE1 (Figure 

5.14, arrows 10 and 11 respectively). 4.1N expression was not discernibly 

different between the subgranular zone and the molecular layer of the DG. 4.1N 

expression appeared to increase within the hippocampus in all mentioned areas 

in AD cases compared to controls (Figure 5.14). 
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Figure 5.14 Hippocampal immunostaining of human sections from controls and AD cases stained 
for BACE1 and 4.1N expression. BACE1 expression was observed within the stratum pyramidale of rostral 
CA1 region of the hippocampus (arrow 1) through to CA3 (arrow 2) and into rostral pyramidal cells (arrow 
3). BACE1 expression was also observed in the polyform layer of the rostral dentate gyrus and the and 
molecular layer of the dentate gyrus (arrows 4 and 5 respectively). BACE1 expression was notably absent 
in subgranular zone of the dentate gyrus (arrow 6). 4.1N expression followed a similar pattern with 
expression in CA1, CA3 and CA4 (arrows 7,8 and 9 respectively). As well as the polyform and molecular 
layers of the dentate gyrus (arrows 10 and 11). Whilst BACE1 expression did not appear to change with AD 
compared to controls, 4.1N expression increased in AD in all regions.  
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Figure 5.15 Hippocampal staining of human sections from controls and AD cases stained for BACE1 
and 4.1N expression at 50X magnification. BACE1 expression was observed within the stratum 
pyramidale of rostral CA1 region of the hippocampus within cell bodies (arrow 1). BACE1 expression was 
also observed in the polyform layer of the molecular layer of the dentate gyrus where more diffuse staining 
implies expression in synapses (arrow 5). BACE1 expression was notably absent in subgranular zone of the 
dentate gyrus (arrow 6). 4.1N expression followed a similar pattern with expression in CA1 but confined to 
cell projections (arrow 7). As well as the molecular layer of the dentate gyrus (arrow 11). 
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5.3 Discussion 
5.3.1 Brain expression of TXNDC15 and FUCA1 
Peptide coverage of both TXNDC and FUCA1 within the hypothalamus was very 

low, leading to early doubts as to the validity of these proteins as real hits. 

Western blot analysis was conducted in the hypothalamus to test the validity of 

these proteomic results and the cortex to identify whether changes may also 

occur within this brain region. TXNDC15 was unaltered in either brain region 

therefore it remains unclear as to whether TXNSC15 is differentially regulated by 

BACE1. FUCA1, contrary to proteomic data, appeared reduced in BACE1 KO 

tissues. However, due to poor quality blots this result was not quantifiable. 

Multiple bands were also present within the FUCA1 immunoblot. This may be a 

result of alternative splicing or of unspecific binding of the FUCA1 antibody. 

Isolation of protein from these bands and MS analysis would provide further 

details of antibody accuracy and possible splice variation of this protein. As the 

main band identified by this antibody is larger than the anticipated FUCA1 size, 

it seems likely that lack of antibody specificity is the cause of this outcome and 

this proteomic hit could not be confidently validated. 

 

These western blot data do not support the proteomic analysis, which may be 

due to multiple factors. As previously mentioned, the peptide coverage of both 

TXNDC15 and FUCA1 in the proteomic analysis was poor. It may be that mis-

identification of these few peptides has occurred and these proteins have been 

falsely identified as hits. Alternatively, the western blot method may not be 

sensitive enough to identify small, but significant changes in the protein 

expression of these hits. Finally, due to the number of bands present on this blot 

it would be reasonable to suggest that many of these represent non-specific 

binding of the antibody and only validation of the antibody against a positive 

control would allow these data to be utilised appropriately. 

 
5.3.2 Brain expression of protein 4.1N in mice 
Validation testing of protein 4.1N expression was initially conducted using an 

antibody specific to aa 1-100 of full length 4.1N. Western blot analysis of 

hippocampal and cortical lysates revealed a single band at approximately 

130kDa that was unchanged with either diet or BACE1 expression. An additional 

antibody was used as a requirement for immunohistochemical analysis of brain 
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sections which revealed multiple bands corresponding to suspected splice 

variants of 4.1N (Rangel, Lospitao, Ruiz-Sáenz, Alonso, & Correas, 2017; Scott 

et al., 2001; Wang et al., 2010). However, none changed with diet or BACE1 

genotype.  

Multiple Uniprot IDs were identified during the proteomic analysis that were 

expressed in all mice leading to some confusion about 4.1N as a true hit.  

As a BACE1 KO NC group was not included in the proteomic analysis, stored 

hippocampal samples were utilised to identify whether 4.1N expression changes 

with diet in BACE1 KO mice however, for this study a 20-week dietary intervention 

had been utilised. This analysis revealed an approximate 2-fold increase in 4.1N 

expression in the hippocampus with HF compared to NC indicating that 4.1N 

expression may be influenced by both diet and BACE1. Due to limitations brought 

about by splice variation and antibody specificity with western blot, further 

analysis was conducted on brain sections using IHC to identify whether possible 

co-localisation of BACE1 and 4.1N may occur and whether this changes with diet. 

One of the key outcomes of staining in mouse sections was the confirmation of 

previous published findings that 4.1N expression occurs predominantly within the 

DG (Walensky et al., 1999). This result had implications for the western blot 

analysis and may explain the large variability observed for 4.1N expression within 

groups. Due to human error in hippocampal dissection, the samples harvested 

are predominantly CA1-CA3. Extraction of the DG often varies with the speed 

and accuracy of dissection and inconsistencies in the amount of DG present in 

each sample may explain the inconsistencies of the western blot data. The 

inconsistency between western blot and proteomic data may also be explained 

by inaccuracies in the immunoblot methodology. Neither 4.1N antibody had been 

validated for specificity to this protein 4.1 isoform. It may be that the antibody is 

not specific enough to identify 4.1N specifically and therefore the presence of 

4.1B, G and R are masking changes in 4.1N expression. Alternatively, as only 

one variant of 4.1N identified in the proteomic analysis was significantly changed 

with BACE1 KO, it may be that the antibody is not specific to a region that is 

unique to this variant; therefore the presence of other 4.1N variants are masking 

the effect of BACE1 KO on Q9Z2H5. 

 

Consistent with published findings, both BACE1 and 4.1N were identified within 

the stratum radiatum of the hippocampal CA3 region and the polymorph layer of 
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the DG. This neuronal pathway represents mossy fibre axons of the granule cells 

of the DG to form synapses with predominantly inhibitory cells of the CA3 but also 

excitatory pyramidal cells (Acsády, Kamondi, Sík, Freund, & Buzsáki, 1998). High 

expression of 4.1N within granule cells is consistent with published findings 

showing high levels of 4.1N mRNA in granular regions of the hippocampus (Parra 

et al., 2000). Interestingly, in mice, expression of D1 and D2 dopaminergic 

receptors- known interactors of 4.1N- are also high within the molecular layer of 

the DG (Binda et al., 2002; Gangarossa et al., 2012). Therefore, it may be that 

within mouse granule cells, 4.1N is a key regulator of synaptic dopaminergic 

receptor expression. One possible explanation for the high expression of 4.1N 

within this area is  that granule cells experience high levels of plasticity and 

indeed, are one of the few resident brain cells known to undergo cell turnover into 

adulthood and actin assembly is critical within this process (Altman & Das, 1965). 

Furthermore, exposure to stress hormones (glucocorticoids) has been shown to 

reduce plasticity within this region (Reviewed in (McEwen, 1999)). This is 

perhaps consistent with an apparent reduction in 4.1N expression within this 

region with dietary stress in BACE1 KO mice and studying the role of 

glucocorticoids in 4.1N and BACE1 expression within this region could be an 

avenue of further study. Electrophysiology and synaptic integrity experiments 

would be required to identify whether the apparent reduction in 4.1N expression 

is representative of altered excitatory connectivity between the DG and CA3.  

Another possible area for co-localisation of BACE1 with 4.1N is within the stratum 

lacunosum moleculare (SLM)- a layer of the hippocampal CA1 region made from 

the dendrites of pyramidal cells that receives input from layer III of the entorhinal 

cortex via the temporoammonic pathway and heterogeneous interneurons 

(Figure 5.1). This includes the highest density of noradrenergic fibres from the 

locus coeruleus in the hippocampus (Oleskevich, Descarries, & Lacaille, 1989). 

Furthermore, activation of α-adrenergic receptor α2AAR has been shown to 

increase amyloidogenesis by increased co-localisation of BACE1 with APP, a 

receptor associated with the SLM (Chen et al., 2014; Milner, Lee, Aicher, & Rosin, 

1998). Whilst increased noradrenaline within the hippocampus has not yet been 

associated with obesity, increased noradrenaline and increased binding to both 

α and β adrenergic receptors in the hypothalamus has been associated with 

genetic mouse models of obesity (Boundy & Cincotta, 2000). 
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The region of cortex taken during brain dissection is parietal and corresponds to 

the retrosplenial, visual and somatosensory areas. These regions of cortex can 

be associated with cognitive functions such as memory, processing of visual 

information and somatic sensory processing such as touch, temperature and pain 

respectively. Due to tissue sectioning, the regions of cortex represented in the 

staining are retrosplenial. This region of the cortex has reciprocal connections 

with the subicular regions of the hippocampus as well as the entorhinal cortex 

and the anterior nuclei of the thalamus, all of which can be connected to memory 

function (Vann, Aggleton, & Maguire, 2009). Within the cortex the retrosplenial 

area forms connections with the dorsolateral prefrontal cortex- involved in higher 

cognitive function such as emotion response and working memory (Mars & Grol, 

2007). Furthermore, APPswe mice have exhibit APP accumulation within the 

retrosplenial area from 5 months of age accompanied by decreased c-Fos 

expression as a marker of reduced plasticity and neuronal dysfunction (Poirier, 

Amin, Good, & Aggleton, 2011). Animal studies inducing lesions within this 

cortical region have shown it to be important in spatial and episodic memory as 

well as utilisation of visual cues in determining direction (Pothuizen, Aggleton, & 

Vann, 2008; Vann & Aggleton, 2002). This supports evidence that 10% of the 

retrosplenial area neurons are head direction cells that are important in 

directional learning and spatial cognition, even in total darkness (Chen, Lin, 

Green, Barnes, & McNaughton, 1994). Furthermore, the neurons within the 

cortical region are glutamatergic and responsive to non-competitive NMDAR 

antagonism in layers II & III and V & VI of the cortex (Fox, Li, Zhao, & Tsien, 

2017). It is therefore possible that the staining observed in layer I are represent 

terminal projections from these excitatory neurons. However, the effect of HFD 

and subsequent increase in 4.1N expression on directional learning and memory 

within these animals was not established so the effect of 4.1N expression on the 

function of this cortical region can only be speculated. 

 

Staining within the hypothalamus was sub-optimal as a result of the sectioning 

method utilised. Whilst sagittal sections are best to monitor changes in the 

hippocampus, they do not allow for visualisation of all hypothalamic regions such 

as the lateral hypothalamic area and arcuate nucleus. Despite this, many key 

hypothalamic areas were included in the sections however neither BACE1 nor 

4.1N staining could be identified within a particular region. Whilst surprising that 
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BACE1 staining could not be identified within energy regulatory regions of the 

hypothalamus, we have previously identified the arcuate nucleus as an area of 

high BACE1 expression and this region was not within the sections used (Meakin, 

Jalicy, et al., 2018). However, we have also previously described high BACE1 

expression within the VMH that was not observed in this study (Meakin, Jalicy, et 

al., 2018). It may be that the aged mice in this study exhibit increased 

hypothalamic BACE1 expression thereby reducing the dietary effect, however 

age-dependent BACE1 increase in WT mice has not been published.  Despite 

not specific hypothalamic BACE1 localisation, there is a general increase in 

BACE1 staining with HFD which was expected based on previous studies 

(Meakin et al., 2012; Meakin, Jalicy, et al., 2018). Consistent with proteomic 

analysis, 4.1N expression appeared unchanged with diet. 

 

5.3.3 Brain expression of protein 4.1N in humans 
4.1N expression within human sections differed from mouse sections in the 

extent of staining. In human sections staining was predominantly within the CA1 

region whilst mice expressed most highly within the DG. 4.1N was present in both 

regions of humans but mice did not appear to express 4.1N greatly within the 

CA1 region. Both species expressed 4.1N within the CA3 region suggesting that 

in humans too, the mossy fibre connections between the DG and CA3 are high 

in 4.1N. Interestingly, whilst mice expressed 4.1N within neuronal projections, 

humans sections showed staining with cell bodies as well as projections both 

within the CA regions and the DG.  

 

BACE1 expression also varied between the species. In humans, BACE1 

expression showed much greater overlap with 4.1N expression indicating 

possibly greater co-localisation in humans than mice. BACE1 was expressed to 

the greatest extent in humans in the CA1-CA3 regions of the hippocampus whilst 

mice exhibited great expression in the mossy fibers of the stratum radiatum. 

Similar to 4.1N, BACE1 expression within cell bodies was noted throughout all 

stained regions for human BACE1 whilst mice exhibited staining only within the 

neuronal projections of the hippocampus. However, as no information is available 

on 4.1N expression and function within the human brain, this is speculative. Of 

greatest interest is the apparent increase in 4.1N expression in all CA and DG 

regions in AD cases. Whilst excitotoxicity (cell death by over-stimulation by 
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glutamate) has been associated with AD, it is unlikely that increased expression 

of 4.1N in this instance is representative of increased excitatory signalling and 

therefore indicative of aberrant glutamatergic signalling (Reviewed (Wang and 

Reddy, 2017)). This is due to published data indicating decreased NMDAR 

expression following progression of AD and the suggestion that 4.1N expression 

does not influence glutamatergic signalling (Kravitz, Gaisler-Salomon, & Biegon, 

2013; Wozny et al., 2009). An alternative mechanism through which 4.1N may 

regulate plasticity is via a known connection with inositol (1,4,5)-trisphosphate 

receptor 1 (Maximov et al., 2003). This intracellular calcium channel, when 

activated leads to an efflux of Ca2+ from the ER to the cytosol that has been 

shown to initiate action potential within pyramidal neurons of the CA1 (Fedorenko 

et al., 2014; Nakamura et al., 2000). It is therefore feasible that expression of 

4.1N, particularly within the cell bodies, may reflect regulation of intracellular Ca2+ 

oscillations that mediate action potential propagation. Alternatively, the increase 

in 4.1N may indicative of an increase in BACE1 expression. As 4.1N stabilises 

transmembrane proteins it is plausible that it directly binds to BACE1. Binding 

studies would be required to determine whether the increase in 4.1N may 

represent increased BACE1- or other transmembrane protein- stabilisation within 

the plasma membrane.  

 

Human cortical samples were parietal and represent a brain region involved in 

visuomotor activities. Samples were obtained from both AD and obese individuals 

for this brain region with age matched controls for both. This allowed for analysis 

of 4.1N and BACE1 expression with age, BMI and AD. As with mouse sections, 

both BACE1 and 4.1N expression was predominantly within layer I of the cortex 

indicating expression within neuronal termini and some staining within the cell 

bodies in all layers. BACE1 expression within cell bodies was consistent 

throughout the groups but expression within layer I appeared to vary with both 

age and diet. In aged control cases, layer I expression of BACE1 appeared 

greater in obese individuals suggesting that increased BMI with age leads to 

increased synaptic expression of BACE1. This result differed from mice whereby 

HFD did not appear to influence the cortical expression of BACE1. Cortical 

expression of BACE1 did not appear to change with AD when compared to aged 

controls leading to the conclusion that BMI is the predominant factor in regulating 

cortical BACE1 expression. Interestingly, the presence of cell body 4.1N 
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appeared dependent on age and BMI. All non-aged cases exhibited cell body 

4.1N expression whilst both AD and aged obese cases had none. Only aged 

controls retained cell body 4.1N expression. These findings are in keeping with 

previous reports suggesting that the RNA binding protein and regulator of 4.1N 

alternative splicing NOVA1 is increased in AD. However, they also found that 

expression of NOVA1 in advanced AD returned to pre-clinical levels (Barbash et 

al., 2017). Expression analysis of NOVA1 would be required to determine 

whether this 4.1N regulator is influenced by age and diet. As too little is known 

about the functions of 4.1N outside membrane protein stabilisation it is too early 

to speculate at the physiological significance of this result. However, this result is 

likely to be a product of alternative splicing of 4.1N. As described in chapter 4, 

the 4.1N proteins consist of 22 exons and have been document in their variability 

(Discher et al., 1995; Walensky et al., 1999). As the FERM domain of 4.1N is 

integral to its targeting to the plasma membrane, it may be that 4.1N within the 

cell bodies represents a splice variant whereby the FERM domain is missing 

(Baines et al., 2014). Determination of 4.1N domain expression could be 

determined using In-situ hybridisation staining whereby probes are generated to 

stain for specific mRNA regions. This could be performed to identify the cortical 

and cellular localisation of the FERM, SAB and C-terminal domains as an 

indicator of function with disease and age (Wang et al., 2012).  

