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ABSTRACT 
Alzheimer’s disease (AD) has long been associated with altered activity of the 

serine/threonine kinases, Glycogen Synthase Kinase-3 (GSK3) isozymes, which are 

proposed to contribute to both neurofibrillary tangles and amyloid plaque formation.  

While the molecular links between GS3K and tau pathology are well established, the 

molecular basis by which GSK3 affects the formation of amyloid-β (Aβ) remains 

unknown.  The aim of this investigation was to identify the underlying mechanisms 

by which inhibition of GSK3 affects the processing of the amyloid precursor protein 

(APP).   

To this end various methods were employed to alter the basal activity of the 

GSK3 enzyme in N2a cells, a mouse neuroblastoma cell-line, overexpressing the 

Swedish variant of APP.   Specific perturbation of GSK3 activity leads to an 

alteration in APP processing and Aβ production, something that until now, was seen 

as controversial.  Specific pharmacological inhibition of GSK3 resulted in a decrease 

in activity, expression and transcription of BACE1, which is the main enzyme 

responsible for Aβ generation.  Activation of the canonical Wnt pathway, which is 

associated with negative regulation of GSK3, reproduced the previous findings and 

led to reduction in transcription and expression of BACE1.   

Furthermore, specific pharmacological GSK3 inhibition and GSK3α/β 

knockdown enhanced full-length APP degradation via an increase in the number of 

lysosomes.  This induction of the lysosomal/autophagy pathway was associated with 

the effect of specific GSK3 inhibition on the nuclear translocation of transcription 

factor EB (TFEB), which is a master regulator of lysosomal biogenesis.   

All together, GSK3, in addition to being associated with hyper-

phosphorylation of tau, can also influence Aβ generation through regulating BACE1 

expression and the homeostatic turnover of APP.  This data reinforces the hypothesis 

that GSK3 could be a therapeutic target for AD as it is shown to be a central 

signalling node in the pathogenesis of the disease.   
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CHAPTER 1 : SUMMARY  

1.1 Background 

The Ser/Thr kinase Glycogen Synthase Kinase-3 (GSK3), originally identified for its 

role in glucose metabolism, has been shown to be a key regulator in molecular 

pathogenesis of Alzheimer’s disease (AD). The two isozymes of GSK3, α and β, 

share a high sequence identity within their respective kinase domains; however their 

functional redundancy is still debated (Jope and Johnson, 2004). The GSK3β isoform 

has particular relevance in AD because it is highly expressed in neuronal tissue (Bhat 

et al., 2004). It has been postulated that deregulation of GSK3 activity occurs with 

aging, although it remains unclear whether such effects may occur in nervous tissue. 

GSK3 activity might be increased in AD, through changes in its phosphorylation state 

as well as expression levels, although direct evidence for this is still limited at present 

(Pei et al., 1997; Blalock et al., 2004). GSK3 has been proposed to contribute to both 

neurofibrillary tangles and amyloid plaque formation. This is based on evidence that 

GSK3 phosphorylates protein tau and also APP, thereby promoting Aβ production 

(Bhat et al., 2004). GSK3β transgenic mice have impaired LTP in CA1, while 

conversely induction of LTP appears to decrease kinase activity as indicated 

indirectly by phosphorylation of Ser9 (Hooper et al., 2007). In addition, tyrosine 

phosphorylation of GSK3 (associated with increased activity) is increased in AD 

transgenic mice early in life by the soluble amyloid species (Terwel et al., 2008). 

Interestingly, exposure of hippocampal neurons to Aβ has been shown to increase 

GSK3β activity (Takashima et al., 1996). As active GSK3β triggers not only 

phosphorylation of tau but other events that could contribute to cell death, a major 

part of AD pathology could result from increased GSK3 activity.  

On the other hand, treatment with LiCl, a well-known, and widely used, but 

non-specific GSK3 inhibitor in cultured neuronal cells and Tg2576 mice resulted in 

different outcomes, from reduced Aβ40 and Aβ42 load (Phiel et al, 2003; Su et al., 

2004; Sun et al, 2002) to increased Aβ generation (Feyt et al., 2005; Caccamo et al., 

2007). A recent study treating double transgenic APP/Tau mouse model with a novel 

specific GSK3 inhibitor resulted in lower levels of tau phosphorylation, decreased Aβ 
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deposition and plaque-associated astrocytic proliferation, neuronal protection, and 

prevention of memory deficits (Sereno et al., 2009).  

1.2 Aims 

The effects of aging on GSK3 in the CNS have not still been clarified. Yet this could 

have consequences in the development of aging-related disorders, such as AD. 

Combined data point to a damaging cycle of amyloid generation and GSK3 

activation, but the molecular mechanisms by which GSK3 affects the formation of Aβ 

remain unknown. Due to the highly relevant role of GSK3 in AD and in order to 

clarify and identify the molecular mechanisms by which GSK3 affects APP 

processing, this thesis is centred on the following aims: 

1. To determine the potential changes of GSK3 with aging and to ascertain if the 

processing of the APP is affected by GSK3 and, if so, what are the potential 

mechanism(s). 

 

2. To determine whether specific GSK3 inhibition could induce autophagy and 

account for the increased degradation rate of FL-APP. 

 

3. To investigate whether activation of the canonical Wnt signalling cascade can 

affect APP processing and if so, to determine what mechanism(s) are involved.  

As activation of the canonical Wnt pathway results in inhibition of GSK3, 

some of the outcomes should be similar to those found by GSK3 

pharmacological inhibition.  In addition, the specific role of β-catenin 

transactivation on the processing of APP will be evaluated. 
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CHAPTER 2 : GENERAL INTRODUCTION 

2.1 A coming of age story   

2.1.1 Alois Alzheimer 
Alzheimer’s disease (AD) is currently the most prevalent neurodegenerative disease 

and is characterised by the symptoms of cognitive decline and memory impairment as 

a result of progressive neuronal loss from cortical and hippocampal areas (Frolich, 

2002).  

 Alois Alzheimer originally described the disease in 1906 in which he was the 

first to observe the neuropathological hallmarks of AD by post-mortem examination 

(Alzheimer, 1907).  Thus the vague umbrella term, dementia, has been stratified to 

include approximately 50-70 disorders through a century of research based on slight 

variations in clinical symptoms and/ or specific histopathological hallmarks (Squire, 

2008).  Alzheimer’s original case was the description of a 51 year-old woman who 

presented the classical symptoms of dementia in addition to having delusions and 

hallucinations.  Upon autopsy the German pathologist astutely observed that besides 

the obvious brain atrophy, the neurones were laden with tightly bundled 

neurofibrillary tangles (NFT) and the parenchyma was dotted with plaques (see figure 

2.1).  For whatever reason, neurones in key areas such as the hippocampus and 

cortical regions degenerate leading to atrophy of the brain.  AD is therefore described 

as a neurodegenerative disease that leads to a general demented state.  

2.1.2 A ticking time bomb 
Since humble beginnings at the turn of the 20th century, the breadth and depth of our 

knowledge of this disease is vast and ever increasing.  This accelerating expansion of 

research is driven by an epidemiological and a demographic ticking time bomb.  

Approximately 50% of the diagnosed dementia cases are attributed to be AD.  In the 

United Kingdom alone there are 820, 000 people suffering from the disease with a 

new case being diagnosed every 3.2 minutes.  On average, 60, 000 deaths are a direct 

result of the disease (Matthews et al., 2005).  However this is merely a drop in the 

ocean if one compares the statistics to the United States of America where 
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approximately 5.4 million people are currently diagnosed with AD from the last 

census data (Hebert et al., 2003)1.   

Age is the greatest risk factor for developing the disease.  AD cases are found 

in 13% of individuals aged between 65yrs and 85yrs and 43% of those who are older 

(Plassman et al., 2007). Unlike a pathogen that can be immunised against and 

eradicated, people will always grow old and therefore a large proportion of any 

population will go to develop some form of dementia.  But why this current position 

is untenable, is that with an aging population, which characterises so many developed 

countries, the proportion of individuals developing dementia will explode 

exponentially.  It is predicted in the USA that individuals who are aged 65 and over 

with AD will increase by 50% to 7.7 million sufferers by 2030, again taken from 

statistics compiled by the Alzheimer’s association (Plassman et al., 2007).  Similar 

devastation has been predicted for the UK, which would surely crush a national 

healthcare system and squeeze its economy.   

The simplistic view is that the disease is a greater burden on the developed 

nations, with higher life expectancies, however this is not the case if one considers 

that 60% of the 35 million global cases of dementia are from developing countries.  In 

this case, the emphasis is not so much on the aging population but rather the 

exponential rate at which the population size is growing in all age-brackets.  For this 

reason the dementia rate is set to climb in India and China by more than 300% by 

2040 when compared with a 2001 baseline (Ferri et al., 2005).  Owing to the fact that 

these nations have weaker economies, there are simply neither public nor private 

healthcare systems put in place to deal with this situation.  Current drug therapies are 

relatively expensive and apart from the immediate family there simply is no caring 

profession to speak of.  

Smart economies have realised that the problem of AD is growing in 

magnitude rapidly.  This has resulted in a recent shift to increase publicity of 

dementia.  The goal of this publicity is to raise awareness and increase the percentage 

of funding from governments to research AD and other dementias.  While efforts 

have succeeded in many ways, the current funding is still well below that of what is 

given to other research areas such as cancer and heart disease.  To realise how 

                                                
1 Statistics taken from recent report from the Alzheimer’s association: Facts and Figures 2011. 
http://www.alz.org/downloads/Facts_Figures_2011.pdf [Accessed on 1st of August 2011]. 
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nonsensical this is, one has to consider that each AD patient has an economic impact 

of £27, 647pa while that from a cancer or a heart disease patient is only £5, 999pa and 

£3, 455pa respectively.  The UK alone spends £23 billion every year on ineffective 

drug therapies and patient care needed for someone who has this debilitating disease 
2.  The US spends an untenable $183 billion a year from a recent review from 2011 by 

the Alzheimer’s Association.  Merely delaying the onset by five years would 

dramatically decrease the proportion of individuals requiring permanent care and with 

it the economic burden.  And thus the gauntlet has been set for Science to delay, if not 

cure AD and the related dementias.  

It is important however to see as scientists, politicians and activists that the 

economic crisis is indirect and secondary to the tragedy that befalls any family that 

has to deal with a loved one suffering from AD.  It has the power to take away the 

pride and independence of a person and most of all it can corrupt their mind and the 

very faculties that make them human.  It is for this reason alone that more needs to be 

done in terms of funding innovative research that can rectify this.  

2.2 Diagnosis of dementia and AD 
The Diagnostic and Statistical Manual of Mental Conditions defines and sets out 

criteria required to be met in order to be diagnosed as having dementia, these state 

that the patient must have:  

• Memory impairment along with a failure in at least one of the following 

cognitive abilities that is so severe that it interferes with daily life. 

1. The ability of coherent speech or to understand others or written language. 

2. The ability to recognise everyday objects provided that this is not due to loss 

of some sensory input such as sight or touch.  

3. The ability to carry out complex motor tasks. 

4. The ability to think in abstract ways and comprehend, make rational decisions 

and plan out complex tasks.  

                                                
2 Statistics taken from recent report from the Alzheimer’s Research Trust UK: Statistics data 2011. 
http://www.alzheimersresearchuk.org/siteFiles/resources/documents/ARUK_Dementia_statistics.pdf   
[Accessed on 1st of August 2011]. 
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In rare cases, there is a rapid onset of symptoms that are acute in nature and maybe 

brought on by treatable conditions such as depression, which can be controlled with 

mood stabilisers such as LiCl, and reverses the symptoms (Ladika and Gurevitz, 

2011).   

However, in most cases the dementia is a result of an underlying molecular 

pathogenesis that has played out over many years and resulted in large 

neurodegenerative damage leading to substantial atrophy and morphological changes 

in the brain machinery.  From this point forward, the physician is tasked with teasing 

out the disease that leads to the current state of the patient.  It is thought that AD 

determines 60-80% of dementia cases, 10-20% by vascular dementia, frontotemporal 

dementia (FTD) and dementia with Lewy bodies but may vary slightly depending on 

the country (Holtzman et al., 2011) (Barker et al., 2002).  

While a demented state is clear from the norm, on clinical inspection, AD can 

present itself in a very similar fashion to many of the other forms of dementia in 

addition to the normal cognitive decline that correlates with age.  This is especially 

true in the later stages of the disease where so many of the brain regions are affected 

and the presentation may resemble a variety of dementias.  This leads to a conundrum 

where patients will most likely seek advice from a physician once it is obvious 

something is wrong and by then, already in the later stages of the disease.  So in this 

respect a specific diagnosis can be very problematic and requires testing by specialists 

trained to decipher the myriad of nuances that specify a particular form of dementia.  

To aid the diagnosis, physicians follow a list of criteria such as the NINCDS ARDA 

that was set out in 1984 (McKhann et al., 1984).   A physician can make use of 

neuropsychiatric testing and imaging studies to provide a diagnosis.  For example in 

AD, an early impairment hallmark is believed to be in the episodic memory and thus 

distinguishes it from any other form of dementia.  This latter function can be tested by 

the Cambridge Neuropsychology Test Automated Battery-Paired Associate Learning 

(CANTLAB-PAL) task (Fowler et al., 1997) 
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2.3 Neuropathology and hallmarks of AD 
Alois Alzheimer’s first description of the extracellular amyloid-β (Aβ) plaques and 

intracellular neurofibrillary tangles (NFT) has paved the way for great descriptive 

analysis of the neuropathology of this disease.  Further biochemical examination 

(discussed later), identified the Aβ peptide and the hyperphosphorylated tau to be the 

main constituents of the plaques and NFT respectively (see below) (Golde et al., 

2000, Wischik et al., 1988, Allsop et al., 1988).  Surrounding the plaques, are 

dystrophic neurites (dendrites or axons) that indicate some form of toxic event is 

occurring.   Surveying microglia and resident astrocytes are activated leading to the 

release of inflammatory mediators that generate an inflammatory response.   These 

CNS immune cells are also capable of secreting molecules to degrade and clear Aβ, as 

well as phagocytosing amyloid plaques.  A phagocytic response is also required to 

clear the debris from apoptotic cells (Lucin and Wyss-Coray, 2009).  The immediate 

toxicity will lead to synaptic dysfunction and pruning of the neuronal processes in a 

series of events leading to apoptosis and massive neuronal loss.  As such, one 

common observation upon post-mortem is the general atrophy of the brain compared 

to an aged-match control.  However this kind of general observation is present in 

many brains suffering from neurodegenerative diseases at post-mortem and therefore 

is not particularly helpful in a diagnosis.  What is better is the combinatorial use of 

structural and functional magnetic resonance imaging (MRI) that can be used to 

reveal, in living patients, the atrophy, hypometabolism and reduced blood flow in the 

medial temporal lobes, which is characteristic for AD progression (Jack et al., 1998, 

Scheltens et al., 2002, Wahlund et al., 2000, Patwardhan et al., 2004).  

Like other neurodegenerative diseases, in AD there is a peculiar over- 

excitation of the N-methyl-D-aspartate receptor (NMDAR), which is detrimental and 

leads to excitotoxicity.  In response to the NMDAR-excitoxicity, memantine, as a 

partial NMDAR antagonist, was approved for symptomatic-treatment of AD (Osborn 

and Saunders, 2010).   These drugs, while doing some good in alleviating some of the 

symptoms, are incapable of modifying the disease progression. 

 While the focus of research has been on the formation of the neuritic plaques, 

the Aβ peptide can also be deposited in the vessel walls of the brain, which can lead 

to blockages and cerebral amyloid angiopathy (CAA).  This is in itself can be very 

detrimental and lead to ischemic injury as the result of the poor blood flow 

(Soontornniyomkij et al., 2010) (see 2.5.2.5 Aβ degradation and clearance).  
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Figure 2.1: Inside of the AD brain. 

Images shown above were taken from the Holtzman et al., 2011 review.  Images show the atrophy (A), 

neuritic plaques (B), cerebral amyloid angiopathy (C, small arrow) and NFTs (D) associated with AD.  

(E) Plaques as visualised with Thioflavin staining under fluorescent light.  (F) Shown is a putative 

scheme of molecular players and pathologies through the matrix of the brain.  Illustrated is the 

influence inflammation may play with the activation of microglia and astrocytes and the release of 

complement molecules and pro-inflammatory mediators TNFα and IL-1. 
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2.4 Progression of AD 
The period between the initial diagnosis and death, usually from pneumonia, is on 

average approximately ten years (Swerdlow, 2007).  A cognitive dementia rating 

(CDR) can be ascribed to patients to assess their progression where “0” marks 

cognitively normal, “0.5” as very mildly impaired or mild-cognitive impairment 

(MCI), “1” as mildly impaired, “2” as moderately impaired, and “3” as severely 

impaired at which the sort of brain atrophy and neuropathology illustrated in figure 

2.1 would be present (Morris, 1993).  In the UK, scores on the mini-mental state 

examination is used as a means to rate disease progression.    

Ultimately, synaptic dysfunction will lead to neuronal loss from firstly the 

limbic areas such as the entorhinal cortex and the hippocampus, an area critical for 

short-term memory formation and conversion to long-term memory (Holtzman et al., 

2011).  This will lead to the symptom of memory impairment in the patient.  As the 

disease progresses, so the atrophy will spread to wider areas through the cortex 

leading to cognitive decline and often behavioural alterations (Holtzman et al., 2011).  

In addition, cholinergic neuronal types of the basal forebrain, which again are 

involved in memory formation, are afflicted by tau and Aβ pathology preferentially 

(Davies and Maloney, 1976).   And as such the first drug therapies introduced for AD 

were for the treatment of symptoms with acetylcholinesterase inhibitors.  The 

acetylcholinesterase enzyme functions within the synaptic cleft to degrade the 

neurotransmitter, acetylcholine, in order to prevent sustained synaptic transmission.  

However with the depletion of these signalling events in AD, preventing the 

breakdown of this neurotransmitter is believed to have some beneficial, if slight, 

effect clinically (Ballard et al., 2011).  It still remains controversial as to whether 

there are real benefits to patients on such therapies when carrying out meta-analyses 

(Birks et al., 2009, Waldemar et al., 2011). 

Recent developments using tracer compounds such as [C11]-Pittsburgh 

compound now allow for the direct visualisation of Aβ species and to measure the 

clearance of these species from the CNS in patients before and during cognitive 

decline (Mosconi et al., 2010).  What is clear is that Aβ deposition can occur years 

and even decades before the onset of noticeable symptoms and can be extensive at 

these early stages (Jack et al., 2010).   While a patient may be ranked as CDR=0, it is 

evident that a multitude of molecular events are playing out unseen in the brain as 

shown from figure 2.2 (Perrin et al., 2009).  
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Using the developments in neuropyschometric testing and imaging, a subset of 

patients could be identified as having MCI (Kidd, 2008, Ringman et al., 2009).  Of 

interest is that these patients had a high prevalence in converting to a full blown 

demented state, more often than not of the AD type, when followed up longitudinally 

(Tierney et al., 1996).  This amnestic MCI (aMCI) state was therefore seen as a 

transitional state between normal cognitive aging and AD (Kidd, 2008).    
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Figure 2.2: The staging and major biomarkers of AD progression. 

Schematic taken from (Holtzman et al., 2011).   The CDR, used in the USA, rates the progression of 

AD in the inflicted individual from asymptomatic (CDR=0) to symptomatic 0.5 to 3.  The genetic 

factors unfold from birth while environmental factors build up over life.   What is evident is that major 

molecular dysregulation occurs many years before symptoms are noticeable whereby the amyloid 

pathology precedes the NFT formation, which in turn leads to neuronal degeneration.  
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2.5 Aβ pathology and APP processing 

2.5.1 Aβ deposition 
AD has come to be dominated and defined by the amyloid plaque first witnessed by 

Alois Alzheimer (1907) and Fischer (1907) independently (Goedert, 2009).  These 

pathogenic plaques have been found encroached by dystrophic neurites and gliosis 

and an activation of surrounding glia that infers an inflammatory response has been 

provoked.  Whether the inflammatory response is a result of tissue damage or is a 

concomitant and/ or causative phenomenon is under debate (Sastre et al., 2011).   

The main constituent of the plaques found in AD and trisomy of chromosome 

(Chr) 21 Down’s Syndrome (DS) patients, was later identified to be the Aβ  peptide 

(Masters et al., 1985).  The initial reasoning that lead to the identification of Aβ was 

that every case of trisomy of Chr21 went onto to develop AD-like symptoms with 

dramatic Aβ pathology upon post-mortem examination at ages as early as 35yrs 

(Wisniewski et al., 1985).  Three major papers from separate groups in 1987 

established the Aβ peptide was a small sub-region of a much larger holo-protein 

encoded on Chr21 and subsequently entitled the amyloid precursor protein (APP) 

(Goldgaber et al., 1987, Kang et al., 1987, Tanzi et al., 1987).  This key genetic piece 

of evidence in combination with linkage analysis from family pedigrees of autosomal 

dominant AD (FAD) fed the amyloid cascade hypothesis of AD (see 2.5.3 Amyloid 

cascade hypothesis).  

2.5.2 APP metabolism  
APP is a type-1 integral membrane protein (Kang et al., 1987) that resembles a signal-

transduction receptor and belongs to a larger family including APLP1 and APLP2.  

Single knockout mice show subtle phenotypes suggesting some redundancy between 

the three.  Of interest, a triple App/Aplp1/Aplp2 KO show decreased life expectancy 

(Heber et al., 2000).   Three isoforms of 695, 751 and 770 amino acids in length are 

alternatively spliced from one gene encoded on Chr21 (Levy-Lahad et al., 1995).  

While the 751 and 770 isoform are expressed throughout the body, the 695 variant is 

predominantly expressed in neurones and lacks the Kunitz Protease Inhibitor (KPI) 

domain in the extracellular portion (Kang and Müller-Hill, 1990, Anderson et al., 

1989).  Interestingly, there is evidence that the alternative splicing and expression of 

the variants can alter with age resulting in a shift to KPI containing splice forms in 

neurones and an increase in Aβ production (Menéndez-González et al., 2005).  This 
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phenomenon has also been observed in neurones undergoing prolonged NMDA 

receptor activity, which underlies the excitotoxicity observed in AD (Bordji et al., 

2010).  

 

Figure 2.3: APP metabolism. 

(A) Approximately 90% of APP is cleaved in what is termed the non-amyloidogenic pathway whereby 

α-secretase (ADAM10) cleaves first to produce a neuroprotective soluble fragment termed the sAPPα 

and the p83 of unknown function.  However, less often, β-secretase (BACE1) acts before ADAM-10 

resulting in a C-terminal stub that will inevitably be cleaved by the γ-secretase (complex of PSEN1/2, 

Aph-1 and Nicastrin) to form secreted Aβ in the amyloidogenic pathway.  (B) Shown is the generation 

of Aβ of varying lengths with varying propensities for aggregation and toxicity.  Indicated are current 

therapies under development to intervene in amyloid generation (Karran et al., 2011).   
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2.5.2.1 APP trafficking and processing 
The APP molecule is synthesised in the ER and post-translational modified with 

glycosylation, sulfation and phosphorylation events.  Trafficking within the cell 

moves the APP through the classic secretory pathway where its maturation through 

the trans Golgi network (TGN) results in vesicular budding and delivery to the plasma 

membrane (Bossy-Wetzel et al., 2004, King and Scott Turner, 2004, Kang et al., 

1987).  The full-length protein or its catabolites are then re-internalised and follow the 

endocytic pathway through the early to late endosomes and finally degraded within 

the lysosomes (Caporaso et al., 1994).  At varying points within this cycle, several 

secretase cleavages occur which produce Aβ and other catabolites mentioned in the 

following sections (see α/β/γ-secretase-processing).  The trafficking and processing of 

APP are an interwoven continuum, which is regulated by various molecular 

interactions of the C-terminal domain of APP and several key adaptor molecules 

(Suzuki and Nakaya, 2008).  The various secretase cleavage events that occur with the 

trafficking of APP can only happen after the full O-linked glycosylation of the C-

terminus (Tomita et al., 1998).   

 

 
 

Figure 2.4: Trafficking of APP through the cell.  

Trafficking of APP within the cell matures through the secretory pathway where it is internalised and 

recycled through endocytic compartments or degraded by lysosomes.  This illustration was taken from 

Cheng et al., 2007.  
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2.5.2.2 α-secretase processing 
The initial secretase cleavage event of APP is the α-secretase, which can occur from 

the TGN to the plasma membrane in the secretory pathway (De Strooper et al., 1993, 

Kuentzel et al., 1993).  This cleavage event leads to the production of a secreted 

neuroprotective fragment, sAPPα (96kDa), and a membranous α-CTF (10kDa) 

(Mattson, 1997) (see 2.5.2.6 Physiological functions of APP).  As this cleavage site 

between Lys16-Leu17, lies within the amyloid domain, any such activity precludes 

Aβ production and as a result forms the non-amyloidogenic pathway (Sisodia, 1992).  

This activity is believed to be constitutive and the majority of APP molecules undergo 

this typical non-amyloidogenic processing (Hardy and Higgins, 1992). 

The use of a pharmacological inhibition screen discovered the α-cleavage to 

be encoded by a metalloproteinase (Roberts et al., 1994), with ADAM (a disintegrin 

and metalloproteinase) 9, 10 and 17 being the likely candidate genes.  There are 

several studies that prove α-secretase cleavage for each of these ADAM isoforms and 

there may be some functional redundancy but with this being said, ADAM-10 is 

believed to be the constitutive α-secretase (Kuhn et al., 2010) while ADAM-9 and 17 

are regulated forms (Buxbaum et al., 1998, Koike et al., 1999, Merlos-Suárez et al., 

2001).   In addition to identifying ADAM-10 as the α-secretase, transgenic mice 

studies have illustrated that the sAPPα fragment is neurotropic (Mattson et al., 1993, 

Mattson et al., 1999) and promotes synaptogenesis within the cortex of the major 

neurotransmitter presynaptic terminals (Bell et al., 2008, Postina et al., 2004).  A 

similar increase in synapse formation is believed to occur in AD as a compensatory 

mechanism to counter the loss in neuronal mass, specifically cholinergic neurones.  

Furthermore ADAM-10 overexpression in a bigenic model crossed with APP.V717I 

is associated with neuroprotection against excitotoxicity, another hallmark of AD 

(Clement et al., 2008).  The overall majority of studies have therefore shown α-

secretase and the non-amyloidogenic processing of APP to be associated with positive 

neuroprotection.   
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2.5.2.3 β-secretase processing 
Full-length APP (FL-APP) can alternatively be cleaved by the initial amyloidogenic 

cleavage of the β-secretase (Selkoe and Schenk, 2003).  The β-site lies immediately 

N-terminal of the Aβ domain and when cleaved releases an analogous sAPPα 

fragment, the soluble APPβ  (94kDa), although it is thought to be neurotoxic rather 

than protective.  The remaining membrane bound β-CTF (12kDa) is cleaved by the γ-

secretase to release the varying Aβ species.  The α- and β-cleavage of APP is 

generally described as ectodomain shedding, a phenomenon that is very important in 

regulating the physiological functions of membrane proteins (Reiss and Saftig, 2009).  

  Several simultaneous studies identified the β-secretase as the β-site APP-

cleaving enzyme 1 (BACE1) (Sinha et al., 1999, Vassar et al., 1999, Yan et al., 1999, 

Hussain et al., 2000).  The BACE1 protein is synthesised as a larger pro-BACE1 

protein, which is subsequently cleaved by a furin-like endoprotease, which produces 

the mature and active form as a membrane-bound aspartyl protease (Bennett et al., 

2000, Creemers et al., 2001).  Like APP, pro-BACE1 is secondary modified after 

synthesis in the ER, which largely regulates its concomitant trafficking within the 

cell.  In addition to these modifications, there is also an endoproteolytic cleavage 

event that occurs in the Golgi apparatus to generate mature BACE1.  BACE1 is 

preferentially active in the TGN and early endosomal compartments owing to the 

more acidic nature of the lumen they enclose.  This mirrors previous reports of β–

secretase mediated cleavage of APP in the same cellular locations (Haass et al., 1995, 

Koo and Squazzo, 1994).   Populations of BACE1 molecules recycle between these 

acidic intracellular compartments and the plasma membrane in a process largely 

controlled by phosphorylation within its cytosolic facing C-terminal domain by casein 

kinase 1 (CK1) (Walter et al., 2001).   

Soon after, BACE2, which has 64% sequence similarity to BACE1, was 

identified (Solans et al., 2000).  However its expression within neurones is extremely 

low and its cleavage is more reminiscent of the α–cleavage (Yan et al., 2001). 

However, the final nail in the coffin for BACE2 was that Bace1-/- mice crossed with 

mice that develop plaques are completely devoid of any amyloid species.  This 

concludes that BACE1 is probably the only physiological β-secretase and this initial 

amyloidogenic cleavage is critical and rate-determining in the generation of Aβ.  

What was even more impressive was that in these mice the neuronal loss, cholinergic 

deficits and memory impairment characteristic of AD were rescued (Luo et al., 2001, 
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Ohno et al., 2004).   This and the fact that BACE1 activity is believed to increase in 

AD brains (Yang et al., 2003, Fukumoto et al., 2002) has lead to numerous 

therapeutic studies being funded both privately and in academia.  Initial studies 

reported that promisingly in terms of therapy, there was no observable phenotypic 

side affects resulting from Bace1 ablation in null mice.  However this conclusion has 

been called into question as recent studies have shown significant reduction in 

viability of the Bace1 null mice in the few weeks post-natal if compared to wild-type 

littermates (Dominguez et al., 2005).  As neuregulin-1 is a major target of BACE1, 

the null mice also suffer from hypo-myelination of nerves within the peripheral 

nervous system (PNS) (Willem et al., 2006).   This results in subtle motor and sensory 

phenotypes such as reduced grip strength and increased pain sensitivity (Hu et al., 

2006).  Some behavioural abnormalities that were reminiscent of a schizophrenic 

phenotype have been reported in the Bace1 knockout line as well (Savonenko et al., 

2008).  A plethora of additional cellular substrates again call into question the 

suitability of BACE1 as a pharmacological target (Vassar et al., 2009).    

In addition to an increase of activity in AD brains, BACE1 activity increases 

have also been reported in normal aging (Fukumoto et al., 2004).  There is also 

evidence to suggest that an increase in activity can be induced by traumatic brain 

injury (Blasko et al., 2004) and inflammation (Sastre et al., 2008).   These 

observations go a long way to explain at a mechanistic level, why there are increased 

incidences of AD in persons who were subjected to traumatic brain injury such as 

boxers and persons involved in car accidents (Gentleman et al., 1997).  In addition to 

the obvious increased activation of microglia and astrocytes that orchestrate the CNS 

inflammatory response to plaques, a recent hypothesis has also hinted at inflammation 

being a major driver of the initial AD pathology.  The increased activity of the β-

secretase may be explained by alterations in the transcriptional output from the 

BACE1 gene.  Numerous in vitro studies have indicated that the BACE1 promoter is 

responsive to a multitude of transcriptional factors signalling related to dampening or 

promoting the inflammatory response, these include NFκB, STAT and PPARγ (Sastre 

et al., 2008).  In addition to regulation at the transcriptional level, changes in the 

protein expression of BACE1 without a parallel alteration in the mRNA can also 

come from post-transcriptional regulation (Willem et al., 2009).   These mechanisms 

include RNA secondary structures within the 5’ untranslated region (UTR) and 

binding of micro RNA (miRNA) species to a 3’ UTR that both influence the 
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translational efficiency from the mRNA transcript (Lammich et al., 2004).  As most 

of these elements are associated with reducing translation (Zong et al., 2011) their 

loss is correlated with increased BACE1 expression in sporadic AD patients (SAD) 

(Hébert et al., 2008).  A surprising non-coding antisense RNA, BACE1-AS, was 

identified that led to increased stabilisation and translation of BACE1 mRNA as 

opposed to increased degradation, which is associated with RNA duplexing (Faghihi 

et al., 2008).   A feed-forward loop is generated through the expression of this RNA 

element with cellular stress such as Aβ exposure and is elevated in AD patients.  

In addition, several adaptor proteins that interact with the C-terminus of 

BACE and regulate the cellular location can also influence the activity of the β-

secretase.  An increase in expression of reticulon/Nogo family of proteins leads to 

retention of BACE1 within the ER, which is too alkaline for optimal β-CTF 

generation (He et al., 2004, Murayama et al., 2006).   Later in the secretory pathway, 

the Golgi-localized γ-ear-containing ARF-binding (GGA) proteins seem to regulate 

the retrograde trafficking between the late Golgi compartments and the early 

endosomes, where changes in the acidity of the respective lumen influences β-

secretase activity (Wahle et al., 2005, Wahle et al., 2006).   

 

The membrane-bound Prion Protein (PrP) is an interesting peptide, as when it is 

processed erroneously it leads to prion diseases but also it has been linked to the 

pathogenesis of AD.  In its physiological state, PrPc, can inhibit the β-cleavage from 

BACE1 and reduce Aβ production (Parkin et al., 2007).  In sporadic but not familial 

cases of AD, it appears that this negative regulator is reduced in expression and 

therefore can provide another explanation for increased β-secretase activity with 

aging (Whitehouse et al., 2010).    The differential linkage can be explained by the 

observation that a later study illustrated PrPc only influences the processing of wild-

type APP and not familial forms such as APPsw (Griffiths et al., 2011b).   
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2.5.2.4 γ-secretase processing 
Initially identified through genetic analysis, it was later proven in several key studies 

from several groups to show that presenilin (PSEN1/2) along with three other 

regulatory proteins, anterior pharynx-defective 1 (APH1), presenilin enhancer-2 

(PEN-2) and nicastrin reconstitute the activity of the γ-secretase complex (Edbauer et 

al., 2003, Kimberly et al., 2003, Takasugi et al., 2003).  The different isoforms of the 

various complex subunits, for example APH1aS/L and APH1b, allow for differential 

γ-secretase complex formation and activity (Shirotani et al., 2004, Ma et al., 2005).   