 

5.3.4 Conclusions 
Whilst the proteomic data indicated a relationship between BACE1 and 

TXNDC15, FUCA1 and protein 4.1N, western blot analysis was not able to 

validate any of these results. This may be be due to shortcomings in the 

proteomic analysis or that the tools and methods used to validate lacked the 

accuracy and sensitivity required. α-L-Fucosidase may still be a significant hit 

with both diet and BACE1 genotype based on visual inspection of western blots 

but further analysis is required to establish this.  

 

Western blot analysis of protein 4.1N revealed multiple splice variants that 

appeared to change in expression to varying degrees and samples exhibited a 

high degree of variability within groups. It was concluded that this high variability 

is likely due to the dissection methods used when harvesting brain tissue and the 
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expression within the blot is more representative of the amount of DG harvested 

in the hippocampal sample.  

 

Staining in mouse and human sections revealed localisation differences between 

the species that may indicate difficulties in further studies. Whilst mouse 

expression of 4.1N was predominantly confined to the DG, humans express this 

protein to a greater extent in the CA1, CA2 and CA3 regions of the hippocampus. 

Both of which are involved in memory and LTP. Expression within the CA regions 

represents a greater likelihood of expression in pyramidal neurons whereas 

neurons of the DG are more likely to be granular and contain mossy fibers 

(Wheeler et al., 2015). It may therefore be that differences in DG expression are 

actually reflective of the granule cell population differences between species as 

it is known that humans have proportionally fewer granule cells in the DG than 

rodents (Reviewed by (Amaral, Scharfman, & Lavenex, 2007)). In humans, 4.1N 

expression appeared to be increased with AD in the hippocampus however, this 

was not quantified. Due to lack of published data on the role of 4.1N in learning 

and memory, the implications of this change cannot be interpreted. Within the 

cortex, opposing effects were observed within the mouse and human with 

increased 4.1N expression within the molecular layer of the cortex in HF fed mice 

and reduced expression with obesity in humans. It is plausible that this is a result 

of the type of diet leading to obesity. Whilst the typical western diet is high in fats, 

it is also high in sugar, cholesterol and low in fibre and protein. The difference 

between a simple increase in dietary fat used in this study and the more complex 

nutrition representative western diet may be the reason behind the opposing 

effects. Of great interest is the effect of diet and age on the cell body localisation 

of 4.1N within the cortex. Data here suggest that sub-cellular localisation of 4.1N 

is regulated by both age and diet and increased membrane targeting in aged 

obese and AD cases may be a result of alternative splicing. As 4.1N has been 

implicated in glutamatergic signalling, a process known to be dysregulated in AD, 

the changes observed in this study may provide a mechanism through which age 

and AD alter hippocampal function and memory formation. If localisation and 

domain structure of 4.1N is altered with diet, age and AD, 4.1N may provide a 

novel mechanism through which both age and HFD increase the risk of 

developing this dementia. Furthermore, changes in 4.1N may be a way through 

which AD affects neuronal structure, connectivity and signalling through actin 
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binding and glutamate receptor stabilisation. Therefore, targeting this protein 

pharmaceutically may improve hippocampal function and memory in those 

affected by AD. However, further studies into splice variation with both diet and 

AD as well as analysis of glutamatergic signalling within these groups could 

provide valuable insight into how 4.1N may influence hippocampal function. 



 

 
 
 

Chapter 6 
Determining the BACE1 interactome 
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6.1 Introduction  
BACE1 is the protease responsible for the production of amyloid peptides from 

APP. This transmembrane aspartyl protease cleaves APP at two sites: the β site, 

located between residues Met671 and Asp672 producing full length amyloid 

peptides (1-X) and the β’ site at residues Tyr681 and Gln682 producing truncated 

amyloid species’ (11-X) (Liu, Doms, & Lee, 2002; Vassar et al., 1999). Cleavage 

of APP by BACE1 leads to the release of sAPPβ and subsequent cleavage by a 

γ-secretase complex results in the formation of the amyloid-β as described in 

Chapter 1. 

 

Despite its well-characterised role in amyloid production and thus pathogenicity, 

little is known about the physiological role of BACE1. The gene for BACE1 is 

highly conserved throughout evolution and variants have been traced back to 

Cnidaria with BACE1 orthologues existing in basal chordates. Whilst BACE1 has 

been highly conserved, the APP protein evolved more recently in lobe finned fish 

indicating the importance of BACE1 outside of APP cleavage and an estimated 

evolutionary separation of BACE1 from amyloid-β of 360 million years. Crucially, 

conservation of function has been determined as expression of Branchiostoma 

(Lancelets) BACE1 with human APP in cells led to increased amyloid production 

compared to GFP controls (Moore et al., 2014a).  

 

Upon maturation, BACE1 is transported to the plasma membrane whereby 

palmitoylation leads to targeting to lipid rafts. From the plasma membrane, 

BACE1 is cycled into endosomes from which it can be targeted to lysosomes for 

degradation, cycled back to the plasma membrane or undergo retrograde 

transport to the TGN; from which the whole cycle is repeated (Araki, 2016). It has 

been hypothesised that BACE1 localisation within the cell may be responsible for 

off-target effects leading to disease. Changes in BACE1 compartmentalisation 

may alter the substrate profile due to differences in the proteins expressed 

between organelles. Accumulation of BACE1 in these compartments may allow 

access to proteins which are known to be poor BACE1 substrates (such as APP) 

but due to BACE1 surplus, become targets for proteolysis (Grüninger-Leitch, 

Schlatter, Küng, Nelböck, & Döbeli, 2002).  
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Many studies have been conducted into possible interactors of BACE1. 

Advancing proteomic techniques have allowed interactomic studies to become 

more diverse leading to identification and validation of BACE1 substrates such 

as APLP1, APLP2, CHL1, NRG1, NRG3, Sez6, Sez6L1 and PSGL1. Many 

putative substrates have been identified through quantitative proteomics and 

secretome studies, most of which are type I transmembrane proteins. (Dislich et 

al., 2015; Hemming et al., 2009; Kuhn et al., 2012). However, these substrates 

have only offered further insight into the pathogenicity of BACE1 and not the 

physiological function.  

 

As described in chapter 1, BACE1 has been implicated in many physiological 

processes. Most studies have focussed on nervous system functions for BACE1 

and have suggested roles including muscle spindle formation, myelination, 

synaptogenesis and axon guidance, all of which have been extensively reviewed 

(Vassar et al., 2014; Yan, 2017). Evidence also associates BACE1 with metabolic 

homeostasis through changes in insulin/leptin sensitivity, glucose uptake and 

thermogenesis (Hamilton et al., 2014; Meakin et al., 2012; Meakin, Jalicy, et al., 

2018; Meakin, Mezzapesa, et al., 2018; Plucińska et al., 2016; Wang et al., 

2013a). BACE1 has also been suggested as a modulator of inflammatory 

signalling and microglial activation (Heneka et al., 2005; Thakker et al., 2015). 

However, whilst these associations have been suggested through human and 

animal studies, the molecular mechanisms behind these suggested functions 

have yet to be determined.  

 

A novel technique for the identification of interacting proteins was developed by 

Roux et al. (2012). They describe a proximity assay based on the DamID 

methodology used to map DNA binding sites of a protein of interest by creating a 

fusion protein with a DNA methyltransferase (Vogel, Peric-Hupkes, & van 

Steensel, 2007). The BioID method utilises an E.coli BirA protein with a R118G 

point mutation within a disordered loop of active site (Choi-Rhee, Schulman, & 

Cronan, 2008; Cronan, 2005). This point mutation confers substrate promiscuity 

and enables the protein to biotinylate proteins based on proximity rather than 

substrate specificity by altering biotin binding and catalytic properties of BirA 

(Kwon & Beckett, 2000). The BirA protein is a biotin ligase that, upon creation of 

a fusion protein, biotinylates proteins within 10nm of BirA (Kim et al., 2014). 
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Streptavidin pulldown and MS/MS then enables identification of the biotinylated 

proteins and allows insight into binding partners of the protein of interest.  

 

In order to better understand the physiological role of BACE1 in non-diseased 

conditions, a BioID assay was developed for BACE1 creating both BACE1-BirA 

and BirA-BACE1 constructs. It was hypothesised that the N-terminal BirA-BACE1 

fusion protein would provide information about possible substrates of BACE1 as 

this region contains the active site and is extracellular. However, the presence of 

the large BirA tag could interfere with BACE1 activity or transport if the signal and 

pro-peptides could not be processed. The C-terminal fusion protein BACE1-BirA 

would identify the greatest number of hits and provide information about the 

BACE1 environment as this tag would be cytoplasmic and would be less likely to 

interfere with BACE1 protease activity. The BACE1-BirA construct was 

expressed in the HT-22 and GT1-7 cell lines. Both are murine cell lines of 

hippocampal and hypothalamic origin respectively and by their use we hoped to 

identify the BACE1 interactome in cell types physiologically relevant to both AD 

and metabolic diseases. Biotin incubations were conducted at 24 and 48 hours 

as both timepoints had been previously optimised using another construct 

(personal communication, Dr William Fuller, University of Glasgow) and would 

provide information regarding BACE1 production and degradation pathways. The 

experiment was repeated 3 times and proteins were considered hits if they were 

identified in more than one of these replicates within each timepoint. Identification 

of proximal proteins was achieved, and hits analysed for likely substrates as well 

as pathway analysis. The known trafficking and previously identified substrates 

were used as identifiers for cycling of the BACE1-BirA construct and were used 

as indicators of correct BACE1 processing within the cell. 

 

6.2 Results 
6.2.1 Cloning BACE1 BirA fusion proteins 
Cloning an N-terminal BirA BACE1 fusion protein (BirA-BACE1) required addition 

of both the signal and propeptides upstream of the BirA gene. These peptides 

are required for BACE1 targeting into the membrane and correct folding of the 

BACE1 protein; meaning that these peptides are a requirement of BACE1 

function. As these peptides are cleaved upon BACE1 maturation, including them 

in situ within the BACE1 gene would result in removal of the N-terminal BirA tag. 
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Therefore, the signal and propeptides were inserted 5’ of the BirA gene with the 

sequence for mature BACE1 being cloned into the multiple cloning site (MCS). In 

order to do this, site directed mutagenesis was conducted on the empty vector to 

insert the peptides and a 5’ Kozak consensus sequence to initiate translation of 

translated mRNA. The reverse primer was designed in order to remove the Kozak 

sequence upstream of the MCS. Mutagenesis was achieved with the Kozak 

sequence signal peptide sequence thus a vector was created that would target 

to the membrane. Insertion of the propeptide proved difficult and multiple cloning 

efforts were unsuccessful. Due to the limitations in the insertion site to keep the 

peptide both in-frame and abutting the signal peptide, few options were available 

in primer design. Due to high GC content of the available primers and moderate-

high secondary structure of the primers, the propeptide was not able to be added 

to the vector. Variations in PCR conditions such as the addition of DMSO and 

increasing MgSO4 were unsuccessful as well as increasing the number of cycles 

and varying the annealing temperature. Due to this, further attempts at creating 

the BirA-BACE1 fusion protein were halted and it was decided that the construct 

would be synthesised commercially. 

 

The C-terminal BACE1 BirA fusion protein (BACE1-BirA) was attempted using 

restriction cloning. The BACE1 gene was amplified using primers designed to 

create compatible restriction sites to the empty vector. The amplified insert was 

purified and insertion into both a shuttle vector and directly into the empty vector 

was attempted. Neither proved to be successful with multiple primer designs and 

varying ligation conditions. Restriction cloning was unsuccessful leading to 

attempts to clone using the InFusion method. This method also proved 

unsuccessful even with multiple primer designs and upon consideration, it was 

decided that this construct, would be made synthetically. 

 

6.2.2 Expression of BACE1-BirA in neuronal cell lines 
Transfection of the BACE1-BirA construct was successful in both GT1-7 and HT-

22 cell lines (Figure 6.1A) giving rise to bands at approximately 98 and 110kDa 

when immunoblotted for the HA-tag. The estimated molecular weight of the fusion 

protein was 92kDa. Immunoblot of the BACE1 protein leads to characteristic 

double banding with a lower molecular weight representing the immature, 

unprocessed BACE1 protein. Upon BACE1 maturation extensive post-
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translational modifications through glycation, phosphorylation and palmitoylation 

lead to a mature BACE1 band at a higher molecular weight. This characteristic 

banding pattern was evident in the BACE1-BirA fusion protein in both the GT1-7 

and HT-22 cell lines when immunoblotted against the HA-tag. It was also noted 

that construct expression was reduced at the 48 hour timepoint when compared 

to 24 hour timepoint across both cell lines. Expression of BACE1-BirA was 

substantially lower in GT1-7 cells compared to the HT-22s and experiments in 

this hypothalamic cell line did not successfully produce biotinylated proteins in 

concentrations high enough to be visualised by western blot. Consequently, HT-

22 cells were used in this experiment due to their high-expression of BACE1-BirA 

(Figure 6.1B). Proximity assay in the HT-22 cell line revealed many biotinylated 

proteins in the soluble lysate in transfected cells after 24 hour and 48 hour biotin 

load (Figure 6.1C). Untransfected cells exhibited no biotinylation after 48 hour 

biotin load. Biotinylated proteins were absent in the unbound fraction after 

streptavidin pulldown indicating successful purification of BACE1 proximal 

proteins (Figure 6.1C) 

 

Trypsinised, biotinylated proteins were sent to the Fingerprints proteomics facility 

for identification. The samples were purified and MALDI-TOF MS/MS was 

conducted to identify the peptide fragments of purified proteins. Peptides were 

scored using Mascot probability-based scoring to determine whether results were 

significant or not. The score represented the probability of a peptide being 

assigned by chance and a high score indicated a high probability of that result  

being real. The score in this instance was set to ≥36 with p<0.05 indicating that 

the peptides assigned to the protein show extensive sequence similarity to the hit 

protein. This ion score was used as a cut-off (as opposed to ≥68 used in human 

protein databases) as the protein database for Mus musculus is smaller than the 

database for Homo sapiens. As the mouse database contains fewer proteins the 

theoretical peptides used to create the ion score are fewer. This leads to a 

skewing of the data and therefore requires the ion score cut-off to be lower. Once 

a protein list was created, each replicate was compared to its control and proteins 

identified within the control were removed as hits. Protein lists between replicates 

were then compared in order to identify proteins that occurred in more than one 

replicate at each timepoint.  
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6.2.3 BACE1 interactors in HT-22 cells 
Proximity assay with 24 hour biotin load identified 291, 409 and 216 proteins in 

replicates 1,2 and 3 respectively; 182 proteins were identified in more than one 

replicate (Table 6.1). At 48 hour biotin load 272, 256 and 190 proteins were 

identified in replicates 1,2 and 3 respectively; 133 proteins were identified in more 

than one replicate (Table 6.2). 77 proteins were identified at both 24 hour and 48 

hour timepoints, 14 of which appeared in every replicate at both timepoints (Afdn, 

Bace1, Bsg, Cav1, Cavin2, Ddr2, Dlg1, Slc1a5, Slc6a9, Snap23, Sptbn1, Steap3, 

Vamp3 and Zdhhc20). 12 proteins were identified in every replicate at 24 hours 

that did not appear in more than 1 replicate at 48 hours (Abcf2, Arhgap1, Axl, 

Efr3a, Gart, Ifitm3, Kars, Krt10, Mettl16, Myof, Sh3pxd2a and Vang1) 3 proteins 

appeared in every replicate at 48 hours without being identified in more than one 

replicate at 24hours (Gigyf1, Mprip, Vps13c). 5 previously identified BACE1 

interactors were identified (Bsg, Epha2, Flot2, Gga2, Zdhhc20), these include 

proteins involved in BACE1 sorting and membrane targeting as well as putative 

substrates. 
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Figure 6.1 BACE1 expression and biotinylation profile of transfected GT1-7 and HT-22 cell lines. 
BACE1-BirA fusion protein expression in GT1-7 and HT-22 neuronal cell lines 
(A) Western blot of GT1-7 and HT-22 cell lysates revealed expression of the BACE1-BirA fusion protein as 
identified by the presence of the HA-tag. The presence of two bands is reminiscent of native BACE1 whereby 
immature and mature BACE1 can be seen at 64 and 70kDa respectively. (B) Western blot of HT-22 cell 
lysate reveals BACE1 expression at a comparable molecular weight to that seen using HA antibody. (C) HT-
22 cell lysate and unbound fraction after streptavidin pull-down reveal biotinylated proteins as a product of 
the proximity assay and their removal from solution post purification. 
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Table 6.1 BACE1 proximal proteins after 24 hour biotin load. Columns indicate which technical 
replicates each hit was identified in, 1&2, 2&3 or 1&3. Highlighted- Gene names of proteins identified in all 
replicates, Red- known BACE1 interactors, Bold- appear in at least 4 of 6 replicates across both 
timepoints, Italics- appear in every replicate. 
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Table 6.2 BACE1 proximal proteins after 48 hour biotin load. Columns indicate which technical 
replicates each hit was identified in, 1&2, 2&3 or 1&3. Highlighted- Gene name of proteins identified in all 
replicates, Red- known BACE1 interactors, Bold- appear in at least 4 of 6 replicates across both 
timepoints, Italics- appear in every replicate. 
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6.2.4 Functional analysis of BACE1 interactors 
Only hits that appeared in every replicate at each time point were further studied 

for function and mapped based on known cellular localisation. Protein functions 

and subcellular localisations were identified by the Reactome pathway analysis 

program which utilises the Uniprot database. BACE1 was removed from this 

analysis as it could not be determined whether this hit was due to self-biotinylation 

of the fusion protein or a product of BACE1 dimerisation. Proteins with multiple 

locations were mapped to all known organelles. With 24 hour biotin load, 5 main 

functions can be identified from the protein hits; cell signalling (3 hits), 

cytoskeletal organisation (5 hits), ion homeostasis (4 hits), protein synthesis (3 

hits) and protein trafficking (7 hits) (Table 6.3). When mapped by known 

localisation of these proteins, only protein trafficking proteins appear to be in high 

abundance in a single location, with 4 of the 7 hits known to localise to the plasma 

membrane. (Figure 6.2) With 48 hour biotin load, 2 main functions can be 

identified from the protein hits; cytoskeletal organisation (5 hits) and protein 

trafficking (5 hits). (Table 6.4) When mapped by known localisation of these 

proteins, 3 protein trafficking proteins were identified that localise to the plasma 

membrane. No other cellular function was identified as enriched in a specific 

cellular locale. (Figure 6.3) 
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Table 6.3 Protein functions and cellular localisations of BioID hits after 24 hour biotin load 
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Table 6.4 Protein functions and cellular localisations of BioID hits after 48 hour biotin load 
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Figure 6.2 Mapping of BACE1 interactor function by cell localisation with 24 hour biotin load. 
Protein trafficking proteins were more highly represented at the plasma membrane after 24 hours biotin 
load but no other cellular function was highly represented in another organelle. This suggests BACE1 does 
not target specific functions at different cellular localisations. Figure was made using BioRender.com. 
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Figure 6.3 Mapping of BACE1 interactor function by cell localisation with 48 hour biotin load. 
Protein trafficking proteins were more highly represented at the plasma membrane after 48 hours biotin 
load as with 24 hours. No other cellular function was highly represented in another organelle. This 
provides further evidence that BACE1 does not target specific functions at different cellular localisations. 
Figure was made using BioRender.com. 
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6.2.5 Pathway analysis of BACE1 interactors 
Pathway analysis was conducted using hits from >2 replicates to improve the 

input data. Hits in all 3 replicates identified no enriched pathways, possibly as a 

result of too few hits (38 hits at 24 hours and 40 hits at 48 hours). Pathway 

analysis was conducted using the reactome pathway database to allow 

visualisation of enriched pathways identified through the BioID assay. Pathways 

were filtered by species to identify those within Mus musculus as HT-22 cells are 

of murine origin. The 25 most significant pathways were identified by FDR 

corrected over-representation analysis and any pathway with a single protein 

identified within it was discounted. This led to an indicator of pathways that 

interact with BACE1. 

 

Of the protein hits input, 37 hits were not identified at 24 hours. (Table 6.5) Using 

the remaining 145 hits, 5015 pathways were identified. At 48 hours, 40 hits were 

not identified. (Table 6.5) Using the remaining 93 hits, 3661 pathways were 

identified. The top 25 pathways at each timepoint were identified, pathways with 

the same FDR were ranked by the p-value. Pathways identified at 24 hour and 

48 hour timepoints are represented in tables 6.6 and 6.7 respectively. Only RHO 

GTPase activation of kinectin 1 (KTN1) with 24 hour biotin load had p<0.05 of all 

the pathways identified at 24 hours biotin load. (Figure 6.4) 
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Table 6.5 BioID hits not recognised during pathway analysis Gene names of proteins that were not 
recognised by the pathway analysis software and therefore not included in pathway analysis. 
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Table 6.6 Top 25 pathways identified from over-representation analysis of BACE1 proximal 
proteins at 24 hour biotin load. Under entities, the columns indicate the number of proteins found within 
a pathway are identified (found) and the ratio of total Reactome molecules covered by this pathway (ratio), 
the p-value and the FDR corrected p-value (FDR). Under reactions the columns indicate the number of 
reactions in a given pathway represented by the input data (found) and the ratio of Reactome pathways 
covered by this pathway. 
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Table 6.7 Top 25 pathways identified from over-representation analysis of BACE1 proximal 
proteins at 48 hour biotin load. Under entities, the columns indicate the number of proteins found within 
a pathway are identified (found) and the ratio of total Reactome molecules covered by this pathway (ratio), 
the p-value and the FDR corrected p-value (FDR). Under reactions the columns indicate the number of 
reactions in a given pathway represented by the input data (found) and the ratio of Reactome pathways 
covered by this pathway. 
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Figure 6.4 Rho GTPase activation of KTN1 pathway. This pathway was significantly over-represented 
by BACE1 proximal proteins at 24 hour biotin load. Shading of boxes represents the extent to which that 
complex is represented within the input data. Ie. the number of proteins within the complex that have been 
identified as proximal BACE1 proteins. Proteins from this pathway that were identified are KTN1, kinesin 
heavy and light chains as well as a kinesin receptor. 
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6.3 Discussion 
6.3.1 Determining BACE1 interacting proteins 
The GT1-7 cell line was produced using gonadotropin-releasing hormone 

(GnRH) hypothalamic neurons at the SALK institute. The SV40 T-antigen 

oncogene coupled to the promoter region of GnRH was introduced into 

transgenic mice carrying the hybrid GnRH-Tag gene. The resultant tumours were 

removed and dissociated to produce an immortalised cell line. (Mellon et al., 

1990) The metabolic phenotype of hypothalamic neurons made them a good 

model for determining the BACE1 interactome as it is known that animal 

metabolic homeostasis is altered in BACE1 KO mice via signalling changes in 

POMC/CART, AgrP/NPY and likely other hypothalamic neurons (Meakin, Jalicy, 

et al., 2018).  

 

6.3.2 Evidence supporting known BACE1 interactors 
Interestingly, whilst 5 known BACE1 interacting proteins were identified in the 

BioID assay, APP and the APLP proteins were not identified. This may be 

indicative of the differences in BACE1 substrate specificity between healthy and 

diseased cells. This provides evidence that the HT-22 cell model may be useful 

in identifying stimuli that change the BACE1 interactome from non-diseased 

conditions into a more disease-like state. Alternatively, the interaction time 

between BACE1 and substrate may be too short for biotinylation to occur. It may 

be that a catalytically inactive mutant such as that used by Meakin, Mezzapesa, 

et al. (2018) may increase the interaction time and therefore increase the 

likelihood of biotin labelling. They found increased immunoprecipitation of the 

insulin receptor with a D289A BACE1 mutant that they suggested was due to 

increased residency of the substrate within the active site. However, this could 

also be explained by an inability of the substrate to leave the binding pocket 

without proteolysis- a mechanism that would prevent BACE1 recycling and use 

within BioID would be limited. Activity assay of IR-BACE1 co-IP would provide 

further information about the strength and duration of substrate binding with this 

mutation. The BACE1 interacting proteins that were identified are putative 

substrates and known processors of BACE1. A qualitative proteomic study 

(Hemming et al., 2009) identified both Basigin (Bsg) and Ephrin type-A receptors 

including A2 (Epha2) as possible substrates. This study provides evidence for 

this with Bsg appearing in each replicate at 24 and 48 hour biotin load and Epha2 



Determining the BACE1 interactome 

 205 

appearing in 5 of the 6 replicates at both timepoints. The strength of this assay 

lies in its ability to detect not only BACE1 substrates but any interacting protein. 

Flotillin-2 (Flot2) was identified with 24 hour biotin load in 2 of the 3 replicates. 

This protein has been identified as a co-regulator of BACE1 endosomal sorting 

along with flotillin-1 however it was identified as a non-direct interactor in HeLa 

cells (John et al., 2014). Flotillin KO cells exhibited accumulation of BACE1 in 

lysosomal compartments but not early endosomes. Furthermore, flotillins have 

been shown to compete with GGA proteins such as ADP-ribosylation factor-

binding protein (GGA2) which was also identified in 2 of 3 replicates at 24 hours 

biotin load (John et al., 2014). GGA proteins also bind BACE and regulate 

trafficking between endosomes and the TGN (He, Chang, Koelsch, & Tang, 2002; 

Kang et al., 2012). Competition between flotillin and GGA may be responsible for 

BACE1 substrate specificity by regulation of BACE1 sub-cellular localisation. 

These results support this model as a tool to only identify the BACE1 proteome 

but also BACE1 localisation and trafficking events in both healthy and diseased 

conditions. BACE1 regulation may also occur through post-translational 

modifications. Palmitoylation of BACE1 has been shown to increase APP 

processing in lipid rafts and may contribute to amyloidogenesis (Vetrivel et al., 

2009). Identification of the palmitoyl transferase DHHC20 (Zdhhc20)- a known 

palmitoyltransferase for BACE1- indicates that the BACE1 fusion protein is being 

palmitoylated. These hits provide evidence that the fusion protein is being 

processed in ways known to occur to native BACE1 and that the presence of the 

BirA tag is not likely to be affecting BACE1 targeting, processing and activity. It 

must also be noted that many suggested BACE1 substrates were not identified 

in this assay. This may be due to the nature of the assay compared to those used 

in previous BACE1 substrate experiments. Previous studies have utilised BACE1 

protease activity to look for enrichment of cleaved fragments within the 

extracellular space to identify substrates for BACE1 and often utilise AD models 

such as APP over-expressors to mimic AD conditions or use non-neuronal cells 

for cell-based assays (Dislich et al., 2015; Hemming et al., 2009; Herber et al., 

2018; Kuhn et al., 2012). This experiment was designed to mimic physiologically 

healthy conditions in a model of hippocampal neurons to identify BACE1 

interactors under non-diseased conditions in a disease-relevant cell type. 

Furthermore, this study did not rely upon the proteolytic activity of BACE1 so was 

not limited to possible substrates as were previous studies. These differences are 
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likely to be the cause of variations in protein hits between this and published data 

on the BACE1 interactome. 

 

6.3.3 BACE1 interacting protein families 
The data indicate that some protein families appear to interact with BACE1. Cavin 

1,2 and 3 were all identified in at least 2 replicates after 48 hours of biotin loading. 

Septins 7 and 11 were all identified interacting with BACE1 after 24 hours of biotin 

treatment with Sept8 also identified after 48 hours. Vesicle-associated membrane 

proteins 3,5 and 7 were identified at 24 hours with 3 and 7 remaining after 48 

hour biotin load. Other protein families identified include: Eukaryotic translation 

initiation factor 3 subunits (Eif3), Ras-related proteins (Rab) proteins and Solute 

carrier family proteins (Slc).  

 

Cavin proteins are part of the cavin-complex involved in plasma membrane 

invagination and the formation of caveolae. These proteins, along with caveolins, 

form the protein coat of caveolae (Hansen, Bright, Howard, & Nichols, 2009). The 

expression of Caveolin 1 (Cav1) alongside these proteins hint at the microdomain 

localisation of BACE1 to caveolae at the cell surface. This is consistent with the 

presence of DHHC20, a palmitoyltransferase known to act upon BACE1 thereby 

targeting it to lipid rafts- of which caveolae are a subset. It is widely believed that 

neurons do not express caveolin proteins and therefore do not form caveolae 

leading to the questioning of the HT-22 as a suitable cellular model for neurons. 

(Head & Insel, 2007) However, immature neurons in culture have been shown to 

express caveolin proteins and, indeed, differentiation of the progenitor cells leads 

to reductions in their expression (D’Orlando et al., 2008). In their study, retinoic 

acid and phorbol ester were used as differentiation factors that led to reduced 

caveolin expression. Interestingly, both of these compounds have been 

implicated in BACE1 regulation; retinoic acid by downregulating BACE1 

expression and phorbol esters by increasing BACE1 ectodomain shedding 

(Hussain et al., 2003; Wang et al., 2015). Whilst their presence and function in 

neurons are debated, the function of caveolae and associated proteins are still 

unknown.  

 

Eif proteins are members of the eukaryotic translation initiation process. Within 

the BioID assay 7 members of this pathway were identified as interactors of 
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BACE1 (Eif2s1, Eif3c, Eif3h, Eif3i, Eif3l, Eif4g1, Eif5a2) at 24 hours biotin load 

however only Eif3i was identified at 48 hours. It is therefore probably that these 

proteins constitute the translation complex that created the BACE1-BirA fusion 

protein. After 24 hours of biotin the cells will have been transfected for 48 hours, 

therefore it would be expected that the cells would still be actively producing the 

protein. However, at 48 hours biotin load, the cells will have been transfected for 

72 hours making it plausible that by this stage, much less of the fusion protein is 

being actively produced and therefore less of the translation machinery is being 

labelled. This complements the western blots of both BACE1 and HA at the 48 

hour biotin load timepoint that indicate less of the construct at this time. 

 

Eif3 is a component of the Eif-3 initiation factor complex. This complex binds to 

the 40S ribosome and facilitates the binding of other initiation cofactors such as 

Eif1, Eif2 and Eif5. This forms the 43S pre-initiation complex and only then, may 

the 43S subunit join the 60S ribosomal subunit and permit translation.  This study 

identified Eif3c, h, i and l as interacting with BACE1 with Eif3i being more 

consistently biotinylated suggesting a closer proximity to this Eif3 than the other 

subunits.  

 

Other Eif proteins identified such as Eif2s1 are also involved in translation 

initiation. It regulates the binding of Met-tRNA to the 40S ribosomal subunit. 

Eif4g1 is part of a protein complex involved in recognition of the mRNA cap and 

recruitment of mRNA to the ribosome. Eif5a2 is an mRNA binding protein and 

facilitates elongation of translating proteins. The biotinylation of these proteins 

offers a detailed view into the translation of the BACE1 protein. 

 

Rab GTPases are heavily implicated in protein trafficking. The identification of 8 

Rab proteins (Rab10, 14, 1a, 1b, 21, 32, 5c and 7a) by the BioID assay gives 

confirmation of BACE1 transport within the cells. It is known that BACE1 

undergoes cycling within the cell with current knowledge suggesting transport to 

the plasma membrane upon activation in the TGN. BACE1 is then internalised 

into endosomes where it can be cycled back to the cell surface, trafficked to the 

TGN or retained for lysosomal degradation. The transport of BACE1 has been 

heavily implicated in its function with studies indicating that the low pH of 

endosomes increases BACE1 activity and suggesting that targeting both APP 
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and BACE1 to endosomes may be responsible for the majority of Aβ production 

(Haass, Koo, Mellon, Hung, & Selkoe, 1992; Koo & Squazzo, 1994; Pasternak et 

al., 2003). Rab 10 is involved in vesicular transport from the TGN to the plasma 

membrane. Rab 14 is implicated in transport from the TGN to endosomes. Rab1a 

facilitates transport from the ER to both the endosome and the cell surface whilst 

Rab1b regulates transport from the ER to the TGN. Rab 32, has not been 

implicated in protein trafficking but may be important in the internalisation of 

membrane proteins for recycling. Rab5c has been identified in early endosomes 

and may be part of the process of the endocytic pathway for protein recycling. 