While the generation of the P3 fragment is of no interest as it is rapidly degraded, the 

more interesting cleavage yielding Aβ happens within the transmembrane region in a 

highly regulated manner.  This kind of proteolysis has attracted much research and 

several key studies have elucidated the biochemical mechanisms behind its functions.  

In line with familial linked mutations within the PSEN genes, the double knock-in 

APP/PSEN1 (expressing the familial human APPsw and PSEN1 M146L mutants) 
mouse model accurately recapitulates AD with amyloid pathology that is correlated 

with memory impairment, cognitive decline and hypometabolism far superior to that 

of APP single knock-in transgenic models (Trinchese et al., 2004).   Finally, when 

combining this background with the human tau familial mutant, P301L, it is possible 

to model the interaction between the amyloid and tau pathology in a single mouse 

strain (3xTg-AD) (Oddo et al., 2003).   

Presenilins, the catalytic unit of the complex, are several-passing 

transmembrane proteins that are associated with intracellular membranes such as the 

endoplasmic reticulum (ER), the Golgi apparatus, lysosomes and autophagosomes 

(Kovacs et al., 1996, Pasternak et al., 2003, Yu et al., 2004).  In addition to their 

catalytic function towards APP, they also have physiological functions towards type-I 

integral membrane proteins.  For instance, its typical cleavage regulates Notch 

signalling (Schroeter et al., 1998, Vetrivel et al., 2006) and it also cleaves the APP-

like proteins (APLP), where the function is less clear (Eggert et al., 2004).  In most 

cases these presenilin cleavage events result in intracellular fragments capable of 

nuclear shuttling albeit with controversial transactivation function.  In addition to this, 

there are believed to be many more biological functions associated with presenilin 

activity and functions independent of its secretase role (Parks and Curtis, 2007, 

Thinakaran et al., 1996b).  No doubt, whether they are direct or indirect, biological 

functions that are associated with presenilins will only gain in number with more 
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research.  Of particular interest was the role of PSEN1 in the acidification of 

autophagolysosomes through its interaction with the vacuolar-ATPase.  FAD relevant 

mutations in PSEN1 can result in improper acidification and as such result in reduced 

proteolysis through autophagy/lysosomes (Lee et al., 2010).  This is of note as such 

dysfunctions have been observed in human AD post-mortem tissue and mouse models 

of AD such as the PSEN1/APP transgenic mouse (Rubinsztein et al., 2005).  With the 

numerous cellular targets, there must be some fairly stringent regulation in order to 

insulate the many pathways influenced.  One prime example of regulation is through 

the coordinated cycling and location of the complex with its substrate within several 

intracellular membranes.    

The γ-secretase complex is defined by its function, namely the sequential 

cleavage of APP CTFs to produce varying Aβ fragments and additional metabolites.  

There are three typical sites that are believed to occur in a sequential order (see figure 

2.5): 

 

• The ε-cleavage, which lies closest to the membrane/cytosol boundary, 

generates the larger Aβ49 (Sastre et al., 2001a).  This cleavage event is highly 

analogous to the S3 cleavage of Notch, another major PSEN1 subunit (De 

Strooper et al., 1999).   

• Next, the ζ-cleavage results in the production of the less abundant Aβ46 (Zhao 

et al., 2004).  

• Finally γ-cleavage results in the production of the most prominent species 

Aβ40  and Aβ42  depending on the exact site .    
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Figure 2.5: The putative topology of PSEN1/2 and the stepwise model for generation of major Aβ 
metabolites from β-CTF by the γ-secretase complex. 

(A) The putative topology of PSEN1/2 and its binding partners.  From genetic and biochemical 

analysis, the topology of PSEN1 was mapped to include 9 TMD domains and a large cytoplasmic loop 

between TMD 6 and 7 which contains the endoproteolytic cleavage event for activation of PSEN1.  

Scheme taken from Haass and Selkoe, 2007.  (B) Hypothetical schematic put forward by Ihara and 

colleagues states a stepwise cleavage every three residues starting from the epsilon cleavage either at 

position 49 resulting in the production of Aβ40 or at position 48, which results in the less abundant 

Aβ42.  This also results in differential sizes of the released AICDs.  Scheme taken from Takami et al., 

2009.  

 

Each sequential cleavage event protrudes further into the membrane and allows entry 

of water molecules for the hydrolytic reaction.  Although the exact mechanism by 

which these varying fragment lengths are generated is unknown, it is believed that 

they all result from the same γ-secretase molecule (Zhao et al., 2007).  The most 

current line of thinking speculates that Aβ42 is generated by a different product line of 

sequential tripeptide cleavage events to that of the more prominent Aβ40 (Takami et 

al., 2009).  Figure 2.5 shows that the typical epsilon cleavage that generates Aβ49 

(Sastre et al., 2001b) results in the progressive formation to Aβ40 through the 

intermediates, Aβ46 and Aβ43.  In contrast with a differential epsilon cleavage at 

position 48, Aβ42  is generated through the intermediates Aβ45 (Takami et al., 2009).  

Using sophisticated mass spectrometry, the predicted tripeptides that should be 

released from a stepwise cleavage mechanism were detected from cells over 

expressing the β–CTF.  Most PSEN1 mutations lead to an increase in specifically 

Aβ42 , believed to be the more toxic form of the amyloid peptide due to its increase in 

hydrophobicity and propensity to aggregate.  This observation is formed from 

experiments in human brains, ex vivo cultures (Scheuner et al., 1996) and in vivo 
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transgenic models (Borchelt et al., 1997, Holcomb et al., 1998).   Gain in the γ42 

cleavage also has a parallel effect to reduce the ε-cleavage of APP and S3 cleavage of 

Notch (Chen et al., 2002).  Unfortunately, the biological mechanism behind the 

molecular switching of PSEN1 cleavage site preference is still to be elucidated.  The 

functional significance for AD of concomitantly reducing the preference of PSEN1 

for its other targets such Notch is also unknown.  

PSEN1 undergoes a highly conserved endoproteolytic activation in which the 

unstable nascent protein undergoes a cleavage event producing a 27-28kDa N-

terminal fragment (NTF) and a 16-17kDa C-terminal fragment (CTF) (Thinakaran et 

al., 1996a).  This cleavage, although not completely understood, is believed to occur 

within the large cytoplasmic loop domain between residues Thr291 and Ala299.  This 

cleavage is dependent on two key aspartate residues, one at position 275 within the 

putative transmembrane domain (TMD) 6 and another at position 385 in TMD7 

(Wolfe et al., 1999) and is largely regulated by the PEN-2 subunit (Luo et al., 2003) 

(please see figure 2.5).  This event is believed to have two main biological outcomes; 

first and foremost, this is associated with an increased activity of the γ-secretase and 

secondly that the half-life of the two resulting fragments increase to 24hrs (Podlisny 

et al., 1997).  Interestingly, the PSEN1ΔE9 variant associated with FAD lacks a 

region encoded by exon 9 that codes for this cleavage loop and is somehow 

intrinsically stable and more importantly is capable of γ-secretase activity (Ratovitski 

et al., 1997, Iwatsubo, 2004).  

One major contribution to the regulation of presenilin function is the 

proximity and access to the different substrates within the cell.  The presenilin 

function requires high cholesterol and sphingolipid content, reminiscent of lipid 

micro-domains from the major intracellular organelle membranes (Vetrivel et al., 

2004) and its activity is found mostly in these compartments.  De Strooper and 

colleagues using an interactome study of PSEN1, identified tetraspanin, which forms 

the cholesterol-rich lipid raft-like microdomains, as an important interactor and 

therefore validating the localisation of PSEN1 (Wakabayashi et al., 2009).  Using 

various methodologies, groups have shown there is very little γ-secretase activity 

associated with the plasma membrane despite its important role in Notch 

cleavage/signalling (Chyung et al., 2005).   In contrast, APP is mainly cleaved in the 

early endosomes following internalisation from the plasma membrane and the TGN 
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(Tarassishin et al., 2004).   Another possible gain-of-function mechanism for PSEN1 

mutations may be due to the retention of PSEN1 within the intracellular 

compartments leading to an increased localisation with APP and a concomitant 

reduction in cleavage of the other substrates.  

In addition to the role of cleavage, the PSEN1 subunit is also believed to aid in 

the trafficking of many key substrates such as APP.  In PSEN1 knockout cells, there 

are numerous examples of membrane proteins being mislocalised that are not 

secretase substrates (Vetrivel et al., 2006, Naruse et al., 1998).  This provides 

evidence for PSEN1 being a bona fide chaperone.  One example interestingly is the α-

synuclein protein that is the main component of Lewy bodies dotting the brain from 

dementia with Lewy bodies and Parkinson’s disease patients.  In PSEN1 KO cells this 

protein is found mainly in autophagosomes but it is not in normal neuronal cells 

treated with selective γ-secretase inhibitors (GSIs) (Wilson et al., 2004).  

 Most current GSIs in clinical development have largely failed due to their low 

therapeutic index that is resulting from the multitude of cellular substrates and events 

that PSEN1 and the γ-secretase is involved in.  For instance, most current therapies 

are not Notch sparing and as such one particular clinical trial had to be halted owing 

to an increased cancer frequency risk (Cummings, 2010).  Other important targets of 

presenilin cleavage include cadherin, which is found at tight junctions and influences 

the stability and turnover of β-catenin (De Strooper and Annaert, 2010, Zhang et al., 

2011), the tyrosine kinase ErbB4 that is responsible for the behavioural abnormalities 

in the Bace1 knockout studies (Savonenko et al., 2008, Lee et al., 2002) and around 

60 other targets 

  One key question under investigation is what are the potential mechanisms by 

which the γ-secretase can regulate the cleavage of its multiple cellular substrates? One 

possibility is that the varying substrates may have different subcellular localisations. 

Another hypothesis is that the other subunits of the γ-secretase complex are involved 

in substrate recognition (Bammens et al., 2011).  De Strooper and colleagues, whose 

research focuses on the regulatory roles of the other subunits apart from presenilin in 

the γ-secretase, have championed this proposal through therapeutics categorised as 

modulators (GSM) as opposed to inhibitors (Karran et al., 2011).  One very promising 

therapeutic target is the newly identified γ-secretase activating protein (GSAP) (He et 

al., 2010).  This selectively alters Αβ42 production without affecting Notch cleavage 
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by binding directly to the APP CTF and the γ-secretase complex.   This activating 

protein already has a FDA approved antagonist, Gleevec, an anticancer drug already 

shown to reduce Aβ production independent of Notch (Netzer et al., 2003).  Further to 

this, certain NSAIDs, which have been shown to be protective against AD in certain 

meta-analyses (Sastre and Gentleman, 2010, Vlad et al., 2008), can also alter the ratio 

of Aβ40/42 favourably rather than inhibit the γ-secretase outright (Eriksen et al., 2003, 

Weggen et al., 2001). 

2.5.2.5 Aβ clearance and degradation 
In addition to an amyloidogenic pathway, there is also physiological means to clear 

Aβ peptides out of the interstitial fluid (ISF) and across the blood-brain-barrier (BBB) 

into the periphery.  Aβ-immunotherapy, whereby parenchyma levels of Aβ are 

depleted is believed to rely on this shuttling process from the ISF to the peripheral 

serum, where it accumulates (Morgan, 2011).   The efflux is mediated through 

transporters such as the P-glycoprotein and lipoprotein receptor-related protein 1 

(LRP1) transcytosis (Deane et al., 2009).  Apolipoprotein-ε (Apoε) isoforms, which 

are involved in redistribution of cholesterol and phospholipids in the brain, can 

heavily influence these efflux mechanisms.  They are produced and secreted by 

astrocytes and lipidated by the ATP-binding cassettes transporter A1 to form high-

density lipoprotein particles.  The three isoforms Apoε2/3/4 vary in their ability for 

cholesterol efflux, lipidation and receptor binding affinity (Kim et al., 2009a).  While 

the ε3 isoform is far the most common, ε4 is associated with a greater risk of AD 

progression while ε2 is thought to be protective (Roses, 1996).  Subsequent work has 

illustrated the isoform dependency for predisposition to AD down to the ability for 

Apoε to clear Aβ species from the brain (Castellano et al., 2011a).   

 In addition to clearance of soluble forms of Aβ across the BBB, they can also 

be degraded through proteolysis in the extracellular space.  These peptidases include 

the membrane-bound neprilysin, which is associated with microglia and the insulin-

degrading enzyme (IDE) that is secreted from numerous cell types (Iwata et al., 2001, 

Iwata et al., 2000).  A molecular mechanism to explain the link between type-2 

diabetes (causing hyperinsulemia) and predisposition for AD in later age might arise 

from the superior affinity of insulin over Aβ to bind IDE (de la Monte and Wands, 

2008).   
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Activated microglia are capable of up-taking extracellular Aβ that is fibrillar as 

opposed to the soluble species, which can cross the BBB.  This is believed to occur 

through a phagocytic process, which is believed to result in degradation of the 

insoluble aggregates however this is not conclusive (Lee and Landreth, 2010).   This 

process is mediated through a spectrum of cell surface receptors to form Aβ-receptor 

complexes influenced by a cacophony of pro- and anti-inflammatory signalling 

mediators.  Neuronal cells and astrocytes can also uptake extracellular aggregates of 

Aβ through the receptor for advanced glycation end-products (RAGE) complexes 

(Lee and Landreth, 2010).   

 What happens when the Aβ aggregates are endocytosed in the differing cell 

types within the brain is unknown.  In most cases, the various Aβ species remain 

locked in endosomes that will later fuse with lysosomes for proteolysis if correctly 

acidified (Majumdar et al., 2007).  In addition to the endosome-lysosome pathway, 

degradation can also occur via the autophagy pathway.  For instance, if this pathway 

is blocked, the Aβ-mediated toxicity observed in most transgenic models of AD is 

enhanced (Florez-McClure et al., 2007).  In terms of AD, great strides have been 

made recently in understanding the mechanistic basis of the FAD mutations 

associated with PSEN1.   Interestingly, these mutations in addition to increasing the 

ratio to favour the fibrillogenic Aβ42, seem to also affect autophagy-lysosomal 

proteolysis through disrupting the role of PSEN1 as a chaperone for an important 

vacuolar-ATPase.  As a result the fusion events with lysosomes do not result in the 

correct acidification that is required for protease activity (Lee et al., 2010).   A similar 

phenomenon was observed in a recent paper studying the induction of non-demented 

and FAD patient fibroblast cells into human induced neurones (hiN) (Ambasudhan et 

al., 2011). Importantly, this new technique allows the study of cellular events in a 

direct model of the human disease without having to express human familial forms of 

APP in mouse cells and transgenic lines. The authors have corroborated previous 

studies illustrating an increased production of Aβ with the presence of PSEN1 

polymorphisms.  In addition, the hiN cells from AD patients when compared to hiN 

cells of healthy patients showed an altered endosomal compartment phenotype that 

were often APP-immunopositive (Qiang et al., 2011).   This is consistent with 

previous autopsy analysis of human SAD brains (Cataldo et al., 1997) and certain AD 

transgenic models (Yang et al., 2008), which have reported the presence of altered 

endosomal, lysosomal and autophagy compartments (Rubinsztein et al., 2005, Boland 
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et al., 2008).  In addition to Aβ, several studies have shown that the holo-protein APP 

can be specifically targeted to the autophagosomes.  This can be associated with 

degradation of the holo-protein independent of processing (Vingtdeux et al., 2010) or 

with amyloidogenic processing of APP (Jaeger et al., 2010); however this latter 

finding has been called into question (Boland et al., 2010).  

2.5.2.6 Physiological functions of APP 
While decades of intricate research have deciphered how dysregulation of APP 

processing and Aβ-neurotoxicity may lead to AD, the physiological function(s) of 

APP are still not fully known.  While this may seem a trivial point, often one can 

learn a lot of a disease state from first fully understanding the normal physiological 

state.  Whilst the non-amyloidogenic pathway amounts for the majority of APP 

processing, the amyloidogenic pathway does occur within the brain of healthy 

humans albeit at a minimal level (O'Brien and Wong, 2011).  

The fact that APP resembles a surface receptor, suggests it may function in a 

receptor role similar to Notch at the plasma membrane.  Furthermore it contains the 

two highly conserved sequences, the 667VTPEER672 motif and the 681GYENPTY687 

motif, situated in the CTD of APP (O'Brien and Wong, 2011), which largely regulate 

its trafficking and are characteristic of cell surface receptors.  These conserved 

regions provide sites for phosphorylation and regulation of adaptor protein binding.  

These auxiliary proteins control the amount of processing and the shuttling of the 

AICD fragment to the nucleus (Kang et al., 1987, von Rotz et al., 2004).  A similar 

intracellular fragment, cleaved from Notch, shuttles to the nucleus to regulate 

transcription and thus linking an external cue perceived by Notch and gene regulation 

(Sastre et al., 2001a).   While it remains controversial, the AICD is believed to act in a 

similar fashion and can regulate the expression of multiple genes encoding APP itself 

and BACE1 (Beckett et al., 2011) and neprilysin (Pardossi-Piquard et al., 2005).  

As a means to study the physiological functions of APP there are several App 

and App/Aplp knockout models in addition to the numerous knock-in models used to 

determine the function of the different APP fragments (Guo et al., 2011).  

Furthermore, conditional KO mice have been used to discern postnatal function from 

a developmental context.  As such the function(s) of APP include axonal transport, 

cell adhesion, cholesterol metabolism and gene transcription via its nuclear-shuttling 

AICD fragment (Turner et al., 2003, Belyaev et al., 2010).   In response to this, APP 
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in isolation is not important but the generation of its constituent metabolites is.  For 

instance, signalling in a paracrine manner, sAPPα is believed to play a 

neuroprotective role and in synaptic plasticity while a novel sAPPβ fragment has 

recently been found to induce synaptic pruning and neuronal death which is required 

for sculpting neuronal circulatory during development (Nikolaev et al., 2009).  

Indeed, rescuing mice with just the sAPPα fragment is capable of attenuating the 

synaptic dysfunction in App KO mice (Ring et al., 2007).  Despite the indication of 

function from knock-in models, the various single knockout and their combinations 

(including the   triple knockout), show very little changes in phenotype.  Any 

resulting phenotype is associated with developmental alterations and is subtle, such as 

the alteration in the migration of the neurones that make up the layers of the cortex 

(Herms et al., 2004).  

Concerning Aβ, it must have a function by itself, as there is a biological 

pathway to generate this peptide, and it is produced physiologically in tissues and cell 

culture, albeit in small quantities.  It is tempting to speculate that as sAPPα promotes 

LTP and Aβ promotes LTD, they could both serve in finely tuning synaptic plasticity 

(Abramov et al., 2009, O'Brien and Wong, 2011).   

Or it could be speculated that, while other metabolites of the amyloidogenic 

pathway serve functions, Aβ is a by-product that in normal individuals is 

inconsequential but if generated in excess, as in the case within the brain of an AD 

patient, it causes irreparable damage.  While natural selection generates systems that 

need not expend energy needlessly, Aβ-mediated toxic events occur decades past the 

reproductive peak and as such there is simply no selective pressure to eliminate this 

generating cleavage event. 

2.5.3 Amyloid cascade hypothesis 
Following the isolation of the Aβ peptide and the identification of the APP gene, 

several familial pedigree analyses of autosomal AD added two key elements.  Firstly, 

although DS could be explained by Aβ deposition it did not necessarily link the 

peptide to AD genetically.  However, this changed with the identification of missense 

mutations within APP itself that lead to an early-onset AD type (EOAD).  There are 

20 FAD mutations in the APP sequence, but this represents only 5% of total FAD 

mutations.  But more specifically, these mutations lie within regions overlapping sites 

for endoproteolysis that is involved in the production of Aβ.   For example, the 
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London mutation alters a valine residue at position 717 to an isoleucine (V717I) with 

a concomitant increase in Aβ42 production and this specific peptide is believed to be 

more fibrillogenic and toxic in nature (Goate et al., 1991).  Similarly a double 

substitution mutation isolated from a Swedish family, positioned at the β-secretase 

cleavage site (see 2.5.2 APP metabolism) results in increased production in both 

Aβ40 and Aβ42 (Mullan et al., 1992).  The novel Aβ43 peptide, which is found in AD 

brains to a similar extent as Aβ42, is also extremely toxic in an overexpressing 

transgenic model (Saito et al., 2011).  It would seem then that the toxicity of 

Aβ increases with its length (see figure 2.3).  Owing to this genetic evidence, it was 

postulated that the Aβ peptide was the causation of the pathological defects observed 

at the microscopic scale and the basis of the neurological symptoms.  Further studies 

show that mutations contained within the Aβ domain can, unlike others located at the 

beginning and end, affect the dynamics of oligomerisation, deposition in the vessel 

walls (CAA) and clearance from the CNS (Jawhar et al., 2011).   This latter point is 

vital in understanding the hypothesis, as the initial proposal other than acting as a 

trigger for subsequent events did not actually explain the pathogenic mechanism 

(Hardy and Allsop, 1991, Hardy and Selkoe, 2002).  It should be stated that up until 

this point there is no evidence that any familial mutations within APP alter its 

function but rather concern themselves with Aβ metabolism.  This is important in 

order to stress that the Aβ is linked and drives the disease as opposed to a gene dosage 

effect of the physiological function of APP itself.   However this is born out from the 

lack of understanding of native APP biology unrelated to disease.  Ultimately further 

research is required in fully understanding the physiological function(s) (see 2.5.2.5 

Physiological functions of APP) of APP and also the amount of redundancy that 

comes from APLP1/2.   

 Further evidence was gained with the isolation of mutations within two key 

genes PSEN1 (Levy-Lahad et al., 1995) and PSEN2 (Sherrington et al., 1995) 

encoding the catalytic unit of the γ-secretase (see 2.5.2 APP metabolism), which 

ultimately cleaves APP to yield Aβ.   Interestingly, these mutations are not only found 

in FAD resulting in an early onset of the disease but they are also found in the more 

frequent LOAD cases.  This is of note as some may argue that the amyloid hypothesis 

may only explain the mechanisms leading to FAD and segregate these rare cases as a 

separate disease.  These mutations also have some mechanistic basis, which result in 
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increased Aβ production.  One particular mutation, PS1ΔΕ9 was found to completely 

override the highly regulated endoproteolysis of PSEN1/2, which results in a 

concomitant increase in γ-secretase activity (see 2.5.2.4 γ-secretase processing) 

(Iwatsubo, 2004, Ratovitski et al., 1997).  And again there are numerous examples of 

mutations in PSEN1/2 that lead to a gain of function towards APP with or without a 

parallel loss of function towards its many other substrates (see 1.6 Variations on a 

theme: LOAD versus FAD).  

Therefore, it is perfectly intuitive to think that if the disease-linked genetic 

alterations result in increased Aβ production, then it must drive the disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	  
47 

 

Figure 2.6: Amyloid cascade hypothesis. 

 (A) The modified amyloid cascade hypothesis presented in the review, Selkoe and Haass (2007), is an 

update of the original proposed by Hardy and Allsop (1991) and Hardy and Selkoe (2002).  The 

original elucidation of APP, a genetic element of Alzheimer’s proposed an increase in Aβ production 

drives the disease.  Over time spine densities are reduced, synaptic signalling altered, axonal transport 

disrupted and programmed cell-death will ensue.  Loss of synaptic signalling in addition to loss of 

whole neurones leads to disruption of cognition, memory and executive functions.  (B) The initial 

production of monomeric Aβ and polymerisation into intermediary oligomers, leading to fibrillation 

into fibrils, which ultimately form plaques.  The process with reversible steps is thermodynamically 

complicated and can be influenced by the mutations found within the Aβ peptide (Jawhar et al., 2011). 	  
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2.5.4 Aβ oligomerisation and toxicity  
From the initial proposition of the amyloid cascade hypothesis for AD, some 

controversial data has come to light, the most noticeable of which is that plaque load 

correlates very poorly with cognitive decline, unlike the load of neurofibrillary tangle 

(NFT) pathology (Sloane et al., 1997, Nelson et al., 2009).  Complementary analysis 

has however isolated numerous intermediary amyloid structures that transition 

monomeric Aβ into the typical AD plaques.   As a result, a far more complicated 

picture has emerged showing a highly dynamic process in which initial dimers and 

low molecular weight oligomers polymerise to form insoluble fibrils and ultimately 

the amyloid plaques.  Electrophysiology and behavioural experimentation have 

therefore identified the lower molecular-weight and soluble amyloid species as the 

toxic component where they disrupt synaptic plasticity (Walsh et al., 2002, Shankar et 

al., 2008).  Furthermore, removal of soluble species and not plaques can alleviate 

memory impairment typical of several AD transgenic models (Dodart et al., 2002).  

Plaques rather act either as a source and/ or a sink for these diffusible species of 

amyloid, depending on how stable the plaque is and the direction of the equilibrium 

shown in figure 2.6 (Jawhar et al., 2011).   In accordance with functional assays, it 

seems these soluble oligomers correlate far better with cognitive decline (Mc Donald 

et al., 2010, Villemagne et al., 2010).  In addition to the genetic factors altering the 

Aβ42/40 ratio which can influence fibrillogenesis (Irvine et al., 2008), environmental 

factors such as metal ion concentrations and nitration of Aβ (Kummer et al., 2011) 

can influence the dynamics of aggregation.   Lastly, secondary modifications such as 

phosphorylation (Kumar et al., 2011), oxidation, isomerisation (Kuo et al., 1998) and 

racemisation (Mori et al., 1994) of Aβ and the pyroglutamate-modified Aβ (AβpE3) 

can also drive aggregation and toxicity (Jawhar et al., 2011).  Additionally these 

modifications can also render the Aβ species resistant to neprilysin and the insulin-

degrading enzyme.  

Excitation of NMDA receptors at the synapse is believed to be another effect 

of Aβ.  Signalling through this receptor complex has been shown to be responsible for 

induced spine loss from Aβ.  It is of interest that Aβ-neurotoxicity mediated through 

metabolic glutamate receptors, leads to LTD and Aβ can also inhibit Wnt signalling 

via the Frizzled-1 receptor (Chacon et al., 2008).  Thus it seems likely that varying 

synaptic receptor subtypes can mediate the varied neurotoxic attributes of soluble Aβ 

species (Ittner and Götz, 2011). 
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2.6 Variations on a theme: LOAD versus FAD  
From the initial studies of epidemiology and clinical observations it was clear there 

were two variations of the disease differing by the age of onset: 

 

1) Late-onset AD (LOAD)/SAD is seen as sporadic with perhaps a genetic pre-

disposition element.  By far this is the most common type, because >99% of the AD-

cases do not have a clear familial inheritance pattern.  Age constitutes the biggest risk 

factor for sporadic AD (Swerdlow, 2007).  In the population aged 65 or over, 15-25% 

suffer from AD, rising to 50% in those aged 95 or over. This average varies among 

populations, ethnic groups and countries associated with different gender/age 

structures and with lifestyle differences (Wang and Ding, 2008, Korczyn and 

Vakhapova, 2007, Kalaria et al., 2008).  Although LOAD has no genetic linkage per 

se, many researchers believe that there are multiple minor genetic predispositions 

with effects that are additive to exacerbate the onset, severity and progression of the 

disease.  This has been drawn upon from the age of genome-wide association studies 

(GWAS) that have only become available to understand these complex, multifactorial 

diseases through the requirement of sequencing thousands of genomes. 

Besides age, risk factors can include head injury, vascular disease, depression 

and AD is more common in women than in men.  A potential molecular connection is 

suspected between cholesterol metabolism and AD, which has been confirmed by 

GWAS linking the APOE4 allele, which encodes Apoε4 to AD (see 2.5.2.5 Aβ 

clearance and degradation).  Inheriting even one ε4 allele increases the risk of 

developing AD earlier by a factor of 3 to 5.  Apoε4 is involved in Aβ clearance, but 

other mechanisms have been proposed (Holtzman et al., 2011, He et al., 2007).  More 

recent GWAS studies have identified new gene variants associated with increased risk 

such as the PICALM [phosphatidylinositol-binding clathrin assembly protein] gene 

and CLU [clusterin], which are believed to affect the production and clearance of 

amyloid species (Bertram, 2011, Harold et al., 2009).  This has led many to postulate 

that in addition to the increased production of Aβ, there is also a problem in clearing it 

from the brain (Yamada et al., 2011, Castellano et al., 2011b) and as such CSF levels 

of Aβ are negatively correlated with cognitive decline (Barber, 2010, Fjell et al., 

2010).   

The molecular underpinning of AD is a tangled web of environmental factors, 

genetic traits and spontaneous genetic mutations that occur with the aging process 
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itself.  As individuals grow old, so do their cells.  Rare and spontaneous mutations 

build-up within terminally differentiated neurones; the chromatin is remodelled to 

different acetylation and methylation patterns leading to an altered transcriptional 

profile; cellular processes lose efficiency; faulty protein turnover results in protein 

aggregation and finally mitochondria become leaky.  Ultimately, any one of these 

factors can induce or contribute to cell-death by the numerous connections within the 

molecular regulatory pathways.  However, something particular in AD separates it 

from “normal” aging.  For one, BACE1 expression and activity may increase more in 

AD than in aging, which combined with increased inflammation, could result in 

enhanced Aβ production as the first defect and trigger in AD (Blasko et al., 2004, 

Rossor et al., 1993, Zhiyou et al., 2009, Zhang et al., 2007). 

 

2) Familial AD (FAD) is typical for its early onset (EOAD) with a dominant familial 

inheritance pattern.  Clear familial linkage to several key genes has been identified 

and account for <1% of AD cases.  The most convincing of these mutations lies in the 

APP gene and also in the genes PSEN1 and PSEN2 located on chr14 and chr1 

respectively, which encode for essential factors in the γ-secretase complex, 

responsible for generating Aβ40/42 (see 1.5.2 APP metabolism) (Williamson et al., 

2009).  A key observation was noticed in the similarity with DS sufferers (Glenner & 

Wong, 1984), where the trisomy of Chr21 confers an increased gene dosage effect of 

APP, and consequently present AD symptoms from an early age (Wang and Ding, 

2008).  Ultimately these genetics factors exacerbate an underlining AD pathogenesis 

leading to a much earlier age-of-onset. 

Table 2.1: Familial linkage to AD.  

Gene Age of onset Functional outcome 

APP trisomy 21 DS 50s Increase in total Aβ production 

APP mutations 50s Increase in total Aβ production 

Aβ42/40 ratio increased 

APP triplication 50s Increase in total Aβ production 

PSEN1 40s/50s Aβ42/40 ratio increased 

PSEN2 50s Aβ42/40 ratio increased 
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2.7 Tau protein and Braak staging of NFT pathology 
The protein tau has long been the focus of AD research since it was known to be 

hyperphosphorylated and form tangles within neurones of AD patients (Hyman and 

Gomez-Isla, 1997).  At a molecular level, tau functions as a spacer between the 

microtubules, which form the cytoskeleton along the axonal processes of neurones.  

Cytoskeletal dynamics allow for cells to polarise, grow and sense its niche whilst also 

serving as molecular highways for the transport of protein and RNA molecules within 

the cell.  This is of particular importance for neurones whereby a synaptic output can 

be separated from the soma by a vast distance.  However, in a disease setting such as 

AD there is excessive kinase activity focused on the tau molecule leading to 

hyperphosphorylation, aggregation and NFT formation.  Cyclin-dependent kinase 5 

(CDK5) and glycogen synthase kinase-3 (GSK3) (as discussed later) have the ability 

to phosphorylate tau in a physiological and pathological setting.  

Hyperphosphorylated tau leads to aggregation, which results in neurofibrillary tangle 

formation within the neurones.  This second major hallmark of AD has been observed 

in post-mortem brain samples and staged for its progress through the disease.  What is 

prominent is that NFT formation seems to correlate very well with neuronal loss and 

cognitive decline.  Initial NFT formation begins in the allocortical areas such as the 

entorhinal cortex spreading to limbic centres like the hippocampus and the amygdala.  

Through later stages, a dramatic spreading occurs through the neocortex invading the 

parietal, occipital and temporal regions (Nelson et al., 2009).  Braak (1991) 

introduced a system to standardise the severity of this pathology in each AD patient 

presented at post-mortem as shown in figure 2.7 (Alafuzoff et al., 2008).  This 

ultimately led to the ability to correlate Braak stages with cognitive decline.  This is 

the major downfall of the amyloid cascade hypothesis in that a similar staging of 

amyloid pathology (Alafuzoff et al., 2009) does not correlate with cognitive decline.  

This has led to a strengthening of the tau hypothesis.  As a final word on this 

particular matter it should be stated that correlation does not in any means imply 

causation (Nelson et al., 2009).  This neuropathology-centric view on AD has also 

identified a paradox in that while NFT in late stages are found in numerous regions of 

the human brain, only certain neuronal types are afflicted.  Indeed this is something 

that has been ignored, if not side-lined. 
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Figure 2.7: Staging of NFT pathology in AD human brains from the BrainNet human 
consortium.  

Figure taken from (Alafuzoff et al., 2008) showing the development of NFT through varying Braak 

stages in human AD brains.   Staining of sections was carried out using typical immunohistochemical 

techniques against hyperphosphorylated tau with the antibody AT8.  Pathology is shown here 

beginning in the entorhinal cortex (stage 1) spreading through the cortex (stage 2-6). 
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2.8 Glycogen synthase kinase-3  
GSK3 was originally identified for its ability to phosphorylate glycogen synthase in 

the glycogen biogenesis pathway and as expected is a highly conserved enzyme found 

in every domain of life (Embi et al., 1980).  Several decades of research have now 

elucidated that there are some 50 known cellular substrates for GSK3 and, therefore, 

creates a major node within the molecular web of cell signalling.  Not surprisingly, 

GSK3 has been linked with a plethora of syndromes and diseases in humans and 

therefore is a highly researched drug target (Jope and Johnson, 2004).  A set of 

criteria has been set forward by Frame and Cohen in 2002 as to establish a putative 

target as a genuine in vivo target.  This is important to sieve out the physiologically 

relevant kinase substrates from those that are not (Frame and Cohen, 2001).  

 Three isozymes are encoded by 2 genes GSK3α and GSK3β, with the latter 

encoding a splice variant to generate GSK3β-1 and 2.  The GSK3β  splice variants are 

preferentially enriched within neurones while GSK3α has a ubiquitous expression in 

mammalian tissue (Mukai et al., 2002, Woodgett, 1991).  The two genes were 

originally cloned by Woodgett in 1990 and found to be homologous to shaggy in 

Drosophila, which is key for the canonical Wnt cascade and targeting β-catenin 

(Siegfried et al., 1992, Miller and Moon, 1996).   

Despite the extent of putative targets, there is some 97% sequence homology 

within the active site between the three isozymes (Frame and Cohen, 2001).  This 

raises the question of how does GSK3 correctly select its substrate. One would 

assume that an important enzyme like GSK3 has to be tightly regulated both spatially 

and temporally for correct development of an organism and also for proper metabolic 

control in the CNS.  This is highlighted by firstly, that Gsk3β null mice are embryonic 

lethal (Hoeflich et al., 2000) and secondly, that dysregulation of GSK3 is linked to a 

myriad of metabolic disease like cancer and type-2 diabetes.  Intriguingly, Gsk3α null 

mice are viable but have a minor behavioural phenotype, which would suggest it 

plays a more pronounced role in the brain in a developmental context (MacAulay et 

al., 2007).   
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2.8.1 GSK3 as the tau kinase 
The tau protein kinase 1 (TPK1) extracted from bovine brain was found to be GSK3 

and the main proponent as one of, if not the most important kinase for physiological 

phosphorylation of tau (Ishiguro et al., 1988, Ishiguro et al., 1993).  This was 

confirmed through in vitro action of GSK3 on tau and also the correlation between 

these specific kinase sites within tau and those found in pathological NFT in AD 

patients (Hanger et al., 1992, Lovestone et al., 1994).  Finally, several GSK3 knock-in 

mouse models have been generated and all seem to generate tau hyperphosphorylation 

albeit at different rates, sometimes not occurring until a relatively old age (Spittaels et 

al., 2000, Brownlees et al., 1997, Lucas et al., 2001).  Furthermore, 

hyperphosphorylation of tau can be reversed by chronic administration of LiCl, a non-

specific GSK3 inhibitor in the TauFDP-17/GSK3β double knock-in transgenic mouse 

(Engel et al., 2006a). 

2.8.2 Regulation of GSK3 

2.8.2.1 Regulation by phosphorylation 
The basal level of GSK3 in resting cells appears to be high and is usually negatively 

regulated upon stimulation from an internal or external signal.  The main means of 

regulation comes from the upstream kinase phosphorylation of two key residues; 

serine 9 of GSK3β and serine 21 of GSK3α that both lie within the N-terminus.  

Numerous signalling pathways use this regulation including insulin signalling, 

through the PI3K/Akt pathway (Sutherland et al., 1993) (see 2.8.4 GSK3 and Wnt 

signalling).  However, other mechanisms include a tyrosine autophosphorylation 

event at position Y216 (Lochhead et al., 2006) and with a GSK3 β-specific serine-

phosphorylation within the C-terminus (Thornton et al., 2008).   This latter example 

of phosphorylative regulation is mediated through the p38 MAPK axis and illustrates 

the principle of multiple pathways converging onto a singular node such as GSK3.  

However the downstream physiological outcome does alter despite using most of the 

same mediators in that the MAPK pathway leads to the promotion of cell survival 

while through the insulin axis, GSK3 alters the anabolic/catabolic switch in the 

cellular metabolism.  
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2.8.2.2 Primed substrate prerequisite 
Another intriguing property of GSK3 is that its kinase activity usually requires a 

primed substrate, in which a key serine/threonine residue situated 4aa upstream from 

the target residue within its consensus sequence, Ser/Thr-Xaa-Xaa-Xaa-pSer/pThr, is 

phosphorylated by an additional kinase (Frame and Cohen, 2001, Fiol et al., 1987).   

This ultimately leads to a concerted action needed for GSK3 signalling and can add a 

complex level of regulation as both kinases have to be active, act in the right order 

and in the same vicinity for a specific response.  

2.8.2.3 Subcellular pooling 
Despite the classical functions within the cytosol, GSK3 can also function within 

organelles such as the mitochondria and the nucleus where it appears to have an even 

elevated activity (Jope and Johnson, 2004, Bijur and Jope, 2003).  These membranous 

organelles form a clear and distinct sub-pool of GSK3 molecules, which may undergo 

differential local regulation.  For example, the activity of GSK3 within the nucleus 

follows the cell-cycle and peaks in the S-phase where it acts on several transcription 

factors such as cyclin D1 (Diehl et al., 1998).   It has already been noted that GSK3β2 

has a preferential location within the processes of the neurone although the 

mechanism for its restriction to these areas is not fully understood.  Presumably this 

may well have to do with interactions with other binding partners.   

 However, one could envisage that molecules of the same isoform may have 

differential activity and substrate specificity depending on the immediate cellular 

niche in which it finds itself.  Signalling can be localised and insulated within certain 

parts of the cell, especially events occurring close to the plasma membrane whereby 

secondary modifiers coalesce around the immediate site of stimulation i.e. a receptor.  

Indeed Wnt stimulation on the Frizzled/LRP co-receptor complex forms a perfect 

paradigm for this.  

2.8.2.4 Differential isoform expression and substrate specificity  
However, there are two indications that there is some intrinsic ability for substrate 

specificity.  The first is that outside of their respective catalytic domains, the isozymes 

vary dramatically to the extent that GSK3α has an extended N-terminal glycine rich 

domain with respect to the GSK3β variants (Frame and Cohen, 2001).  Further to this, 

the major structural difference between the two splice variants of GSK3β is a 13aa 

insert.  Interestingly GSK3 kinase activity can be differentially distributed with 
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GSK3β2 expression restricted to the soma while its GSK3β1 counterpart is found in 

both the soma and its processes (Mukai et al., 2002).    

The second indication of substrate specificity comes from a recent study from 

Soutar (2010) and colleagues in which they report substrate selection from single and 

double knockouts of the varying GSK3 isoforms.  When comparing cortical-lysates 

from the varying combinations of single and double Gsk3 KO embryos and age-

matched controls harvested at E15, it was noticed that there were differences in 

phosphorylation of a spectrum of substrates.  Interestingly, the 13aa insert of GSK3β2 

that is situated in a linker region between alpha helices X and XI in the catalytic 

domain seems to reduce its ability to phosphorylate numerous targets compared to 

GSK3β1, including the protein tau.  This was previously observed with the initial 

cloning of this splice variant from Mukai et al, 2002.  However other substrates such 

as c-Myc and c-Jun are phosphorylated without preference from all isotypes of GSK3 

(Soutar et al., 2010).  

2.8.3 GSK3 hypothesis of AD  
As mentioned earlier, the first link of GSK3 playing a role in AD pathogenesis was its 

homology to the TPK1 (Ishiguro et al., 1988, Ishiguro et al., 1993).  However, many 

approaches have produced a long list of evidence that not only implicates GSK3 at 

several stages of AD development but also incriminates it as a major orchestrator 

leading to a hypothesis postulated by Small and Duff in 2008.   In this persuasive 

paper, the authors suggest that it is neither the amyloid nor the tau hypothesis that 

accounts for AD but rather they run in parallel and are connected at various points by 

GSK3 as explained in this section.   It should be noted that Hooper, Killick and 

Lovestone put forward an equally convincing argument in 2008 in which they state 

that GSK3 can be linked to every hallmark observed in the progression of AD.  

2.8.3.1 GSK3 activity and aging 
A consequence of aging is a dysregulation of usually highly in-tuned homeostatic 

processes.  Indeed, kinases, which heavily rely on upstream regulation as well as 

autoregulation, are often altered in their activity in an aging organism.  There are 

some controversial phenotypic findings describing altered glycogen metabolism in 

aging and aging-related diseases.  A decrease of glycogenic activity was shown to be 

associated with aging (Kurokawa et al., 1997), while increased glycogen 

accumulation was also observed in cellular senescence and aged tissues (Gertz et al., 
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1985).  The potential role of GSK3 as modulator of cell senescence is still disputed 

(Liu et al., 2008, Seo et al., 2008).  

Pei and colleagues published in 1997 elevated expression of GSK3 in the post-

synaptosomal fractions from the brains of AD patients and Blalock et al, found an 

upregulation of GSK3 in the hippocampus of AD patients (Pei et al., 1997).  A more 

recent study from 2007 by Leroy and colleagues found GSK3 to be highly activated 

in AD patients.  Interestingly, a genetic polymorphism in the promoter of GSK3 is a 

risk factor for LOAD (Mateo et al., 2006).   In addition, increased Aβ production can 

aggravate the tau pathology by hyper-activating GSK3 (Terwel et al., 2008).  Further 

to this, expression of the familial linked mutations in PSEN1 also leads to activation 

of GSK3 (Weihl et al., 1999, Zhang et al., 1998a, Baki et al., 2004).  Several 

molecular mechanisms have been postulated for this observation and reviewed 

elsewhere (Hernández et al., 2009).  But one evocative explanation is that the 

increased Aβ production blocks the PI3K/Akt cascade leading to less negative 

regulation on GSK3 (Takashima et al., 1996).   

Other metabolites of APP can also influence the expression and activation of 

GSK3.  Firstly, the product of the BACE1 cleavage, the β-CTF, resulted in an 

increase in GSK3 activity, tau phosphorylation and subsequent apoptosis (Kim et al., 

2003).  There is evidence that GSK3 transcription is positively regulated by the AICD 

fragment whose production would increase in the context of the familial cases of AD 

(Gao and Pimplikar, 2001).  This was in line with the AICD transgenic mice having 

activation of GSK3β compared to wild-type mice (Ryan and Pimplikar, 2005).  

The upshot of this is that GSK3 can influence the processing and activity of 

PSEN1 (Takashima et al., 1996).  Indeed, this appears to be a common theme 

throughout the GSK3 hypothesis in that while its activity can affect every step of AD 

pathogenesis, in turn these events themselves influence GSK3 activity, which may 

result in a feed-forward cycle (see 2.5.3 Amyloid cascade hypothesis).   Again there is 

a chicken and egg paradox as to what comes first, which is so often the case in AD 

research.  
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2.8.3.2 GSK3 and APP processing 
Several key studies have shown that increased GSK3 activity is associated with 

increased production of Aβ species and lowered by GSK3 inhibitors in both in vitro 

and in vivo studies (Phiel et al., 2003, Sun et al., 2002, Su et al., 2004).  However the 

mechanism(s) by which this occurs is largely unknown, apart from a key observation 

that APP can be phosphorylated by GSK3 (Aplin et al., 1997), which in turn might 

regulate the modification and maturation of APP (Rockenstein et al., 2007) (see 2.5.2 

APP metabolism).  Secondly, GSK3 can also interact and affect the activity of PSEN1 

(Takashima et al., 1998).   Phiel and colleagues claimed in their paper that the 

decrease in Aβ detected by LiCl treatment is the result of GSK3α inhibition, as they 

only observed the effect using siRNA specific to the α-form.  Furthermore, they 

postulated that this effect is mediated through alterations in the PSEN1 complex.  To 

complicate matters, Feyt et al (2002) published that LiCl can indeed increase the 

formation of the β-CTF and therefore, increase Aβ load, although it must be stated 

that this effect was independent of its role as a GSK3 inhibitor (Feyt et al., 2005).  

Summarising the above data, the role of GSK3 on APP processing appears far from 

clear and to date, any mechanistic understanding is lacking.   

2.8.3.3 Aβ toxicity, apoptosis and GSK3 
In addition to the role of GSK3 on metabolism of APP, there is evidence that GSK3 is 

actually required for Aβ-induced neurotoxicity on neurones.   Numerous studies in 

primary neuronal cultures and tissue slices have shown that Aβ of varying species, 

with particular prevalence to oligomeric forms, results in morphological changes in 

combination with axonal and dendritic dystrophy and finally apoptosis (Pike et al., 

1991, Loo et al., 1993, Fuentealba et al., 2004).  This cell death can be prevented 

through LiCl treatment.  At the molecular level, a concomitant activation in GSK3, 

hyperphosphorylation of tau and destabilisation of the cytoskeletal network occurs 

(Busciglio et al., 1995).  Work from Takashima and colleagues (Takashima et al., 

1993, Takashima et al., 1995) shows convincing evidence that without GSK3 the 

neurotoxicity from Aβ is ameliorated and the apoptosis induced by Aβ can be blocked 

by LiCl treatment in cultured neurones (Alvarez et al., 1999).  Experiments have 

illustrated that heightened GSK3 activity leads to an inactivation of the key 

mitochondrial enzyme, pyruvate dehydrogenase, which catalyses the production of 

acetyl-coA, an intermediate to acetylcholine production.  This not only results in 
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mitochondrial dysfunction, but also leads to a lack of acetylcholine production within 

cholinergic neurones.  This could be an explanation for the specific loss of cholinergic 

neurones in AD (Hoshi et al., 1996).  GSK3, therefore, plays a central mediator in 

connecting and synergising the amyloid and tau toxicity, particularly at the synapse 

(Ittner and Götz, 2011, Ittner et al., 2010).  

During apoptosis, an atypical cleavage event is believed to occur at Asp664 of 

APP, which is mediated by activated caspase-3.  The resulting fragment C31 is 

released intracellularly and subsequent γ-secretase cleavage releases the fragment 

Jcasp (see figure 2.2) (Gervais et al., 1999).   Intriguingly, this caspase-mediated 

cleavage is a prerequisite for Aβ-mediated toxicity, as transgenic mice for a mutation 

at this Asp664 site had alleviated synaptic, behavioural and electrophysiological 

abnormalities whilst still having a high Aβ burden (Galvan et al., 2006). In this 

scenario, C31 is believed to complex with FL-APP to recruit cellular toxicity 

mediators (Park et al., 2009).  The fundamental molecular mechanism(s) behind such 

pathway(s) are still under investigation and may decipher why AD pathology appears 

to rely so heavily on the genetics of APP processing, but at the same time plaque 

burden not correlating with cognitive decline. 

2.8.3.4 GSK3 and memory impairment  
In conjunction with the induced apoptosis, GSK3 appears to have connections with 

impairment to memory formation, which is highlighted by clear degeneration of the 

dentate gyrus in GSK3 transgenic mouse models (Engel et al., 2006a).  This can lead 

to memory impairment as measured by the Morris water maze test (Hernández et al., 

2002) and object recognition testing (Engel et al., 2006b).  In addition to the 

apoptosis, it should be made clear that this degeneration has as much to do with the 

lack of neurogenesis from the subventricular and subgranular zones (SVZ and SGZ) 

of the dentate gyrus (Hernández et al., 2009, Sirerol-Piquer et al., 2010).   This is 

likely due to the increased negative regulation on the β-catenin axis, which is 

important for maintenance of the stem-cell niche (Adachi et al., 2007, He and Shen, 

2009).  Interestingly, similar results have been obtained from the 3xTg-AD model, 

which do not have any overexpression of GSK3β.   This suggest once more that 

GSK3 hyperactivity lay downstream of the APP and tau pathology (Rodríguez et al., 

2008).  This is reminiscent of a study from He and Shen (2008) that found lower 

neurogenesis capability of glial progenitor cells (GPC) taken from cortices of AD 
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patients compared to those from healthy controls when both were treated with Aβ.  

This was due to disrupted β-catenin signalling with lower levels of 

nonphosphorylated/stable β-catenin.  This pathway is thought to be necessary for 

learning and short-term acquisition as stated in the review from Zhao et al, 2008.  

Aβ−neurotoxicity can also inhibit LTP via activation of caspase-3 (Walsh et 

al., 2002, Shankar et al., 2008), along with memory formation and also elevate LTD 

(Hsieh et al., 2006).  Lo and colleagues (2011) found that Aβ inhibition of LTP is 

reversed by blockade of GSK3.  They speculated that caspase-3 could inhibit LTP by 

the cleavage of Akt1, resulting in activation of GSK3.  In addition to this ex vivo 

study, caspase-3 has been found activated in the hippocampal dendritic spines in the 

AD mouse model, Tg2567 (overexpressing the APP Swedish familial variant).   This 

study shows eloquently that this activation is pre-emptive to the plaque formation and 

therefore based on oligomeric forms of Aβ and intriguingly this caspase-3 activation 

is not associated with apoptosis, confirming that caspase-3 is required for 

physiological LTD (Li et al., 2010b).  It has been noticed that while Tg2567 provides 

an excellent model for amyloid pathology, mice do not suffer overtly from neuronal 

loss.  This may be due to sub-optimal activation of caspases to induce LTD but not 

apoptosis.  However, that does not mean that the activated caspase-3 is not 

detrimental.  The authors observed dramatic changes in the AMPAR subunits at the 

synapse, which led to alterations in glutaminergic signalling and plasticity, spine 

degeneration and memory impairment (D'Amelio et al., 2011).  

The above observations raise the rather intriguing point that cognitive decline 

may not have to correlate with neuronal loss, and indeed large cognitive deficit can 

come from sub-optimal caspase levels for apoptosis, but which result in local synaptic 

remodelling and degeneration.  However, it is unsure whether this can be extrapolated 

to the human disease but there does appear to be evidence for activated caspases in 

the AD brain reviewed in Hyman, 2011.  

2.8.3.5 GSK3 and inflammation 
Another important feature of AD is an increase in brain inflammation.  Indeed 

excessive inflammation is a common theme in most neurodegenerative diseases, 

whereby an inflammatory response is mounted to engulf the apoptotic neurones.  

Such a response at first would be beneficial to a system under stress, however over 

stimulation can lead to exacerbation of the pathology.  Such topics have been 
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reviewed comprehensively elsewhere (Sastre et al., 2008, Sastre et al., 2006b, Sastre 

et al., 2011).    Whether a prolonged inflammatory response is, firstly a bystander 

effect and secondly, beneficial or detrimental to neurodegeneration, are hotly debated 

topics.  

Briefly, there appears to be a mass encroachment of plaques by activated 

microglia (the main immune cell of the CNS) in AD patients and animals models, 

which presumably phagocytose the aggregated material (Christie et al., 1996, Stalder 

et al., 1999).   Indeed, this mechanism is believed to underlie the clinical trials for Aβ 

immunotherapy clearance of plaques in AD patients through Fc-recognition.  

Secondly, certain key pro-inflammatory cytokines are heavily upregulated in the 

brains of AD patients (McGeer and McGeer, 1996, Griffin et al., 1989).   

Not surprisingly, GSK3 is documented to have a major regulatory role on 

inflammation both in a physiological and disease setting.  Jope, Yustaitis and Beurel 

(2007) have reviewed this topic in great detail.  In the periphery, migration, activation 

and secretion of pro-inflammatory cytokines/ chemokines from leukocytes are greatly 

dependent on proper GSK3 function (Rodionova et al., 2007).  Whether the same can 

be true in the CNS is simply not known, as the brain, which is separated from the 

periphery by the BBB, has its own inflammatory and immune responses.  However, 

these can be bolstered by relaxation of the barrier and infiltration of immune cells 

from the periphery, a process in which GSK3 seems to have some function.    

LiCl has long been used for decades as mood stabilisers for psychiatric 

conditions despite its therapeutic target not being known.   Furthermore, mood 

disorders such as depression and bi-polar disorder are dominated by inflammation 

(Licinio and Wong, 1999) and many classical mood stabilisers have anti-

inflammatory properties (Schiepers et al., 2005).  

 It has only been very recently that GSK3 regulation on inflammation has been 

discovered in the CNS.  It has a profound effect on activation, migration (Yuskaitis 

and Jope, 2009) and phagocytosis from microglia cells both in vitro and in vivo.  

These actions are based on GSK3 signalling within multiple pathways including the 

pro-inflammatory, ΝF-κB pathway as reviewed elsewhere (Koistinaho et al., 2011).   

One could hypothesise that the hyper-activated GSK3 induced from Aβ-

neurotoxicity could explain the several pro-inflammatory responses observed in AD.  
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If so, again, GSK3 provides the link between the amyloid cascade hypothesis and 

another hallmark of AD, inflammation.  

 

 

Figure 2.8: Increased GSK3 activity links several aspects of AD pathogenesis.   

This schematic was taken from (Fuentealba et al., 2004) and shows the central remit of GSK3 in the 

parallel pathways leading to AD.  
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2.8.4 GSK3 and the canonical Wnt signalling 
Due to the prevalence of GSK3 targets it is not surprising that it is found to be an 

effector molecule in numerous signalling pathways controlling many physiological 

functions within the cell.   Apoptosis, cell polarity, cell migration, cytoskeleton and 

membrane dynamics, cell cycle, cell survival and cell-fate determinism are all 

influenced in part by this enzyme (Jope et al., 2007).  To go into detail of each would 

be beyond the scope of such a thesis however the intricate detail of its crucial role 

within the canonical Wnt cascade will be discussed and serves as a perfect example 

for the various regulation mechanisms mentioned previously (see 2.8.2 Regulation of 

GSK3).  

The canonical Wnt cascade in a developmental context is vital for axis 

formation and cell-fate determination. However, in the adult form it is required for 

stem-cell maintenance, tissue regeneration and is causal for a high percentage of 

cancers (Logan and Nusse, 2004, Nusse, 2008).  Given its developmental context, the 

canonical cascade has been deciphered over a decade with eloquent genetic 

manipulation in model systems like Drosophila but each key protein has a well-

conserved homologue in mammalian systems.   

In the resting state, a destruction complex made up of GSK3, casein kinase 1α 

(CK1α) (Liu et al., 2002), and the structural proteins, adenomatous polyposis coli 

(APC) and axin (Kishida et al., 1998), enable the sequestration of β-catenin leading to 

its phosphorylation.  CK1 provides the primed phosphorylation on serine 45 (Amit et 

al., 2002) for the subsequent GSK3 phosphorylation on serine 33, 37 and 42 of β-

catenin.   These phospho-sites provide molecular cues for recognition from the 

ubiquitination mediator, β-TrCP (Liu et al., 1999, Aberle et al., 1997) and its 

subsequent degradation through the 26S proteasome (see figure 2.8).   

Stimulation of the canonical Wnt cascade ultimately leads to the break up of 

this destruction complex and inactivation of GSK3.   The stabilisation of β-catenin 

leads to its translocation to the nucleus (Miller and Moon, 1997).  Within this 

compartment, it partners with LEF/TCF transcription factors, which are usually 

repressed by Groucho (transcriptional repressor) and therefore upregulates the Wnt 

target genes (Behrens et al., 1996, van de Wetering et al., 1997).  How this 

stabilisation event occurs by stimulation of the Frizzled/LRP5/6 co-receptor complex 

is unknown but several mechanisms prevail.  Despite this ambiguity, two key 

attributes provide clues.  As pharmacological inhibition of GSK3 perfectly mirrors 
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stimulation of the canonical Wnt axis, GSK3 must be inactivated during Wnt 

stimulation (Wu and Pan, 2010).  And secondly, the stimulated complex of 

Frizzled/LRP5/6 and the Wnt ligand must be internalised (Blitzer and Nusse, 2006, 

Yamamoto et al., 2006).  This is usually associated with the sequestration of a protein 

called Dishevelled (Dsh) and axin from the destruction complex to the plasma 

membrane surrounding the receptor complex (Bilic et al., 2007, Zeng et al., 2008).   

Classically, Dsh was thought to inactivate GSK3 by is N-terminal phosphorylation.   

 

 

Figure 2.9: Schematic of canonical Wnt signalling in metazoa.  

Canonical Wnt signalling leads to the stabilisation of β-catenin and translocation to the nucleus, upon 

which it interacts with various LEF/TCF activators and the regulation of target genes.   

 

A recent study from Taelman et al., 2010 with a tour de force illustrated a unique 

mechanism for how GSK3 is inactivated by sequestration from the cytosol into a 

multivesicular body (MVB), rather than direct inactivation through GSK3 

phosphorylation.  In addition to this, they show that Vps27 and Vps4, which aide in 

the formation of MVBs are a requisite for canonical Wnt stimulation (Taelman et al., 

2010).  However, certain questions still remain unanswered as to how β-catenin 

escapes the firm grip of the destruction complex (see figure 2.10). 
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Figure 2.10: Schematic of signalling sequestrome upon canonical Wnt stimulation.  

The schematic shown illustrates the signalling sequestrome as a result of the endocytosis into an MVB, 

which results in the inactivation of GSK3 from the cytosol and stabilisation of β-catenin.   This image 

was taken from a comment article written by Niehers and Acebron, 2010.  
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2.9 The canonical Wnt cascade and AD 
Dysregulation of the canonical Wnt cascade has been heavily implicated in neuro-

developmental disorders such as autism and schizophrenia, due to its importance in 

developing the CNS.  However, supported by enormous data from mouse models and 

some limited data from humans, the canonical Wnt cascade adopts different 

function(s) in the adult form.  For instance, in adult mice it regulates the development 

of hippocampal neurones from the neural stem-cell niche within the subventricular 

and subgranular layers of the dentate gyrus.  Of interest is a study from Mao in 2009 

that looked into the role of the Dissociated in schizophrenia-1 (Disc1) protein.  They 

focused on its role in progenitor cells of the SVZ and SGZ, in both the embryo and in 

adult mice.  Consistently, neurogenesis was majorly disrupted at both time points.  In 

conjunction they found that not only can Disc1 regulate the levels of β-catenin but 

also it is required for the Wnt3a induced activation of LEF/TCF targeted genes 

leading to proliferation of cultured adult progenitor cells.  The story was completed 

with in vitro binding assays, which reveal GSK3 can bind to a N-terminal domain on 

Disc1.  The physiological relevance is to block GSK3 activity, as specific GSK3 

inhibition can restore the proliferative capabilities of Disc1-/- embryonic and adult 

neural progenitors.  In a separate study it was shown that the mutant Disc1 protein, 

from the mutant L100P mouse (expressing a Scottish pedigree familial mutation 

leading to schizophrenia), has a dramatic reduction in its affinity for GSK3.  Lastly 

genetic and pharmacological inhibition of GSK3 rescued the schizophrenic phenotype 

of this mouse model (Lipina et al., 2011) (Ming and Song, 2009, Chubb et al., 2008).   

Neurogenesis of progenitors and subsequent positioning is key to provide the 

cells that form working circulatory for learning and memory (both of which are 

afflicted in AD) and for mood regulation (the basis of mood disorders such as 

schizophrenia and depression) (Zhao et al., 2008).  Such studies reveal beautiful 

connections between varying syndromes and diseases to the SVZ and SVG of the 

dentate gyrus, a region classically linked to AD.   An emerging picture speculates that 

the age related increase in activity of GSK3 could lead to this disruption only later in 

life.  However seeing as this Disc1/GSK3 pathway plays both a role in embryogenesis 

and adulthood, alterations during the former could set in place a predisposition for 

psychiatric illness or dementia later in life.  

In addition, there is a requirement for synaptic plasticity, involving highly 

dynamic mechanisms being tightly regulated throughout the lifespan (Speese and 
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Budnik, 2007).  Therefore a growing body of evidence implicates this cascade and 

synaptic plasticity in the aetiology of neurodegenerative disorders such as AD 

(Boonen et al., 2009). 

2.9.1 Receptor-level alterations in the Wnt cascade with sporadic AD 
SAD cases, which account for the overwhelming majority of AD patients, is closely 

linked to the Wnt cascade at the receptor level, in particular the LRP5/6 co-receptor.   

Dickkopf-1 (DKK1), an extracellular negative regulator of the Wnt receptor 

complex (Mao et al., 2001) is elevated in response to cellular stressors such as in 

models of neurodegeneration (Rosi et al., 2010, Caricasole et al., 2004).  Its absence 

in healthy control patients only compounds its identity as a marker of cellular stress 

(Caricasole et al., 2004).  In this scenario, the canonical Wnt cascade disruption is a 

consequence of Aβ-neurotoxicity and there is a widely known phenomenon of ectopic 

cell-cycle entry in post-mitotic neurones of AD patients.  Post-mortem observations 

have shown numerous examples or aborted cell-cycle events at S-phase in 

hippocampal and cortical neurones (Yang et al., 2001).  Subsequent genome 

duplication without mitotic division would prevail as a strong apoptotic inducer.  In 

agreement, when blocking the G1/S phase, Aβ induced apoptosis is attenuated 

(Herrup et al., 2004, Copani et al., 2006, Copani et al., 2002).  

 

Figure 2.11: Signalling events connecting Aβ neurotoxicity to Wnt cascade disruption. 

Interestingly, the DKK1 upregulation has a compounding effect on the induced 

apoptosis, resulting in the stimulation of the pro-apoptotic Bax and limiting the action 

of the anti-apoptotic Bcl-2 and results in tau hyperphosphorylation (Scali et al., 2006).   
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It is worth noting that, while in this scenario Aβ has a very indirect effect on the 

eventual outcome of the canonical Wnt cascade, there is evidence that Aβ can bind to 

the conserved cysteine-rich domain (CRD) within the Frizzled receptor and 

functionally block Wnt signalling resulting in less gene target transcription 

(Magdesian et al., 2008).   

Two single nucleotide polymorphisms within the LRP6 gene at exon 14 and 

18 are associated with a vastly increased risk of developing AD (De Ferrari et al., 

2007).  The functional significance of these genetic variants and the associated risk 

results from a reduction in β-catenin signalling.   In conjunction, allele dosage of the 

low-density lipid-binding protein subtype Apoε4, which provides the greatest risk for 

SAD, can synergise with the above LRP6 polymorphisms to alter Wnt signalling.  The 

mechanism by which the Apoε4 dosage has an effect on the incidence of AD comes 

from the different ability to clear Aβ from the CNS into the circulating plasma 

(Castellano et al., 2011a, Kim et al., 2009a).   However, Apoε4 might also serve to 

promote neurodegeneration by dampening the canonical Wnt cascade, having a 

greater potency than the other three isoforms of Apoε (Caruso et al., 

2006), reminiscent of the isoform dependency for Apoε to acts as an AD risk factor.  

2.9.2 PSEN1 mutations and regulation of cytoplasmic β-catenin 
The steady-state level of β-catenin controls the transcription of gene targets that are 

downstream of the canonical Wnt cascade.  For LEF/TCF mediated transactivation of 

target genes, Groucho must be displaced by β-catenin and the chromatin remodelled.   

Such an event is therefore dependent on the concentration of unphosphorylated β-

catenin and its subsequent translocation to the nucleus.  As pointed out in previous 

sections, β-catenin steady-state levels are controlled through a destruction complex 

involving kinases and scaffold proteins.  PSEN1, the catalytic subunit of the γ-

secretase, functions outside of this remit to alter the biology of β-catenin (Kang et al., 

2002).   Physiologically, these two crucial proteins are found associated in complexes 

with cadherins within tight junctions.  Therefore this illustrates that the function of a 

protein can be regulated more than anything by its subcellular location.  As such, this 

interaction can also lead to the destruction of β-catenin independently of the canonical 

Wnt cascade by bringing it to be primed by protein kinase A (PKA) at Ser45 (Kang et 

al., 1999, Kang et al., 2002).   
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It has become evident that the FAD linked mutations within PSEN1 seem to illicit 

alterations in its constitutive action on β-catenin levels (Zhang et al., 1998b).  It 

should be stated however that the current evidence does not dictate a simple and 

direct link whereby familial mutations in PSEN1 link to disruption in the canonical 

Wnt cascade, but rather it could be the case that some actually increase the level of 

Wnt induction.  A comprehensive review from Boonen, Tijn and Zivkovic (2009) has 

summarised the many studies in which groups have investigated the outcomes of 

FAD PSEN1 mutations on β-catenin levels.  

Briefly, FAD PSEN1 mutations that disrupt the PSEN1/β-catenin interaction 

will lead to stabilisation in cytoplasmic levels of both proteins (Kang et al., 1999, 

Nishimura et al., 1999, Chevallier et al., 2005).  However, it should be firmly stated 

that several studies of this nature have not considered the physiological outcome, i.e. 

the induction of the canonical Wnt cascade and have only documented an increase in 

cytoplasmic β-catenin irrespective of its phosphorylation state.  This is a worthy 

consideration, as any increase in its protein levels maybe the result of the well-

established proteasomal dysfunction in neurodegenerative diseases.  As such, the 

resulting increased pool of β-catenin might be in a phosphorylative state that is 

therefore incapable of nuclear translocation and transactivation (Staal et al., 2002).   

 In contrast, there are just as many examples of FAD PSEN1 mutations that 

lead to destabilisation and increased destruction of β-catenin.  The major difference in 

whether there is attenuation or potentiation of the canonical Wnt cascade could come 

from subtle mechanistic differences between the types of PSEN1 mutation. For 

instance, whether it increases or decreases the association with β-catenin.  However, 

one has to consider that the numerous studies reported here used differing contexts, 

namely in that when it was found that FAD PSEN1 mutations decreased β-catenin 

levels, there was some form of extracellular stimulation of the cascade.  