Additionally, Rab7a is a classic late endosomal marker and is implicated in 

endosome maturation and lysosome formation. The BACE1 cycling is completed 

by the identification of a Rab interacting protein Rab11fip5 which assists Rab11 

in the movement of recycling endosomes back to the plasma membrane 

(Sugawara, Shibasaki, Mizoguchi, Saito, & Seino, 2009). (Figure 6.5) Rab 

expression between the two timepoints support earlier hypotheses that 72 hours 

after transfection, production of the fusion protein is substantially reduced. At the 

48 hours timepoint expression of early Rab proteins involved in membrane 

trafficking from the ER and TGN are not identified thus suggesting substantially 

reduced protein synthesis.  

 

The septins are also GTPases, they are highly associated with the cytoskeleton 

and vesicle trafficking (Mavrakis et al., 2014; Wang et al., 2018). Septins 11, 8 

and 7 were identified. It is therefore likely that these proteins become biotinylated 

whilst the BACE1 fusion protein is being transported throughout the cell. Due to 

the BirA tag being localised to the C-terminus, upon vesicular transport, the tag 

is on the cytoplasmic side of the membrane. This leads to biotinylation of 

cytoplasmic proteins and filaments along which the vesicle travels. Indeed 

kinesin-1 heavy chain, kinesin light chain 1 and the kinesin receptor kinectin were 

also biotinylated- most likely as a result of anterograde transport of BACE1. 

Interestingly, kinesin subunits were not identified in the later 48 hour timepoint 

but the Dynein 1 light intermediate chain 2 was, suggesting retrograde transport 

of BACE1 at this later timepoint. However, a study by Kurkinen et al. (2016) 

suggested that septin 8 (SEPT8) expression modulates BACE1 cellular 

localisation and that downregulation of this protein reduces BACE1 expression 

and APP β-cleavage. They suggested that SEPT8 achieved this by increasing 
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BACE1 stability as well as increasing targeting to the early and recycling 

endosomes. Furthermore, expression of a SEPT8 variant was shown to correlate 

with NFT pathology in AD temporal cortical tissue. 

 

 
 

Figure 6.5 Mapped movement of BACE1-BirA throughout the cell from identified proximal Rab 
proteins. Rabs 10, 14, 1a, 1b, 21, 32, 5c and 7a were identified after 24 hour biotin load suggesting transport 
from the Golgi to the ER (endoplasmic reticulum) and on to the PM (plasma membrane). From the PM 
BACE1 is trafficked to early endosomes which mature to LE (late endosomes) and lysosomes. From EE 
(early endosomes) BACE1 may be trafficked back to the PM. BACE1 may also be trafficked directly to the 
endosomes from both the golgi and ER. After 48 hour biotin load only Rabs 10, 32, 5c and 7a were detected 
suggesting that movement to the membrane from the ER and trafficking back into the endosomal/lysosomal 
compartments occur later in the BACE1 trafficking process and by this timepoint, BACE1-BirA is not being 
transported from the endosomal system, back to the plasma membrane.  Figure was made using 
BioRender.com. 

 

BACE1 was identified as localising proximal to 12 solute carrier proteins 

(Slcs12a2, 12a4, 1a5, 20a2, 30a4, 35a1, 35f6, 38a1, 39a7, 6a9, 7a11 and 

Slc02a1). These large proteins are multi-pass transmembrane proteins 

containing 10 or more membrane spanning domains. They are transporters of 

small molecules and often confer ion gradients across the membrane or mediate 

uptake of amino acids or neurotransmitters. 

 

Slc12a2, Slc1a5, Slc20a2 and Slc6a9 were all identified at both timepoints. 

Slc12a2 is responsible for sodium and chloride transport across membranes. 

Whilst the sodium gradient across the PM is a key aspect of action potential 

transmission, the chloride gradient is a regulator of neurotransmitters such as 

promotion of inhibitory GABAergic signalling by altering PM subunit expression 
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(Succol, Fiumelli, Benfenati, Cancedda, & Barberis, 2012). Slc1a5 is an amino 

acid transporter with broad specificity targeting all neutral amino acids. Slc20a2 

is a sodium phosphate transporter and Slc6a9 a glycine transporter. It appears 

from these hits that transport of a specific ion or solute transporter set is not being 

targeted by BACE1, rather the family may be targeted due to localisation at a cell 

surface microdomain as multiple sequence alignment of these proteins identified 

very poor sequence identity.  

 

Slc12a4 is a potassium chloride cotransporter, Slc30a4 and Slc39a7 are zinc 

transporters, Slc35a1 a cytidine monophosphate (CMP)-sialic acid transporter, 

Slc35f6 may be a mitochondrial protein of unknown function and Slc7a11 an 

anionic amino acid transporter were all identified at 24 but not 48 hours. 

Interestingly, these proteins have been identified in intracellular membranes such 

as Golgi and ER as opposed to the cell membrane. Presence of these proteins 

may be further indication of targeted interactions of BACE1 with solute carrier 

proteins due to interactions in multiple organelles.  

Slc38a1, a glutamine transporter and a solute carrier organic anion transporter 

(Slco2a1) that transports prostaglandins were identified after 48 hour biotin load; 

both of which have been identified at the plasma membrane. The array of solute 

carrier proteins identified within this assay begs many questions about the role of 

BACE1 within the cells. These proteins, with multiple membrane passes, would 

not be immediately considered as BACE1 substrates as BACE1 is known to 

target single pass transmembrane proteins (such as APP, LRP1 and the Sez6). 

Association between BACE1 and these proteins occur in multiple cellular 

localisations thereby making the idea of BACE1 targeting to this type of protein 

more suggestable however the confirmation of this association and physiological 

function would need to be established experimentally.  Interestingly, analysis of 

the cell surface proteome identified multiple Slc proteins significantly increasing 

with BACE1 inhibition but secretome analysis does not identify these proteins as 

potential BACE1 substrates (Herber et al., 2018; Kuhn et al., 2012). This opens 

the possibility of a non-enzymatic relationship between the Slc proteins and 

BACE1- a function that is not commonly studied but has been previously shown 

in sodium channel gating as BACE1 may functionally replace the β2 subunit of 

these channels (Huth et al., 2009). Furthermore, yeast-two hybrid studies using 

the intracellular c-terminal domain of BACE1 identified interactions with proteins 
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such as BRI3 and RanBPM involved in TNFα induced cell death and microtubule 

nucleation respectively (Wickham, Benjannet, Marcinkiewicz, Chretien, & 

Seidah, 2005).  

 

Vesicle associated membrane proteins (Vamps) are type IV transmembrane 

proteins containing a C-terminal single transmembrane domain. They are a family 

of SNARE proteins known to mediate vesicular transport throughout the cell. 

Vamp3 is a known synaptic protein that has been implicated in the reuptake of 

neurotransmitters into the presynaptic membrane. It has also been shown to 

mediate the transport of secretory vesicles through interactions with Ykt6, and 

Snap proteins. As both Ykt6 and Snap23 (a synaptosomal protein involved in 

vesicle docking and fusion) were identified within this screen, it may be suggested 

that BACE1 is playing a role in the secretory pathway in these cells (Gordon et 

al., 2017). Vamp5 is also expressed at the plasma membrane and the STRING 

database indicates that it too, interacts with Snap23 and Ykt6. Vamp 7 is 

implicated in the fusion of late endosomes to lysosomes as well as secretion of 

soluble factors in immune cells. (Chiaruttini et al., 2016; Ward, Pevsner, Scullion, 

Vaughn, & Kaplan, 2000) Whilst the nature of BACE1 transport throughout the 

cell dictates that these hits are likely to be due to co-transport with BACE1 or 

expression at the same membranes, it cannot be overlooked that these single 

pass transmembrane proteins are candidates for BACE1 substrates.  

 

6.3.4 BACE1 interacting proteins 
A number of proteins were identified as possible BACE1 interactors in every 

replicate at both timepoints (Afdn, Bsg, Cav1, Cavin2, Ddr2, Dlg1, Pgrmc2, 

Sept7, Slc1a5, Slc6a9, Snap23, Sptbn1, Steap3, Vamp3 and Zdhhc20). These 

proteins are therefore the strongest candidates for true BACE1 interacting 

proteins from this assay.  

 

Afadin (Afdn) is a structural protein that binds to actin and maintains cell adhesion 

through interaction with nectin and ponsin (NAP) in NAP systems. NAP systems 

co-localise with the cadherin-catenin system at adherens junctions and may be 

linked through vinculin (Ikeda et al., 1999; Mandai et al., 1999). It has also been 

suggested that afadin interacts with clusters of Eph receptors, receptor tyrosine 

kinases that are putative BACE1 substrates (Hock et al., 1998). In neurons, 
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afadin assists in axonal branching and dendritic branching through R-ras GTPase 

mediated actin reorganisation (Iwasawa, Negishi, & Oinuma, 2012). It is therefore 

of note that BACE1 proximity assay also identified Rras2 at both 24 hour and 48 

hour timepoints. In addition, the scaffolding protein and BioID hit Disks large 

homolog 1 (Dlg1) may localise to adherens junctions and mediate their formation 

(Bossinger, Klebes, Segbert, Theres, & Knust, 2001). As well as acting as in cell 

adherence, Dlg1 mediates the localisation of cell surface proteins to 

microdomains resulting in cell polarisation and, in neural cells, membrane 

formation (Bolis et al., 2009; Woods, Hough, Peel, Callaini, & Bryant, 1996). 

Interestingly, afadin has been shown to be phosphorylated by AKT through 

activation of the PI3K signalling cascade. This results in translocation of afadin 

from adherens junctions to the nucleus and increases cell permeability and 

migration in endothelial cells (Elloul, Kedrin, Knoblauch, Beck, & Toker, 2014; 

Zhai et al., 2018). The suggestion of a role for BACE1 in regulation of cell 

adhesion is growing with evidence that APP-like proteins may be adhesion 

molecules themselves or accessory proteins at focal adhesion points (Chen & 

Dou, 2012; Dunsing, Mayer, Liebsch, Multhaup, & Chiantia, 2017).  

 
Discoidin domain-containing receptor 2 (Ddr2) is a type I transmembrane tyrosine 

kinase expressed at the cell surface. As this protein is a type I transmembrane 

protein, this suggests that this hit may be a substrate for BACE1. Ddr2 also 

regulates remodelling of the extracellular matrix through collagen binding as well 

as activation of signalling cascades such as ERK and PI3K as reviewed by Fu, 

Valiathan, et al. (2013). Furthermore, reports of Ddr1 ectodomain shedding 

through a metalloproteinase method is somewhat similar to known methods of 

APP processing (Fu, Sohail, et al., 2013). Whilst there has been no confirmation 

of Ddr2 shedding, studies have found similar effects of the cleaved extracellular 

domain of Ddr2 to Ddr1 (Flynn, Blissett, Calomeni, & Agarwal, 2010). Whilst more 

studies would need to be conducted to establish whether Ddr2 is in fact cleaved 

and the role of BACE1 in this process; if true, interaction with Ddr2 would offer 

further evidence for the importance of BACE1 in maintaining cell morphology. 

 

Membrane-associated progesterone receptor component 2 (Pgrmc2) is another 

type I transmembrane protein identified from this assay. However, this protein is 

not implicated in cell junctions and morphology but steroid binding. The precise 
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role of this protein within the nervous system has not been determined as it has 

been shown that this receptor does not bind progesterone but may still play a role 

in progesterone signalling (Liu et al., 2009; Petersen et al., 2013). A recent Bio-

ID study into the interactome of fatty acid 2-hydroxylase (FA2H) (a ceramide 

processing enzyme important in myelination) found an association between 

FA2H and Pgmrc proteins 1 and 2 (Hardt, Winter, Gieselmann, & Eckhardt, 

2018). Whilst Pgmrc2 was not validated in this study, they found that inhibition of 

Pgmrc1 reduced the production of 2-hydroxylated sphingolipids (such as 

ceramide). Mice deficient in FA2H show axon degeneration and deficit in learning 

and memory. The implications of this protein as a possible BACE1 substrate 

stretch beyond AD as progesterone signalling has many effects throughout the 

brain; particularly within the hypothalamus in the regulation of sex hormones 

(Wen He et al., 2017).  

 

Spectrin beta chain non-erythrocytic 1 (Sptbn1) is an actin binding cytoskeletal 

protein. This hit is likely to be due to its proximity during vesicle transport of 

BACE1. However due to the high number of cytoskeletal proteins identified during 

this study, it cannot be ruled out that BACE1 interacts with a spectrin binding 

complex. This is particularly noteable due to the appearance of the spectrin/actin 

binding proteins 4.1G and 4.1B. The 4.1 family of proteins are membrane 

targeted and, similar to Dlg1, modulate protein microdomain targeting and 

maintain cell morphology (Discher et al., 1995; Gimm et al., 2002). This evidence, 

combined with in vivo proteomic evidence that protein 4.1N expression changes 

with BACE1 expression within the hippocampus as shown in chapter 4 highly 

implicates BACE1 in membrane sorting and cellular structure.   

 

Metalloreductase STEAP3 (Steap3) is an endosomal multi-pass transmembrane 

protein that is involved in Fe3+ reduction (Lambe et al., 2009). As little evidence 

exists with regard to BACE1’s direct role in iron homeostasis within neurons this 

was most likely due to proximity after endosomal targeting of the BACE1. As both 

Rab 5c and Rab7a were biotinylated at both timepoints indicating endosomal 

targeting, it is feasible that this hit, despite its consistency across replicates, was 

not a true interactor of BACE1. 
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These proteins strongly hint towards a role for BACE1 cellular connectivity. In 

healthy cells BACE1 was identified as localising to the plasma membrane with 

many structural, adhesion and ECM proteins and these were the predominant 

function of the most reliable hits. The nature of the interactions between BACE1 

and cell adhesion requires further investigation but a study by Deng et al. (2017) 

has suggested a role for increased BACE1 in disrupting the vascular endothelial 

layer as a result of TNFα treatment. Increased BACE1 within EA.hy926 

endothelial cells led to significant disruption of tight-junctions suggesting a role 

for BACE1 in maintaining the BBB.  

 

Whilst many cell adhesion and cytoskeletal proteins are highly represented in the 

Bio-ID hits, it cannot be overlooked that these proteins were labelled purely as 

part of BACE1 transport. Further co-localisation studies and cellular fractionation 

would determine the location of these interactions and suggest the function of 

these associations. Additionally, as many are transmembrane proteins, enzyme 

assays could determine which, if any, are substrates of BACE1. 

 
6.3.5 BACE1 interaction differ between timepoints 
A number of proteins were identified in every replicate at 24 hours but appeared 

in none after 48 hours. At first it was supposed that this was a result of changes 

in cellular localisation of the BACE1 construct and that the hits at 24 hours would 

be localised to cellular compartments early in the BACE1 trafficking stages such 

at the ER or TGN. However further research suggested that this was not the case 

as many of the hits are cytosolic or membrane targeted. There also appears to 

be no common function or pathway between these proteins so it seems unlikely 

that the higher BACE1 expression at the earlier timepoint was leading to 

activation of different pathways. It may be, however, that high expression of 

BACE1 at the 24 hour timepoint is leading to off-target effects of BACE1 or 

interactions with less abundant substrates as the usual substrates became 

saturated. ATP-binding cassette sub-family F member 2 (Abcf2) is an ABC 

transporter (Lindner et al., 2012). RHO GTPase-activating protein 1 (Arhgap1) is 

a family member of RhoGAPs, activators of Rho and Rac proteins (Amin et al., 

2016). Tyrosine protein kinase receptor UFO (Axl) is a member of the TAM family 

of receptor tyrosine kinases. The many functions of TAM receptors including Axl 

were extensively reviewed by Linger et al. (2008) as well as their roles in cancers; 
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a field in which they have been extensively studied. Protein EFR3 homolog A 

(Efr3a) is a member of the localisation complex of PI4-kinase that targets to the 

plasma membrane (Nakatsu et al., 2012). Trifunctional purine biosynthetic 

protein adenosine-3 (Gart) plays a role in purine biosynthesis (Ng, Uribe, Yieh, 

Nuckels, & Gross, 2009). Interferon induced transmembrane protein 3 (Ifitm3) is 

an antiviral protein that may disrupt cholesterol homeostasis and transport 

(Amini-Bavil-Olyaee et al., 2013). Lysine tRNA ligase (Kars) is an amino acyl 

tRNA synthetase required for the combining of Lysine to its corresponding tRNA. 

Keratin (type I cytoskeletal 10) (Krt10) is a filamentous intermediate filament 

protein. RNA N6-adenosine methyltransferase (Mettl16) methylates adenosine 

residues on mRNA (Shima et al., 2017). Myoferlin (Myof) is localised to caveolae 

and lipid rafts. Here, it may play a role in maintaining the plasma membrane and 

endocytosis within these microdomains (Bernatchez et al., 2007; Bernatchez, 

Sharma, Kodaman, & Sessa, 2009).  SH3 and PX domain-containing protein 2A 

(Sh3pxd2a) are adaptor proteins involved in the structure of podosomes and 

invadopodia and has been implicated in AD susceptibility through its stabilising 

effects of ADAM proteins (Harold et al., 2007; Laumet et al., 2010). Vang-like 

protein 1 (Vang1) is a multi-pass membrane protein implicated in neurite 

formation and cell polarisation (Sanchez-Alvarez et al., 2011).  

 

At 48 hours, the proteins GRB10 interacting GYF protein 1 (Gigyf1), myosin 

phosphatase rho-interacting protein (Mprip) and vacuolar protein sorting 

associated protein 13c (Vps13c) were identified that were not present at 24 

hours. These hits are most likely to be present at this timepoint due to limitations 

in the MS/MS identification process. High abundance peptides may mask the 

presence of lower abundance proteins. As the 24 hour timepoint contained high 

protein abundance, many low abundance proteins may have been lost in the 

detection method. These proteins may have become detectable at the lower 

protein concentrations at 48 hours. As these proteins are not localised to later 

BACE1 cycling locations, detection errors seem the most likely cause for the lack 

of these proteins at the earlier timepoint. These proteins are a regulator of insulin-

like growth factor signalling, a RhoA binding protein and activator and an outer 

leaflet mitochondrial protein that regulates mitochondrial susceptibility to stress 

implicated in Parkinson’s disease respectively. (Giovannone et al., 2003; Koga & 

Ikebe, 2005; Lesage et al., 2016) 
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6.3.6 Pathway analysis 
The only pathway identified as being significantly over-represented from the 

proximity assay hits was RHO GTPase activation of Kinectin (Ktn1); Ktn1 itself 

being a protein identified in the assay. This pathway describes the activation of 

vesicular transport from the endoplasmic reticulum upon binding of RHO 

GTPases to kinectin (Hotta, Tanaka, Mino, Kohno, & Takai, 1996; Vignal, Blangy, 

Martin, Gauthier-Rouviere, & Fort, 2001). Consequently, enrichment is likely to 

be due to BACE1 trafficking as opposed to direct BACE1 interaction. As this 

pathway is no longer enriched at 48 hours, a timepoint previously described as 

exhibiting less fusion protein production, it may be determined that this pathway 

became biotinylated purely by proximity to the fusion protein, rather than a 

product of BACE1 interaction.    

 

6.3.7 Conclusions 
This study offers proof of principle that the Bio-ID method offers an accurate 

representation of the BACE1 interactome as data collected are supported by 

known BACE1 interactors and transport pathways. In this assay the presence of 

C-terminal BirA does not appear to interfere with BACE1 function or processing 

making it a good model for studying BACE1 interactions. This means that this 

assay can be used to determine BACE1 interacting proteins; not only offering 

suggestions for new substrates and binding partners, but also to track the cycling 

of BACE1 throughout the cell. The data lend themselves to the suggestion that 

BACE1 may play a role in cell adhesion and cytoskeletal maintenance under 

normal physiological conditions. Further studies into the nature of these 

associations- whether they be enzyme-substrate, non-enzymatic binding 

partners or merely a product of BACE1 transport will determine how these hits tie 

in to BACE1 physiological function. With further optimisation, the method may be 

used as a quantifiable proteomic method of identifying BACE1 interactors. This 

could be achieved through measurement of protein and peptide concentrations 

throughout sample preparation to ensure that an equal amount of peptide product 

is analysed per sample. Quantifiable proteomics would offer further information 

on the extent of interaction between BACE1 and each hit and may shed light on 

which hits are products of co-transport or indirect interactions. This would also 
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enable future studies to calculate the change in interaction between BACE1 and 

Bio-ID hits under different conditions.  

 

Further experiments in the HT-22 hippocampal cell line would enable the 

identification of BACE1 interactome changes with cellular stresses that are 

known to increase the risk of AD. The incubation of cells with free-fatty acids 

(such as palmitate) and high glucose can be used to mimic western diet within 

cell culture and in doing so, identify targets that may explain the association 

between metabolic dysfunction with AD. With the identification of known BACE1 

modifiers such as DHHC20, these experiments would also offer insight into 

whether stressors modulate BACE1 PTMs as well as trafficking.  

 

As cell adhesion molecules play a vital role in maintenance of the BBB, it would 

be of interest to conduct the BioID study within endothelial cells. Again, conditions 

such as high-glucose – a known influencer of BBB permeability- can be utilised 

to determine whether BACE1 plays a role in metabolic BBB dysfunction.  



 

 
 
 

Chapter 7 
Effects of β-amyloid on leptin sensitivity 

 
 
 
 
 
 
 
 
 



Effects of β-amyloid on leptin sensitivity 

 219 

7.1 Introduction 
Leptin is most commonly considered a modulator of appetite and energy 

homeostasis with reduced leptin signalling alongside hyperleptinemia (termed 

‘leptin resistance’) being associated with obesity. In recent years it has been 

shown that leptin exerts neuroprotective effects within the brain (Amantea et al., 

2011; Malekizadeh et al., 2017). First indicators of the neuroprotective actions of 

leptin came from behavioural and biochemical analysis of leptin and leptin 

receptor deficient mice. Ahima et al. (1999) identified locomotor deficits in ob/ob 

mice that could be overcome with leptin treatment. They showed that the absence 

of leptin signalling led to reduced brain weight, decreased synaptic protein 

expression and reduced myelination- indicators of neurodegeneration. Leptin is 

now being investigated as a potential therapeutic for AD as it has been shown 

that leptin administration improves cognitive function in both AD mouse models 

and leptin deficient humans (Greco et al., 2010; Paz-Filho et al., 2008). In addition 

to decreased circulating leptin, it has been suggested by Maioli et al. (2015) that 

AD patients exhibit reduced leptin signalling within the hippocampus and that 

leptin targeting switches from neurons to astrocytes irrespective of leptin 

concentration. A recent study indicated that central chronic infusion of the AD 

peptide Ab1-42 induces leptin resistance in DIO mice, however the mechanism 

behind this process was not determined (Meakin, Jalicy, et al., 2018). 

 

CSF Ab1-42 decreases with AD progression with reductions seen in MCI 

compared to cognitively normal controls and a further reduction seen in AD 

patients (Bonda et al., 2014; Johnston et al., 2014). In contrast, hippocampal 

tissue exhibits increased amyloid deposition with disease progression and lower 

CSF amyloid that could be explained by reduced amyloid clearance from the 

brain (Hsu et al., 2015). Furthermore, animal studies indicate that amyloid burden 

within the cortex is greatly increased with chronic high-fat diet and both BACE1 

expression and activity is increased under nutrient excess (Meakin et al., 2012; 

Vandal et al., 2014). Studies into circulating amyloid concentrations with chronic 

dietary stress revealed that a high-fat diet for 20 weeks led to mean plasma Aβ1-

42 at ~20pg/ml and Aβ1-40 at ~80pg/ml whilst NC controls at the same age 

exhibited plasma Aβ1-42 at ~10pg/ml and Aβ1-40 ~100pg/ml (Supplemental figure 

S5, Ashford group, University of Dundee). This helped determine the initial 

amyloid concentration used in this study and it is within the physiological range 
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observed in CSF of cognitively healthy individuals and those with MCI. (Forlenza 

et al., 2015; Haapalinna et al., 2016) Circulating Aβ1-40 was approximately 4 times 

higher than that of Aβ1-42 in animals on HFD and human data indicate that plasma 

and CSF Aβ1-40 concentrations are greater than the corresponding Aβ1-42 in both 

control and diseased tissues (Dorey, Perret-Liaudet, Tholance, Fourier, & 

Quadrio, 2015). Follow up studies exposing mice to intracerebroventricular (ICV) 

Aβ1-42 identified hypothalamic leptin resistance within these animals as a result 

of mouse amyloid exposure and dietary stress (Meakin, Jalicy, et al., 2018). For 

these reasons, 400pM mouse Aβ1-40 was applied in this study alongside 100pM 

mouse Aβ1-42 (hereafter referred to as Aβ40 and Aβ42 respectively) to determine 

whether these peptides induce differing effects on leptin sensitivity. The higher 

amyloid concentrations for both Aβ species concentrations used, whilst above 

those identified within both amyloid infused and HFD fed mice, is within the range 

observed in the CSF of humans (Bertens, Tijms, Scheltens, Teunissen, & Visser, 

2017; Maruyama et al., 2001; Schoonenboom et al., 2005).  

 

This study aimed to identify the mechanism behind amyloid mediated leptin 

resistance through monitoring the effects of chronic Aβ42 and Aβ40 on leptin 

receptor activation.  Phosphorylation of STAT3 Y705 was utilised as the indicator 

of leptin receptor activation due to difficulties in time response and western blot 

analysis of JAK2. Expression of key modulators in leptin signalling SOCS3, 

PTP1B and Y580 and Y542 pSHP-2 were determined in order to establish 

whether amyloid peptides result in leptin resistance within this model. This study 

could also help determine the mechanism behind the amyloid dependent 

reduction in pSTAT3 observed in vivo.  

 

Experiments were initially conducted in the immortallised mouse hypothalamic 

neuronal cell line GT1-7. This was due to their neuronal phenotype without need 

for differentiation as the differentiation process of neuronal cell lines leads to 

increased endogenous amyloidogenesis. (Wang et al., 2015). Furthermore GT1-

7 cells show characteristics of hypothalamic neurons such as glucose sensing 

making them an good model for central metabolic signalling experiments (Beall 

et al., 2012; Watterson et al., 2013). Their expression profile of the leptin 

signalling pathway components made them favourable over other hypothalamic 

cell lines such as the mHypoA cells. However, due to loss of leptin sensitivity, a 
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substitute was made for HEK 293 cells expressing the leptin receptor isoform b 

(ObRb).  

 

7.2 Results 
7.2.1 Leptin signalling in GT1-7 cells 
A leptin dose response performed in GT1-7 stably transfected (but not clonally 

selected) with mObRb indicated that they were not leptin sensitive (Figure 7.1A) 

so they were transfected with the b isoform of the mouse leptin receptor (mObRb) 

and once again subjected to a leptin dose response at 5, 15 and 30 minute 

stimulation times. With expression of mObRb, the GT1-7s became leptin 

responsive and exhibited a dose response effect at all time points. (Figure 7.1B). 

The 30 minute time point was chosen for further studies as it exhibited greater 

STAT3 phosphorylation at 1nM than shorter time points. This allowed 

experiments to utilise a lower (though, still supraphysiological) concentration of 

leptin to monitor changes in sensitivity (Nam et al., 2001; Schwartz, Peskind, 

Raskind, Boyko, & Porte, 1996). Further experiments monitored the effects of 5-

day incubation with 11pM ScrP, Ab40 and Ab42 compared to vehicle treated 

controls on GT1-7 mObRb sensitivity to 1nM leptin. No change in leptin sensitivity 

was observed with any peptide treatment (Figure 7.1C) however, the effects of 

1nM leptin in all treatments appears to be diminished when compared to the 1nM 

treatment in previous dose response experiments. It is likely that the cells were 

beginning to show reduced leptin sensitivity at this stage and soon after the cells 

lost their sensitivity to leptin halting further experiments. As a result, few replicates 

were achieved. Attempts were made to identify the ObRb construct expression 

within the cells as loss of transgene may have caused this loss of leptin 

sensitivity. Detection was attempted through pulldown with HA tag affinity resin 

and western blot using an ObR antibody and western blot of crude lysate with 

anti-HA antibody. However, neither method proved sufficient to detect the protein 

in GT1-7 mObRb cells. 

 

7.2.2 Leptin signalling in HEK 293 cells 
In order to create a leptin sensitive cell line that could be used consistently, HEK 

293 cells were employed. HEK 293 cells are human embryonic kidney cells 

immortalised through transformation with adenovirus 5 DNA which resulted in 

incorporation of viral DNA into the genome of this cell line. (Graham, Smiley, 
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Russell, & Nairn, 1977) HEK 293 cells were not leptin sensitive but became 

responsive upon stable transfection with mObRb as observed by increased 

STAT3 phosphorylation with 1nM leptin treatment. (Figure 7.2)  

 

 
Figure 7.1 Phosphorylation of STAT3 with leptin stimulation in transfected GT1-7 cells. The 
neuronal cell line GT1-7 is not responsive to leptin until transfected with the b isoform of the leptin 
receptor. Western blots showing the phosphorylation of STAT3 in response to leptin stimulation in A) 
Untransfected GT1-7 cells show no change in STAT3 phosphorylation with increasing leptin concentration 
B) mObRb GT1-7 cells show increasing STAT3 activation with leptin concentration at 5, 15 and 30 minute 
stimulation times C) STAT3 activation in mObRb GT1-7 cells does not change with exposure to 11pM 
scrambled peptide (ScrP) Aβ1-42  or Aβ1-40. 
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Figure 7.2 Phosphorylation of STAT3 with leptin stimulation in transfected HEK293 cells. HEK293 
cells transfected with mObRb exhibit STAT3 activation in response to leptin. 
Western blot exhibiting no STAT3 activation of untransfected HEK293 cells either with or without leptin 
stimulation. mObRb exhibit STAT3 activation when stimulated with 1nM leptin for 30 minutes. 

 

 
7.2.3 Leptin sensitivity with chronic exposure to 11pM amyloid 
Cell lysates were collected after 5-day exposure to amyloid peptides and 

following a 30-minute leptin stimulation. Western blot indicated no change in the 

expression of total STAT3 (tSTAT3) with leptin dose. (Figure 7.3A) STAT3 

expression was also unchanged between ScrP and Ab42. (Figure 7.3B) 

Phosphorylation of STAT3 was unchanged with Ab42 compared to ScrP controls 

across all leptin doses observed. (Figure 7.3C). Bands were not identified at 0 

and 0.5nM leptin stimulations meaning a baseline phosphorylation state could 

not be determined in this study. Due to this, the dose response change in pSTAT3 

was not quantified. 

 

No change was observed in STAT3 regulating protein PTP1B (Figure 7.4). A 

trend towards increased PTP1B expression with Ab1-42 was observed however 

this was due to a single replicate exhibiting greater PTP1B expression with Ab42 

that was not observed in other replicates.  