In conclusion, it would be wise to elucidate the biological relevance of the 

PSEN1 FAD mutations and also to standardise the paradigms being used to assess 

their regulation of canonical Wnt signalling.  At this juncture it is not known, other 

than that this pathway is dysregulated, its association with AD pathogenesis.  

Furthermore, in terms of a timescale, our current understanding is a confused picture 

as to whether the aberrant Wnt signalling is the result or cause of Aβ-neurotoxicity. 
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CHAPTER 3 : MATERIALS AND METHODS 

3.1 Antibodies and reagents 
In this study different APP antibodies raised against different epitopes of APP were 

used.  The colour coding is to illustrate which APP antibody was used to detect the 

FL-APP and APP-CTFs from cell lysates and Aβ as well as sAPP in the medium and 

are listed below and shown in figure 3.1:  

• The mouse monoclonal 6E10 from Covance (against Aβ1-16). 

• The mouse monoclonal 4G8 from Covance (against Aβ17-24). 

• The clone 2D8 from Dr Michael Willem (against Aβ1-16). 

• The rabbit polyclonal 192swe from Elan Wyeth Pharmaceuticals (against 

sAPPβ).  

• The mouse monoclonal 22C11 from Millipore (against N-terminus of APP). 

• The rabbit antisera 140 against CT-APP (Wahle et al., 2006) from Dr Jochen 

Walter, University Bonn. 

• The rabbit antisera R1 57 against the C- terminus of APP (Anderson et al., 

1989) from Dr Mehta, the Institute of Basic Research in Developmental 

Diseases, New York.  
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Figure 3.1: Schematic of APP metabolism and antibody epitopes. 

This schematic shows APP metabolism and epitopes for membrane-bound FL-APP and C-terminal 

fragments, intracellular fragments (AICD) and secreted Aβ and sAPPα/β.  The approximate molecular 

weight for each metabolite is also shown.  Both amyloidogenic and non-amyloidogenic processing are 

shown, the α-cleavage precludes any Aβ production.  Illustration reproduced from Zhang et al., 2011. 

 

Other antibodies used in this study are shown in the table below.  
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Table 3.1: List of antibodies. 

Table 3.1: Dilutions of antibodies used are given for the separate techniques they are used for, 

including Western blotting (WB), immunoprecipitation (IP), immunohistochemistry (IHC) and 

immunocytochemistry (ICC). 

 

All other chemicals and solutions were obtained from Sigma Aldrich (US) or unless 

stated throughout text or in the appendix. 

Antigen Clone/Code Company/ 

Source 

Species Monoclonal/ 

Polyclonal 

Dilution 

APP-CTD 140 Dr J. Walter Rabbit Antisera WB 1/2000 

APP-CTD R1 57 Dr Mehta Rabbit Antisera WB 1/2500 

and ICC 

1/500 

APP-NTD 22C11 Millipore Mouse Monoclonal WB 1/1000 

APP-Aβ17-24 4G8 Covance Mouse Monoclonal IP 1/1000 

APP-Aβ1-16 6E10 Covance Mouse Monoclonal WB 1/1000, 

ICH, 1/500, 

ICC 1/500 

and IP 1/10 

000 

BACE1 Ab5940 Millipore Rabbit Polyclonal WB 1/500 

Beclin-1 612112 BD Biosciences Rabbit Polyclonal WB 1/2000 

FLAG-tag  Sigma Aldrich Mouse Monoclonal WB 1/1000 

GSK3α/β 44610 BioSource Mouse  Monoclonal WB 1/1000 

pS9-GSK3β 9336 Cell Signalling Rabbit Polyclonal  WB 1/1000 

H4 04-858 Millipore Rabbit Monoclonal WB 1/1000  

LAMP1 Ab25630 Abcam Mouse Monoclonal ICC 1/200 

LC3  Dr M. Koike Rabbit Polyclonal WB 1/500 

LC3 Ab48394 Abcam Rabbit Polyclonal WB 1/1000 

p62/SQMST1 P0067 Sigma Aldrich Rabbit Polyclonal 1/2000 

pS33/37 β-catenin BC-22 Sigma Aldrich Mouse Monoclonal IHC 1/500, 

ICC 1/250 

sAPPα 2D8 Dr Michael 

Willem 

  WB 1/1000 

sAPPβ 192swe Elan Rabbit Polyclonal WB 1/2000 

TFEB AB1 Sigma Aldrich Rabbit  Polyclonal WB 1/1000 

Ubiquitin PD41 Santa Cruz Rabbit Polyclonal WB 1/500 

β-actin AC-15 Abcam Mouse Monoclonal WB 1/10 

000 

β-catenin C2206 Sigma Aldrich Rabbit Antisera WB 1/500, 

IP 1/250, 

ICH 1/100 

and ICC 

1/200 

β-catenin 610153 BD Biosciences Mouse Monoclonal WB 1/1000 
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3.2 Human post-mortem brain samples 
Human brains were obtained from routine autopsies at the Huddinge Brain Bank in 

accordance with the laws and the permission of the ethical committee.  The control 

group included frontal-cortex from subjects who died either of non-neurological 

diseases or traffic accidents and had no history of long-term illness or dementia (85yrs 

±8: 3F, 3M). The sporadic AD group included the frontal-cortex samples from 

patients with clinically and pathologically confirmed AD (81yrs ±5: 4F, 3M).  The 

case history of each post-mortem is summarised in table 2.2.  The frozen tissue was 

crudely fractionated to give a nuclear, membrane and cytosolic fraction.  Samples 

were kept at -80°C until used.  Preliminary Western analysis showed the nuclear 

fraction was absent for β-actin and β3-tubulin but positive for histone 4 (H4) while 

the cytoplasmic fraction was positive for β-actin and β3-tubulin but very little H4 

expression.   The membrane fraction did stain positive for β-actin but this was less 

abundant than the cytoplasmic fraction.  
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Table 3.2: Case histories of the different sporadic AD patients.  

Case Age Sex Cause of death Dementia Braak-

Stage 

CERAD-

Score 

Aβ-

Phase 

CAA-

Stage 

SWE28 73 F Cardial 

insufficiency/ 

Hypertension 

N 0 0 0 0 

SWE64 90 M Pneumonia N 0 0 0 0 

SWE70 91 F Cardiomyopathy N 0 0 0 0 

SWE71 91 M Cardial 

insufficiency 

N 0 0 0 0 

SWE72 78 M Cardial infarct N 0 0 0 0 

SWE73 85 F Cardial 

insufficiency/ 

DM type-II 

N 0 0 0 0 

SWE19 81 M AD/ Cardial 

insufficiency 

Y 4 B 3 1 

SWE20 74 M AD/ Pneumonia Y 5 C 4 2 

SWE45 78 F AD/ Cardial 

insufficiency 

Y 5 C 4 2 

SWE57 80 F AD/ 

Mycocardial 

infarction 

Y 5 C 4 2 

SWE58 80 F AD/ Cardial 

insufficiency 

Y 4 B 3 1 

SWE74 84 M AD/ Cardial 

insufficiency/ 

Hypertension 

Y 4 B 3 1 

SWE78 93 F AD/ Pneumonia Y 5 C 4 2 
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3.3 Mouse tissue homogenisation 
C57Bl/6 mice of three different ages were used (1.5, 9.5 and 15 months of age).  The 

brains were rapidly dissected, snap-frozen in liquid nitrogen and stored at -80°C until 

used.  The frontal-cortex was homogenised with a glass Dounce homogeniser in 

radioimmunoprecipitation assay buffer (RIPA) (see Buffers) with Roche Complete 

protease® inhibitor cocktail.  This suspension was left on ice for 15mins and separated 

into a soluble total-lysate and insoluble nuclear fraction by centrifugation at 15, 

000RPM for 15mins.   30µg of protein from the supernatant were run on a 10% SDS-

PAGE gel (see 3.7 Western blotting).  

3.4 Cell culture  
A murine neuroblastoma cell-line stably transfected with APPsw.695 

[K595N/M596L] (Swedish familial variant), is herein referred to as N2aSw. The 

original cloning of this gene fused with a c-Myc tag was described by Lo et al in 

1994. The expression of the clone within a pCB6 vector and subsequent selection 

with 0.4mg/ml geneticin/ G-418 generated the stable cell-line N2aSw.10.  

The cells were maintained in a selective state using the antibiotic G-418 at a 

final concentration of 0.2mg/ml in a 1:1 mix of Dulbecco’s Modified Eagle’s Medium 

(DMEM) and OPTI-MEM (GIBCO, US), supplemented with 5% foetal bovine serum 

(FBS) and penicillin/streptomycin.  Cells were grown in a 5% CO2 incubator at 37ºC.  

This cell-line was a kind gift from Dr Gopal Thinakaran at the University of Chicago 

(Thinakaran et al., 1996b).  The authors originally stated that this cell-line secretes 6-

8 times higher levels of Aβ compared to cells overexpressing wild-type APP into the 

media.  This is due to the increased selectiveness by the β-secretase.  With this genetic 

manipulation, the Aβ secreted into the media is above the detectable threshold for 

Western blotting.   

Some experiments were carried out in parallel in untransfected N2a cells.  The 

cells were maintained in 1:1 mix of DMEM and OPTI-MEM supplemented with 5% 

FBS and penicillin/ streptomycin mix but lacking G-418.  

Human embryonic kidney (HEK) 293 cells and COS-7 cells were grown in the 

usual DMEM supplemented with 10% FBS and penicillin/ streptomycin mix.  A 

HEK293 cell-line stably over expressing APPsw.695 variant, herein referred to 

HEK293sw was a kind gift from Dr Jochen Walter at the University of Bonn.  Finally 
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we used a HEK269 cell-line over expressing the wild-type variant of human APP 

herein referred to HEK269, was a kind gift from Dr Anja Capell and Dr Christian 

Haass at the University of Munich.  Both HEK293sw and HEK269 were cultured in 

DMEM supplemented with 10% FBS, penicillin/streptomycin mix and a final 

concentration of 0.2mg/ml of G-418.  

3.5 Cell treatments 
Cells were treated with two specific (Calbiochem GSK3 inhibitors VIII and XI) and 

one non-specific (LiCl) GSK3 inhibitors.  The Calbiochem inhibitors were dissolved 

in DMSO and used at 5µM and 10µM, respectively, to give maximum GSK3 

inhibition with the least cell death (Bhat et al., 2003).  These inhibitors are known to 

not inhibit the structurally similar CDK2 and protein kinase A.  LiCl was used at 5, 20 

and 40mM.  Cells were incubated with the drugs in fresh medium overnight, which 

was harvested for subsequent analysis.  The GSK3 inhibitor VIII, chemically referred 

to as AR-1014418, is highly specific for the GSK3β isoform as shown through co-

crystallisation with the recombinant protein but it cannot be ruled out that it also 

inhibits the GSK3α isoform.  As these inhibitors compete for the ATP-pocket within 

the kinase domain, which share 98% sequence identity between the two isoforms, it is 

highly likely that they inhibit both GSK3 isozymes.  Therefore, these inhibitors are 

referred to as GSK3 inhibitors (cfr Calbiochem website).  

The proteasomal inhibitor, MG132, was obtained from Sigma Aldrich and 

dissolved in DMSO.  Working concentrations were varied to find optimal inhibition at 

50µM.  The additional proteasomal inhibitor, PS1 (Peptide Institute) was used at the 

recommended concentration of 10µM.  The autophagy regulators 3-methyladenine (3-

MA) and rapamycin were used at 500µM and 25nM, respectively.  The former had to 

be dissolved in distilled, sterilised water and warmed in a water bath to aid 

suspension.   Cycloheximide was used in order to block de novo protein synthesis for 

varying time points to determine the stability of FL-APP with GSK3 inhibition.  

Protein synthesis was blocked 30mins at a concentration of 50µg/ml, prior to addition 

of other chemical compounds.  

Leupeptin (Sigma Aldrich) was used to inhibit key lysosomal peptidases at a 

concentration of 100µM/200µM and was dissolved in sterilised water.  Bafilomycin 

A1 (Sigma Aldrich) and NHCl4 (Sigma Aldrich) were used at 10nM and 20mM 
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respectively to prevent the correct acidification of lysosomes and therefore prevent 

broad lysosomal proteolysis.  

3.6 Cell transfection of plasmid constructs and siRNA 
Cells were transfected using the standard calcium phosphate method (Kingston et al., 

2001) or using Lipofectamine™ 2000 (Invitrogen).  Plasmid constructs used 

throughout were as follows: GSK3βS9 (constitutively active form, a kind gift from 

Professor Fred Van Leuven, Katholeike Universiteit Leuven), rat BACE1 promoter (a 

kind gift from Dr Steffen Rossen, University of Leipzig), scramble and β-catenin 

shRNA (a kind gift from Dr Patricia Salinas, UCL), β-catenin serine 33 (a kind gift 

from Professor Hans Clevers, The Hubrecht Institute), Wnt3a (Addgene, US), bif-1 

shRNA (a kind gift from Professor Beniyi Li, University of Kansas Medical Centre) 

and TOPflash and FOPflash reporter constructs (a kind gift from Professor Simon 

Lovestone, Kings College London).   

A GFP-tagged LC3 construct was used to observe GFP puncta formation upon 

autophagy stimulation (kind gift from Professor Stefan Grimm, Imperial College 

London).    A FLAG-tagged version of TFEB was a kind gift of Andrea Ballabio 

(Telethon Institute of Genetics and Medicine, Naples) and was used to assess the 

subcellular localisation of TFEB. For the above experiments an empty pcDNA3, 

GFP- and FLAG-tag plasmids, scramble shRNA or control siRNA were used as 

controls.  

The bacteria containing the cDNAs were stored as glycerol stocks at -80°C 

and amplified using the PureLink™ HiPure plasmid filter Maxiprep kit (Invitrogen) 

following the protocol available online.  The concentration and purity was measured 

on the Nanodrop (Thermo Scientific) and aliquots were stored at -20°C, while a 

working aliquot was stored at 4°C for up to a month to avoid repeat freeze-thawing 

cycles of the sample which would lead to nicks and degradation of the plasmid 

cDNA.   

For the transfection of siRNA specific for GSK3α/β (Cell Signalling, US), 

Lipofectamine™ 2000 (Invitrogen) was used in OPTI-MEM medium (GIBCO).  The 

final concentrations of siRNA used were 10nM and 50nM within 2ml of OPTI-MEM 

medium.  This was mixed with 5µl of Lipofectamine™ 2000 per well/sample of a 6 

well plate, as summarised in Table 3.3 below.   
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Table 3.3: Beclin-1 and GSK3α/β siRNA transfection with Lipofectamine™ 2000.  

siRNA Culture 

vessel 

Surface 

area 

Volume of 

plate 

medium 

Volume of 

dilution 

medium 

[siRNA] Reagent 

Signal 

Science® 

GSK3α/β 

6 well plate 

(1 well) 

10cm2 2ml 2x250µl 10-50nM 5µl 

 

BECN1 

Stealth 

RNAi™ 

siRNA 

6 well plate 

(1 well) 

10cm2 2ml 2x250µl 10-50nM 5µl 

 

 
Table 3.3: All volumes are scaled for the number of repeats for each treatment and the volume was 

split evenly between the replicate wells.  This table is adapted from the one shown with the Invitrogen 

data sheet available at the following web address: 

http://tools.invitrogen.com/content/sfs/manuals/lipofectamine2000_man.pdf.  

 

The Lipofectamine™ 2000 reagent was equilibrated in the OPTI-MEM medium for 

5mins and siRNA was added afterwards.  Once mixed with the siRNA, the complex is 

stable for up to 45mins but was added to the plate after 20mins in a drop-wise fashion.  

Silencing of the mRNA lasted up to 48hrs upon which protein or mRNA was 

harvested as detailed elsewhere.  Initially, the protein expression of GSK3α/β and β-

catenin from total-lysates were used to assess the effectiveness of the knockdown of 

GSK3.  

3.7 Western blotting 

3.7.1 Cell lysis and eletrophoresis of SDS-PAGE gels 
Proteins were extracted from cells and tissue using RIPA buffer (see Buffers) 

supplemented with Roche Complete protease® inhibitor cocktail.  The insoluble 

nuclear fraction was separated from the solubilised total-lysate by centrifugation at 

13, 000RPM for 15mins at 4°C.  Protein levels were determined using the Bradford 

method with the G-250 Coomassie brilliant blue reagent (Sigma Aldrich).  Volumes 

of samples were adjusted to give equal loading of total protein into equal volumes of 

2X sample buffer (see Buffers).  To denature the protein, the samples were boiled at 

96°C for 10mins, spun briefly and then stored on ice before loading.  50µg of the 
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protein sample were separated in 8% or 10% SDS gels.  The Invitrogen Prestained 

SeeBlue® Plus2 marker was used to assess the molecular weights.  

The protein was transferred to Immobilon®-P PDVF (Millipore, US) 

membranes or HybondTM-C Extra nitrocellulose (Amersham, UK) for Aβ and the C-

terminal fragments of APP.  The transfer was carried out in 1X tris-glycine buffer 

with 10% methanol at a constant 400mA for 60mins.  Membranes were blocked in 

5% non fat dried milk (NFDM) in TBST for 1hr at RT, with the exception for the 

antibody R1 57 which was blocked in 5% FBS at 37ºC for 30mins.  Membranes were 

blotted with primary antibody overnight at 4°C.  Primary antibodies were diluted in 

1% BSA/ 0.1% sodium azide in TBST unless stated.  Membranes were then incubated 

with a HRP conjugated secondary antibody in 5% NFDM in TBST for 1hr at room 

temperature.   

After thoroughly washing, membranes were developed using ECL reagent 

(see Buffers), which was used to detect luminescence and were exposed to Hyperfilm 

ECL™ film.  Films were developed with an automated developer from Konica, SRX 

101A.  The intensity of banding was quantified by densitometry scanning with Image 

J (NIH) and normalised to β-actin in most cases or to the subcellular marker for 

fractionation studies.  In addition, the protein of level of GAPDH and β3-tubulin were 

used to ascertain the stability of the total protein levels.  The housekeeping protein, 

β3-tubulin, is also more sensitive to neuronal death and closely correlated with total 

protein concentrations, to confirm that the treatments used were not associated with 

cell death.  All equipment used for both SDS-PAGE and the transfer was obtained 

from Bio-Rad using the Mini-Protean® tetra cell system.  

3.7.2 Determination of secreted Aβ and sAPPα ectodomain 
Secreted soluble APPα (sAPPα) and Aβ were measured from the medium of N2aSw 

cells.  The volume of medium loaded was adjusted to protein concentrations measured 

from the total-lysate of the corresponding cells.  An aliquot of the medium was either 

run straight away on a NuPage 4-12% tris-glycine gel (Invitrogen) or Aβ was pulled 

down overnight at 4ºC using Sepharose Protein A beads (Invitrogen) and the antibody 

4G8, a monoclonal antibody raised against amino acids 17-42 of human Aβ 

(Covance, US).   40µl of sample buffer 2 (see Buffers) was added to each sample.  

Samples were vortexed and then boiled for 10mins.  The samples were loaded onto a 

NuPage 4-12% Bis-Tris gel with MES buffer and subsequently transferred onto a 
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nitrocellulose membrane.  The membrane was boiled in 1X PBS for 5mins3, blocked 

with NFDM and incubated with 6E10 antibody at 1/1000 overnight at 4°C (Covance).  

After incubation with HRP-conjugated secondary antibody, the blot was developed 

using an ECL reagent (see Buffers) and exposed to Hyperfilm ECL™ film and 

developed in an automated developer from Konica, SRX 101A.  The area of protein 

bands were scanned and quantitated using the Image-J program (NIH).  Changes in 

sAPPα and Aβ levels expressed as percentage change from control at 100%.  

3.7.3 Subcellular fractionation  
Cells were washed twice in ice cold 1X PBS, scraped and left on ice for 10mins in 

hypertonic buffer containing Roche Complete® protease inhibitor cocktail (see 

Buffers) and sodium fluoride and sodium orthovanadate, two established phosphatase 

inhibitors.  The cells were mechanically ruptured when they were passed through a 

0.6ml gauge needle several times.  Then, samples were centrifuged at 5, 000RPM for 

5mins to pellet the nuclear fraction.  The supernatant pertaining the membrane and 

cytosol was transferred to a fresh tube and subsequently centrifuged at 13, 000RPM 

for 45mins.  The pellet containing the membrane fraction was taken for further 

analysis for measuring enzymatic activity and APP CTFs.  The cytosolic fraction was 

then precipitated by adding 20% trichloroacetic acid (TCA) in a 1:1 ratio to give a 

final concentration of 10%.  After incubating for 45mins on ice, this fraction was spun 

at 13, 000RPM for 30mins.  The pellet was washed firstly in ice cold 90% acetone 

and then 100% acetone, spinning at 13, 000RPM for 10mins between the washes.  

The final pellet was resuspended in 2X loading buffer 1, adding tris-HCl pH8 to 

neutralise the acid.  All steps of this procedure were carried out on ice, to avoid 

protein degradation.  

 

 

 

                                                
3 Boiling the membrane was found to be effective in increasing the detection limit of Aβ presumably 
by unmasking epitopes to the detection antibody in a mechanism analogous to antigen retrieval in IHC 
techniques KLAFKI, H. W., WILTFANG, J. & STAUFENBIEL, M. 1996. Electrophoretic separation 
of betaA4 peptides (1-40) and (1-42). Anal Biochem. United States, SASTRE, M. 2010. 
Troubleshooting methods for APP processing in vitro. J Pharmacol Toxicol Methods. United States: 
2010 Elsevier Inc.  
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3.7.4 Analysis of APP C-terminal fragments  
Measurement of the CTFs of the various secretases is an indirect measurement of 

their activity.  The CTFs were analysed by immunoblotting with the antibody 140 of 

membrane extracts from N2aSw, as described previously (Sastre et al., 2001).  The α- 

and β-CTF, were detected from the membrane fractions obtained by the subcellular 

fractionation method.  The membrane pellet was resuspended in an appropriate 

volume of sample buffer 2 (see Buffers), boiled for 10mins and run in 4-12% 

NuPAGE gels.  The α-CTF (10kDa) and β-CTF (12KDa) were detected using the 

antibody 140.  For detection of β-CTF alone the antibody, 6E10 was used.  

The AICD fragment was generated using an in vitro assay from membrane 

preparations, according to procedures described previously (Sastre et al., 2001b).  

Membranes were pelleted by centrifugation for 20mins at 15, 000RPM at 4°C, 

washed, and resuspended in the assay buffer (150mM sodium citrate, pH6.4).  To 

allow the generation of the AICD, samples were incubated with shaking at 37°C for 

2hrs.  After termination of the assay on ice, samples were spun at 15, 000RPM at 4°C 

for 1hr.  The supernatant was collected and an equal volume of sample buffer 2 (see 

Buffers) was added and boiled for 10mins.  Proteins were separated by 

electrophoresis using 4–12% Bis-Tris NuPage gels in 1X MES buffer using the XCell 

SureLock IITM system (Invitrogen).  Proteins were transferred to a nitrocellulose 

membrane as stated.  The membrane was boiled for 5mins in 1X PBS before blocking 

in 5% FCS in TBST at 37ºC for 30mins.  The APP C-terminal specific antibody, R1 

57 or the 140 were used to detect the 6kDa AICD fragment.  Two negative controls 

were used to assess the specificity of the antibody for the AICD.  Firstly, a sample 

“ice” control was kept at 4ºC on ice, where no enzymatic activity of the γ-secretase 

should be present.   The specificity of the assay was further demonstrated by 

incubating a membrane sample at 37ºC with 250nM DAPT, a specific γ-secretase 

inhibitor.   
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3.8 Pulse-chase analysis 
The following procedure was carried out within a class 2 culture hood situated in a 

“hot room” and the cells were incubated in a 5% CO2 humidified incubator at 37ºC.  

N2aSw cells were starved in methionine-free medium supplemented with glutathione 

and 5% dialyzed serum for 30mins at 37°C.  The cells were then pulsed with the same 

kind of media containing [S35]-methionine at 300µCi/ml for 20mins at 37°C.  After 

this, the cells were washed twice in PBS to remove excess radioactivity and chased 

with normal DMEM with an excess of methionine, 150µl/ml at 37°C for different 

periods.  The cells were lysed on ice at different time points (0, 2, 4, 8hrs) with RIPA 

supplemented with the Roche® complete protease inhibitor cocktail mix.  Similar 

amounts of protein in lysates were immunoprecipitated overnight at 4°C with either 

1µl of 6E10 or 5µl of R1 57 with 30µl of 50% Protein G or A beads, respectively in a 

total volume of 500µl made up with RIPA buffer.  The beads were washed in ice cold 

buffer B (see Buffers) for 3x10mins and resuspended in 40µl of 2X sample buffer and 

incubated at 95ºC for 10mins.  Samples were run on an 8% SDS-PAGE gel.  The gel 

was firstly fixed in 50% isopropanol/ 10% acetic acid for 30mins.  The signal was 

then enhanced by soaking the gel in a 1M sodium salicylate solution for 30mins in the 

dark.  The gel was dried for up to 2hrs with a gradient increase of temperature to 85ºC 

on a gel drier (Bio-Rad, US).  The signal was detected by exposing to a Hyperfilm 

MP (GE Healthcare) autoradiography film at -80ºC to maintain linearity and to reduce 

the background noise of the signal.   An initial overnight exposure was used followed 

by longer times, depending on signal strength. The protein bands were scanned and 

quantitated using the Image-J program.  Relative intensity of the bands was calculated 

as a percentage of the intensity of the protein band in cell-lysates at time 0hr of the 

chase.  

3.9 Autophagy assessment/LC3-II production 
LC3-II (16kDa) production was assessed by Western blotting from N2aSw total-

lysates on a 16% tris-glycine gel and normalised to levels of LC3-I (18kDa).  The 

antibodies used were an anti-rabbit LC3, which was a kind gift from Dr. M. Koike 

(Juntendo University Graduate School of Medicine) and a rabbit polyclonal anti-LC3 

from Abcam.  Any changes with respect to control were expressed as LC3-II/LC3-I 

ratio.  The specificity of the bands was confirmed with the following positive 
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controls: 3-methyladenine, a negative repressor and rapamycin, a known positive 

regulator.  In addition both N2aSw and COS-7 cells were transfected with a GFP-

tagged LC3 construct and assessed for puncta formation owing to autophagosome 

formation by normal epifluorescence (Klionsky et al., 2008).  Cellular conditions are 

detailed in figure legends.  

In order to show whether specific GSK3 inhibition leads to increased 

autophagy flux, the levels of LC3-II were measured in cells additionally treated with 

both 200µM leupeptin and 20mM NH4Cl, which completely blocks lysosomal 

degradation.  

3.10 Enzymatic activity of the β- and α-secretases 
The enzymatic activities of the β- and α-secretases were measured by a fluorimetric 

reaction kit (R&D Systems).  Membrane fractions from N2aSw cells were 

resuspended in 200µl of the “Cell Extraction Buffer”.  50µl of the sample was 

incubated with 50µl of the 2X “Reaction Buffer” and 3µl of substrate at 37ºC for 2hrs 

with mild shaking in the dark.  The fluorescence was measured using a fluorimeter, 

with excitation between 335-355nm and emission detection between 495-510nm.  

The substrates are patented peptides mimicking the native substrates for either 

the α- or the β-secretase.  These peptides are homologous to amino acids 681-689 and 

668-675 of APP for the α- and β-cleavage respectively.  Conjugated to theses 

peptides, are an EDAN and a DABCYL moiety flanking the cleavage site.  Upon 

enzymatic activity and cleavage of the peptide, the EDAN moiety is allowed to 

fluoresce with the physical separation from the DABCYL moiety, a quencher.   

The background fluorescence obtained from a “No cell lysate” negative 

control was subtracted from values and the raw fluorescence was normalised to 

protein levels.  The results were expressed as a percentage of the control.  
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3.11 Microscopy 

3.11.1 Lysotracker®-Red DN-99 staining 
N2aSw and COS-7 cells were seeded on glass coverslips and treated with inhibitor 

VIII overnight.  Cells were treated with or without Lysotracker®-Red DN-99 

(Invitrogen) at a final concentration of 75nM for 2hrs at 37°C.  The medium was 

aspirated and washed once quickly in PBS to remove unbound Lysotracker®-Red DN-

99 and coverslips were fixed in 2% PFA for 15mins4 .  The coverslips were 

counterstained with DAPI and mounted straight in ProLong® Antifade (Invitrogen) 

overnight at room temperature before sealing with nail varnish and storing at 4°C.   

3.11.2 Immunocytochemistry  
Immunocytochemistry was used for subcellular localisation of APP and the 

lysosomes.  The cells were fixed as above upon which they were blocked in 3% BSA 

in 0.025% saponin for 1hr.  Primary antibodies were used in combination or 

separately: rabbit polyclonal anti-APP (140) at 1/500 and mouse monoclonal anti-

LAMP1 at 1/200 were incubated for 1hr at RT in 1% BSA/0.025% saponin at room 

temperature.  After 5x5mins washes with PBS, Alexa Fluor® secondary antibodies 

(488 and 594) were incubated for 1hr at RT in 1% BSA/0.025% saponin at a dilution 

of 1/750.  After the final PBS washes, the cells were counterstained with DAPI and 

mounted in the same ProLong® Antifade mountant.   

 For the cellular localisation of TFEB, N2aSw cells that transiently 

overexpressed the TFEB-FLAG construct were grown on coverslips and 

permeabilised and fixed in methanol at -20°C for 10mins.  The cells were washed in 

1XPBS, blocked with 1% BSA in 1XPBS for 10mins and incubated with primary 

antibody, anti-FLAG at 1/200, in blocking buffer for 1hr at 37°C.  The secondary 

antibody, Alexa Fluor® 594 anti-mouse secondary antibody, was incubated for 1hr at 

room temperature at 1/500 in the same blocking solution.  The coverslips were 

mounted on glass slides using Vectashield mounting medium (Vector Laboratories), 

sealed with nail varnish and stored at 4°C.  

                                                
4 It should be noted that Lyostracker probes are intended for live cell imaging but Lysotracker®-Red 
DN-99 has been successfully used in fixed cells.  Please refer to Invitrogen website (cfr 
http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/Probes-for-
Organelles/Probes-for-Lysosomes-Peroxisomes-and-Yeast-Vacuoles.htmland) and Lee et al, 2010. 
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3.11.3 Image capture and analysis 
Z-stacks with a 0.42µm step were captured on a Leica LAS AF SP5 confocal with a 

x63 optical oil immersed lens and x2.5 digital zoom with a sequential scan between 

channels, averaging over 4 frames for each scan and saved at 1024x1024 pixel ratio: 

 

• Scan 1: An Argon laser set to 20% was used for Alexa Fluor® 488 and with a 

Bright field image.  

• Scan 2: A Xenon laser set to 52% was used for Alexa Fluor® 594, TFEB-

FLAG and Lysotracker® Red DN-99. 

• Scan 3: A Diode laser set 10% was used for the DAPI counterstain. 

 

Five randomly selected fields were captured per treatment with roughly 10-20 cells 

per field.  For total APP, using the “Measure stack” function in Image J, an average 

mean intensity was taken from each stack, which was then further averaged to give 

the mean of the entire Z-stack.   This was either based on the entire field or a 

threshold of the cell area.  For counting vesicle numbers for both LAMP1 and 

Lysotracker®-Red staining, the “Analyse particle” function from Image J was used.   

A region of interest was drawn to include the maximum area through the Z-stack for 

each cell within the field as governed by the Bright field image taken.   The limits 

were set for a size from 1 to infinity and a circularity from 0 to 1 and therefore not 

dictated by its shape.  A sum was taken from the number of particles of each stack 

within the Z-stack series and then divided by the number of cells within the ROI.   

The Imaris CoLoc plugin was used to assess the significance of the 

colocalisaiton between APP and LAMP1 within the field of view using the Pearson’s 

Correlation Coefficient (PCC) and Mander’s coefficient (M1 and M2) for each 

randomly sampled field.  In addition the percentage of the field that was colocalised 

was also expressed.  

10 randomly selected fields were captured for the localisation of TFEB within 

N2aSw cells transiently transfected with a FLAG-tagged TFEB construct.  The 

numbers of nuclear-positive cells were counted and expressed as a percentage of the 

total number of TFEB-positive cells.    
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3.11.4 Transmission electron microscopy 
Cells incubated on coverslips were washed thrice in serum-free DMEM media, and 

fixed in 4% paraformaldehyde and 1% glutaraldehyde in 0.1M sodium cacodylate 

buffer (pH 7.2) for 30mins at RT.  Following fixation, coverslips containing cells 

were treated with reduced 1% osmium followed by 1% tannic acid.  Samples were 

processed for en-face embedding in epon.  Ultrathin sections of 70nm were collected 

from various depths from the block and then were stained with a 2% aqueous solution 

of uranyl acetate and Reynold’s lead citrate and observed using a transmission 

electron microscope (Tecnai G2 Spirit, FEI).  Images were captured on a digital 

camera (Eagle, FEI).  Initial low magnification images were captured of cells that 

were to be surveyed and imaged at X6, 500 in order to give enough resolution to 

identify the organelles but also to be able to cover the entire cytoplasm of the cell.  

More than 30 cells were analysed per section from each treatment and multiple 

sections were analysed so as to have some representation from the different depths 

through the Z-plane.  

Organelles counted included: The total number of autophagosomes (AVs) and 

autophagolysosomes (AVLs), primary lysosomes (PL), mature lysosomes (ML), 

mitochondria and multivesicular bodies (MVBs). The identification based on 

morphology from the micrographs used previously established criteria.  Briefly, AVs 

(vesicles greater than 300nm) were classified as autophagosomes when they met two 

or more of the following criteria: double membranes (complete or at least partially 

visible), absence of ribosomes attached to the cytosolic side of the membrane, luminal 

density similar to cytosol, and identifiable organelles or regions of organelles in their 

lumen.  AVLs were merely classed as being more mature versions than what was 

previously described, sometimes containing a singular enveloping membrane and/or 

some already partially digested material within it.   Such criteria were based on highly 

critical peer reviews from several established groups within the autophagy field 

(Eskelinen, 2008, Klionsky et al., 2008, Ylä-Anttila et al., 2009).   
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3.12 mRNA extraction and RT-PCR 
N2aSw cells were subjected to reverse-transcription quantitative PCR (RT-qPCR) 

analysis using a 2-step method with an initial reverse transcription and subsequent 

real-time cycling using a Strategene Mx3000p block cycler.  

Total RNA was extracted using the RNeasy® mini kit (Qiagen) with the additional 

step of sample homogenisation with a 20G needle and the removal of contaminating 

DNA by passing through a DNA capture column.  RNA integrity was confirmed by 

relative abundance of the 28S to18S rRNA (2:1) on a 1.5% agarose gel and a 

spectrophotometric 260/280 ratio of =1.9.  Quantification of RNA was determined by 

reading on a Nanodrop (Thermo Scientific) to normalise the RNA input to 1µg for the 

RT step.  Total RNA was amplified by priming with 10X random hexanucleotide mix 

(Roche, Switzerland) as detailed in Table 3.4 and 3.5 below.  The SuperScript®II 

reverse transcriptase (Invitrogen) was provided with 5X first strand buffer and 0.1M 

DTT and the 25mM dNTP mix was provided by Fermantas (US). 

Table 3.4: Step 1a. 

Reagent Volume Final concentration/ Volume 

RNA input Xµl 1µg/20µl 

ddH20  Xµl 10µl 

10X random hexanucleotides 2µl 1X 

Total (per reaction) 12µl 

 

Priming: 

-95°C for 2mins 

 -72°C for 10mins 

 -8°C pause 

Table 3.5: Step 1b. 

Reagent Volume Final concentration/ Volume 

5X first strand buffer 4µl 1X 

0.1M DTT 2µl 10mM 

(10mM each) dNTPs mix 1µl 1mM each 

Reverse transcriptase 200U/µl 0.5µl 100U 

ddH20 0.5µl 

Total (per reaction) 8µl 
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First strand synthesis 

 -25°C for 5mins 

 -42°C for 1hr 

 -95°C for 5mins  

-8°C paused 

The resulting cDNA was then immediately frozen or used for subsequent PCR 

analysis. 

Semi-quantitative RT-PCR was performed for APP mRNA levels from 

N2aSw cells treated with the GSK3 inhibitor VIII overnight.  The primers used were: 

human APPsw (Forward: 5’-GCTTGCACCAGTTCTGGATGG-3’; Reverse: 5’-

GAGGTATTCAGTCATGTGCT-3’), mouse App (Forward: 5’-

GGTGGACTCTGTGCCAGC-3’: Reverse: 5’-TCCGTTCTGCTGCATCTTGG-3’) 

and mouse Gapdh (Forward: 5’-ACCACAGTCCATGCCATCAC-3’; Reverse: 5’-

TCCACCACCCTGTTGCTGTA-3’).  This was taken through: 

Initial denaturation 95°C for 5mins 

  -Initial denaturation 94°C for 30secs 

  -Annealing 53°C for 30secs 

  -Extension 72°C for 1min 

 Final extension 72°C for 3mins 

 Pause at 8°C 

  -25 cycles 

 

After the addition of loading dye, 10µl of reaction product was then resolved on a 

0.8% gel and the density of the bands corresponding to both human and mouse APP 

were normalised to that of mouse Gapdh and expressed as percentage of the control.  

Real time cycling was carried out with the Quantifast® SYBER green (Qiagen) 

and Quantitect® Primer assays (Qiagen) for mouse Bace1 and for the reference gene 

mouse Gapdh (Forward: 5'-ACCACAGTCCATGCCATCAC-3'; Reverse: 5'-

TCCACCACCCTGTTGCTGTA-3'), which were a kind gift from Dr. Egle Solito 

(William Harvey Research Institute).   Cycling conditions were as stated in the 

Quantifast® handbook with 40 cycles on a Stratagene Mx3000p thermocycler (see 

figure 3.4). 
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Table 3.6: Cycling conditions and reaction mastermix.  

Reagent Volume Final concentration/ Volume 

cDNA 50ng/µl Xµl 1-100ng 

10X Quantitect® primer 2.5µl 1X 

2X Quantifast® SYBR green 12.5µl 1X 

ddH20 Xµl 

Total volume 25µl 

 

Cycling: 

 -Initial denaturation 95°C for 5mins 

  -Denaturation 95°C for 10s 

  -Annealing/ Extension5 60°C for 30s 

 -35-40 cycles6 

A post melt-curve analysis revealed the absence of primer dimers for all primer sets 

as shown in figure 3.4.  For each experimental repeat/RNA extraction, a calibration 

curve (100, 10 and 1ng) was produced for each transcript to ascertain the primer set 

efficiency and the cDNA input.  The efficiency is described by equation (1).  

(1) ! = 10(
!!

!"#$%&'()   

A no RT and template control was used to set the fluorescence threshold above the 

background and in each case a no Ct value was obtained for all three replicates.  The 

baseline and reference dye normalised (dRn) Ct values were analysed using the 

Pfaffle method and elaborated upon in 2000 (Vu et al., 2000).  

 This is described by the mathematical equation (2) and normalises differences 

in a control case and test case for a particular gene of interest to a difference in a 

control case and test case of a stable reference gene.  More importantly these two 

variables are weighted to the efficiency of the primer set that generated them.  This is 

an important addition as theoretical bias would dictate that the DNA/ fluorescence 

content after each cycle should double however as the reaction is not a perfect system, 

                                                
5 The Quantifast® SYBR contains a patented polymerase that enables a joint annealing and extension 
phase during the cycling thus reducing the programme time.   
6 As the reaction is followed in real-time by measurement of fluorescence it is not important whether 
the reaction reaches saturation or not.  
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the actual content maybe less or more than double with each cycle thus the ! function 

can be used to normalise for less than perfect primer sets.  

(2) !!"#$ !"  !"#$%"&!!"  !"#! /!!"#(!"  !"#$%"&!!"  !"#!) 

(3)   !
!"#$ ∆!"

!!"#(∆!")
                

This method also has the bonus of the calibration step.  In this way the input can be 

ascertained so as to give results in the linear range of the reaction and therefore will 

be quantitative.  And thus the input can be varied for each transcript owing to the 

differences in the relative abundance from the original source.  

 Mouse Gapdh was chosen as the reference gene after an initial screen of 

different references genes for stability with treatments including 18Srna (Qiagen), 

Cyclophilin-b and Actin-f  (Invitrogen)7.  

                                                
7 This was based on an algorithm (GeneNorm) that assesses the most stable data set with varying 
treatments which is made freely available at: http://medgen.ugent.be/~jvdesomp/genorm/.  
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Figure 3.2: Efficiency and post melt-curve analysis of primer sets.  

Primer sets (A) Bace1, (B) Gapdh, (C) 18Srna, (D) Cyclophilin-b and (E) Actin-f were tested for their 

efficiency (i) and their specificity (ii) from a melt-curve analysis.  The efficiency was determined by 

plotting the Ct value against the log of the cDNA input and is equal to the gradient of the slope.  In 

each case the melt-curve gives a specific peak for the meting temperature and the approximate Tm is 

given for each primer set. 
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Figure 3.4 shows that every primer set used throughout gave good efficiency values 

and that in each case a single Tm peak was produced from the resulting melt-curve 

analysis.  This would suggest that the specificity of the primers is perfect producing 

one specific amplicon. This was later confirmed by running a fraction of the product 

out onto a 2% agarose gel resulting in the migration of one band of the expected size 

when compared to the standard DNA ladder.   

3.13 Luciferase dual reporter assays 
The activity of the BACE1 promoter was determined by measuring luciferase activity 

in a luminometer.  N2aSw cells were transfected with the rat BACE1 promoter fused 

to the Firefly luciferase reporter gene and co-transfected with the CMV-Renilla 

luciferase normalising construct in a 400:1 ratio.  The 1.5kb BACE1 promoter region 

was originally cloned from a highly conserved region upstream of the rat BACE1 

coding region.  Homologous sequences from rat, mouse and human are highly 

conserved and contain multiple putative binding sites for transcriptional regulators 

(Lange-Dohna et al., 2003). Therefore this luciferase construct is and has been a 

reliable method for assaying BACE1 promoter activity in both mouse and human 

cells and has done so before (Sastre et al., 2006a, Bourne et al., 2007).   

BACE1 promoter activity and TOP/FOPflash reporter assays were carried out 

on a luminescence reader following the protocol for the Promega dual reporter assay®.  

The data was normalised to the Renilla luciferase expression to allow for varying 

transfection efficiencies. 
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3.14 Statistical analysis 
The statistical analysis used throughout this study was done with the advice from the 

Statistical Advisory Service based at Imperial College London.  Columns in graphs 

represent the mean values ±SEM and expressed as percentage of control, unless stated 

otherwise, in GraphPad’s Prism v5.0.  For in vitro experiments at least three samples 

were run for each treatment group and each experiment was reproduced at least three 

times, the n-number is therefore equal to the number of samples per treatment group 

multiplied by the number of times the experiment was repeated (3 samples per group 

and with the experiment repeated 3 times is equal to n=9).  The n-number for which a 

particular statistical analysis was based on is given in the body text and the figure 

legend.   For in vivo data, each n-number is equivalent to the number of animals or 

human cases (6 animals is equivalent to n=6).  An unpaired t-test or a one-way 

ANOVA were used to show any significant statistical difference between means of 

two or more groups respectively.  A Dunnett’s post-hoc test was used to assess 

significance in reference to the control group only and a Tukey’s post-hoc test if 

comparing between all groups, both of which correct for multiple comparisons.   In 

the case of Wnt3a and β–catenin S33 overexpression in chapter 5, individual t-tests 

were used to assess the difference in the means of treatment to control (see figure 6.3 

and 6.4).  
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Table 3.7: List of drugs and concentrations   

 

                                                
8 3-methyladenine requires heat and agitation to obtain solubility in ddH20 with concentrations up to 
10mg/ml. 

Drug name Function Company Solvent Stock 

concentration 

Working 

concentration 

3-MA Autophagy 

repressor 

Sigma 

Aldrich 

Sterilised 

ddH208 

 

10mM 500µM 

Actinomycin-D Transcription 

inhibitor 

Sigma 

Aldrich 

DMSO 1mg/ml 1µg/ml 

Bafilomycin 

A1 

Vacuolar-

ATPase 

inhibitor 

Sigma 

Aldrich 

DMSO 1mM 10nM 

Cycloheximide Translational 

inhibitor 

Sigma 

Aldrich 

DMSO 5mg/ml 50µg/ml 

DAPT γ-secretase 

inhibitor 

 DMSO 10µM 0.25µM 

GSK3 inh VIII GSK3 inhibitor Calbiochem DMSO 10mM 5µM 

GSK3 inh XI GSK3 inhibitor Calbiochem DMSO 10mM 10µM 

Leupeptin Peptidase 

inhibitor 

Sigma 

Aldrich 

Sterilised 

ddH20 

2mM 100µM/200µM 

LiCl Non-specific 

GSK3 inhibitor 

Sigma 

Aldrich 

Sterilised 

ddH20 

 

1M 5-40mM 

MG132 Proteasomal 

inhibitor 

Sigma 

Aldrich 

DMSO 10mM 50µM 

NHCl4 Lysosomal 

inhibitor 

Sigma 

Aldrich 

Sterilised 

ddH20 

1M 20mM 

PS1 Proteasomal 

inhibitor 

Peptide 

Institute 

DMSO 10mM 10µM 

Rapamycin Autophagy 

inducer/mTOR 

inhibitor 

Sigma 

Aldrich 

DMSO 1mM 25nM 

Tunicamycin 

from 

Streptomyces 

Sp. 

N-

glycosylation 

inhibitor 

Sigma 

Aldrich 

DMSO 10mg/ml 10µg/ml 
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Buffers 
Buffer 2: 150mM NaCl, 0.1% triton X-100, 10mM tris-HCl pH8.3 and 5mM EDTA 

pH6.8 made up in ddH20. 

ECL reagent A: 50ml 0.1M tris-HCl pH8.5, 0.22ml p-columeric acid and 0.5ml 

luminol.  

ECL reagent B: 50ml 0.1M tris-HCl pH8.5 and 30µl H202. 

Erasing buffer: 62.5mM tris-HCl pH8.0, 2% SDS and 100mM β- mercaptoethanol in 

ddH20. 

2X HEB: 50mM HEPES, 280mN NaCl and 1.5mM Na2HPO4 at pH7.09. 

Hypertonic buffer: 10mM Tris-HCl pH8.0, 1mM EDTA pH8.0, 1mM EGTA pH8.0 

and Roche Complete protease inhibitor cocktail (1 pill per 50ml of buffer). 50mM 

NaFl and 1mM sodium orthovanadate were added just before use if studying 

phosphorylated protein levels. 

Loading buffer 1: For 1ml, 300µl of NuPage 4X LDS loading buffer (Invitrogen), 

600µl of ddH20 and 100µl β-mercaptoethanol. 

Loading buffer 2 X1: 50mM Tris-HCl pH 6.8, 2% sodium dodecylsulfate, 10% 

glycerol and few grains of bromophenol blue made up in ddH20. For 2X double the 

amount of each constituent.  β-mercaptoethanol added before use, 5% of total volume. 

Running buffer 10X: 30g of trizma base and 143.4g of glycine in 1L of ddH20. 

Diluted 1 in 10 with ddH20 to give 1X and 10ml of 10% SDS to give final 

concentration of 0.1% in 1L. 

Sodium Citrate Buffer: 150mM tris HCl, pH6.4. 

10X TBE: pH 8.3; For 1 L, 108g of Trizma, 55g of boric acid and 9.3g of EDTA in 

ddH20. 

TBST: 8.8g of NaCl, 10ml of 1M Tris-HCl pH8.0 and 500µl of Tween-20 up to 1L 

with ddH20.  

TE: 10mM Tris pH 7.4, 1mM EDTA. 
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CHAPTER 4 : ROLE OF GSK3 ON APP 
PROCESSING 

4.1 Introduction 
As outlined previously, there is evidence indicating that GSK3 plays a crucial role 

during the pathogenesis of AD.  For every aspect of AD pathology, GSK3 

hyperactivity is shown to drive and connect the varying aberrant events that occur 

throughout the lifetime of a patient.   It has been postulated that dysregulation of 

GSK3 activity occurs with aging, although it remains unclear whether such effects 

may occur in nervous tissue.  The effects of aging on GSK3 expression in the CNS 

have not yet been defined.  This could have consequences in the development of age-

related disorders, such as AD. 

There is an enormous amount of literature referring to GSK3 regulating Aβ 

toxicity, tau pathology, inflammation, apoptosis and memory impairment (see 2.8.3 

GSK3 hypothesis of AD).  However, what is lacking is any consistent data on the 

mechanism in which GSK3 regulates the processing of APP. Certain studies have 

hinted at a possible link showing altered Aβ load with GSK3 inhibition in both in 

vitro and in vivo models.  However, taken together there appear to be inconsistencies 

and any mechanistic understanding is still lacking.   Some of the inconsistency may 

have come from the use of LiCl, a non-specific inhibitor of GSK3 in the earlier 

studies (Feyt et al., 2005, Phiel et al., 2003, Sun et al., 2002).  While some reports 

show GSK3 promotes Aβ production and others the very opposite, neither show any 

mechanism behind this alteration.   

What is required within the field is some clarity on the mechanistic 

understanding by which GSK3 inhibition affects Aβ generation.  One obvious 

application of basic biological research is that of medical research.  Nonetheless, a 

more complete insight of these principles is required in order to make informed 

decisions and produce effective therapies.  Intuitively, if inhibition of GSK3 function 

does reduce Aβ load this would prove a beneficial role.  However, if the mechanism 

underlying the regulatory role of GSK3 on APP processing is mediated through 

regulation of the γ-secretase (Phiel et al., 2003), then caution should be taken as 

negative effects from increased CTF accumulation with γ-secretase inhibitors have 

been observed (Bittner et al., 2009).  Therefore, a need to understand the molecular 
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basis of GSK3 inhibition using an in vitro or cell based model with specific 

pharmacological inhibition.  It is important to verify any mechanistic findings later on 

in an in vivo setting.  To this end, the role of GSK3 in regulating APP processing was 

investigated in a well-documented cell-based model for APP processing, the N2aSw 

cell-line (Thinakaran et al., 1996b, Sastre, 2010).  In addition to LiCl, which has 

produced inconsistent results, two cell-permeable and specific inhibitors of GSK3 

were used.  Furthermore GSK3α/β knockdown was performed using a siRNA 

strategy. 

 

The first aim of this project was to determine the potential changes of GSK3 with 

aging and to ascertain if the processing of APP is affected by GSK3 and, if so, what 

are the potential mechanism(s) 
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4.2 Results 

4.2.1 GSK3 expression and activity increases with age 
To define the effect of aging on GSK3 in the CNS, the expression of GSK3 and 

serine-9 phosphorylated-GSK3 (p-GSK3) in lysates (frontal-cortex) from C57Bl/6 

mice at different ages was determined.  As shown in figure 4.1, there was an increase 

in the levels of GSK3β in old mice (9.5 and 15 months of age) compared to young 

mice (1.5 months of age), while GSK3α expression remained unchanged during 

aging.  Conversely, the levels of the inactivated form p-GSK3 were decreased in 9.5 

months old mice compared to young mice (n=4 per group). 

 

 

Figure 4.1: GSK3 expression and activity increase with age.  

Western blots and their quantification for GSK3β and its phosphorylated form at serine 9, in brain 

homogenates from young and old C57Bl/6 mice.  Compared to young mice at 1.5mo of age, there was 

a significant increase in the expression of GSK3β but not GSK3α at 9.5mo and 15mo.  Additionally 

when compared to mice of 1.5mo there was a significant decrease in the amount of phosphorylated 

GSK3β at serine 9 at 9.5mo, indicative of increased activity (n=4 per group).  Values shown in graphs 

represent the mean value ±SEM and are expressed as a percentage of control. Statistical analysis 

included one-way ANOVA with a post-hoc Dunnett’s test, *P<0.05 and **P<0.01.  
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4.2.2 Changes in GSK3 activity lead to alterations in the 
amyloidogenic processing of APP  
The initial line of investigation was to firstly ascertain whether specific 

pharmacological inhibition of GSK3 does indeed result in reduced amyloidogenic 

processing of APP, as shown previously elsewhere.  And as further confirmation to 

this, a second approach was to determine whether genetic silencing of GSK3 also 

results in the same changes.  To this end, a simple in vitro cell system was used 

whereby different GSK3 inhibitors were added to the culture medium of N2aSw cells 

overnight.  Subsequently harvesting the cells for further analysis, the conditioned 

medium was assayed for Aβ production by Western blotting.   To verify the inhibition 

of GSK3 and to determine the appropriate concentrations of GSK3 inhibitors to be 

used in this assay, the levels of total β-catenin expression by Western blotting from 

total-lysates of N2aSw cells were determined.  Any inhibition of GSK3 should lead to 

an increase in the levels of β-catenin in the cytoplasm and nucleus due to a reduction 

in proteasomal degradation.  In addition to the two specific inhibitors VIII and XI 

(Calbiochem), LiCl was also used at concentrations stated from other studies as a 

means to corroborate previous findings in this paradigm.  As expected, LiCl and the 

commercial GSK3 inhibitors significantly increased the expression of β-catenin in the 

nucleus (figure 4.2) thus confirming the inhibition of GSK3. 

 

 

Figure 4.2: GSK3 inhibition with various inhibitors leads to stabilisation of β-catenin.  

Figure depicts a Western blot showing the increased level of β-catenin from nuclear fractions of 

N2aSw when treated with numerous GSK3 inhibitors.  H4 was used as marker of the nucleus and to 

show equal loading when running the gel.  

From this preliminary data it was established that inhibitors VIII and XI should be 

used at concentrations of 5µM and 10µM respectively.   
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Both of these structurally diverse inhibitors significantly reduced the amount of Aβ 

produced and secreted into the medium (see figure 4.3A) by 52.89% ±9.21 and 

34.76% ±10.27 respectively (mean value ±SEM. ***P<0.001 and **P<0.01 

respectively based on n=12 per group).  In contrast to other studies, with this cell 

model, there was no reduction in amyloidogenic processing using the same 

concentrations of LiCl taken from previous reports.  If anything, a non-significant 

increase in Aβ production was observed with the highest concentration of 40mM (see 

figure 4.3B).   

 To dispel any criticism of specificity, a siRNA silencing approach was also 

employed in this study.   The GSK3α/β siRNA was transfected into the cultured cells 

using the Lipofectamine™ 2000 reagent protocol at a final concentration of 10nM, 

which was found to reduce the levels of both GSK3 subtypes and significantly 

increase the steady-state level of β-catenin (see figure 4.3C).  Confirming the results 

obtained with specific pharmacological inhibition, silencing the GSK3 enzyme 

resulted in a significant decrease in the generation and secretion of Aβ (see figure 

4.3D) by 34.75% ±13.13 (mean value ±SEM. ***P<0.001 based on n=9 per group). 

In addition to measuring Aβ secreted in the medium, intracellular Aβ levels in 

cell-lysates were also determined.  From figure 4.3E, consistent with figure 4.3A, 

there was a clear and significant reduction of 57.00% ±5.00 (mean value ±SEM.  

**P<0.01 based on n=8) in the amount of intracellular Aβ produced in N2aSw cells 

after specific GSK3 inhibition.  Therefore, the reduced Aβ level detected in the cell 

media is not based on simply reduced secretion but on Aβ production. 

In contrast, when the activity of GSK3 was over-stimulated by transiently 

transfecting a constitutively active form of GSK3β (see figure 4.3F), namely 

GSK3βS9 (due to mutation at the serine 9 residue to alanine, which cannot be 

phosphorylated), there was a significant increase of 29.54% ±7.72 (mean ±value 

SEM. **P<0.01 based on n=9 per group) in the generation of Aβ (see figure 4.3G).  

Therefore, overexpression of active GSK3β S9, resulted in an increased production of 

Aβ.  Interestingly, increased GSK3 activity is associated with aging and even more so 

with AD patients, who are clearly afflicted by aberrant amyloidogenic processing of 

APP (see 2.8.3 GSK3 hypothesis of AD).  
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Figure 4.3: Changes in the activity of GSK3 led to alteration in the amyloidogenic processing of 
APP.  

Representative blots and quantification.  Secreted Aβ (4kDa) was measured in the conditioned medium 

and total-lysates by Western blotting with an anti-human Aβ antibody, 6E10 and shown in the above 

representative blots. (A and B) There was a significant decrease by 52.89% ±9.21 and 34.75% ±10.27 

in the amount of secreted Aβ when GSK3 activity was inhibited specifically with VIII (5µM) and XI 

(10µM), respectively but not with any concentration of LiCl (n=12 per group).  (C) Preliminary 

experiments show that 10nM GSK3α/β siRNA is capable of markedly reducing GSK3 and increasing 

β-catenin levels.  (D) When inhibiting the activity of GSK3 by silencing its expression, there was a 

34.75% ±13.13 decrease in the production of Aβ (n=9 per group).  (E) The level of Aβ detected from 

the total-lysate was also significantly reduced by 57% and ±5 with VIII treatment (n=8 per group).  (F) 

Transient transfection of GSK3β S9 leads to an increase in GSK3 expression. (G) Transiently 

transfected N2aSw cells with constitutively active GSK3βS9 had increased levels of Aβ by 29.54% 

±7.72.  Values shown in graphs represent the mean value ±SEM and are expressed as a percentage of 

control. Statistical analysis included one-way ANOVA with a post-hoc Dunnett’s test (A-B) and an 

unpaired t-test (C-E), *P<0.05, **P<0.01 and ***P<0.001. 
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4.2.2 Altered GSK3 activity does not result in changes in the activities 
of the α-secretase and the γ-secretase 
A reduction of amyloidogenic processing could result from a concomitant increase in 

non-amyloidogenic processing, as the α-cleavage precludes any amyloidogenic 

cleavage events.  However, it was observed that there was a significant decrease in 

the amount of secreted sAPPα by specific GSK3 inhibition (41.21% ±4.91 reduction, 

***P<0.001 based on n=9 per group).  In contrast, incubation with LiCl did not reveal 

any change in the levels of sAPPα detected in the medium (see figure 4.4A).  In 

addition to specific chemical inhibition of GSK3, there was also a reduction in sAPPα 

when cells were transiently transfected with the GSK3α/β siRNA.  However, while 

specific GSK3 inhibition led to reduced production and secretion of sAPPα in N2aSw 

cells, overexpression of the constitutively active form of GSK3 did not seem to affect 

the production and secretion of sAPPα (see figure 4.4C, based on n=9 per group).   

In addition to measuring the steady-state levels of sAPPα, the α-secretase 

activity was assayed with a commercial R&D kit.  This kit is based on the cleavage of 

a fluorescent synthetic peptide containing the α-secretase cleavage sequence.  In 

contrast to the steady-state levels of sAPPα,  no change was detected in α-secretase 

activity by specific GSK3 inhibition (based on n=9 per group) (see figure 4.4D).  

Furthermore, transient transfection with GSK3βS9 did not influence α-secretase 

activity (see figure 4.4E). 

To determine whether the reduced production of Aβ by specific GSK3 

inhibition was the result of altered γ-secretase cleavage, the final event of Aβ 

production, an in vitro γ-secretase assay was used (Sastre et al., 2001a).  The 

generation of the 6kDa AICD fragment was unaltered by specific GSK3 inhibition 

(based on n=9 per group) (see figure 4.4F).  To confirm the specificity of the γ-

secretase assay, DAPT, a specific γ-secretase inhibitor was used at 250nM, which 

dramatically reduced the production of AICD.  Furthermore, samples incubated on ice 

instead of 37°C showed no production of the AICD fragment.  
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Figure 4.4: Changes in GSK3 activity do not affect the α-secretase or the γ-secretase activity.  

Representative blots with quantification.  Alterations in the non-amyloidogenic processing of APP 

while perturbing GSK3 activity was assessed by measuring the production of sAPPα and α-secretase 

activity and shown in the representative blots above (A-D). (A) N2aSw conditioned medium was 

assessed for the amount of sAPPα (96kDa) produced by probing with the antibody 6E10.  Cells treated 

with 5µM VIII overnight resulted in a 41.21% ±4.91 reduction of secreted sAPPα (n=9 per group).  (B) 

Similarly there was a significant decrease of sAPPα by GSK3 siRNA knockdown (n=9 per group).  (C) 

In contrast, transient transfection of the constitutively active GSK3βS9 resulted in a non-significant 

change in the secretion of the sAPPα fragment (n=9 per group).  Neither GSK3 inhibition (D), nor 

GSK3βS9 transfection (E) resulted in alterations in the activity of the α-secretase activity using a 

commercial activity kit (n=9 per group). (F) Finally the production of the AICD fragment from 

membrane preparations of N2aSw using an in vitro assay was used, as an indicator of γ-secretase 

activity.  No changes were detected using 5µM VIII treatment for 2hrs (n=9 per group).  Values shown 

in graphs represent the mean value ±SEM and expressed as a percentage of control.  Statistical analysis 

included one-way ANOVA with a post-hoc Dunnett’s test (A) and the unpaired t-test (B-F), *P<0.05 

and ***P<0.001. 
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4.2.3 GSK3 regulation of the β-secretase  
Having excluded the γ-secretase and α-secretase as the targets modulated by GSK3, 

the next step was to evaluate the effect of GSK3 inhibition on the β-secretase 

(BACE1) activity, i.e. the enzyme responsible for the cleavage of APP at the N-

terminal of the Aβ-domain.  Seeing as this cleavage event is the rate-determining step 

in Aβ production, small alterations can have a dramatic effect on Aβ production, as 

illustrated with Bace1 null mice that are devoid of plaques.  

4.2.3.1 Specific GSK3 inhibition results in a decrease in β-secretase 
activity, transcription and expression of BACE1 
To this end, the activity of the β-secretase was measured in N2aSw cells incubated in 

the presence or absence of the specific GSK3 inhibitor. Firstly, the activity was 

determined by analysing the levels of the β-C-terminal fragment (β-CTF), which is 

generated from the cleavage of APP by the β-secretase.  Membrane preparations from 

cell-lysates were probed with the antibody 6E10 by Western blotting. This antibody 

does not react with the α-CTF that is produced by the α-secretase.  The level of the β-

CTF was decreased in cells incubated with the specific GSK3 inhibitor, VIII by 

27.69% ±10.68 (mean value ±SEM. *P<0.05 based on n=9) but not by LiCl. To 

confirm this, a fluorescence enzymatic assay was used, using a synthetic peptide 

containing the specific β–cleavage site and which has previously been shown to be 

highly specific (Heneka et al., 2005).  This assay showed a reduction in the specific 

activity of the β-secretase by 10.46% ±3.00 with incubation of VIII (see figure 4.5A 

and B) (mean value ±SEM. ***P<0.001 based on n=12).  While secondary 

modifications, maturation and trafficking events of BACE1 can explain an alteration 

in its activity, these were all shown to be unaffected by GSK3 inhibition (data not 

shown). 

To define whether changes in β-secretase activity were due to alterations in 

BACE1 expression, BACE1 protein was measured by Western blotting. Originally 

published in Katsouri, Parr et al., 2011, figure 4.6 demonstrates the specificity of the 

rabbit polyclonal anti-BACE1 antibody (Millipore).  This antibody was assessed for 

its specificity of this BACE1 antibody from Millipore.  It is clear from cell membrane 

preparations or tissue homogenates, that a specific band migrating to 64kDa is either 

reduced or absent when mouse Bace1 is knocked-down of knocked-out respectively.  

The Bace1 double knockout mice (B6.129-Bace1tm1Pcw/J) were purchased from 

Charles River and compared to aged-matched C57B16 littermates.  For mouse Bace1 
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knockdown experiments, N2aSw cells were either transiently transfected with 

300pmol BACE1 siRNA (Dharmacon-003747-01-50) or a non-specific siRNA 

(Dharmacon-004503-01-50).   The lower panel of figure 4.6B shows the specificity 

and the effectiveness of the RNA silencing as there was a decrease in production of 

sAPPβ (specific β-secretase cleavage) detected from the conditioned medium using 

the antibody 192swe (Elan).  By comparison, when ADAM-10 (α-secretase) was 

knockdown there was no such decrease.   This data was collated with the 

collaboration with Dr Michael Willem from the University of Munich.  

BACE1 protein was reduced using increasing concentrations of the GSK3 

inhibitor VIII (see figure 4.5C).  There was also a similar reduction in the level of 

BACE1 protein when N2aSw cells were transiently transfected with 

GSK3α/β  siRNA (see figure 4.5D).  While under several conditions the half-life of 

the BACE1 protein can be destabilised by being targeted to the proteasome, as shown 

in several studies (Gong et al., 2010), no such phenomenon was observed with 

specific GSK3 inhibition.  Moreover, this decrease was due to changes in its 

transcription, because quantitative RT-PCR experiments showed a reduction in mouse 

Bace1 mRNA levels by specific GSK3 inhibition (see figure 4.5E) in a dose-

dependent manner, showing a significant reduction of 36% ±10 and 76% ±18% in 

Bace1 mRNA levels.  Additionally, we determined whether BACE1 promoter activity 

was modulated by GSK3 using a luciferase Firefly reporter gene driven by the rat 

BACE1 promoter transfected in N2aSw cells.  This data shows specific GSK3 

inhibition induces a significant decrease in the promoter activity of BACE1 (see 

figure 4.5F) in a dose-dependent manner by 36.05% ±15.04 and 60.16% ±31.84 at 

concentrations of 5µM and 10µM of the inhibitor VIII respectively (mean value 

±SEM. **P<0.01 based on n=9 per group).  This data was confirmed by reducing 

GSK3 levels using siRNA approach, validating the specificity of GSK3 inhibitors on 

BACE1. 
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4.2.3.2 Transient overexpression of GSK3 led to an increase in BACE1 
expression 
In addition to specific GSK3 inhibition, transient transfection of GSK3βS9 resulted in 

an increase of BACE1 protein expression by 61.37% ±27.82 (mean value ±SEM. 

*P<0.05 based on n=9 per group) (see figure 4.5G).  Again this would indicate that 

the transcription and expression of BACE1 is under the regulation of GSK3. 

However, there were no significant changes in the Bace1 mRNA level or the activity 

of its promoter in cells overexpressing GSK3β S9 (see figure 4.5H and I).  
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Figure 4.5: Changes in the GSK3 activity led to reduced β-secretase activity and BACE1 
expression.  