Total SHP-2 (tSHP-2) expression was unaltered with Ab42 exposure or leptin 

concentration. (Figure 7.5). Phosphorylation of SHP-2 at Y580 was unchanged 

with leptin concentration and Ab42 exposure (Figure 7.6A-B). A trend towards 

increased pSHP-2 Y542 with leptin in a concentration dependent manner was 

seen with Ab42 but not with scrambled peptide (ScrP) (Figure 7.6C). Ab42 

appeared to reduce SHP-2 Y452 phosphorylation at basal leptin levels. 0 and 

0.5nM leptin led to approximately 20% reduced SHP-2 Y452 although this result 

was not significant (Figure 7.6D). 
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Figure 7.3 STAT3 expression and phosphorylation with 11pM amyloid exposure and leptin 
stimulation Total STAT3 (tSTAT3) protein expression and pSTAT3 in response to leptin concentration are 
unchanged with 5-day exposure to 11pM Aβ1-42. Histograms showing relative tSTAT3 expression with 
leptin concentration with representative western blots (normalised to 0nM leptin) (A) and 11pM Aβ1-42 
exposure (normalised to ScrP) (B). A) tSTAT3 expression does not change with leptin concentration (n=5) 
B) tSTAT3 expression does not change with exposure to 11pM Aβ1-42  C) STAT3 activation (as denoted by 
p-STAT:tSTAT3 levels) does not change with 11pM Aβ1-42 exposure. n=5 per group. Individual data points 
indicate the range of data. Standard error indicated by error bars. 
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Figure 7.4 PTP1B with 11pM amyloid exposure and leptin stimulation. PTP1B expression does not 
change with leptin concentration or 5-day exposure to 11pM Aβ1-42.  Histograms representing relative PTP1B 
expression with leptin concentration (normalised to 0nM leptin) A) and 11pM Aβ1-42 exposure (normalised to 
ScrP) (B) and representative western blots. A) PTP1B expression is unaltered with leptin concentration  B) 
PTP1B expression does not change with 11pM Aβ1-42. n=3 per group. Individual data points indicate the 
range of data. Standard error indicated by error bars. 
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Figure 7.5 SHP-2 expression with 11pM amyloid exposure and leptin stimulation. SHP-2 expression 
does not change with leptin concentration or 5-day exposure to 11pM Aβ1-42. Histograms representing 
relative total SHP-2 expression with leptin concentration (normalised to 0nM leptin) A) and 11pM Aβ1-42 
exposure (normalised to ScrP) (B) with representative western blots. A) SHP2 expression is unaltered with 
leptin concentration B) Total SHP-2 expression does not change with 11pM Aβ1-42. n=5 per group. Individual 
data points indicate the range of data. Standard error indicated by error bars. 
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Figure 7.6 SHP-2 phosphorylation with 11pM amyloid exposure and leptin stimulation. SHP-2 
phosphorylation at Y541 does not change with leptin concentration but basal phosphorylation is reduced 
with exposure to 11pM Aβ1-42. Histograms representing relative Y580 and Y542 SHP-2 phosphorylation 
with leptin concentration (A)(C) (normalised to 0nM leptin) and 11pM Aβ1-42 exposure (B)(D) (normalised to 
ScrP) with representative western blots. A) Y580 pSHP-2 does not change with leptin concentration B) 
Y580 pSHP-2 does not change with 11pM Aβ1-42 exposure. (C) Y542 SHP-2 does not increase with leptin 
when exposed ScrP but increases in a leptin concentration dependent manner with 11pM Aβ1-42 although 
this trend is not significant. (D) Basal Y542 SHP-2 is decreased with 11pM Aβ1-42 but this is overcome with 
higher concentrations of leptin. However, this trend is not significant. n=3 per group. Individual data points 
indicate the range of data. Standard error indicated by error bars. 
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7.2.4 Leptin sensitivity with chronic exposure to 100pM/400pM Ab42/40 
Experimental design remained consistent but with approximately 10-fold higher 

amyloid concentrations. Additionally, in an effort to see a basal pSTAT3 level, the 

cells were starved for 2 hours. Cell lysates were collected after 5-day exposure 

to amyloid and a 30-minute leptin stimulation. Despite this, pSTAT3 was still not 

detectable at 0 and 0.5nM leptin (Figure 7.7). No significant change in pSTAT3 

was observed with 100pM Ab42 or 400pM Ab40 when compared to ScrP at basal 

or either dose of leptin (Figure 7.7C). No difference was observed in tSTAT3 

expression with either leptin dose (Figure 7.7A) or Ab42 or Ab40 exposure (Figure 

7.7B). 

 

Expression of SOCS3 (Figure 7.8) and PTP1B (Figure 7.9) were unchanged with 

both exposure to Ab42 and with leptin concentration. A trend towards increased 

PTP1B expression with Ab40 exposure was observed. However, this change is 

likely due to a single replicate with increased PTP1B expression. Increased 

replicates would likely negate this trend.  

 

Total SHP-2 expression did not change with Ab40 and Ab42 or leptin 

concentration. (Figure 7.10A-B). Phosphorylation of SHP-2 at Y542 was highly 

variable and not significant with either Ab42 exposure or leptin dose. Increasing 

SHP-2 Y542 phosphorylation followed a dose dependent trend with both ScrP 

and Ab42 however these changes were not significant due to high variability of 

the data. No leptin dependent effects were noted with Ab40 (Figure 7.10C) SHP-

2 Y542 phosphorylation did not change with Ab40 or Ab42 exposure.  

 

7.2.5 b-Amyloid1-42 oligomerisation  

The oligomerisation state of Ab42 was determined by western blot (Figure 7.11). 

Serum and cell-free culture medium containing 1nM Ab42 and incubated at 37°C 

for 5 days was shown to predominantly contain dimeric structures as indicated 

by a band at approximately 8kDa. However oligomeric forms of Ab42 were 

observed with bands appearing at approximately 30, 63 and 90kDa. No bands 

were present in amyloid-free medium. 
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Figure 7.7 STAT3 expression and phosphorylation with amyloid exposure and leptin stimulation. 
STAT3 expression and activation is unaltered in HEK293 mObRb cells exposed to 100pM Aβ1-42 or 400pM 
Aβ1-40 when stimulated with leptin. Histograms represent the effect of amyloid peptides on leptin dose 
response (normalised to 0nM leptin) (A) the effect of amyloid peptides on STAT3 expression at each leptin 
concentration (normalised to ScrP) (B) as well as STAT3 phosphorylation with 100pM Aβ1-42 /400pM Aβ1-40 
exposure (normalised to ScrP) (C) with representative western blots.  
A) STAT3 expression does not change with leptin concentration. B) STAT3 expression does not change 
with Aβ1-42 or Aβ1-40 exposure. C) pSTAT3 does not change with Aβ1-40 or Aβ1-42 exposure at basal or with 
leptin stimulation. n=8 per group. Individual data points indicate the range of data. Standard error indicated 
by error bars. 
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Figure 7.8 SOCS3 expression with amyloid exposure and leptin stimulation. SOCS3 expression is 
unchanged in HEK293 mObRb cells exposed to 100pM Aβ1-42 and 400pM Aβ1-40. Histograms representing 
SOCS3 expression with 0.5-3nM leptin (normalised to 0nM leptin) (A) and 100pM Aβ1-42 /400pM Aβ1-40 
exposure (normalised to ScrP) (B) with representative western blots. SOCS3 expression does not change 
with leptin concentration. (A) SOCS3 expression does not change with ScrP, Aβ1-42 or Aβ1-40 exposure (B) 
n=8 per group. Individual data points indicate the range of data. Standard error indicated by error bars. 
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Figure 7.9 PTP1B expression with amyloid exposure and leptin stimulation. PTP1B expression is 
unchanged in HEK293 mObRb cells exposed to 100pM Aβ1-42 and 400pM Aβ1-40. Histograms representing 
PTP1B expression with 0.5-3nM leptin (normalised to 0nM leptin) (A) and 100pM Aβ1-42 /400pM Aβ1-40 
exposure (normalised to ScrP) (B) with representative western blots. PTP1B expression does not change 
with leptin concentration (n=8) (A) PTP1B expression does not change with ScrP, Aβ1-42 or Aβ1-40 
exposure (B) n=8 per group. Individual data points indicate the range of data. Standard error indicated by 
error bars. 

 

 

  



Effects of β-amyloid on leptin sensitivity 

 232 

 

 
 

 

Figure 7.10 SHP-2 expression and phosphorylation with amyloid exposure and leptin stimulation. 
SHP-2 expression is increased in HEK293 mObRb cells exposed to 100pM Aβ1-42 and 400pM Aβ1-40 whilst 
Y542 phosphorylation is reduced in Aβ1-40 treated cells. Histograms representing total and Y542 
phosphorylated SHP-2 expression with 0.5-3nM leptin (normalised to 0nM leptin) (A)(C) and 100pM Aβ1-42 
/400pM Aβ1-40 exposure (normalised to ScrP) (B)(D) with representative western blots. A) SHP-2 
expression does not change with leptin concentration. B) SHP-2 shows a trend towards increasing with 
both Aβ1-42 and Aβ1-40 exposure however this is not significant. C) Y542 SHP-2 shows a trend towards 
leptin concentration dependent increases under all conditions with a dampened response upon exposure 
to Aβ1-40. This trend is not significant. (D) Y542 SHP-2 does not change with ScrP or Aβ1-40 or Aβ1-42 
exposure. n=6 per group. Individual data points indicate the range of data. Standard error indicated by 
error bars. 
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Figure 7.11 Oligomerisation state of Amyloid-β1-42 after 5-day incubation in culture medium. Amyloid-
β1-42 exists primarily as dimers after 5-day incubation in culture medium. 
Western blot indicating the oligomerization state of Aβ1-42 when incubated in cell culture medium for 5 days 
under cell-culture conditions compared to amyloid-free medium. 

 

 

7.3 Discussion 
7.3.1 Effect of chronic 11pM amyloid on leptin signalling 

Previous data indicate that after 20-weeks on a HFD, circulating Ab42 peptide 

concentration in wild-type mice increases to 11pM. These mice also exhibit signs 

of metabolic dysfunction such as obesity, reduced glucose tolerance, insulin 

resistance, and reduced sensitivity to leptin. (Meakin et al., 2012; Meakin, Jalicy, 

et al., 2018). This study used these physiological concentrations of amyloid to 

determine whether amyloid concentrations associated with obesity and metabolic 

dysfunction are sufficient per se to lead to changes in leptin signalling. Reduced 

leptin sensitivity was also observed in mice exposed to ICV Ab1-42 (3.36 µg/kg) 

for 28 days following 10 weeks on a HF diet (Meakin, Jalicy, et al., 2018). Indeed, 

this study found that ICV Ab42 exacerbated the obese phenotype and led to the 

hypothesis that amyloid exposure causes leptin signalling dysregulation within 

the brain.  

 

The present study utilised a leptin sensitive cell model to test this hypothesis and 

aimed to determine the mechanism behind amyloid mediated leptin resistance. 

Despite this, the GT1-7 cells proved to be unresponsive to leptin stimulation and 
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even when transfected with the leptin receptor mObRb, quickly lost leptin 

sensitivity. It is likely that this represents low transfection efficiency within these 

cells and ineffective plasmid retention. As the leptin receptor and its HA tag was 

never identified via western blot, the effectiveness of the transfection was never 

fully established and future studies would need to address this issue. The loss of 

leptin sensitivity may also be due to the methods of transfection. As expression 

of full length ObRb was never determined, the cells were not selected for clonal 

growth. Therefore, the cells used in this experiment were mixed and may grow at 

different rates leading to a gradual decline in full ObRb expression over 

passages. Subsequently, the HEK 293 cell line was chosen and stable cells 

expressing the mObRb leptin receptor were created to make them leptin 

responsive. Whilst these cells were not representative of central leptin resistance 

or indeed, central metabolic signalling, due to their responsiveness to leptin they 

may have provided mechanistic insights into amyloid induced leptin resistance. 

The HEK 293 mObRb cells were shown to be sensitive to 1nM leptin making 

them a useable model for this study. Unlike the GT1-7 cell line, the HEKs 

maintained leptin responsiveness beyond passage 30 and with freezing.  

 

There was no observed difference in pSTAT3 with 11pM exposure indicating that 

HEK 293 mObRb cells do not replicate the results seen in vivo. This may be due 

to the differences in cell type and therefore protein expression between brain cells 

and HEK 293s or that cells in culture may generally be less responsive to amyloid 

than cells in vivo. In order to determine whether the amyloid concentration was 

too low for in vitro experiments, further experiments were conducted using higher 

physiological concentrations of amyloid. The cell starvation period prior to 

stimulation was also reduced to 2 hours to improve the likelihood of getting 

detectable pSTAT3 without leptin stimulation and determine baseline activation 

of the JAK-STAT pathway. 

 

Interestingly a dose-dependent effect was noted in Y542 pSHP-2 with Ab42 but 

not with ScrP or at Y580 pSHP-2 with either Ab42 or ScrP. This suggests that 

JAK2 regulation of this pathway occurs through only Y542 SHP-2 

phosphorylation. This, in combination with reduced Y542 phosphorylation at low 

concentrations of leptin with Ab42 suggest lower basal SHP-2 activation with 

exposure to amyloid- possibly through inhibition of an alternative SHP-2 
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activation pathway. This may be the cause of leptin concentration dependent 

phosphorylation at this site with amyloid exposure but not ScrP as maximum 

phosphorylation had been achieved with ScrP but not Ab42 exposure. 

Phosphorylation at the Y580 was unaltered with Ab42 implying that Y542 as the 

primary regulatory site through this pathway. These data bring into question 

whether selective phosphorylation of SHP-2 by different growth factor pathways 

is a regulatory factor in SHP-2 activity. As yet, studies have not identified the role 

of these phosphorylation sites in leptin signalling and their relevance in ERK 

pathway activation by leptin is unclear.  

 

7.3.2 Effect of chronic 100pM Ab42 or 400pM Ab40 on leptin signalling 
To determine if the amyloid concentration used previously was too low to induce 

amyloid dependent leptin resistance, Ab42 concentration was increased to 100pM 

and a 400pM Ab40 group was added. The higher concentration of Ab40 was 

consistent with plasma amyloid concentrations found in in vivo HFD studies 

(Meakin, Jalicy, et al., 2018). This concentration is comparable with CSF amyloid 

levels in cognitively normal individuals and patients with MCI. (Forlenza et al., 

2015) Despite shortening of the serum-free conditions to 2 hours, no Y705 

pSTAT3 was detected in the unstimulated control and the presence of a band at 

0.5nM was inconsistent between replicates. This made quantification at low leptin 

concentrations impossible and therefore no basal pSTAT3 could be used for 

comparison. 

 

No significant changes in pSTAT3 were observed at this higher Ab42 

concentration or with Ab40 exposure indicating that neither amyloid species 

induces leptin resistance in HEK 293 mObRb cells after 5 day exposure. It is 

likely that the model used in these experiments was insufficient to replicate the in 

vivo data due to a variety of factors. The HEK 293 cell line is not representative 

of cells within the brain and may therefore not exhibit the leptin sensitivity 

observed with neurons. These cells are also limited in that downstream effectors 

such as POMC and AgRP mRNA cannot be utilised as a functional output of JAK-

STAT pathway activation and metabolic dysfunction. Despite the effects of 

differentiation on amyloid production in neuronal cell lines, comparisons may still 

be made between treated and untreated cells making them much more 
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representative of brain physiology. Furthermore, 5-day amyloid exposure may 

not be long enough to result in leptin resistance; particularly as the cells are 

actively dividing so the proportion of cells exposed to amyloid for 5 days may be 

low. In vivo, animals were exposed to amyloid for 4 weeks so the length of 

exposure may be important. The length of exposure may also affect 

oligomerisation state so longer incubations may result in larger aggregates that 

could exude a greater influence on leptin signalling. Due to low concentrations of 

plasma amyloid, oligomerisation state could not be determined in vitro so the 

amyloid species between the two experiments could not be compared. 

 

No change was observed in the negative regulators of STAT3 signalling SOCS3 

and PTP1B with either amyloid exposure or leptin concentration. Data on SOCS3 

expression was highly variable making significant results difficult to achieve. An 

alternative such as mRNA expression may be a more reliable measure in future 

studies and may be a better representative of JAK-STAT pathway activation at 

this time point as a 30 minute stimulation has previously been shown to be 

insufficient to see changes in protein, whilst the transcriptional changes occur 

after 30 minutes of stimulation (Bjørbaek, El-Haschimi, Frantz, & Flier, 1999). In 

order to determine effects in protein expression of both of these regulators it may 

be that a longer stimulation time is required, and a time course may reveal further 

information regarding the regulatory effects of these proteins on leptin signalling 

in this system.  

 

Total SHP-2 expression was highly variable thereby preventing conclusive results 

but both Ab40 and Ab42 exhibited a trend towards increased SHP-2 expression. 

At 100pM amyloid, a concentration dependent increase in Y542 pSHP-2 with 

leptin was observed in both the ScrP and Ab42 treated cells whereas the 

concentration dependent response was only observed in the amyloid treated cells 

at 11pM. However, these results were not significant at any amyloid 

concentration. The concentration dependent effect of leptin was not observed 

with Ab40 at 400pM but due to the variability in the data with each peptide it is 

difficult to form any conclusions. It may be that a greater number of replicates 

using a more sensitive, quantitative detection method, such as ELISA, would 

make this result more conclusive. The effect of lower basal Y542 SHP-2 with Ab42 

exposure was not observed at this higher amyloid concentration leading to 
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questions regarding the reliability of the data at 11pM Ab1-42. Due to greater 

replicates at higher amyloid concentrations it is reasonable to suggest that these 

data are more reliable. Whilst no changes in Y542 SHP-2 phosphorylation were 

observed with either Ab40 or Ab42, the trend towards increased total SHP-2 

expression suggests that both total and Y542 phosphorylated SHP-2 are 

increased with both Ab40 and Ab42. However, as all other indicators of leptin 

signalling within these cells were unchanged, it is likely that this effect is due to 

changes in an alternative SHP-2 activating pathway. qPCR analysis of SHP-2 

would determine whether increased transcription of SHP-2 follows amyloid 

exposure. Most receptor tyrosine kinases cause activation of the Ras-ERK 

pathway through SHP-2; including the insulin receptor which, upon binding to 

IRS-1 causing dephosphorylation of PI3K binding sites and regulating 

downstream protein synthesis (Backer et al., 1992; Lima et al., 2002; Müssig et 

al., 2005; Myers et al., 1998). As discussed in section 1.2.2 the leptin receptor 

shares structural similarity to cytokine receptors such as the IL-6 receptor subunit 

gp-130. It could therefore be feasible that amyloid peptides activate alternative 

cytokine signalling pathways which in turn,  phosphorylate SHP-2 (Schaper et al., 

1998). However, no evidence has been published to date to suggest an 

interaction between amyloid peptides and this family of RTKs.  