The activity of the β-secretase and the expression of its coding gene, BACE1, were assessed in N2aSw 

cells when GSK3 was inhibited with VIII overnight or by GSK3 siRNA transfection (A-F) and with 

transient transfection of the constitutively active GSK3βS9 form (G-I).  (A) The activity of the β-

secretase was assessed by the generation of the β-CTF in membrane fractions of N2aSw cells treated 

with 20mM LiCl or 5µM VIII overnight as shown in the representative blot.  Specific GSK3 inhibition 

with VIII led to a 27.69% ±10.68 reduction in the production of the β-CTF (n=9 per group). (B) A 

10.46% ±3.00 reduction in the activity of the β-secretase activity was detected in membrane fraction of 

N2aSw cells treated with 5µM VIII (n=12 per group).   (C) BACE1 expression was reduced by specific 

GSK3 inhibition using 5µM VIII treatment overnight or GSK3α/β siRNA as shown in the respective 

representative blots (D) (n=9 per group).  (E) RT-qPCR revealed that there was a significant decrease 

of 36% ±10 of Bace1 mRNA with 5µM VIII treatment (n=9 per group).  (F) In line with this, there was 

a significant reduction in the BACE1 promoter activity by 36.05% ±15.04 with VIII treatment (n=9 per 

group).  (G) While GSK3βS9 transfection led to a significant increase of 61.37% ±27.82 in BACE1 

protein expression as shown in the representative blot, there was no significant alteration in either the 

mRNA (H) or the promoter activity of BACE1 (I) (n=9 per group). Values shown in graphs represent 

the mean value ±SEM and expressed as a percentage of control or fold change (E and H).  Statistical 

analysis included one-way ANOVA with a post-hoc Dunnett’s test (A) a post-hoc Tukey’s test (E and 

F) and an unpaired t-test (B-D, G-I), *P<0.05 and **P<0.01.  
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Figure 4.6: Specificity of the Millipore rabbit polyclonal anti-BACE1 antibody.  

(A) Representative western for BACE1 from WT (lanes 1-2) and Bace1-/- mice (3-4).  A specific band 

at 64kDa represents the mouse BACE1.  (B) UPPER PANEL: Representative Western of membrane 

preparations of N2aSw cells that were transiently transfected with control, ADAM-10 or BACE1 

siRNA (Dharmacon).  Similarly there is a reduction in a band migrating to 64kDa when BACE1 was 

silenced.  LOWER PANEL: Conditioned medium from the same cells was measured for total- (22C11), 

alpha- (2D8) and beta- (192swe) soluble APP.  Mouse Bace1 silencing effectively reduced sAPPβ 

production when comparing to control or ADAM-10 siRNA treated cells.  This data was collated with 

great help from Dr Michael Willem (University of Munich) and published in Katsouri and Parr et al., 

2011. 

4.2.4 GSK3 regulation of full-length APP  
As there appears to be both a reduction in the production of Aβ and also sAPPα, 

without changes in α-secretase activity, it might be the case that there is an overall 

reduction in the steady-state levels of FL-APP.  In order to determine whether the 

decrease in Aβ also involves changes on its precursor protein APP, the expression of 

FL-APP was measured in total-lysates from N2aSw cells. 

4.2.4.1 Steady-state levels of FL-APP are reduced when GSK3 is inhibited 
specifically 
Western blotting experiments using an antibody against the C-terminus of APP 

(antibody 140) demonstrated a reduction of 53.09% ±9.5 in the expression of FL-APP 

in total-lysates from N2aSw cells incubated with the GSK3 inhibitor VIII (mean value 

±SEM. ***P<0.001 based on n=9 per group)  (see figure 4.7A).  Because different 

antibodies against APP might detect multiple mature and immature forms of the FL-
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APP protein, another monoclonal antibody raised against the amyloid domain of 

human APP.695 (6E10) was used, confirming this result.  A reduction of 48.40% 

±14.22 in the level of FL-APP protein was also observed after transient transfection 

of GSK3α/β siRNA in N2aSw cells (see figure 4.7B) (mean value ±SEM. *P<0.05 

based on n=8 per group).  

Additionally, it was determined whether the effect of specific GSK3 inhibition 

on APP was dependent on the APP isoform being expressed.  Both human wild-type 

APP.695aa and APP.751aa isoforms overexpressed in HEK 293T cells were also 

reduced by specific GSK3 inhibition, as well as the endogenous APP (pcDNA control 

transfection) in the same cell-line (see figure 4.7C).  In figure 4.7C, the human wild-

type APP.751 shows a similar migration pattern to that of the endogenous APP in the 

HEK 293T cell (compare lanes 1-4 with 9-12).  This is in keeping with previous 

findings in the literature.  Both human wild-type APP.695 overexpressed in HEK 

293T and the familial mutant APPsw expressed in the N2aSw cell-line showed a 

similar migration pattern (compare lanes 5-8 with 13).  In each case, the level but not 

the migration of APP was affected by specific GSK3 inhibition (compare lanes 1-2 

with 3-4, 5-6 with 7-8 and 9-10 with 11-12).  This latter observation indicates that the 

specific GSK3 inhibition does not affect the maturation of APP, regardless of the 

isoform or mutation of APP being overexpressed, because both mature and immature 

bands were reduced.   
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Figure 4.7: Steady-state protein level of FL-APP is reduced in N2aSw cells by specific GSK3 
inhibition.  

Shown above are representative blots along with quantification.  (A) Specific GSK3 inhibition with 

5µM VIII overnight in N2aSw cells results in a significant reduction of the FL-APP protein (110kDa) 

level by 53.09% ±9.50 (n=9 per group).  (B) A similar reduction of 48.40% ±14.22 in the FL-APP 

protein level was observed when the GSK3 activity was inhibited by silencing the expression of GSK3 

with siRNA in N2aSw cells (n=8 per group).  (C) HEK 293T cells were transiently transfected with 

either pcDNA3, human wild-type APP.695 or human wild-type APP.751 and treated with either 

DMSO or 5µM VIII overnight.  The total-lysates were probed with the antibody 140 and compared to 

total-lysate from N2aSw cells overexpressing human APPsw and the HEK 293T overexpressing human 

APPsw.   In each case, treatment with VIII resulted in a reduced level of FL-APP protein of the same 

molecular weight, expressed from the varying isoform constructs.   Values shown in graphs represent 

the mean value ±SEM and expressed as a percentage of control.  Statistical analysis included the 

unpaired t-test, *P<0.05 and ***P<0.001. 
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4.2.4.2 Specific GSK3 inhibition does not result in reduced APP 
transcription 
The next step was to ascertain whether the reduced protein expression of FL-APP by 

specific GSK3 inhibition was the result of changes in transcriptional regulation, as 

was the case for BACE1.  To this end, actinomycin-D (an inhibitor of transcription) 

was used to determine whether changes in the FL-APP protein level were dependent 

on alterations in the transcriptional activity of the APP gene.  Actinomycin-D 

treatment overnight in N2aSw cells resulted in a reduction in FL-APP protein of 

38.00% ±3.22 independent of specific GSK3 inhibition (mean value ±SEM. 

**P<0.01) (see figure 4.8A).  When actinomycin-D was used in combination with 

specific GSK3 inhibition, there was a further reduction of 26% ±4.76 on the FL-APP 

protein level (mean value ±SEM.  **P<0.01), compared to cells only treated with 

actinomycin-D alone.   

 

Figure 4.8: Specific GSK3 inhibition does not affect transcription of APP.  

N2aSw cells were treated with either DMSO or 5µM VIII overnight and in combination or without 

1µg/ml actinomycin-D.  Representative blot and quantification of FL-APP shows a reduction of 38% 

±3.22 with actinomycin-D blockade of transcription.  In combination with specific GSK3 inhibition, 

there was a further reduction of 26% ±4.76 in FL-APP protein (n=9 per group).  (B) Representative gel 

from a semi-quantitative RT-PCR carried out on mRNA harvested from N2aSw treated with DMSO or 

5µM VIII overnight, showing no changes in the level of endogenous mouse App and human APPsw 

expression.  Values shown in graphs represent the mean value ±SEM and expressed as a percentage of 

control.  Statistical analysis included one-way ANOVA with a post-hoc Tukey’s test, *P<0.05 and 

**P<0.01. 
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In addition, semi-quantitative PCR analysis was performed, demonstrating no changes 

in APP mRNA levels for both the endogenous mouse and exogenous human APP 

mRNA by specific GSK3 inhibition (see figure 4.8B). This data suggests therefore 

that the effects of specific GSK3 inhibition on FL-APP is not based on transcriptional 

regulation but this would require further RT-qPCR analysis to verify. 

4.2.4.3 Specific Inhibition of GSK3 results in increased degradation of 
FL-APP  
One possible explanation for the reduced steady-state levels of FL-APP could be a 

decrease in its half-life owing to increased degradation. FL-APP following its 

trafficking through the classical secretory pathway is processed and transported to the 

plasma membrane, but ultimately APP ends up being degraded in lysosomal 

compartments in the ESCRT pathway, by internalisation into endosomes (Estus et al., 

1992, Golde et al., 1992).  It has been estimated that the protein half-life of FL-APP is 

approximately 8hrs (Morales-Corraliza et al., 2009). 

To examine whether GSK3 regulates the stability of FL-APP, the expression 

of FL-APP was determined by co-incubating the cells with the specific GSK3 

inhibitor plus 50µg/ml cycloheximide for up to 16hrs, which blocks de novo 

synthesis.  This gives the ability to investigate the stability of pre-existing molecules 

of APP.  Western blot analysis for FL-APP revealed that specific GSK3 inhibition 

influenced the FL-APP degradation rate (see figure 4.9A).  After 16hrs there was a 

22% ±1.71% decrease in the total amount of APP protein when GSK3 was inhibited 

compared to the control, where DMSO was added at the same time-point (mean value 

±SEM.  **P<0.01 based on n=9 per group).  Thus, it would appear from this that 

there is a destabilisation in FL-APP by specific GSK3 inhibition.  To confirm these 

results, pulse-chase analysis was carried out.  N2aSw cells transfected with a control 

siRNA or GSK3α/β siRNA molecule, were labelled with [35S] methionine/cysteine 

for 20mins and chased for periods up to 8hrs.  Results of the SDS-PAGE temporal 

profile of FL-APP expression are shown in figure R4.9Bi.  Immunoprecipitation of 

APP species from the total-lysates revealed that GSK3 knockdown significantly 

decreased the stability of FL-APP.  This difference was statistically significant at 2hrs 

and 4hrs (*P<0.05 based on n=4 for all groups).  This result was also replicated by 

incubating N2aSw cells during the pulse-chase analysis with 5µM of the GSK3 
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inhibitor VIII (see figure 4.9D).  There were statistically significant differences in the 

FL-APP degradation rate between the two treatments from 1hr up to 4hrs.   

 

Figure 4.9: Specific inhibition of GSK3 results in increased degradation of FL-APP.  

(A) De novo protein synthesis was blocked in N2aSw with 50µg/ml cycloheximide with or without 

5µM VIII and the total-lysates were harvested at 4, 8, 16hrs as shown in the representative blot.  After 

16hrs there was a 22% ±1.71% decrease in the protein level of FL-APP when GSK3 was specifically 

inhibited.  (B) Illustrated above is the experimental design of the pulse-chase analysis when GSK3 

activity was reduced by siRNA silencing (i) or with 5µM VIII treatment (ii).  (C) Representative blot 

showing that GSK3 silencing for up to 48hrs results in an increased degradation rate of FL-APP 

showing a significant difference relative to the control of 17% after 2hrs (n=4 per group).  Significant 

differences were also seen at 4hrs but then the signals level out at 6hrs to 8hrs.  (D) From the 

representative blot, a similar observation of increased degradation rate of FL-APP by specific GSK3 

inhibition was detected in N2aSw cells by pulse-chase analysis.  A significant difference in the rate of 

degradation was seen from 1hr up to 4hrs (n=4 per group).  Values shown in graphs represent the mean 

value ±SEM and expressed as a percentage of control.  Statistical analysis used includes an unpaired t-

test for each time point (A, C and D), *P<0.05, **P<0.01 and ***P<0.001.   
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4.2.5 Destabilisation and degradation events of FL-APP 
The decreased half-life of FL-APP could be the result of cellular degradation 

pathways that are maybe induced with specific GSK3 inhibition. Therefore, the 

possibility that GSK3 activity stimulates an alternative, proteasome-dependent, 

processing pathway of APP, consequently decreasing the production of Aβ was 

investigated.    

4.2.5.1 Inhibition of the 26S proteasome partially attenuates the effect of 
specific GSK3 inhibition on FL-APP stability 
N2aSw cells were incubated with the GSK3 inhibitor VIII in the presence or absence 

of the proteasome inhibitors MG132 at 50µM or PS1 at 10µM.  The blockade of the 

proteasome overnight resulted in a significant increase in the protein level of FL-APP 

by 93% ±8.56 (see figure 4.10A) (mean value ±SEM. ***P<0.001).  This increase 

was of 79.33% ±10.67 when cells were incubated with MG132 together with inhibitor 

VIII (mean value ±SEM. ***P<0.001).   Because MG132 did not completely abolish 

the effect of specific GSK3 inhibition, we concluded that proteasomal degradation 

was not responsible for the effects of GSK3 on FL-APP degradation. These 

observations were replicated with another 26S proteasome inhibitor, PS1 (Peptide 

Institute) (see figure 4.10B).  

Because proteasome-dependent degradation pathways involve multiple steps, 

including ubiquitination of proteins targeted for proteolysis, the effect of specific 

GSK3 inhibition on the formation of ubiquitinated-APP was investigated. N2aSw cell 

extracts were immunoprecipitated with a polyclonal anti-human APP antibody. 

Immunoprecipitated proteins were analysed by immunoblotting with an anti-ubiquitin 

antibody. Figure 4.10C shows that specific GSK3 inhibition did not result in an 

increased ubiquitination of FL-APP.  This is shown by the absence of accumulation in 

higher molecular weight species on SDS-PAGE, when probing with an anti-ubiquitin 

antibody.  As a positive control, to check the reliability of the assay, N2aSw cells 

were transiently transfected with PPARγ, which has been shown to increase the 

degradation of FL-APP via proteasomal targeting (d'Abramo et al., 2005).  A negative 

control was used, containing total-lysate incubated with just protein-A sepharose 

beads and isotype antibody control (Neg).  
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Figure 4.10: The reduction of FL-APP with specific GSK3 inhibition was partially rescued by 
proteasome blockade.  

Representative blots with quantification.  (A) N2aSw cells were treated with or without GSK3 inhibitor 

5µM VIII and proteasomal inhibitor MG132 50µΜ overnight.  There was an increase of 79.33% 

±10.67 in the protein level of FL-APP when comparing cells treated with VIII alone to those co-

incubated with MG132.  However there was a significant difference between MG132 at 192.3% ±3.33 

of control and VIII in combination with MG132 at 134.7% ±4.81 (n=9 per group).  (B) This result was 

verified by cells treated with the proteasome inhibitor PS1 10µM (n=9 per group).  (C) Cells treated 

with DMSO or VIII were lysed in RIPA buffer and FL-APP species were immunoprecipitated with the 

anti-human APP CTD antibody, 140.  UPPER PANEL:  Subsequent SDS-PAGE separation and 

probing with an anti-ubiquitin antibody (Santa Cruz) showed no difference in the ubiquitination of FL-

APP by specific GSK3 inhibition.  LOWER PANEL: Total-lysates were run to show the input for the 

I.P.  Values shown in graphs represent the mean value ±SEM and expressed as a percentage of control.  

Statistical analysis included one-way ANOVA with a post-hoc Tukey’s test (A and B) or an unpaired t-

test (C), **P<0.01 and ***P<0.001.   
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4.2.5.2 Inhibition of autophagy induction reverses the effects of specific 
GSK3 inhibition on FL-APP 
The next step was to explore the hypothesis that specific GSK3 inhibition could 

favour APP degradation via the autophagy-lysosomal pathway.  Autophagy is another 

ubiquitous pathway used by the cell to lyse and recycle cellular constituents.  This is 

often upregulated in response to cellular stress and starvation resulting in breakdown 

of cellular constituents to recycle for further anabolic functions within the cell. 

Macroautophagy results in the enveloping of cytoplasmic material which later fuses to 

lysosomes for its degradation.  Previous studies have shown controversial data 

regarding APP degradation in autophagy (Jaeger et al., 2010, Boland et al., 2010). 

To show that APP can be targeted and degraded in the autophagy pathway 

physiologically, cells were incubated in the presence of the autophagy inhibitor 3-MA 

(500µM), which increased the levels of FL-APP by 123.9% ±31.81 (mean value 

±SEM. **P<0.01) (see figure 4.11A).  3-MA partially reversed the effect of the GSK3 

inhibitor on the protein level of FL-APP.  There was no-significant difference 

between 3-MA treatment at 223.9% ±24.64 of control and 3-MA in combination with 

VIII at 163.8% ±15.22 of control (mean values ±SEM.  Based on n=9 per group).  

To study the consequences of disrupting autophagy induction, N2aSw cell 

cultures were treated with beclin-1 siRNA.  There was a complete rescue of FL-APP 

protein levels when autophagy was blocked by knocking down the expression of 

beclin-1, a protein that is vital for the induction of autophagy (see figure 4.11B).  It is 

also of interest that VIII treatment did not alter beclin-1 protein levels.  These results 

suggest that indeed FL-APP degradation is mediated through autophagy.   

Under specific GSK3 inhibition both the altered stability of FL-APP and the 

reduced transcriptional expression of BACE1 could account for the reduced 

production in Aβ.  To see if blockade of autophagy induction could also rescue the 

level of Aβ under specific GSK3 inhibition, beclin-1 was knocked down with siRNA 

(see figure 4.11C).  There are some papers that show Aβ can be degraded by 

autophagy.  When induction of autophagosome formation is blocked with beclin-1 

knocked down there is an increase in the amount of secreted Aβ by 80.7% ±10.59 

(***P<0.001 based on n=12 per group).  This shows that autophagy in the basal state 

can degrade Aβ.  Even when autophagy induction was blocked and there was specific 

GSK3 inhibition, the production level of Aβ was still dramatically reduced.   The 

level of Aβ when cells were treated with specific GSK3 inhibition alone, is 
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statistically no different from the level in combination with beclin-1 knocked down.  

Therefore the reduction in Aβ is mainly from decreased activity in the β-secretase 

activity as opposed to reduced FL-APP being fed into the amyloidogenic pathway.   

4.2.6 Bif-1 silencing does not prevent degradation of FL-APP by 
specific GSK3 inhibition 
It has been shown by Yang et al (2010) that the autophagy induction resulting from 

specific GSK3 inhibition is dependent on bif-1 expression (Yang et al., 2010).  

Therefore, the role of bif-1 on FL-APP degradation was investigated by transfection 

of bif-1 shRNA in N2aSw cells, under both starvation and serum-supplemented 

conditions.  In either condition, bif-1 silencing did not reverse the effect of specific 

GSK3 inhibition on FL-APP levels (see figure 4.11D).  Furthermore, the basal level 

of FL-APP did not increase at the same level as with 3-MA or beclin-1 silencing. 
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Figure 4.11: Blockade of autophagy reverses the effect of specific GSK3 inhibition on FL-APP.  

Representative blots and quantification.  (A) Autophagy blockage with 3-MA (500µM) in combination 

with VIII treatment overnight increased the FL-APP protein level by 131.2% ±16.58 compared to the 

level in cells treated with VIII alone.  Unlike blockade of the proteasome, there was no significant 

difference between the protein levels of FL-APP in cells treated with 3-MA alone and those treated 

with 3-MA in combination with VIII (n=9 per group).  Results from 3-MA treatment in (A) were 

reproduced with specific silencing of beclin-1 (B). (C) The medium from cells treated as in (B) was 

probed for the amount of secreted Aβ. (D) When bif-1 was silenced in N2aSw cells there was no 

recovery of the FL-APP protein level that was reduced by specific GSK3 inhibition (n=9 per group). 

Values shown in graphs represent the mean value ±SEM and expressed as a percentage of control.  

Statistical analysis included one-way ANOVA with a post-hoc Tukey’s test (A-D), **P<0.01 and 

***P<0.001. 
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4.3 Discussion  

4.3.1 GSK3 can regulate the processing of APP 
Activation of GSK3 is found in a number of diseases including Alzheimer’s disease 

(AD), Parkinson’s disease, Huntington’s disease, schizophrenia, and diabetes (Frame 

and Zheleva, 2006; Hooper, 2007).  Insulin induces inactivation of GSK3, which can 

contribute to stimulation of glucose uptake and glycogen synthesis (Jope and Johnson, 

2004).  There is the hypothesis that failure to inactivate GSK3, as a result of insulin 

deficiency and impaired insulin signalling (insulin resistance) could lead to increased 

inflammation and cell death (Hooper, 2007).  Factors such as excessive caloric diet, 

hypertension and aging, which have been associated with deficiency in insulin 

signalling and higher GSK3 activity, could affect the accumulation of aggregated 

proteins that have been involved in neurodegenerative disorders, such as AD (Jope 

and Johnson, 2004).  Therefore, GSK3 has become an interesting target, since it links 

aging, metabolic disease, inflammation, protein aggregation and cell death.  Indeed, in 

this study it is shown that in the brain GSK3β levels increase with age and in 

particular the phosphorylation at serine 9 on GSK3β (associated with GSK3 

deactivation) is also reduced, which may have consequences for protein aggregation, 

Aβ generation and synaptic loss. 

Initially, the aim was to conclusively understand the role of specific inhibition 

of GSK3 activity on APP processing in a well-established cell-line model of these 

events (Sastre, 2010, Thinakaran et al., 1996b).  Previous studies have shown that 

LiCl, a drug already in use for its mood stabilising properties, reduces Aβ production, 

presumably by inhibiting GSK3 (Su et al., 2004, Ryder et al., 2003a, Phiel et al., 

2003, Sun et al., 2002).   GSK3α silencing experiments revealed the same results, 

suggesting that the action of LiCl on APP processing was likely through GSK3 

regulation, particularly the α-isoform.  However, there are other studies that show that 

LiCl treatment can lead to an increase in amyloidogenic processing of APP (Feyt et 

al., 2005).  Ultimately, variations in experimental design such as the paradigm used, 

the isoform of APP studied, the presence of familial mutations within that APP 

isoform, the cell-line and finally the concentration of drug can account for the 

inconsistencies seen.  Firstly, the dose of LiCl when treating cells and animals in 

these studies, as admitted by the authors, was at non-physiologically relevant levels.  

Secondly, the cell-line used to demonstrate the implication of GSK3α  in regulating 
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APP processing previously suggested (Phiel et al., 2003), was the Chinese Hamster 

Ovary (CHO) cell-line, while evidence that implicates the β-isoform in regulating 

APP processing comes from HEK293 cells (Ryder et al., 2003b).  Furthermore, it is 

known from the literature that varying tissues and the culture lines representing these 

tissues express different APP and GSK3 isoforms.  In particular, neurones are 

believed to express mainly the GSKβ1/2 isoforms (Kremer et al., 2011).   

In order to provide a paradigm with more physiological relevance, the neuronal 

line, N2aSw, which overexpress the human APP.695 isoform with the Swedish 

double mutation, was used.  The advantages and the relevance are illustrated as 

follows:  

1. The Swedish mutation is more easily cleaved by β-secretase and therefore 

detectable levels of Aβ can be reproducibly measured.  Therefore, it provides 

a good model for studying APP processing (Thinakaran et al., 1996b, Haass et 

al., 1995, Lo et al., 1994, Citron et al., 1992).  

 

2. The use of a stable clone maintains that the initial levels of APP expression 

are similar in all the treatments.   

 

3. The effect of GSK3 inhibition is independent of the Swedish mutation (Su et 

al., 2004, Phiel et al., 2003).  As a consequence, this N2aSw cell-line is a valid 

resource for studying the processing of APP in general.  Notwithstanding this, 

every effort has been made to corroborate findings shown here by using 

different cell-lines and different APP mutants. 

Results shown in figure R3B demonstrate that well-documented concentrations of 

LiCl (including 40mM) have either no effect or increase Aβ generation in the N2aSw 

cell-line.  While these LiCl concentrations do not alter amyloidogenic processing they 

can increase β-catenin stabilisation (see figure 4.2) and lead to decreased tau 

phosphorylation (Feyt et al., 2005).  Thus, it must be presumed that any effect on LiCl 

promoting amyloidogenic processing is independent of GSK3.  This is not surprising 

as LiCl is far from being a specific inhibitor of GSK3.  This is probably the result 

from non-specific targeting of other key signalling mediators, such as Akt.  Since 

these initial studies, efforts have been made to create specific inhibitors that act at the 

micromolar range and that do not inhibit the structurally similar kinases, CDKs (Bhat 
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et al., 2004).  As shown in figure 4.3A, two structurally diverse chemicals, VIII and 

XI used at sub-toxic concentrations treated for up 24hrs (Bhat et al., 2003) show a 

significant reduction in the production of Aβ. The GSK3 inhibitor, VIII (AR-

A014418), was used throughout as it gave the most potent response and without 

significant toxicity at the concentrations used (data not shown).  To date this is the 

only specific GSK3 inhibitor that does not inhibit the structurally similar CDK2 and 

CDK5 (Bhat et al., 2003).   The latter kinase has also been implicated as a tau kinase 

and roscovitine inhibition of CDK5 seems to lead to increased Aβ production (Ryder 

et al., 2003a).  Thus, it is important to use an inhibitor of GSK3 that is as specific as 

possible in order to avoid combinatorial effects that may confuse the results.  

Transient transfection of the GSK3α/β siRNA replicates the results seen with the 

inhibitor, VIII and therefore illustrates the specificity.  This specificity is established 

in the field and has been noted in many reviews and primary papers. It is also 

demonstrated that the effect of GSK3 inhibition was not the result of decreased 

secretion of Aβ, as there was a decrease in intracellular Aβ. 

With the exception of Phiel et al (2003), all other studies did not investigate 

the mechanism behind LiCl action on Aβ generation (Ryder et al., 2003a).  The 

reduction in Aβ by LiCl treatment observed by Phiel and colleagues coincided with a 

concomitant increase in the β-CTF.  As they also saw changes in the Aβ40/42 ratio, the 

authors concluded that GSK3 inhibition likely led to an inhibitory regulation on the γ-

secretase activity.  Interestingly, there is literature suggesting a dual regulation 

between PSEN1 and GSK3 (Takashima, 2010).  In the present study, it is shown that 

altering the activity of GSK3 does not affect the activity of the γ-secretase.  Figure 

4.4A illustrates that specific GSK3 inhibition with VIII but not LiCl led to a decrease 

in the accumulation of the β-CTF.  This is an indication that the observed Aβ 

reduction is independent of any γ-secretase activity decrease, which would result in an 

increased accumulation of the β-CTF.   In addition to this, the production of the 6kDa 

AICD fragment (a specific γ-secretase-dependent cleavage event) in the assay from 

membrane preparations of N2aSw cells was measured.  This assay has been used 

widely with slight variations from numerous groups as an indicator of γ-secretase 

activity (Sastre et al., 2001b, Sastre, 2010, Chang et al., 2003, Pinnix et al., 2001) (see 

2.7.4 Analysis of APP C-terminal fragments).  This assay shows only the direct effect 

of GSK3 inhibition on the γ-secretase complex, because the VIII was only added 

during the assay with membrane preparations.  However, similar results have been 
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shown when incubating whole cells overnight with inhibitor VIII.  Although a close 

structural link has been shown between GSK3 and PSEN1, this may only influence γ-

secretase-independent functions.   In agreement with this data, Feyt et al, also 

observed no effect of LiCl treatment on the γ-secretase activity, and the likely cause 

of the Aβ increase in that study was the result of increased β-secretase activity.  

However, the authors concluded that further investigation was required to fully 

understand this phenomenon. 

4.3.2 Changes in GSK3 activity can alter the expression and activity of 
the β-secretase  
In the present study, it is demonstrated for the first time that specific GSK3 inhibition 

leads to a reduction of the β-secretase activity by using a fluorimetric commercial kit, 

as well as by detection of the levels of the β-CTF.  These results are in agreement 

with the reductions of the β-CTF found in cells transfected with RPS23R1, a protein 

that inhibits GSK3 (Zhang et al., 2009).  There was no observable alteration in the 

localisation or trafficking of BACE1, but rather the decreased activity is the result of 

decreased BACE1 expression.  In response to an initial observation of decreased 

mRNA expression by semi-quantitative RT-PCR, quantitative real-time RT-PCR was 

employed to validate and quantify the degree of Bace1 mRNA down regulation.  

While there only appears to be a small but significant change in the activity of the 

secretase, this can account for vast changes in the amyloidogenic processing of APP, 

as the initial amyloidogenic cleavage is the rate-determining step in producing Aβ.  

 To determine whether the amyloidogenic processing can be driven by 

increased activation of GSK3, a phenomenon that may replicate AD pathogenesis, 

GSK3βS9 was overexpressed in the N2aSw cell-line.  This approach has been taken 

before in numerous studies with dubious effect.  Many have argued that owing to the 

fact that GSK3 activity is constitutively high, any further stimulation of GSK3 is hard 

to accomplish.  Furthermore, as GSK3 activity is dependent on primed substrates, 

there is often a requirement to over stimulate the concerted priming kinase.  In other 

words, the kinase activity of GSK3 is often saturated.  Despite this, a significant 

increase in the production of Aβ in the N2aSw cell-line was observed.  A modest 

GSK3 activity increase in a transgenic line overexpressing GSK3βS9 also resulted in 

an increase in accumulation of Aβ in the hippocampus (Su et al., 2004).  However, 
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this observation has not been reproduced in the many other GSK3 knock-in 

transgenics, largely because the attention has been focused on the tau pathology.  

In addition, in the present study there was no change in the secretion of 

sAPPα in cells transfected with GSK3βS9, which was confirmed by the α-secretase 

activity assay.  This was also the same outcome as with specific GSK3 inhibition, and 

therefore it seems that the decrease in amyloidogenic processing of APP is not the 

result of an increase in α-secretase activity.   

4.3.3 Specific GSK3 inhibition led to increased degradation of FL-APP 
Some groups have claimed that the decrease in Aβ by GSK3 inhibition could be due 

to differences in APP phosphorylation, since it was noticed a decrease in the levels of 

the phosphorylated form of APPThr668 in mice treated with LiCl (Rockenstein et al., 

2007).  Aplin et al (1996) showed that GSK3 was capable of phosphorylating the 

residue Thr743, which resides in the CTD of the isoform, APP.770.  However the 

biological significance of these kinase events is unknown.   Subsequent papers from 

2003 (Lee et al., 2003) and 2006 (Pierrot et al., 2006)  showed that Thr668 of human 

wild-type APP.695 could also be phosphorylated by GSK3 owing to its sensitivity to 

the GSK3 inhibitor SB415286.  Indeed this phosphorylation event is increased in AD 

patients compared to age-matched controls.   Functionally, the phosphorylation event 

appears to increase the localisation of APP with BACE1 in endosomal compartments 

and promotes the intraneural production of Aβ.  As such, there is a reduction in Aβ 

production when this threonine residue is mutated or the kinases responsible for this 

phosphorylation are inhibited (Sano et al., 2006).   

 In the present study, cells transfected with the APPsw variant were used.  It 

has been shown that APPsw is preferentially processed in the TGN compartments 

through the secretory pathway whilst the wild-type protein is mainly processed in 

endosomal compartments following endocytosis (Griffiths et al., 2011a, Lorenzen et 

al., 2010).   Thus, it is unclear whether the phosphorylation events may differ between 

the wild-type and the Swedish mutant and therefore, GSK3 inhibition would have 

differing outcomes on the familial variants of APP.  However, as shown in figure R6, 

the reduction in the steady-state levels of FL-APP in response to specific GSK3 

inhibition not only occurs on the APPsw variant but also wild-type variants of both 

APP.695 (lanes 5-8) and APP.751 isoforms (lanes 9-12).  And as such, there appears 

to be a general GSK3 regulation on any APP isoform.   
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Ultimately, specific GSK3 inhibition led to a destabilisation of APPsw resulting from 

a reduced half-life (see figure 4.9).  Although not fully investigated, it appears that 

GSK3 inhibition has no effect on the maturation and trafficking of FL-APP.  This 

may be counter-intuitive as the phosphorylation of its CTD mediated by kinases such 

as GSK3 largely control its interaction with adaptor proteins, which in turn regulate 

its trafficking.  However, if comparing both N2aSw cells with or without specific 

GSK3 inhibition, the staining pattern of APP looks identical, albeit being less intense 

with specific GSK3 inhibition (see figure 4.18).  Furthermore, the migration pattern of 

the FL-APP by Western blotting appears to be unaltered by specific GSK3 inhibition 

(see figure 4.7C).  

There was however a dramatic increase in degradation of the FL-APP protein, 

as shown from cycloheximide and pulse-chase analysis.  In response to this, two 

major degradative pathways, namely the proteasomal and autophagy-mediated 

degradation, were investigated.  Thus, it was hypothesised that increased targeting of 

FL-APP through either or both pathways could account for the observed decrease in 

the steady-state level of FL-APP with specific GSK3 inhibition.   

4.3.3 Proteasomal and autophagy targeting of FL-APP upon specific 
GSK3 inhibition 
The 26S proteasome is a highly conserved multi-subunit molecular machine that 

serves within the ubiquitin-proteasome system (UPS) to break down and recycle 

proteins that are often misfolded during their maturation through the ER and TGN 

compartments.  Correct folding and trafficking of a protein are one in the same thing 

and are heavily influenced by adaptor proteins called chaperones (Koren et al., 2009). 

Trafficking of misfolded proteins are often retained within the ER and delivered to the 

UPS in a mechanism known as ER-associated degradation (ERAD).  If this pathway 

is disrupted then APP can accumulate within cells and Aβ production increases 

(Kaneko et al., 2010).  

In addition to misfolded proteins, the UPS can be used to maintain general 

protein turnover and homeostasis that can be up or down regulated to alter the half-

life in response to cell signalling.   The regulation of the transactivating NFκB (Orian 

et al., 2000) is one such example. This kind of tailored UPS event has also been 

discovered for BACE1 recently (Gong et al., 2010). It was demonstrated that 

autophagy compartments contain Aβ and APP-CTFs (Yu et al, 2005; Boland et al., 
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2010; Jaeger et al., 2010; Tamboli et al, 2011).  However, it remains controversial 

whether FL-APP is processed in autophagy.  Recently, it was shown that APP can be 

found accumulated in autophagy compartments and that FL-APP is a substrate for 

autophagy (Jaeger et al., 2010).  Besides, it was found that beclin-1 reduces cellular 

APP levels and its deficiency alters APP metabolism (Jaeger et al., 2010).  However, 

another study disagrees and showed no changes in FL-APP after induction of 

autophagy with rapamycin (Boland et al., 2010).  Experiments presented here show 

that FL-APP can indeed undergo targeting to both these degradative pathways, as 

inhibition of the proteasome and autophagy independently of each other by MG132 

and 3-MA respectively, resulted in increased FL-APP expression (see figure 4.10 and 

4.11).   It is interesting that a recent study showed that neuronal stress resulting from 

proteasomal blockade with MG132 led to an actual increase in APP turnover.  This 

was due to the fact that there was a concomitant increase in an autophagy response 

and targeting of FL-APP to this degradative compartments (Zhou et al., 2011).  The 

protein level of FL-APP could be restored by further 3-MA treatment to block the 

autophagy response induced by the proteasome blockade.  This could explain why the 

blockade of the UPS only partially restores the FL-APP protein level as the MG132 

inhibition stimulates an autophagy degradation response.  Of great interest is that 

Zhou and colleagues reported a direct interaction between LC3-I/II and APP/APLP.  

It would be prudent to explore if the targeting of FL-APP to the autophagy pathway 

may be mediated through a direct binding to LC3.  Such a mechanism would 

constitute the basis for chaperone-mediated autophagy (CMA), a more specific 

autophagy response than the better understood macroautophagy, which is associated 

with general cytoplasmic and organelle digestion.  

 It seems that both proteasomal and autophagy blockade led to a partial if not 

complete, in the case of autophagy, attenuation on the effect of specific GSK3 

inhibition on FL-APP levels (see figure 4.11).  Unfortunately, it is challenging to 

determine the synergistic effects of blocking both pathways at the same instance, as 

this resulted in a high degree of toxicity and unworkable cell death.  Despite this, it is 

reasonable to assume that both contribute to the destabilisation effect.  Classically, 

increased proteasomal targeting of a protein is accompanied by increased 

ubiquitination, necessary for the correct chaperone recognition and trafficking. β-

catenin is a prototypical example of this being targeted by the β-TrCP ligase leading 

to its destruction by the 26S proteasome.  However, upon specific GSK3 inhibition 
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there appears to be no increase in ubiquitination of the FL-APP molecule and thus, the 

mechanism in which it is targeted to the proteasome under these conditions would 

require further analysis.  Briefly, a recent study has shown a specific ligase, termed 

HRD1 which is reduced in AD patients, mediates proteasomal targeting of FL-APP to 

the UPS (Kaneko et al., 2010) and its depletion is associated with increased Aβ 

production.  HRD1 is upregulated upon ER-stress and the unfolded protein response 

and as such some of its other substrates include the poly-glutamine expanded 

Huntingtin protein (Huntington’s disease), PrP protein (Prion disease) and Pael-R 

protein (Parkinson’s disease) (Apodaca et al., 2006, Yang et al., 2007, Omura et al., 

2006).  Further lines of investigation could look into the levels and interactions of this 

E3 ligase with FL-APP in response to specific GSK3 inhibition leading to increased 

UPS targeting and CMA.   

In another study, GSK3 inhibition was found to induce autophagy, but only 

under serum starvation conditions during periods of up to several days, when there 

was significant necrosis (Yang et al., 2010).  Furthermore, blocking autophagy did not 

increase cell survival, but merely converted the necrosis-mediated cell death to 

apoptotic cell death.  As a result, GSK3 inhibition induced a dramatic increase of bif-

1, which promotes the apoptotic function of beclin-1, which can be attenuated by 

silencing bif-1.  In this context, GSK3 activity is protective against cell death under 

starvation conditions by preventing the pro-apoptotic functions of bif-1 and beclin-1.  

In addition to previous literature (Bhat et al., 2003) and preliminary toxicity studies of 

the GSK3 inhibitors in this study, the putative induction of autophagy observed here 

with specific GSK3 inhibition is independent of cellular death.  From figure R10C, it 

can be concluded that the FL-APP degradation induced from specific GSK inhibition 

is independent, firstly of bif-1 activity and lastly, of cellular stress, as it occurs in both 

serum supplementation and starvation conditions.  From accumulated data, it is clear 

that inhibition of GSK3 activity has a direct role in inducing autophagy and not just 

an indirect effect, such as cell toxicity.  Alterations of GSK3 levels during aging (see 

figure 4.1) therefore could have implications in the functionality of autophagy-

lysosomal pathway and affect neuronal survival and Aβ generation. This is relevant 

since there is evidence of endosomal/lysosomal system dysfunction in AD (Nixon, 

2007). 
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CHAPTER 5 : SPECIFIC GSK3 INHIBITION 
ALTERS AUTOPHAGY-LYSOSOMAL 
DEGRADATION OF FL-APP 

5.1 Introduction 
Evidence shown in the previous chapter establishes that specific alteration of GSK3 

activity can regulate APP processing by affecting Aβ generation and the intermediary 

metabolites, such as the β-CTF fragment.  This regulation is mediated, firstly by 

control of the mouse Bace1 transcription and secondly, by reducing the stability of the 

holo-protein FL-APP, which feeds into the two processing pathways of APP.  Further 

analysis has illustrated that the decreased APP stability is associated with a response 

from both the proteasome- and autophagy-mediated degradation systems.  There was, 

however, no significant increase in the ubiquitination of FL-APP that could explain 

the increased targeting of FL-APP to the proteasome.  In contrast, there was an almost 

complete rescue of FL-APP levels with specific GSK3 inhibition when autophagy 

induction was blocked with 3-MA and beclin-1 knockdown.  Therefore, these data 

would suggest that specific GSK3 inhibition could affect autophagy-mediated 

degradation of APP.  Consequently, the next aim was to determine whether GSK3 

might play a role in cellular signalling affecting autophagy regulation.  

5.1.1 Autophagy and metabolic sensing 
Autophagy, through the formation of autophagosome vesicles (AV), is a conserved 

degradative mechanism established through eukarya as a means to harvest energy 

from the cell constituents and long-lived proteins and as such is promoted in times of 

starvation or cellular stress (Cuervo, 2011).  Therefore, metabolic processes and 

autophagy go hand in hand and the cell signalling pathways underlying both are 

heavily intertwined.  This ultimately allows for cellular life to switch between 

anabolism and catabolism depending on the availability of resources from the 

immediate environs.  As such the main activators of autophagy are involved in 

metabolism and are molecular sensors of the overall activity of the cell (Meijer and 

Codogno, 2011).   

The elucidation of autophagy cellular signalling was largely centred on the 

action of a drug named rapamycin, which came to prominence for its life-extending 

properties.  It later turned out that rapamycin was in fact a potent inhibitor of mTOR 

(mammalian target of rapamycin), a negative regulator of ULK (UNC-51 like kinase) 
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complex that is required for autophagy induction (Meijer and Codogno, 2011).  

Activity of mTOR usually promotes anabolic processes such as protein synthesis and 

thus one of its main roles is to activate key mediators such as the eukaryotic initiation-

factor 4 (eIF4) (Meijer and Codogno, 2009).  Upstream of the mTOR complex 

(mTORC) are numerous molecular sensors that are indicative of a high or low energy 

state, for example the NAD/NAD+ and ATP/ADP ratios in addition to cellular 

constituents such as amino acids.   The classical regulation of mTOR relies on insulin 

signalling through the PI3K/Akt pathway, an axis associated with survival and 

anabolic processes such as protein and glycogen synthesis.   This results in GSK3 

inhibition, which prevents the catabolic processes that are associated with it (Rayasam 

et al., 2009a).  

Autophagy has been implicated in the pathogenesis of several human 

metabolic disorders such as type-2 diabetes and cancer (García-Arencibia et al., 2010, 

Meijer and Codogno, 2009).  Furthermore there is growing evidence for its 

involvement with AD and there is now a growing body of evidence to argue that AD 

is largely a metabolic disease or even a new type of diabetes, sharing the same 

dysregulated signalling pathways (de la Monte and Wands, 2008, Rivera et al., 2005).  

Central to these revolutionary ideas is the protein GSK3, which can be thought as a 

molecular link between metabolism, cell survival and neurodegeneration.  

5.1.3 Autophagosome formation 
As outlined in figure 5.1, AV nucleation, expansion and vesicle closure are a complex 

coordination of cellular events that are largely controlled by the 18 autophagy-related 

(Atg) gene products, along with some other key kinase mediators that link the 

formation to sensory cues and signalling pathways.  This core set of Atg genes are 

conserved from yeast to humans, which highlights the importance of this phenomenon 

to cellular homeostasis (Fleming et al., 2011, Meijer and Codogno, 2009). 

Initially, an inducing stimulus negatively regulates mTOR that relieves its 

negative regulation on the ULK complex, which initiates membrane formation 

(Hosokawa et al., 2009).   This initial step results in the marking and generation of the 

membrane dynamics from intracellular organelles such as the endoplasmic reticulum 

(Tooze and Yoshimori, 2010) mediated by the secondary messenger, 

phosphatidylinositol 3-phosphate (PI3P), which is generated by the PI3K-III activity 

within the Vps34-complex (Simonsen and Tooze, 2009, Noda et al., 2010).  This 
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complex is largely regulated by Atg-6 or beclin-1, which has been mentioned 

previously, with its functions distributed between varying complexes linking to 

apoptosis (see figure 5.1B).  This molecular signposting with PI3P results in the 

recruitment of the effector proteins WIPI2 (WD45-repeat interacting protein-12) and 

DFCP1 (double FYVE-containing protein-1) that in combination with the Atg5-12-16 

complex coordinate the complicated invagination process required for vesicular 

formation.  This complex also is important for the concomitant 

phosphatidylethanolamine (PE) conjugation of Atg-8 (LC3) to form Atg-8-PE (LC3-

II), which is inserted into the outer and inner membrane of the autophagy 

compartment being formed with its eventual closure to form a vesicle, while the 

preliminary complexes mentioned dissociate (Kabeya et al., 2004, Kabeya et al., 

2000).  For this reason, LC3-II is often used as a biomarker for autophagy vesicles in 

in vitro and in vivo studies (Klionsky et al., 2008).   However, the outer LC3-II is 

recycled back to the cytosol through its deconjugation by the protease Atg4 and the 

inner LC3-II is broken down by proteases when the AV fuses with a lysosome to form 

the mature autophagolysosome (AVL).  Therefore, LC3 can only be used to probe 

early AV formation events (Mizushima and Yoshimori, 2007).  The additional Atg 

proteins are concerned with regulating the conjugations leading (Tanida et al., 2005) 

to the formation of the various complexes and the post-translational processing of 

LC3.  This generic process has been assembled from multiple studies but may differ 

slightly between organisms and also the cellular context with reference to the stimulus 

and the cargo. Furthermore chaperone-mediated autophagy requires a series of 

ubiquitin-like enzymes that target and link its cargo to this bulk degradation process.  

One such protein is p62, which forms part of the sequestrome complex that targets 

protein aggregates that are heavily ubiquinated (Meijer and Codogno, 2009).   
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Figure 5.1: Formation and regulation of autophagy.  

(A) Formation and maturation of autophagy compartments.  (B) Regulation of beclin-1 function by 

interacting with other binding partners.  (C) Multiple signalling pathways converge onto the mTOR 

complex (mTORC), which ultimately alters its ability to negatively regulate the ULK complex, the 

initial complex in the autophagy response.   Schemes shown in (A) and (B) were taken from Flemming 

et al, 2001 (C) from Meijer and Codogno, 2009. 
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It should be noted that while there is controversial data related to the role of GSK3 in 

inducing autophagy, it does appear that the destabilisation of FL-APP resulting from 

specific GSK3 inhibition may be mediated through autophagy degradation as shown 

in figure 4.11.  Furthermore, there are numerous examples of autophagy regulators 

acting at multiple levels and therefore, it is possible that GSK3 may have a myriad of 

influences on autophagy especially when considering the number of pathways it 

signals within.    

 

The second aim of the project was to determine whether specific GSK3 inhibition 

could induce autophagy and account for the increased degradation rate of FL-APP.  
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5.2 Results 

5.2.1 Specific inhibition of GSK3 activity can induce autophagy vesicle 
formation as shown by LC3-GFP puncta and LC3-II production 
Following on from the results from the previous chapter, the hypothesis that specific 

GSK3 inhibition could favour FL-APP degradation via the autophagy/lysosomal 

pathway was explored.  Therefore, to determine whether specific GSK3 inhibition 

affected autophagy formation, N2aSw cells (shown in figure 5.2) were transfected 

with a GFP-tagged version of the LC3 protein and then treated the cells with the 

GSK3 inhibitor VIII.  LC3 is a selective marker for autophagy, which appears diffuse 

in normal conditions (LC3-I) and becomes punctate when it is lipidated and cleaved 

to form LC3-II that is associated with the membranes of autophagy compartments 

(Yoshimori, 2004, Kabeya et al., 2000).  As shown in figure 5.2A-F there was a 

dramatic increase in the GFP-puncta formation (shown by white arrows), which is 

indicative of AV formation after specific GSK3 inhibition.  This was attenuated by 

combination treatment of 500µM 3-MA.  As a positive control, the cells were serum 

starved overnight to illustrate the punctate pattern shown by the arrows (see figure 

5.1G).  As excessive overexpression of protein can lead to aggregation and GFP-

puncta formation irrespective of AV formation, only 0.25µg of the LC3-GFP 

construct was transfected into each well of a 6-well plate (9.4cm2).  Figure 5.2C-D 

shows the transfection efficiency in GFP-positive cells and also that transfected cells 

display normal cellular morphology with LC3 overexpression and VIII treatment (E-

F).  
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Figure 5.2: Autophagosome formation as visualised with LC3-GFP formation.  

N2aSw cells transiently expressed LC3-GFP (A-H) or transfected with the empty pEGFP-C2 vector (I-

J).  The cells were either treated with DMSO (A, C, E, G, I and J), 5µM VIII (B, D and F) or 5µM VIII 

with 500µM 3-MA (H) for up to 24hrs as shown.   Fixed cells (A, B, G and H) were captured on a 

standard epifluorescent microscope at x40 with live fluorescent (C, D and I) and Bright field images 

(E, F and J) were taken at x20 before fixing to show the transfection efficiency.  Scale bars shown on 

live images (C-F, I-J) are equivalent to 50µm.  White arrows indicate GFP-LC3 puncta.  The figure is 

representative of 3 independent experiments. 

 

To circumvent the problem that the puncta seen in figure 5.2 were only the result of 

aggregation from an artefact associated with transient transfection, the HEK 293 cell 

line stably expressing LC3-GFP was used.  From figure 5.3 it is clear that VIII 

treatment genuinely increases the number of LC3-GFP puncta formation indicating 

that specific GSK3 inhibition with VIII leads to autophagy induction.  

 

Figure 5.3: VIII treatment in HEK293 LC3-GFP cells leads to GFP puncta formation 

Representative fields from HEK293 LC3-GFP cells treated with DMSO, VIII (5µM and 10µM) or VIII 
in combination with 3-MA (500µM).  Quantification of the number of puncta shows a significant 
increase with both concentrations of VIII and this increase is sensitive to 3-MA treatment, which 
blocks autophagy induction.  Statistics based on three independent experiments each of 10 fields per 
treatment.  Values shown in graph represent the mean value ±SEM and expressed as a percentage of 
control.  Statistical analysis included one-way ANOVA with a post-hoc Tukey’s test, *<0.05, 
**P<0.01 and ***P<0.001. 
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To further support this point, total-lysates from N2aSw cells were run on a 16% tris-

glycine gel to determine the conversion of endogenous LC3 I (18kDa) into LC3-II 

(16kDa).  Specific GSK3 inhibition led to a dose-dependent increase in the specific 

production of LC3-II, which was abolished by pre-treatment of 3-MA (see figure 

5.4A).  Rapamycin, a well-known inducer of autophagy, was used as a positive 

control and also showed an increase in LC3-II production.  The specificity of the LC3 

antibody is illustrated in figure 5.4B.  The faster migrating band (16kDa), which 

represents LC3-II increased with serum deprivation and decreased when N2aSw cells 

were treated with 3-MA. Overexpression of LC3 leads to the increase in the intensity 

of the 16kDa and 18kDa bands.  Both properties are characteristic of LC3-II and 

therefore prove the specificity of the antibody to detect both forms of LC3.  
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Figure 5.4: Specific GSK3 inhibition increases both endogenous LC3-II production and 
autophagy flux.  

Representative blots and quantification.  (A) The levels of LC3-II and LC3-I were measured in N2aSw 

cells treated with DMSO or 5µM VIII overnight.  The dose-response increase in the LC3-II/I ratio was 

attenuated with 500µM 3-MA autophagy blockade (n=9 per group).  (B) The specificity of the LC3 

antibody which shows two bands that roughly migrate to 18kDa (LC3-I) and 16kDa (LC3-II).  This 

faster migrating band (16kDa) accumulates when FBS is removed from the medium and decreases 

when cells were treated with 3-MA, which is characteristic of LC3-II.  Additionally when LC3 is 

overexpressed there was an increase in the intensity of the same 16kDa and 18kDa bands  (C) 

Autophagy flux is increased by VIII when compared to cells treated with both lysosome blockers and 

VIII (n=9 per group).  (D) Both VIII and the positive control, rapamycin, decrease the steady-state 

level of p62 while increasing LC3-II production concomitantly.  Values shown in graphs represent the 

mean value ±SEM and expressed as a percentage of control.  Statistical analysis included one-way 

ANOVA with a post-hoc Tukey’s test (A and C), *P<0.05, **P<0.01 and ***P<0.001. 

 

As both of these assays indicate an induction in autophagy, the next step was to 

ascertain whether this was accompanied by an increased flux of material through this 

system.  Therefore, autophagy substrates need to be monitored to verify that they have 

reached this organelle, and, when appropriate, degraded.  This is a noteworthy point 

as LC3-II is usually released from the outer membrane of the AV compartment once 

it has matured and fused with a lysosome (Kabeya et al., 2004).  Thus an increase in 

LC3-II can just as likely result from the disruption of fusion between an AV 

compartment and a lysosome to form the proteolytically active autophagolysosome 

(AVL).  Therefore, to determine whether VIII-induced accumulation of LC3-II is 

caused by enhanced formation of autophagy vacuoles or to blockage of autophagy 

vacuole degradation, we treated cells with the inhibitor VIII in the absence or 

presence of the inhibitors of lysosomal proteolysis leupeptin (200µM) and NH4Cl 

(20mM) for 4hrs (Mizushima and Yoshimori, 2007).  Figure 5.4C shows that LC3-II 

levels were further accumulated in the presence of lysosome protease inhibitors, 

indicating an enhancement of the autophagy flux.  These results were also supported 

when following the degradation of p62.  p62 is thought to deliver cytoplasmic 

aggregates to AVL structures in a constitutive manner and upon doing so is itself 

degraded within them (Kim et al., 2008).  As a result, the protein level of p62 has 

been documented to serve as a robust indicator of autophagy flux (Klionsky et al., 

2008, Kim et al., 2008).  Figure 5.4D shows that specific GSK3 inhibition results in a 
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reduced steady-state level of p62, indicating an increased autophagy flux.  In addition, 

the levels of beclin-1 remained unchanged by specific GSK3 inhibition.  

Thus, from these initial indirect assays, it appears that indeed specific GSK3 

inhibition in N2aSw cells, that are not undergoing apoptotic events, can result in 

autophagy induction and flux.   

5.2.3 Ultrastructure observation reveals no change in the AV 
formation but a dramatic increase in primary lysosome formation 
The maturation of autophagy compartments and lysosomes is a complex process 

sharing similar structures and proteins and is therefore more of a continuum.  To 

determine whether the results obtained in autophagy induction were truly 

representative of an increase in the number of AV formation, ultrastructure analysis 

was carried out on N2aSw cells treated with GSK3 inhibitor VIII.  Using transmission 

electron microscopy (TEM) it is possible to reveal the high-resolution structure of 

individual vesicles.   As such, it is possible to visualise and categorise the varying 

vesicles by their morphology, which has been standardised through decades of 

research (Eskelinen, 2008, Meijer and Codogno, 2011, Tanida et al., 2005, Ylä-

Anttila et al., 2009).   

AVs are often seen as double membrane vesicles with a clear lumen, a size 

greater than 300nm and often contain mitochondria and/or rough endoplasmic 

reticulum (Ylä-Anttila et al., 2009).  Figure 5.5B-C shows the maturation of AVs as 

they fuse with a lysosome to form an AVL, which appears multivesicular with fusion 

with multiple lysosomes in addition to the engulfed organelles seen in the initial AV.  

Often this late stage formation may revert to a single membrane but a double 

membrane is possible.  Figure 5.5D shows an AVL showing partially digested 

material but still maintained size and membrane structure (Eskelinen, 2008).  Figure 

5.5E shows a double membrane vesicle with a translucent lumen that is not counted as 

being an AV/AVL compartment.  The varying forms of AVs and AVLs were grouped 

as one category.  A mature lysosome is shown in figure 5.5G, which appears to be 

highly layered owing to the multiple membrane fusion events that occur during the 

lifecycle of a lysosome vesicle, they will also vary in their electron density owing to 

differing states of degradation of its luminal contents (Saftig et al., 1997, Grunwald).  

In contrast, a primary lysosome has a singular containing membrane that is irregular 

shaped and the lumen contains a dense core as shown in figure 5.5F (Schraermeyer 
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and Heimann, 1999, Schraermeyer et al., 1999, Grunwald).  Again these two classes 

of lysosome were grouped for the analysis.  

 

 

Figure 5.5: Characterisation of intracellular autophagy-lysosomal compartments for cell vesicle 
counts. 

Images of organelles within N2aSw cells in a basal state were captured on a TEM microscope with the 

help from Dr Raffa Carzaniga.  The various stages of autophagy maturation are illustrated (A-D) 

starting with initial fusion events with lysosomes (A) to the appearance of multivesicular events (B-C) 

and finally digestion of the intracellular constituents (D).  (E) Shows a double membranous vesicle but 

does not correspond to an autophagy compartment for the lack of any fusion event of an internalised 

organelle or RER.  (F-G) The structures representing lysosomes, both primary (F) and the mature 

multilamellar form (G) are represented.  Scales bars equivalent to 100nm (A), 500nm (B) and 200nm 

(C-G). 
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Figure 5.6: Ultrastructure analysis of N2aSw cells incubated with or without GSK3 inhibitor 
VIII. 

(A) N2aSw cells were cultured on 35mm dishes (i) and embedded in resin.  Ultrathin (70nm) sections 

(ii) were cut at random planes through several blocks at several heights to give an unbiased 

representation through the cells (iii).  An example section containing multiple cells is shown (iv) and a 

whole cell (v).  (B) Representative field at x6, 500 showing an increase in lysosomes but not AV/AVL 

compartments with 5µM VIII treatment.  White arrows indicate primary lysosomes.  (C) Quantification 

of lysosomes, AV/AVLs and mitochondria per cell (n=30 per section per group).  Values shown in 

graphs represent the mean value ±SEM and expressed as counts per cell.  Statistical analysis included 

an unpaired t-test (C), ***P<0.001.  Scales bars are equivalent to 100nm in (iv) and 1µm in (v) and 

(B).  

Figure 5.6A briefly outlines the methodology used to produce an unbiased 

representation of the cultured cells.  Multiple random cutting planes were taken from 

various heights through several resin blocks (represented by blue lines in the figure).  

This enabled the sampling through the Z-plane of the cells.  These criteria were used 

to quantify the numbers of each vesicle type as well as the number of mitochondria.  

Multiple images were taken at a magnification of x6, 500 to cover the entirety of the 

cytoplasm of each cell.  30 cells were counted per 70nm ultrathin section and multiple 

sections from varying heights through the Z-plane of the cells were taken for analysis. 

Interestingly, despite the increase in LC3-GFP puncta and LC3-II levels, there was no 

significant or observable increase in the number of AV/AVL structures (see figure 

5.6Bi).  The varying forms of autophagy compartments (see figure 5.5) were grouped 

for the analysis but still no significant differences were seen when separated either.  

Importantly, there were numerous observable fusion events between AVs and 

lysosomes and there was no evidence of enlarged AVs, which would result from 

incorrect fusion.  This indicates that there is correct maturation required to maintain 

flux through autophagy degradation.  Secondly, specific GSK3 inhibition caused a 

general increase in mature lysosomes and a massive increase in the formation of 

primary lysosomes (indicated by the white arrow heads) from 2 per cell with DMSO 

to 6 per cell (see figure 5.6Bii) (mean value ±SEM. ***<0.001 based on 30 cells per 

ultrathin section).  This increase in number was not associated with an observable 

defect in the morphology of the primary lysosomes.  This result was consistently 

replicated through the varying Z-planes of the cell.   There were no significant 

differences in the number or the size of mitochondria observed between the 

treatments (see figure 5.6Biii).  Furthermore, several mitochondrial biogenic events 
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such as fusion and fission were observed which is indicative of the healthy viability of 

the cells under the culturing conditions stated.  

5.2.4 Specific inhibition of GSK3 led to an increase in the biogenesis of 
lysosomes 
To confirm the previous ultrastructure observations, immunofluorescence labelling 

with Lysotracker®-Red (a molecular probe for lysosomes and other acidic vesicles) 

was carried out in N2aSw and also in an unrelated COS-7 cell-line to show 

consistency.  In both cell-lines there was a dramatic and significant increase in the 

Lysotracker®-positive vesicles by 113.90% ±23.09 (mean value ±SEM. ***P<0.001 

based on 3 independent repeats) and 63.22% ±17.58 (mean value ±SEM. *P<0.05 

based on three independent repeats) respectively when cells were treated with the 

GSK3 inhibitor VIII.  This observation confirms the increase in lysosomes seen in 

figure 5.6B (see figure 5.7A-B).  The specificity of the dye was verified by incubation 

of the cells with bafilomycin A1, which prevents the acidification of the lysosomes 

and therefore the retention of the Lysotracker®-Red (see figure 5.7A).  The number of 

vesicles per cell (% of control) was measured by the “Analyse particle” function in 

Image J having pre-set the size and circularity of the particles to be counted (see 

3.11.3 Image capture and analysis).  
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Figure 5.7: Specific GSK3 inhibition increases Lysotracker®-red retention.  

Specific GSK3 inhibition by 5µM VIII overnight results in a significant increase in Lysotracker®-

positive vesicles by 113.90% ±23.09 in N2aSw cells (A) and 63.22% ±17.58 in COS-7 cells (B) (based 

on three independent repeats each of 5 fields).  Images were taken with an optical magnification of x63 

optical zoom and a further 2.5 digital zoom.  Values shown in graphs are mean value ±SEM and 

expressed as percentage of the control (vesicles per cell).   An unpaired t-test was used to assess the 

statistical significance of any difference between the means.  
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Because Lysotracker®-Red retention within lysosomes is based only on the acidic 

environment, a mouse anti-LAMP1 antibody was also used to specifically label the 

lysosomes (see figure 5.8).  Again, there was a significant increase in LAMP1 

positive vesicles with specific GSK3 inhibition of 154% ±31.74 in N2aSw cells 

(mean value ±SEM.  ***P<0.001 based on three independent repeats each of 5 

fields).  The number of vesicles was calculated by using the “Analyse particle” 

measurement in Image J as well.   

To determine whether APP localisation in lysosomes was altered after specific 

GSK3 inhibition, double immunofluorescence labelling with APP and LAMP-1 

antibodies in N2aSw cells was performed.  After exposure to the GSK3 inhibitor VIII 

there was an increase in the accumulation of APP in lysosomes, indicated by an 

increase of 2.79% ±0.77 in the percentage of the field that was colocalised (mean 

value ±SEM. *P<0.05 based on three independent repeats each of 5 fields) (see inset 

of figure 5.8A-B).  This increase in colocalisation was associated with an increase in 

the Pearson’s correlation coefficient from 0.2549 when cells were treated with DMSO 

to 0.4176 when cells were treated with VIII.   
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Figure 5.8: Specific GSK3 inhibition increases the number of lysosomes and the subcellular 
localisation of APP in lysosomes. 

This figure shows the representative images of LAMP1 and APP staining in N2aSw cells.  (A) An anti-

LAMP1 antibody was used to stain lysosomes (i) which were found to increase with specific GSK3 

inhibition by 154% ±31.74 and an overall increase in in the mean intensity of the stain by 294% ±62.90 

(ii) with a non-significant decrease in the mean intensity of the APP stain (based on 3 independent 

repeats each of 5 fields).  This was accompanied with an increase in localisation of APP with LAMP1 

(see insets) with specific GSK3 inhibition.  (B) Imaris software was used to assess the colocalisation 

between the green and red channel with the thresholding shown in the 2-D histograms.  There was an 

increase in the percentage of the ROI of the 2 channels being colocalised.  Both the Pearson’s 

correlation coefficient (PCC) and Mander’s coefficient (M1 and M2) were used to statistically assess 

the colocalisation (based on 3 independent repeats and each of 5 fields).  Values shown in graphs 

represent the mean value ±SEM.  An unpaired t-test was used to test the statistical significance in the 

differences between means, *P<0.05 and **P<0.01.  

 

Quantification for each experiment was made from five randomly surveyed fields 

with a Z-stack covering the entire height of the cell (from the Bright field image) and 

an optical magnification of x63 and a zoom factor of x2.5.  The DAPI counter-stain 

was used to count the number of cells within each field and to express as counts per 

cell (% of control). 

A recent paper reported that the transcription factor EB (TFEB) is a master 

regulator of genes associated with biogenesis for lysosomes and autophagy and, 

therefore, provides a link and concerted action between these two intracellular 

compartments (Cuervo, 2011, Settembre et al., 2011, Settembre and Ballabio, 2011). 

Interestingly, GSK3 was identified as a potential kinase for TFEB (Settembre et al, 

2011).  To investigate the relation between GSK3 signalling and TFEB, N2aSw cells 

transfected with TFEB-FLAG were treated with the GSK3 inhibitor VIII.  FLAG 

immunostaining of TFEB showed that specific GSK3 inhibition resulted in TFEB 

nuclear translocation as shown in the representative plane from a Z-stack (figure 

5.8A); there was a significant increase of 75.97% ±9.72 in the percentage of cells with 

nuclear staining for TFEB out of the total cells that were TFEB positive.  Figure 5.9 

shows a complete translocation of TFEB to the nucleus using the orthogonal views 

and 3D representations 1 and 2 (see appendix) from the Z-stack.  

In addition, specific GSK3 inhibition in N2aSw cells overexpressing TFEB-

FLAG cDNA, resulted in an increase of 83.24% ±36.36 in the amount of TFEB in the 
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nuclear fraction (mean value ±SEM. *P<0.05 and based on n=9 per group).  This 

band migrated to approximately 52kDa, consistent with the predicted size (Carr and 

Sharp, 1990), was absent in nuclear extracts from pcDNA3 control transfected N2aSw 

cells (see figure 5.10).  In summary, these results show that specific inhibition of 

GSK3 results in translocation of TFEB to the nucleus, which in turn may regulate 

genes required for lysosome and autophagy biogenesis.  
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Figure 5.9: Specific GSK3 inhibition promotes the translocation of TFEB in N2aSw cells.  

(A) A FLAG-tagged TFEB construct was transiently transfected in N2aSw cells for up to 48hrs. 

Specific GS3K inhibition with 5µM VIII resulted in a shift in the distribution of TFEB.  There was an 

increase of 75.97% ±9.72 in the percentage of TFEB nuclear-positive cells when treated with the 

inhibitor VIII  (based on 3 independent repeats each of 5 fields).  The confocal images were captured 

with x63 optical magnification and a 2.5 digital zoom.  (B) Orthogonal views (side, top and bottom) of 

surface thresholds show the inclusion of the red channel within the blue (nucleus) channel when GSK3 

is inhibited.  Values shown in the graph represent the mean value ±SEM and expressed as a percentage 

of control.  A unpaired t-test was used to show statistical significance in the differences between the 

means, ***P<0.01. 

 

 

Figure 5.10: Increased nuclear localisation of TFEB by specific GSK3 inhibition.  

N2aSw cells were transiently transfected with either empty FLAG-tag vector or a FLAG-tagged TFEB 

construct (TFEB-FLAG).  A specific band appears in cells overexpressing TFEB-FLAG at around 

52kDa.  This band significantly increases with specific GSK3 inhibition resulting from 5µM VIII 

treatment overnight (n=9 group).  Values shown in graphs represent the mean value ±SEM and 

expressed as a percentage of control.  An unpaired t-test was used to show the statistical significance in 

the difference between the means, *P<0.05. 

 

 

 



	  
150 

5.2.5 Blockade of lysosomal degradation rescues FL-APP protein level 
reduced by specific GSK3 inhibition 
The previous section demonstrated a clear upregulation in lysosomal formation by 

specific GSK3 inhibition, which in turn increased the localisation of APP species 

within these vesicles.  To establish whether this also resulted in increased degradation 

of FL-APP, the expression level of FL-APP was measured in the presence of 

lysosomal inhibitors.  Leupeptin (Sigma Aldrich) is a well-established inhibitor of 

cysteine and serine peptidases and thus inhibits a broad spectrum of proteases in the 

acidic lysosome.  In particular, it inhibits cathepsin-B, which has been shown to act as 

a non-canonical secretase during incomplete proteolytic processing of APP (Hook et 

al., 2005, Hook et al., 2007).  Treatment with leupeptin (100µM for 7hrs), to inhibit 

cysteine proteases, significantly increased FL-APP levels (34.75% ±5.95).  The 

combination of leupeptin and VIII resulted in a recovery of the FL-APP protein level 

and a significant increase of 48.08% ±7.39 compared to VIII alone (mean value 

±SEM. ***P<0.001 based on n=9 per group).  Similar results were obtained when the 

acidification of the lysosomes was blocked with 10nM bafilomycin A1 and 20mM 

NH4Cl (data not shown), which is required for the optimum pH for protease activity. 