 

This study ties in with published data indicating that amyloid exposure leads to 

increases in Ras-ERK signalling (Kirouac et al., 2017), a downstream effect of 

SHP-2 activation. Indeed, Ras-ERK activation has been implicated in the 

hyperphosphorylation of Tau both in vitro and in vivo leading to the hypothesis 

that amyloid mediated effects on SHP-2 activity may be a missing link between 

these two AD pathologies. (Lambourne et al., 2005; Qi et al., 2016). Activation 

requirements of SHP-2 protein are uncertain with some showing that tyrosine 

phosphorylation is not required for GRB2 association but necessary for ERK 

activation (Araki, Nawa, & Neel, 2003); others indicate that phosphorylation of 

SHP-2 is not necessary for Ras-ERK pathway activation (Bennett, Hausdorff, 

O’reilly, Freeman, & Neel, 1996); indeed, even in pathways where SHP-2 

phosphorylation is identified, removal of phosphorylated SHP-2 does not result 

in abolition of ERK signalling (Araki et al., 2003). If this is the case, increases in 

SHP-2 expression alone may confer increases in ERK activation within our 

model. Analysis of ERK phosphorylation state would offer insights into the effects 
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of increased SHP-2 on Ras-ERK activation in this model. Further experiments 

utilising SHP-2 phospho-site mutants would allow the determination of the 

importance of phosphorylation in leptin-mediated ERK activation. Further 

Amyloid incubations with these mutants would allow confirmation of the 

importance of SHP-2 in ERK signalling and offer further insight into the role of 

amyloid.  

 

7.3.3 Oligomerisation of mouse Ab42 
The amyloid oligomerisation state was determined as many studies have 

indicated that some oligomeric species may contribute more to the AD phenotype 

than plaques. Until recently, it was supposed that fibrillar amyloid in the form of 

amyloid plaques were the most neurotoxic species due to their accruement in AD 

however more recent data suggest that smaller, oligomeric forms may contribute 

more to disease than amyloid plaques. (Cleary et al., 2005). During this in vitro 

study we showed that 5 days incubation at 37°C and 5% CO2 leads to slight 

aggregation of mouse Ab42 whilst the predominant form is either monomeric or 

dimeric. This is consistent with recent published data that shows only aged 

C57BL/6J mice show signs of native Ab42 aggregation (Ahlemeyer, Halupczok, 

Rodenberg-Frank, Valerius, & Baumgart-Vogt, 2018).  

 

7.3.4 Conclusions 
This study was designed to better understand the mechanism behind amyloid 

mediated leptin resistance observed in obese mice subjected to ICV Ab42. These 

mice exhibited increased basal Y705 STAT3 phosphorylation compared to ScrP 

infused controls which did not increase further when stimulated with leptin within 

the hypothalamus (Meakin, Jalicy, et al., 2018). This study was therefore 

designed to explore the prospect of direct inhibition of Ab42 on the leptin signalling 

pathway. No significant changes were identified in STAT3 activation therefore the 

mechanism behind leptin resistance in Ab42 treated mice could not be 

determined. However, there were suggestions towards increased SHP-2 

expression and activation with amyloid peptides which likely originate from 

alternative pathways such as insulin- which amyloid is known to activate. Further 

studies, such as colocalization experiments, could identify which pathway leads 

to this observed change in SHP-2.  
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Interestingly, plasma leptin was increased in Ab42 treated mice and decreased 

circulating leptin with BACE1 inhibition suggesting that central amyloid regulates 

leptin expression (Meakin, Jalicy, et al., 2018). This supports previously 

published data suggesting that amyloid increases leptin within the hippocampus 

(Marwarha et al., 2010). This study (Meakin, Jalicy, et al., 2018) did not look for 

changes in leptin within tissues so whilst plasma leptin concentration was high, it 

was not determined whether the leptin was able to cross the BBB and enter either 

hippocampal or hypothalamic tissues. Therefore, BBB integrity and tissue leptin 

concentrations within this model would be an essential step in determining how 

leptin resistance is induced. If BBB integrity remains in-tact, it may be that amyloid 

directly inhibits the leptin receptor leading to accumulation of free leptin. There 

are known variants of leptin within the human population which have been studied 

in their relationship to obesity but not dementia (Dasgupta et al., 2015). Whilst no 

evidence exists to suggest that leptin variants are associated with an increased 

risk of developing AD, these studies would not identify variants of leptin that would 

confer protective effects against this dementia. An interesting study would be to 

compare competitive binding of both amyloid species and leptin variants to the 

long form of the leptin receptor to identify whether specific leptin species have 

greater binding affinity to the receptor and whether amyloid interferes with this 

process. As leptin has been suggested to induce BACE1 expression current 

evidence on this association is inconclusive (Sastre et al., 2006). However, as 

leptin is not thought to be expressed within the brain, this vicious cycle could be 

of greater relevance in leptin secreting tissues such as adipocytes. Studies into 

the effects of amyloid on leptin secretion in adipocytes could offer insight into this 

relationship as it has been shown that they express APP and produce amyloid 

peptides (Lee et al., 2008). This could be of significance in AD as both circulating 

Ab42 and leptin concentrations are reduced, it could therefore be plausible that 

this leads to a reduction in leptin secretion and a loss of the neuroprotective 

effects that it offers (Koyama et al., 2012).  

 

Alternatively, leptin resistance may be induced through a multi-organ system that 

requires multiple cell types and cannot be simply replicated in in vitro. The 

glucocorticoid (GC) system, for example is a known regulator the leptin sensitivity 

with both in vivo and in vitro studies indicating that GCs increase leptin mRNA 
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and secretion from adipocytes and adrenalectomy leads to increased central 

leptin sensitivity (Slieker et al., 1996; Zakrzewska, Cusin, Sainsbury, Rohner-

Jeanrenaud, & Jeanrenaud, 1997). However, GCs were shown to inhibit leptin 

signalling in in a human hepatoma cell line suggesting that the effects of GCs on 

leptin sensitivity may be organ-specific or not replicable in vitro. Hepatic cell leptin 

resistance was shown to be ameliorated by  inhibition of MAP-kinase signalling 

through inhibition of MEK (Ishida-Takahashi et al., 2004). Initial studies into the 

BACE1 KO mouse identified increased plasma corticosterone in these mice 

compared to WT controls when challenged with a HFD (Meakin et al., 2012). 

However, the data do not complement other published studies indicating that 

HFD increases circulating GCs (Champy et al., 2004). Indeed, no dietary effect 

was observed in either WT or BACE1 animals. Further confounding factors 

include the duration of fasting as published data indicate that plasma 

corticosterone increases with length of fast prior to blood being taken, reaching 

maximal concentrations after approximately 6hrs in males (Champy et al., 2004). 

As these blood samples were taken after 16hr fast, it may be that these data 

represent maximal corticosterone rather than concentrations within the normal 

physiological range of these mice. Whilst this could explain the lack of change 

seen in plasma corticosterone with diet, it is important to note that the maximal 

corticosterone concentration is increased with BACE1 KO and further study could 

reveal whether this result represents a general increase in plasma corticosterone 

or a greater response with HPA axis stimuli. 

Amyloid peptides have also been shown to increase hypothalamic corticotropin-

releasing hormone (CRH) and plasma adrenocorticotropin hormone (ACTH) 3 

weeks after ICV amyloid injection in rats. Plasma corticosterone was increased 

from 1 week after ICV amyloid injection and remained elevated for 6 weeks. This 

indicates prolonged activation of the HPA axis with a single amyloid exposure. 

Furthermore, amyloid increased hippocampal, hypothalamic and amygdala 

expression of the glucocorticoid receptor with elevations lasting upwards of 6 

weeks in the hippocampus (Brureau et al., 2013). High GCs have been identified 

in the CSF of AD patients and correlated to more rapid cognitive decline making 

this a feasible hypothesis for the mechanism of amyloid mediated leptin 

resistance (Csernansky et al., 2006). Further in vivo analysis to determine plasma 

cortisol and the expression of cortisol producing cyp11b1 protein within the 
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adrenal gland as well as CRH mRNA within the hypothalamus with amyloid 

exposure could provide evidence towards this hypothesis. 
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8.1 Physiological function of BACE1  
Dementias, including Alzheimer’s disease (AD) are fast becoming the leading 

cause of death in the western population with cases expected to rise to 2 million 

in the UK alone by 2050 (Prince et al., 2007). This has largely been attributed to 

an increased life expectancy due to better treatments for previous leading causes 

of death such as cancers. However, an alternative hypothesis is that increased 

metabolic dysfunction within higher-income populations as a result of western 

diet and sedentary lifestyle leads to increased incidence of AD. As both mid-life 

obesity and diabetes increase the risk of developing AD, it may be that diets high 

in fat and sugar induce changes within the CNS that contribute to the onset of 

dementia. HFD has been shown to increase the expression of a key AD protein 

BACE1 (Meakin et al., 2012). BACE1 activity is the rate limiting step in the 

production of the neurotoxic β-amyloid peptides characteristic of AD and is 

therefore a key target when studying the relationship between obesity and AD.  

The neurological effects of obesity have been well documented with overweight 

and obese individuals consistently exhibiting decreased executive functions 

,such as planning and decision making, and poorer short-term memory 

(Reviewed by Nguyen, Killcross and Jenkins, (2014)). Neuroimaging of obese 

individuals has revealed brain atrophy and animal studies have shown decreased 

pyramidal cell dentritic spine density from the early stages of obesity. This 

suggests altered brain connectivity in association high BMI (Bocarsly et al., 2015; 

Ward, Carlsson, Trivedi, Sager, & Johnson, 2005). An animal study by Niedowicz 

et al. (2014) indicates that the effects of metabolic diseases on cognitive function 

occur irrespective of amyloid deposition and synapse loss; this suggests an 

alternative mechanism is at play. 

 

Current findings show that BACE1 activity is an early step in the development of 

AD and many factors contribute to increased amyloid production. Inflammation is 

just one example of suspected amyloidogenesis whereby chronic inflammation 

leads to increased BACE1 expression; BACE1 then increases the production of 

reactive oxygen species and contributes to further inflammation which, in turn, 

increases BACE1 expression. What is currently unknown is why this vicious cycle 

of increased BACE1 expression and inflammation is not ubiquitous amongst 

those with chronic inflammation. The initiating factor has yet to be identified.  
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Previous studies to determine BACE1 physiological function have focussed on 

two key features of BACE1; its function as a protease and its interaction with 

APP. Efforts to establish the substrate profile of this enzyme have studied 

changes in secreted protein ectodomains with altered BACE1 expression (Dislich 

et al., 2015; Hemming et al., 2009; Herber et al., 2018; Kuhn et al., 2012). 

However this does not account for known functions for BACE1 outside of 

proteolysis (Huth et al., 2009). Whilst many others have looked for physiological 

functions of the APP peptide products of BACE1 activity (Reviewed by Brothers, 

Gosztyla and Robinson. (2018)). This study was designed to investigate the 

physiological function of BACE1 by proteomics and interactomics as a method of 

studying BACE1 physiology without the limitation of assuming proteolytic activity 

and APP association.  

 

Studies using a BACE1 KO mouse whereby exon 1 of BACE1 was replaced with 

the LacZ gene (Harrison et al., 2003) found that BACE1 KO led to protection from 

diet-induced obesity, improved glucose and insulin tolerance when challenged 

with chronic over-nutrition and protection from leptin resistance commonly 

associated with obesity. Furthermore, DIO led to increased hypothalamic BACE1 

expression that was recovered with pharmacological inhibition (Meakin et al., 

2012; Meakin, Jalicy, et al., 2018). In addition, increased neuronal BACE1 

expression has been shown to induce insulin resistance without the need for 

dietary or chemical induction of diabetes (Plucińska et al., 2016). 

 

Behavioural and neurological studies have suggested an increased seizure 

phenotype in another BACE1 KO model as well as hyperactivity, hypomyelination 

and schizophrenia. (Dominguez et al., 2005; Harrison et al., 2003; Hitt et al., 

2010; Hu et al., 2006; Roberds et al., 2001). However, these phenotypes have 

not been consistently identified across all BACE1 KO models and are therefore 

inconclusive. 

 

Despite the limited effects of BACE1 KO on mouse survival or phenotype, the 

mutation rate of this protein throughout evolution is very low and conservation of 

catalytic activity is very high. Indeed, BACE1 proteins from marine lancelets are 

capable of cleaving human APP (Moore et al., 2014b). This begs the question as 

to why BACE1 is so evolutionarily important.  
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8.2 BACE1 as a regulator of neurotransmission 
The main outcome of the proteomic study was the suggestion that BACE1 may 

influence the expression of hippocampal protein 4.1N. By association, this 

connection could implicate BACE1 in post-synaptic neurotransmitter binding 

through stabilisation of receptors such as NMDAR, AMPAR and the dopamine 

receptors D2 and D3.  

 

Co-expression studies would be required to determine whether there is indeed a 

direct interaction between BACE1 and protein 4.1N. This would be achieved 

through co-immunoprecipitation. This could be performed in the HT-22 

hippocampal cell line utilised in the Bio-ID proximity assay. As HT-22 cells do not 

express endogenous protein 4.1N they may be stably transfected with 4.1N 

constructs of different splice variants. As HT-22s express endogenous BACE1, 

co-IP would allow for mass spectrometry identification of protein 4.1N interactors 

within these cells and identification of BACE1 if it is a true binding partner. In 

addition, co-staining experiments in BACE1 KO and WT control mice would 

reveal whether the presence of 4.1N and BACE1 within the cortical molecular 

layer, the stratum radiatum of the hippocampus and SLM under NC and HF 

conditions leads to changes in glutamatergic, GABAergic or dopaminergic 

receptor expression at synpases. 

 

Co-expression within the synapses may also be a key regulator of glutamatergic 

signalling and stabilisation of both AMPA and NMDA receptors. To test this, 

synaptosomal fractions from hippocampal tissues could be analysed for 

expression of BACE1 and 4.1N as well as NMDARs and AMPARs. It would also 

be of benefit to transfect HT-22 cells with APP and conduct imaging studies and 

quantification of synapses to ascertain whether the BACE1/4.1N relationship is a 

product of APP/4.1N association. Following this, patch clamp electrophysiological 

experiments on 4.1N or BACE1 overexpressing HT-22 cells would help 

determine whether increased expression of these proteins influences excitatory 

signalling within these neurons.  

 

Long-term in vivo experiments would be required to determine the effects of 

protein 4.1N on cognition. Cognitive testing of a 4.1N-null mouse would include 
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spatial working memory analysis by way of morris water maze, long and short 

term memory by the novel object recognition task and hippocampal dependent 

memory with the Y-maze spontaneous alternation tasks. Furthermore, 

electrophysiological experiments on hippocampal sections could identify any 

changes in LTP and LTD within 4.1N null mice whilst staining for glutamatergic 

receptors may offer insight into the localisation of these receptors without 4.1N 

stabilisation.  

 

8.3 BACE1 and membrane channels 
BACE1 proximity assay suggested interaction of BACE1 with a large number of 

channel proteins, varying in function from ion to amino acid transport. This result 

builds upon previous findings (Reviewed by Lehnert et al. (2016)) suggesting 

non-enzymatic functions of BACE1 and showing that this protease may, in fact, 

act as a regulator of Na2+ and K+ channel function; both through proteolytic 

cleavage of α subunits and itself, acting as a β subunit. Two proteins involved in 

ion homeostasis were consistently identified as BACE1 interactors. Anoctamin-

6, and Solute carrier family 12 member 2 (also known as NKCC1) involved in 

Ca2+, and Na2+/Cl- transport across biological membranes respectively. A 

process essential in neurons to maintain membrane polarisation and action 

potential transmission. Whilst co-localisation studies would be required to 

validate the direct interaction of BACE1 with these proteins, hyperexcitability of 

neurons in BACE1 KO mice has been previously documented. These results may 

provide insight into the mechanism behind this finding (Hu et al., 2010). 

Furthermore, the hippocampal proteomic hit protein 4.1N is known to bind to the 

intracellular Ca2+ channel InsP(3)R1, possibly regulating internal calcium 

concentration and cell membrane potential (Maximov et al., 2003).  

 

8.4 BACE1 in neuronal junctions 
Results from the proximity assay also strongly suggest a role for BACE1 in cell 

connectivity with multiple hits indicating an association with cell adhesion 

molecules. This is supported by published data that suggest a role for APP in 

synaptic adhesion. Evidence suggests that shedding of the APP ectodomain 

reduces synaptogenesis and expression of APP and induces synaptic formation 

with co-cultured primary neurons (Stahl et al., 2014; Wang et al., 2009). 

Furthermore, Wang et al. (2009) showed that APP forms a complex with Mint1 
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and CASK, the latter a known binding partner of protein 4.1N which, together, 

promote F-actin assembly (Biederer & Südhof, 2001). Dynamic actin has been 

shown to be essential in LTP (Krucker et al., 2000). It is reasonable, therefore, to 

hypothesise that protein 4.1N may be a member of the APP/CASK complex. This 

would cause increases in BACE1 activity to reduce the formation of F-actin by 

inhibiting the formation of APP/Mint1/CASK/4.1N complex and reduce the 

expression of protein 4.1N. Therefore, as seen in the proteomic study, BACE1 

KO would increase cell surface APP expression allowing the formation of 

APP/Mint1/CASK/4.1N complex and increasing the expression of 4.1N within the 

hippocampus. This is supported by staining in the mouse hippocampus that 

indicates increased BACE1 expression in the stratum radiatum with high-fat 

feeding coincides with reduced 4.1N expression. However, this correlation does 

not necessarily confirm causation and possible co-expression in the polymorph 

layer of the DG did not influence 4.1N expression. It must be noted though, that 

the polymorph layer represents granular cell synapses whilst the stratum 

radiatum is predominantly pyramidal cell projections. Mouse data from this 

project suggest the high-fat feeding leads to increased 4.1N expression within 

the molecular layers of both the cortex and CA1 pyramidal cells suggesting 

increased synaptic density with HFD based on this hypothesis. However, as 

human staining did not replicate the expression pattern or changes with diet, it 

cannot be suggested that the changes seen with chronic HFD may induce 

changes similar to those in AD. Further evidence for the role of APP in actin 

formation comes from APP knockout mice. They have been shown to exhibit 

reduced dendritic length of CA1 pyramidal cells into the stratum radiatum 

suggesting a potential deficit in temporoammonic pathway activity. LTP was 

tested via trisynaptic pathway activation but potentiation was found to be lower in 

APP KO mice (Seabrook et al., 1999). Co-localisation studies using 

immunoprecipitation and mass spectrometry (IP/MS) as well as cell staining in 

HT-22 cells could help identify whether 4.1N does complex with these proteins. 

This study would also assist in identifying whether the 4.1N/BACE1 association 

is due to a direct interaction as suggested by identification of 4.1N family 

members 4.1G and 4.1B in the proximity assay. As HT-22s are an excitatory cell 

line, glutamate release, axon elongation and synaptic formation could all be 

studied through 4.1N, APP and BACE1 inhibition (or gene downregulation by 
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methods such as shRNA and CRISPR) on these differentiated neurons through 

culture in microfluidic chambers. 

 

Proximity assay data support the hypothesis of a role for BACE1 in cell 

connectivity with identification of two cell adhesion molecules; afadin and gap 

junction α1 protein. Additionally, 5 cytoskeletal organisation proteins; spectrin β-

chain, keratin, disks large homologue 1, fermitin family homolog 1 and septin 7 

were identified as BACE1 proximal proteins. However, due to high levels of 

BACE1 trafficking throughout the cell, it must be considered that interaction with 

cytoskeletal proteins may well be due to cytosolic BirA of the fusion protein 

interacting with the vesicle trafficking machinery.  

Afadin, like the 4.1 proteins, acts in the stabilisation of cell membrane proteins by 

binding them to the actin cytoskeleton. Afadin have been well characterised in its 

association with the adherens-junction protein nectin. Afadin is expressed highly 

within the mossy fibers of granule cells of the DG, particularly within punctate cell 

adhesions; non-signalling neuronal connections. Furthermore, Afadin is 

expressed within the stratum lucidum of CA3 and synaptic junctions of pyramidal 

cells throughout the stratum oriens and radiatum of CA1 to CA3 (Nishioka et al., 

2000). This matches the hippocampal expression of BACE1 and 4.1N and 

providing further evidence for BACE1 physiological function within this 

hippocampal structure. gap junction α1 protein (also known as Connexin 43) is 

primarily associated with neurogenesis and migration during development (Cina 

et al., 2009; Duval et al., 2002; Rinaldi et al., 2014). This function corresponds 

strongly to observed BACE1 expression within the hippocampus as mice 

appeared to exhibit highest BACE1 within the granule cells of the GD- one of the 

few cells types of the brain known to undergo neurogenesis into adulthood.  

In adults, expression of this protein is predominantly within astrocytes whereby it 

contributes to the formation of hemi-channels- areas where astrocytes can 

provide neurons with resources such as glucose, lactate, glutamate and 

glutamine through small molecule diffusion. Furthermore, connexin 43 

expression is known to increase in neurons and astrocytes near amyloid plaques 

providing further evidence for co-localisation of this protein with amyloidogenic 

BACE1 (Reviewed by Mayorquin et al. (2018)). It would therefore be of interest 

to conduct the proximity assay in a cell model of astrocytes to observe whether 

BACE1 co-localises with connexin 43 in this cell type. Co-culture of astrocytes 
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with neurons may provide evidence of co-localisation at neuron/astrocyte 

hemichannels. Microfluidic chamber culture of neurons with astrocytes may 

enable analysis if hemichannel function. Using a microscopy adapted click 

chemistry method in which click-inducible glutamine-azide uptake can be 

quantified using an alkyne fluorophore; an assay in development by Prof. David 

Finlay (Trinity college, Dublin) in conjunction with the University of Dundee. This 

technique could allow for hemichannel function by loading astrocytes with 

glutamine-azide and monitoring fluorescence in the neuronal cells. monitoring If 

developed, this assay would enable the study of BACE1 inhibition in astrocytes 

and neurons individually on hemichannel function.  

 

8.5 BACE1 in brain metabolism 
Despite previous studies providing evidence to the contrary, this project revealed 

little evidence for a role for BACE1 in energy homeostasis. Whilst previous 

studies have revealed little effect of dietary excess on BACE1 expression after 

10-12 weeks of HF feeding, it is somewhat surprising that no significant changes 

were seen in the hypothalamic proteome with this length of dietary intervention 

(Meakin, Jalicy, et al., 2018). Reasons for this may include that this length of HFD 

is not sufficient to induce permanent changes in basal protein expression or that 

the study was underpowered with only n=3 per group. A fast-refeed model 

whereby animals are subjected to a shorter, 4-hour fast followed by a period of 

ad libitum food access may be more enlightening as to the hypothalamic 

metabolism in BACE1 tg and HF-fed conditions. Also surprising was the lack of 

BACE1 increase within key hypothalamic structures with ~1 year HFD as 

increased BACE1 expression with obesity has been well documented (Meakin et 

al., 2012; Meakin, Jalicy, et al., 2018). Whilst this may be a product of sectioning 

methods or unverified increased BACE1 expression with age masking the effects 

of HFD, further investigation comparing young and aged mice with chronic HFD 

intervention will be required to determine whether age is the cause of this 

unexpected result. However, effects of HFD on 4.1N expression were visible 

within both the cortex and hippocampus which increased 4.1N expression in the 

molecular layer of the cortex with dietary excess and increased expression within 

the SLM of CA1. Both suggest that, in mice, HFD drives 4.1N expression in the 

synapses of pyramidal neurons. Human samples indicate that this effect may be 

age-dependent as molecular layer expression of 4.1N decreased with obesity in 
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non-aged cases and also in all aged cases, irrespective of BMI or AD. It may 

therefore be hypothesised that in humans, both obesity and age lead to 

decreased cortical connectivity. Further imaging studies may reveal whether this 

decrease in 4.1N expression represents loss of synaptic density or reduced 

expression of 4.1N within the synapses. Furthermore, it appears that in aged 

cases, 4.1N expression within cell bodies is reduced with obesity, the implications 

of this change will require further exploration and may represent a change in 

splice variation in 4.1N or altered vesicular trafficking. 

In vitro methods were also unsuccessful in identifying an association between 

BACE1 and metabolism. Proximity assay failed to identify proximity of BACE1 to 

metabolic regulators. However, it must be noted that this assay was conducted 

in hippocampal neurons which have not been studied for nutrient sensing 

capabilities. It is also possible that BACE1 association with metabolic proteins is 

the product of metabolic stress and conditions such as increased free-fatty acids 

or increased glucose may be required to initiate these interactions. Both of these 

conditions can be easily simulated in vitro and this study could also provide 

valuable information as to the effects of nutrient excess on BACE1 cellular 

localisation.  

Finally, the leptin desensitisation effect of amyloid peptides seen in vitro could 

not be replicated in cell models. This may have been due to multiple factors such 

as the physiological relevance of the cell line used, serum composition and 

culture conditions such as high glucose and low FFA/lipoprotein content or the 

requirement of peripheral factors such as corticosteroid exposure to replicate in 

vivo results. 

 

8.6 Final comments 
This project provided preliminary data for studying a role of BACE1 in modulating 

cell connectivity; Not only in the maintenance of neuronal structure, but in 

hippocampal excitability and possible nutrient availability through 

neuron/astrocyte synapse and hemichannel formation respectively.  

 

Experimentally, the next steps would need to identify a role for 4.1N in cognition 

and identify the mechanism of interaction between BACE1 and protein 4.1N. As 

previously mentioned; these studies provide support for the idea that BACE1 may 

directly associate with 4.1N but this has yet to be established. Fluorescent co-
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staining of hippocampal sections would provide an indication of physiological co-

localisation. Use of the humanised BACE1 KI could provide evidence that any 

co-localisation is translational to the human form of BACE1. Imaging analysis of 

human sections could too provide evidence for a direct interaction between these 

proteins and further staining in AD tissues would offer insight into whether the 

association changes in this dementia. Further evidence of 4.1N localisation 

changes in humans, with age, obesity and AD in the cortex would be insightful. 

In addition, the production of antibodies specific to domains such as the FERM 

and spectrin/actin binding domain or in situ hybridisation techniques  could 

identify whether splice variation in these conditions are responsible for this 

change in 4.1N localisation. Use of the 4.1N null mouse line can provide 

information as to the cognitive benefits of 4.1N expression but as AD patients 

appear to exhibit increased 4.1N within the hippocampus, a brain or excitatory 

neuron-specific 4.1N overexpressing mouse would be more physiologically 

relevant in the context of AD. Live cell imaging and co-IP in cell lines could identify 

the relationship between these two proteins and use of the BioID proximity assay 

in further neuronal cell lines known to express protein 4.1N could be utilised. As 

the 4.1N construct has been created under a tetracycline-inducible promoter, 

through the generation of a compatible neuronal FRT cell line this assay could 

explore the effects of chronic exposure to known AD risk factors such as 

prolonged inflammation, amyloid exposure and increased fatty acids on the 

BACE1/4.1N relationship and sub-cellular localisation of 4.1N. Whilst these 

studies may be more easily conducted in cell lines in vitro, many of the outcomes 

are not representative of physiological conditions as neuronal cells lines often 

vary greatly in expression profile and are rarely representative of more than one 

type of cell, if any. Further human studies will also be essential in carrying this 

study forward as the expression profile of 4.1N varied in mouse compared to 

human. Therefore, whilst mouse models may be informative as to the 

mechanisms of protein interactions, the human translational relevance of 

expression in specific neurons and brain regions is limited. If indeed, 4.1N splice 

variation or BACE1 interaction proves to be an indicator of cognitive decline and 

AD progression, it may signify a novel drug target in the prevention of synaptic 

loss or loss of function with this dementia. NOVA1 has already been identified as 

a regulator of 4.1N splice variation and reduced expression of this protein has 

been identified in AD cortical tissue (Tollervey et al., 2011). the effects of 
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disrupting this association may prove valuable in developing preventative AD 

treatments and potentially, in treating the cognitive effects of obesity. 

Alternatively, if compensation occurs in 4.1N KO by increasing the expression of 

other 4.1 family members- 4.1N specific inhibition may be a plausible treatment; 

assuming that increased 4.1 family expression within the brain does not 

contribute towards the disease but maintains physiological function.  

 

This project has also provided proof-of principle that the Bio-ID proximity assay 

for BACE1 works. Follow up studies in alternative cell lines (hypothalamic 

neurons, astrocytes, endothelial cells) will provide substantial information as to 

the role of BACE1 in different neurons and different cell types. Use of a 

tetracycline inducible promoter in the BACE1-BirA plasmid would also allow for 

expressional control and enable future studies to expose cells to chronic stresses 

such as inflammation, amyloid, high glucose and FFAs prior to BACE1-BirA 

expression. The effects of these stressors may then be studied through changes 

in BACE1 interactors and cell localisation. This technique may prove valuable in 

identifying changes in the early stages of AD onset- a period that the scientific 

community know little about- and possibly identify conditions required to induce 

BACE1/APP interaction.  

 

The current cost of dementia on the UK economy is estimated £26bn and 

expected to double by 2040 (Lewis, Karlsberg Schaffer, Sussex, O’Neill, & 

Cockcroft, 2014; Prince et al., 2007). With increasing prevalence of obesity and 

metabolic disease- as contributors to AD risk- in developed and developing 

countries, the economic burden of dementia is becoming a global concern. One 

of the main barriers in our understanding of AD is the time delay between disease 

onset and the appearance of clinical symptoms-currently thought to represent 

decades of physiological changes that we know little about and therefore cannot 

design targeted treatments to inhibit disease progression. By better 

understanding the role that BACE1 plays in healthy physiology, we can begin to 

understand how this process may be disrupted in the early stages of AD and use 

this to develop targeted, preventative treatments.  
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Figure S1 Pearson’s correlations of replicates within the Wild-type normal chow (WT NC) (A), WT high-fat 
(WT HFD) (B), and BACE1 knock-out HFD (KO) (C) groups by semi-quantitative analysis. Pearson’s 
correlation coefficients show very good correlation between replicates of each group with HFD replicate 2 
exhibiting greater proteomic variability in the hypothalamus compared to other replicates within this group.  
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Figure S2 Pearson’s correlations of replicates within the hippocampus of Wild-type normal chow (NC) (A), 
WT high-fat (HFD) (B), and BACE1 knock-out HFD (KO) groups by quantitative analysis. Pearson’s 
correlation coefficients show very good correlation between replicates of each group with r≧0.99. 
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Figure S3 Pearson’s correlations of replicates within the hypothalamus of Wild-type normal chow (NC) 
(A), WT high-fat (HFD) (B), and BACE1 knock-out HFD (KO) groups by quantitative analysis. Pearson’s 
correlation coefficients show good correlation between replicates of each group with r≧0.96. HFD replicate 
2 showed greater proteomic variability compared to the other replicates within that group.  
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Figure S4 (A) Principle component analysis (PCA) using semi-quantitative analysis revealed greatest 
variability between the hippocampal and hypothalamic samples by component 1 with little variability in 
component 2. Little variability was seen between Wild-type normal chow (ND), Wild-type high-fat and 
BACE1 KO high-fat (KO) groups. PCA using quantitative analysis revealed very little variability in either 
component in either the hippocampus with the majority of variance between samples being due to 
component 2. (B) In the hypothalamus, WT HF sample 3 indicated variability in both component 1 and 2 
whilst variability between the other samples was very small. The majority of which was due to differences 
in component 1. (C) 
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Figure S5 Amyloid beta content of serum after 20week dietary intervention. Both Amyloid-β 1-42 (A) 
and Amyloid-β 1-40 (B) expression in the blood of mice challenged with a 20 week HF diet and NC 
controls. Aβ42 increases from approx. 10 to 20pg/ml with dietary intervention whilst Aβ40 reduces from 
approx. 100 to 80pg/ml with HFD. 