 

Figure 5.11: FL-APP degradation induced by specific GSK3 inhibition is dependent on lysosomal 
proteolysis.  

There was a complete recovery of the FL-APP protein level when lysosomal proteolysis was blocked 

with pre-incubation of 100µM leupeptin.  When N2aSw cells were treated with both VIII and 

leupeptin, there was an increase of 48.08% ±7.39 in the protein level of FL-APP (n=9 per group). 

Values shown in graphs represent the mean value ±SEM and expressed as a percentage of control.  An 

unpaired t-test (A) or a one-way ANOVA with a post-hoc Tukey’s test (B) were used to show 

statistical significance in the differences between the means, **P<0.01 and ***P<0.01. 
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5.3 Discussion 
Results from chapter 4 suggested that the increase in FL-APP degradation in response 

to specific GSK3 inhibition was dependent on the induction of autophagy and 

increased autophagy-mediated degradation.  However, the role of GSK3 on 

autophagy induction has raised a lot of speculation and controversy.  

LiCl was reported to induce autophagy by an mTOR-independent mechanism, 

via reduction of IMPase, lowering IP3 (Sarkar et al., 2005, 2007).  On the other hand, 

other groups have demonstrated that LiCl treatment inhibits mTOR (Aguib et al, 

2009; Heiseke, 2009).  Still, the inhibitory effect of LiCl is likely mediated by a 

GSK3-independent mechanism (Flemming et al, 2011) because there are indications 

that GSK3 activation inhibits the mTOR pathway (Sarkar et al., 2008; Inoki et al, 

2006; Fu et al., 2009).  At the molecular level, GSK3 can directly interact and 

phosphorylate the TSC1/2 complex, which in turn affects its activation of mTOR 

itself (Inoki et al., 2006).  What is interesting is that this GSK3 activity is largely 

dependent on a priming event from AMP kinase (AMPK), whose activity is indicative 

of the energy state of the cell.  Therefore in a high glucose and ATP environment 

where there is minimal or no AMPK activity, GSK3 cannot impair the mTOR 

pathway.  In addition to the role of GSK3 sensing the nutrient environment through 

the insulin-PI3K/Akt pathway, it also responds to canonical Wnt regulation from the 

external environment, which provides a ligand mediated paracrine signal from the 

surrounding cell-niche.   The studies from the group of Rubinsztein provide the 

mechanisms by which GSK3 activity promotes autophagy induction through the 

mTORC1 dependent pathway (Rubinsztein et al., 2005, Sarkar et al., 2008).    

Using more specific inhibitors, other studies have reported that GSK3 

inhibition induces autophagy by increasing bif-1 levels (Yang et al., 2010).  However, 

this autophagy response was accompanied by apoptosis of the cell-lines tested.  This 

illustrates the potential role of autophagy leading to autophagy-mediated cell-death.  

In other circumstances, it seems that GSK3 largely has no effect on autophagy 

regulation, as GSK3 inhibition led to inconsistent and non-significant activation of 

mTOR signalling (Liu et al., 2009).  Furthermore, while LiCl has consistently been 

shown to induce autophagy, a recent study showed that LiCl dampened the autophagy 

response and the cellular apoptosis induced in mice with unilateral hypoxic-ischemia 

(Li et al., 2010a).  
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The use of different cell-lines, incubation times, GSK3 inhibitors and culture 

conditions (with or without serum) could be the reason for all these different 

outcomes.  For example, the study from Liu et al (2009), where GSK3 seemed to have 

no effect on mTOR signalling, was only in the case when there was nutrient 

stimulation of mTOR.  The induction of autophagy can also lead to completely 

divergent responses, as illustrated by two papers published this year looking at the 

direct activation of the ULK complex with AMPK phosphorylation.  This report 

showed that, in addition to the role of AMPK acting as a primer on TSC2 upstream of 

mTOR to induce autophagy, GSK3 can also act directly downstream of mTOR on the 

ULK complex (Egan et al., 2011).   However, the latter was only resulting from 

glucose starvation conditions as opposed to amino-acid depletion, which does not 

appear to reproduce the same outcome, although it did induce autophagy (Meijer and 

Codogno, 2011, Kim et al., 2011, Egan et al., 2011).   In addition, cellular signalling 

may differ among different cell types. For instance, in highly energetic neurones, the 

mitochondrial throughput is high, and as a result, the basal level of autophagy is 

considerably higher comparatively.  Indeed, a specialised form of autophagy for 

mitochondria, namely mitophagy exists.   In extending this point, it is known that the 

insulin signalling and sensitisation differ largely in neuronal cells compared to the 

peripheral tissues.  Therefore, the function of GSK3 concerning regulation of 

autophagy maybe slightly adapted to suit the individual cell type and its demands.     

5.3.1 Specific GSK3 inhibition induces autophagy and increases 
autophagy flux 
In this study, various methods were applied to investigate whether indeed GSK3 plays 

a role in regulating autophagy: Firstly, the use of LC3-GFP to detect by 

immunofluorescence its puncta formation has been widely used by numerous groups 

to illustrate AV formation and autophagy induction (Klionsky et al., 2008, Kimura et 

al., 2009).  In addition to measuring the puncta formation of exogenous LC3, both in 

N2aSw cells (see figure 5.2) and the stable HEK 293 LC3-GFP cell line (see figure 

5.3), the endogenous levels of both LC3 forms were shown in figure 5.4, which shows 

an increase similar to that of rapamycin that is also sensitive to 3-MA (see figure 5.4).  

The ratio of LC3-II/LC3-I, in combination with other measurements, as means to 

ascertain autophagy induction has been debated in several reviews and concluded to 

be very effective (Kadowaki and Karim, 2009).  Therefore, it can be concluded that 
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specific GSK3 inhibition leads to an increase in the induction in autophagy and 

increased flux.  This is firstly assumed by the fact that there is a concomitant decrease 

in the half-life of FL-APP but secondly there is also a decrease in the level of p62 (see 

figure 5.4).  This protein operates to deliver protein-aggregates to autophagy 

compartments to aid their destruction and in doing so is itself degraded.  As a result, 

many leading experts in the autophagy field have promoted its use as an indicator of 

autophagy flux (Bjørkøy et al., 2009, Kim et al., 2008).  The autophagy flux was also 

shown to be increased by demonstrating a further increase in the LC3-II level in cells 

treated with GSK3 inhibitor VIII in combination with lysosomal inhibitors, compared 

with inhibitor VIII alone (Mizushima and Yoshimori, 2007).   

It is of interest that the increase in LC3-GFP puncta with specific GSK3 

inhibition is not associated with major cell toxicity, as shown from normal 

morphology, similar cell densities and previous preliminary observations of cell 

counts as discussed previously (see 4.3.3 Proteasomal and autophagy targeting of 

APP upon specific GSK3 inhibition).  

These results show that the levels of beclin-1 remain largely unchanged when 

autophagy is induced by specific GSK3 inhibition.  Previously, it was shown that 

beclin-1 is important for activating the PI3K class III in the ULK complex, which 

ultimately lead to the AV membrane formation.  It has been stated that the protein 

levels of beclin-1 are probably not important for its activity but rather from altering its 

binding partners.  As such, it can also be associated with Bcl-2 where it serves in 

regulating apoptosis (Codogno and Meijer, 2010, Levine et al., 2008).  Thus, from 

these initial indirect assaying techniques it appears that indeed specific GSK3 

inhibition in N2aSw cells, that are not undergoing apoptotic events, can result in 

autophagy induction and increased autophagy flux. 

5.3.2 Specific GSK3 inhibition does not lead to a significant increase 
in autophagy vesicles 
Showing that specific GSK3 inhibition can induce autophagy, it was surprising that 

further analysis with TEM displayed no difference in the number of autophagy 

compartments.  Inspection of the cytoplasm of the cells showed a strong basal level of 

autophagy compartments that had a typical morphology and did not appear to be 

altered by specific GSK3 inhibition, such as enlargement, which can occur from 

disruption of correct fusion with lysosomes.  In this respect, this ultrastructure 
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analysis is in line with the previous observations of increased autophagy flux.  

However, immuno-gold labelling of LC3-II should be carried out in order to give 

absolute confirmation of autophagy structures.  Immuno-gold labelling is an 

extremely technical method with multiple steps requiring expert optimisation.  A 

literature search has found detailed protocols in order to do this in mammalian cell-

lines, which would be an initial step for further optimisation for the cell-lines used 

here and the antibodies (Ylä-Anttila et al., 2009). 

However, there is a dichotomy between an increase in LC3-II/I ratio and LC3-

GFP puncta formation with GSK3 inhibition, and the lack of a corresponding increase 

in AV compartments as shown by TEM.  There are certainly previous indications that 

LC3-II can bind to protein aggregates in a process independent of autophagy (Kuma 

et al., 2007, Shvets and Elazar, 2008) and LC3-GFP can form punctate staining upon 

certain staining protocols (Ciechomska and Tolkovsky, 2007).   This illustrates the 

point that transient expression of LC3-GFP and formation of puncta do not always 

represent AV formation.   In defence of this argument, it should be reiterated that the 

amount of overexpression was kept to a minimum, aided by preliminary optimisation 

of the assay and the LC3-GFP puncta formation behaved characteristically in 

response to serum starvation and 3-MA treatment (see figure 5.2).  Secondly, these 

results were also repeated in a HEK 293 cell line that stably expresses the LC3-GFP 

and does not have aggregate artefacts (see figure 5.3).  In addition, the endogenous 

LC3-II levels from N2aSw cells were also found to be sensitive to serum starvation, 

rapamycin and 3-MA (see figure 5.4).  A possible explanation could be that the 

specific GSK3 inhibition causes protein aggregation for both exogenous and 

endogenous LC3-II to be incorporated and, therefore, accumulate within the cell.  

Further still it has been shown that these autophagy-independent aggregates can bind 

to p62, which is usually involved in the chaperone of aggregates to the 

autophagosome structures for destruction (Shvets and Elazar, 2008, Shvets et al., 

2008).  The assessment of p62 activity is a critical issue, as its knockdown is 

associated with decreased turnover of protein-aggregates and even a 

neurodegenerative phenotype in mice (Ramesh Babu et al., 2008).   The concomitant 

decrease in p62 protein level shown in figure 5.3, which is indicative of an increased 

flux of degradation (Bjørkøy et al., 2009), would argue against that the GFP puncta 

formations observed are aggregates of LC3.  However, measurement of the p62 

mRNA is required to prove that the decreased p62 protein expression is the result of 
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increased targeting and degradation by autophagy and not simply reduced 

transcriptional expression.  Further assays of metabolic labelling with tritium could be 

used to show a general increase in protein degradation (Morales-Corraliza et al., 

2009).  

5.3.3 Specific GSK3 inhibition led to an increase in lysosome vesicles 
In this study it is shown that treatment of N2aSw cells with the specific GSK3 

inhibitor VIII results in a dramatic increase in the number of lysosomal 

compartments.  This was first shown from ultrastructure analysis of cultured cells and 

later confirmed by the molecular probe, Lysotracker®-Red and also LAMP1 staining 

in cultured cells.    

 The increase in the lysosomal compartments could also explain the increase in 

autophagy flux seen with specific GSK3 inhibition, as the associated degradation can 

only come from the fusion of an AV compartment with a lysosome, which contains 

the necessary proteases.  Therefore, increasing the number of lysosomes may lead to 

increased fusion with AV compartments and accelerate the rate of degradation 

normally associated with a basal level of autophagy-mediated processing of FL-APP.    

5.3.4 Specific GSK3 inhibition results in an increase of TFEB nuclear 
localisation 
This increase in lysosomal biogenesis is likely the result of the nuclear translocation 

of TFEB upon specific GSK3 inhibition.  This transcription factor was found to be a 

master regulator for lysosomal biogenesis and also links increased autophagy-

mediated degradation with an increase in lysosomal production (Settembre et al., 

2011, Settembre and Ballabio, 2011, Cuervo, 2011).  This study found that 

stimulation through the MAPK pathway results in the serine-phosphorylation and 

sequestration of TFEB to the cytoplasm.  However, decreased TFEB phosphorylation 

results in nuclear-shuttling of TFEB and induction of several key genes required for 

lysosomal and autophagy biogenesis.  As there are links between this MAPK pathway 

and GSK3, with particular reference to ERK1/2 signalling, it is conceivable that there 

are crosstalk mechanisms that regulate the sequestration of TFEB (Palmieri et al., 

2011).  Furthermore, the present study also illustrates the ability for GSK3 to 

phosphorylate TFEB.  At the moment, this preliminary data only implicates GSK3 in 

transactivation of lysosomal biogenesis and will require further experimentation (see 

CHAPTER 7: DISCUSSION).  
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5.3.5 FL-APP degradation induced by specific GSK3 inhibition is 
dependent on lysosomal degradation 
As specific GSK3 inhibition led to a decrease in the protein level of p62, this suggests 

that GSK3 inhibition can indeed increase autophagy flux.  The increased autophagy 

flux is likely the result of increased lysosomal biogenesis and fusion with 

autophagosome structures.  This could have consequences in protein degradation, 

such as the effect we observe on FL-APP after specific GSK3 inhibition. 

 APP is internalised and processed through the endocytic-lysosomal pathway. 

In the present study, there is an increase in the colocalisation of APP with LAMP1-

positive vesicles as shown from confocal microscopy (see figure 5.8).  Moreover, co-

incubation with leupeptin, a broad inhibitor of lysosomal proteases, blocks the 

degradation of FL-APP induced by specific GSK3 inhibition (see figure 5.11).  Thus 

specific GSK3 inhibition appears to promote the basal targeting of FL-APP to the 

lysosomes for degradation. Unknown at this juncture is whether the increased 

degradation of FL-APP with specific GSK3 inhibition is just by driving the basal 

level degradation or also by actively targeting APP to be degraded in a chaperone-

mediated manner.  Interestingly, direct interaction between LC3-I/II and APP/APLP 

has been reported very recently (Zhou et al., 2011).  It would be prudent to 

demonstrate if the increased degradation of FL-APP seen with specific GSK3 

inhibition is mediated through a direct binding of APP to both forms of LC3.  Such a 

mechanism would constitute the basis for chaperone-mediated autophagy (CMA), a 

more specific autophagy response than the better understood macroautophagy, which 

is associated with general cytoplasmic and organelle digestion.  This scenario 

coincides with the data of p62, because its targeting of aggregates to autophagosomes 

function is dependent on a chaperone effect of LC3 (Shvets et al., 2008).  This 

chaperone-mediated response is also described in microautophagy, where there is 

direct targeting of the protein to the lysosome or engulfment of cytoplasmic material 

directly involves the lysosome and sidesteps the need for autophagosome formation 

(Cuervo, 2011).   The dramatic increase in lysosomal compartments may argue for a 

microautophagy process driving the degradation of FL-APP.  Microautophagy, to 

date, is poorly understood and it is unknown as to whether LC3 plays a role in the 

dynamics of microautophagy as it does with macroautophagy. Therefore, this raises 

the issue as to why the FL-APP degradation induced by specific GSK3 inhibition is 

sensitive to 3-MA and beclin-1 silencing.  The issue that there are no other specific 
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autophagy markers make it very complicated to give a definitive answer to the 

question as whether autophagy vesicle number increases by specific GSK3 inhibition.  

It can only be concluded firmly at this point that the present results suggest that 

specific GSK3 inhibition induces degradation of FL-APP by increasing the levels of 

lysosomal proteases in autophagy. 
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CHAPTER 6 : THE ROLE OF CANONICAL 
WNT SIGNALLING IN THE REGULATION OF 
APP PROCESSING 

6.1 Introduction  
As outlined earlier (see 2.9 Wnt cascade and AD) there is a strong genetic and 

mechanistic link between the canonical Wnt cascade and AD.  Alterations in the Wnt 

signalling pathway may play an important role in the pathogenesis of AD because of 

its effects on axonal growth, synaptogenesis and Aβ toxicity.  β-catenin is a key 

regulator of the canonical Wnt signalling pathway.  Very few studies have analysed 

expression of β-catenin in adult tissues of any model organism.  Some reports show 

strong β-catenin staining of brain subventricular zones and areas with neurogenesis 

indicative of functions in cell proliferation of pluripotent cell types.  Recently, β-

catenin was found to play a significant role in memory consolidation in vivo 

(Maguschak and Ressler, 2008).   A direct link of the Wnt pathway to a 

neuroprotective role against Aβ toxicity was shown in rat cortical neurones by Wnt3a 

attenuation of neurotoxicity through binding to the Frizzled receptor-1 (Chacón et al., 

2008).  Other studies have shown that Aβ binds to the CRD of the Frizzled receptor 

(Magdesian et al., 2008).  However nothing is known of any regulatory role this 

pathway has on APP processing. 

 The conclusions from the previous chapters illustrate that specific inhibition 

on GSK3 results in reduced Aβ production, BACE1 expression, β-secretase activity 

and increased degradation of FL-APP resulting from increased lysosomal biogenesis.  

 Therefore it was hypothesised that at least part of the regulation on APP 

processing by GSK3 may lay downstream of the canonical Wnt cascade, as it is 

known that GSK3 is a negative regulator of this signalling pathway.  As canonical 

Wnt stimulation results in inactivation of GSK3, the aim of this chapter was to 

investigate whether canonical Wnt stimulation would replicate the same effects of 

specific GSK3 inhibition on APP processing.  

In the case that canonical Wnt stimulation affects the processing of APP, it 

needs to be investigated whether these effects are mediated through the downstream 

activation of β-catenin and the subsequent transactivation of Wnt target genes.  

Interestingly, pharmacological GSK3 inhibition affected the transcriptional regulation 
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of mouse Bace1 as shown in sections 4.2.3.1 (Specific GSK3 inhibition results in a 

decrease in β-secretase activity, transcription and expression of BACE1) and 4.2.3.2 

(Transient overexpression of GSK3 led to an increase in BACE1 expression).  

Therefore, it could be possible that Bace1 is transcriptionally regulated by β-catenin. 

 

The third and final aim of the project was to investigate whether activation of the 

canonical Wnt signalling cascade can affect APP processing and if so, to determine 

what mechanism(s) are involved.   

 

As activation of the canonical Wnt pathway results in inhibition of GSK3, some of the 

outcomes should be similar to those found by GSK3 pharmacological inhibition.   

 

In addition, the specific role of β-catenin transactivation on the processing of APP 

was evaluated. 
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6.2 Results  

6.2.1 Alterations in the activity of the canonical Wnt cascade affect 
APP processing 
In order to study the activation of the canonical Wnt pathway, Wnt3a and β-catenin 

S33 (mutated at serine 33, which is resistant to proteasomal degradation) cDNAs were 

transiently transfected into N2aSw cells.  The Wnt3a is a ligand that has been 

associated with canonical Wnt stimulation (MacDonald et al., 2009).  To assess the 

transfection efficiencies and the ability of the constructs to activate the cascade, the 

stabilised level of β-catenin was measured from the total-lysate of N2aSw cells by 

Western blotting (see figure 6.1).  In both cases, there was an increase in the protein 

level of β-catenin.  This was taken a step further by measuring the functional 

significance of increasing the expression of stabilised β-catenin.  For this purpose, 

N2aSw cells were transiently transfected with a luciferase construct that was either 

downstream of a consensus LEF/TCF promoter (TOPflash) or a mutant promoter 

(FOPflash).  Again, in both cases the luciferase activity from the LEF/TCF consensus 

promoter was significantly higher in cells expressing Wnt3a and β-catenin S33.  The 

Firefly luciferase activity was normalised to the expression of the Renilla luciferase 

signal, which was expressed constitutively.  This allowed for normalisation owing to 

different transfection efficiencies between groups.  Induction was expressed as 

percentage of control (pcDNA3/ TOPflash) (see figure 6.2).  This was comparable to 

the direct addition of mouse recombinant Wnt3a, which showed significant induction 

at 10nM and 20nM.  N2a cells have previously been shown to be responsive to Wnt3a 

(Magdesian et al., 2008).  The activation of the canonical Wnt cascade by the addition 

of recombinant Wnt3a was attenuated by knocking down the expression of β-catenin 

with a specific shRNA transiently expressed in the same N2aSw cells (see figure 

6.2C). 
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Figure 6.1: Confirmation of transfection with Wnt3a, β-catenin and β-catenin shRNA and the 
effect on β-catenin levels.  

(A) Representative Western blots for β-catenin from total-lysates in N2aSw cells transiently transfected 

with the following constructs: pcDNA3, Wnt3a and β-catenin S33.  (B) Reduced expression of β-

catenin from total-lysates in cells transiently transfected with β-catenin shRNA.  A scrambled shRNA 

construct was used as a control.  
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Figure 6.2: Wnt3a and β-catenin overexpression led to induction of the canonical Wnt cascade.  

(A) N2aSw cells expressed a Firefly luciferase construct that was either downstream of a consensus 

LEF/TCF promoter (TOPflash) or a mutant promoter (FOPflash).  The canonical Wnt cascade was 

significantly activated by the overexpression of either Wnt3a or the stabilised β-catenin S33 when 

compared to cells transfected with just pcDNA3.  There was a significant difference between the 

TOPflash and FOPflash with both Wnt3a and β-catenin S33 overexpression.  The Firefly luciferase 

activity was normalised to the expression of Renilla luciferase (RLX), which was expressed 

constituvely.  This allowed for normalisation of different transfection efficiencies between the different 

treatment groups.  Induction was expressed as percentage of control (pcDNA/TOPflash).  This 

activation was comparable to direct addition of mouse recombinant Wnt3a to the culture medium (B).  

(C) Knockdown of β-catenin attenuates the recombinant mouse Wnt3a induced luciferase expression.  

One-way ANOVA was used to assess the significance of the differences between the TOPflash and 

FOPflash independently and a Tukey’s post-hoc test assessed differences to control (A) or the pairwise 

combinations (B-C), *P<0.05, **P<0.01 and ***P<0.001. 

 

To determine whether activation of the canonical Wnt cascade could affect APP 

processing, the Wnt3a ligand was overexpressed in N2aSw cells.  Activation by 

Wnt3a decreased Aβ generation by 32.25% ±5.00 (mean value ±SEM.***P<0.001) 

(see figure 6.3A) but did not affect the levels of sAPPα (see figure 6.3D).  The 

addition of recombinant mouse Wnt3a to the medium of N2aSw cells reproduced the 

same effects as Wnt3a transfection, resulting in reduced levels of secreted Aβ by 

41.00% ±6.00 and 52.00% ±5.00 with 10nM and 20nM of recombinant Wnt3a 

respectively (mean values ±SEM. **P<0.01 and **P<0.001 based on n=9 per group) 

(see figure 6.3B).   

β-catenin S33 transfection also resulted in decreased Aβ secretion by 27.90% 

±3.51 (mean value ±SEM.***P<0.001) (see figure 6.3A), without changing the 

sAPPα production (see figure 6.3D). Interestingly, β-catenin knockdown with shRNA 

led to a significant increase in the generation of Aβ by 52.04% ±23.25 (mean value 

±SEM.*P<0.05 based on n=12 per group) compared to cells treated with scrambled 

shRNA (see figure 6.3C).  There was a trend for a decrease in the production of the 

sAPPα from cells with reduced levels of β-catenin by shRNA knockdown, but this 

was not significant. 

Because it was shown previously that specific pharmacological inhibition of 

GSK3 reduced the total level of FL-APP, it was determined whether canonical Wnt 

activation also altered FL-APP expression.  Wnt3a transfection resulted in a decrease 

in FL-APP expression by 18.39% ±6.91 (mean value ±SEM.  *P<0.05 based on n=9 
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per group).  Although there was a trend for a decrease in FL-APP, transfection with β-

catenin S33 did not significantly affect the levels of FL-APP (see figure 6.3G). In 

addition, β-catenin shRNA did not reverse the effect of pharmacological inhibition of 

GSK3 on the levels of FL-APP (see figure 6.3H), indicating that this destabilisation 

event is not mediated through downstream effects of β-catenin signalling. 
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Figure 6.3: Changes in the canonical Wnt cascade activity affect APP processing.  

Representative blots and quantification.  (A) Transient overexpression of Wnt3a and β-catenin S33 

results in a significant decrease of 32.25% ±5.00 and 27.90% ±3.51 in the production of Aβ, 

respectively (n=12 per group).  (B) Similarly there was a significant decrease in Aβ of 41.00% ±6.00 

and 52.00% ±5.00 with 10nM and 20nM by treatment with recombinant Wnt3a respectively (n=9 per 

group).  (C) In contrast, β-catenin knockdown resulted in a significant increase in the amount of 

secreted Aβ by 52.04% ±23.25 (n=12 per group).  There was, however, no significant alteration in the 

amount of secreted sAPPα when the activity of the canonical Wnt cascade was altered (D-F).  (G) 

There was a significant decrease in the protein level of FL-APP of 18.39% ±6.91 with Wnt3a 

overexpression and a trend for a decrease with β-catenin S33 overexpression.  (H) N2aSw cells were 

either transiently transfected with shRNA specific for β-catenin or a scramble control.  These 

transfected cells were either treated with DMSO or 5µM VIII overnight.  The decreased FL-APP 

protein expression mediated by specific GSK3 inhibition could not be rescued by knocking down β-

catenin (n=9 per group).  Values shown in graphs represent the mean value ±SEM and expressed as a 

percentage of control.  One-way ANOVA with a post-hoc Tukey’s test (B, E and H) and an unpaired t-

test (A, C-D and F-G) were used to show statistical significance in the differences between the means, 

*P<0.05, **P<0.01 and ***P<0.001.   

6.2.2 Canonical Wnt stimulation affects mouse Bace1 transcription 
In agreement with the results obtained with pharmacological inhibition of GSK3, 

stimulation of the canonical Wnt cascade upstream and downstream of GSK3 by 

transient transfection of Wnt3a and β-catenin S33 resulted in an alteration in the 

transcription, expression and activity of BACE1 (see figure 6.4).  The production of 

β-CTF was reduced by 36.90% ±9.35 and 47.13% ±5.35 in N2aSw cells 

overexpressing Wnt3a and β-catenin S33 respectively (mean value ±SEM. *P<0.05 

and **P<0.01 based on n=6 per group).  The BACE1 protein level was reduced by 

37.93% ±9.88 (mean value ±SEM. *P<0.05) and 37.46% ±12.03 (mean value ±SEM. 

*P<0.05 based on n=12) (see figure 6.4B) by Wnt3a and β-catenin S33 

overexpression respectively.  This was associated with a decrease in Bace1 mRNA 

levels and in the activity of the BACE1 promoter (see figure 6.4C and D).   However, 

this effect was stronger with Wnt3a compared to β-catenin S33 overexpression 

because β-catenin S33 transfection resulted only in a slight and non-significant 

reduction in Bace1 mRNA levels.  The effect of pharmacological GSK3 inhibition on 

BACE1 levels was not completely reversed by β-catenin knockdown (see figure 

6.4E).  
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Figure 6.4: Altering the activity of the canonical Wnt cascade affects the expression of BACE1.  

Quantification and representative blots.  (A) Stimulation of the canonical Wnt cascade by Wnt3a and β-

catenin S33 overexpression in N2aSw cells results in a reduction in the production of the β-CTF 

detected from membrane preparations by 36.90% ±9.35 and 47.13% ±5.35 respectively (mean value 

SEM) (n=6 per group).  (B) Wnt3a and β-catenin S33 overexpression in N2aSw cells results in a 

decrease of 37.93% ±9.88 and 37.46% ±12.03 respectively in the protein level of BACE1 from 

membrane preparations (n=12 per group).  In line with a decrease protein expression, there was both a 

decrease in the (C) mRNA (n=9 per group) and (D) the BACE1 promoter activity with the same 

conditions (n=12 per group).  (E) N2aSw cells were either transiently transfected with shRNA specific 

for β-catenin or a scramble control.  In combination these transfected cells were either treated with 

DMSO or 5µM VIII overnight.   Values shown in graphs represent the mean value ±SEM and 

expressed as a percentage of control.  One-way ANOVA with a post-hoc Tukey’s test (E) or an 

unpaired t-test (A-D) were used to show statistical significance in the differences between the means, 

*P<0.05 and **P<0.01.   

6.2.3 β -catenin protein levels are reduced in the brains of sporadic AD 
patients 
It was previously reported that familial mutations in PSEN1 could affect the 

stabilisation of β-catenin leading to an alteration in its steady state level (see 2.9.2 

PSEN1 mutations and regulation of cytoplasmic β-catenin).  This could be explained 

by the physical interaction of PSEN1 and β-catenin at the cell membrane (Kang et al., 

1999).  In addition, brains from FAD patients with PSEN1 polymorphisms have 

shown a significant decrease in the level of β-catenin.  Interestingly, while there is a 

clear functional interaction between FAD PSEN1 and β-catenin levels, there are no 

reported changes in β-catenin levels in SAD patients (Zhang et al., 1998a).  We 

therefore explored whether β-catenin levels were altered in sporadic cases of AD by 

performing subcellular fractionation of frontal-cortex tissue from 6 non-demented 

(ND) control patients (3M, 3F, 85±8 year old) and 7 SAD patients (3M, 4F, 81±5 

years).  The expression of β-catenin was studied in these fractions by Western blotting 

and it was normalised to the loading control of each fraction.  Preliminary Western 

analysis showed the nuclear fraction was absent for β-actin and β3-tubulin but 

positive for histone 4 (H4) while the cytoplasmic fraction was positive for β-actin and 

β3-tubulin but very little H4 expression.   For each fraction, the densitometry (see 3.7 

Western blotting) of β-catenin staining was normalised to its respective marker. There 

was a significant decrease of 30.73% ±6.73 (mean value ±SEM.  **P<0.01 based on 

n=6 for SAD cases and n=7 for ND cases) in total β-catenin levels within the nuclear 
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fraction in AD cases compared to healthy controls.  However, no significant changes 

were detected in the other two cell fractions of either phosphorylated or 

unphosphorylated β-catenin forms (see figure 6.5A-C).  The nuclear fraction 

represents the functional compartment wherein β-catenin operates as a transcription 

factor for the canonical Wnt pathway. 
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Figure 6.5: Nuclear β-catenin levels are reduced in post-mortem sporadic AD brains.  

Western blots and quantification.  Frontal-cortex from non-demented (ND) and sporadic AD (SAD) 

brains were crudely fractionated for nuclear (A), cytoplasmic (B) and membrane (C) fractions.  The 

densitometry was normalised to that of the fraction marker.  From each, the total β-catenin protein level 

was probed by blotting with the mouse monoclonal anti-β-catenin antibody (BD Biosciences) (n=6 for 

ND brains, 3M, 3F, 85yrs ±8.  n=7 for SAD brains, 3M, 4F, 81yrs ±5).  Values shown in graphs 

represent the mean value ±SEM and expressed as a percentage of control.  The unpaired t-test was used 

to show statistical significance in the differences between the means, **P<0.01. 
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6.3 Discussion  
Several studies have linked the canonical Wnt cascade and its dysregulation to the 

pathogenesis of AD.  A recent unbiased systems biology approach identified several 

AD associated genes as direct targets of canonical Wnt induction, such as APP, 

BACE1, PSEN1 and DR6 in addition to the fronto-temporal dementia associated 

MAPT and GRN (Wexler et al., 2010, Rosen et al., 2011).  

 It has been reported that Aβ neurotoxicity on cortical neurones can be 

neutralised by the addition of Wnt3a, blocking its interaction with Frizzled-1 and 

leading to a reduction in caspase-3 activation and apoptosis (Chacon et al., 2008).  Aβ 

could well have a role in synaptogenesis and plasticity, which are highly regulated by 

the canonical Wnt cascade because it was shown that indeed Aβ can bind to the 

extracellular CRD of Frizzled-1 and inhibit Wnt/β-catenin signalling (Magdesian et 

al., 2008).  However, it is known that Aβ is a very sticky protein and could bind the 

receptor non-specifically and as such further work is required to prove this point.  It is 

of interest that Aβ can promote LTD (Hsieh et al., 2006) while inhibiting LTP (Walsh 

et al., 2002, Shankar et al., 2008) in a process involving an axis of caspase-

3/Akt/GSK3 (Li et al., 2010b).   

 In addition, neuroprotective Wnt signalling is significantly reduced in most of 

the genetic risks to AD and in familial AD; such as PSEN1 linked FAD (Zhang et al., 

1998), APOE4 (Caruso et al., 2006) and FAD associated with LRP6 polymorphisms 

(De Ferrari et al., 2007).  Here it is shown that there is a reduction in nuclear β-

catenin in SAD patients (see figure 6.5).  This is in line with a recent paper that shows 

that glial progenitor cells (GPCs) from AD patients exhibited elevated levels of 

GSK3β, accompanied by an increase in phosphorylated β-catenin and a decrease in 

nonphosphorylated β-catenin compared with healthy counterparts (He & Shen, 2009).  

This provides yet more evidence that in terms of the underlying pathogenesis, FAD 

may display similar mechanisms as the more common sporadic disease, albeit played 

in a fast forward speed.   Furthermore, this disruption in β-catenin levels in SAD 

cases may result from the effect of other AD relevant proteins, such as APP, which 

can alter the stabilisation of β-catenin in mechanism similar to what has been 

described for PSEN1 in FAD patients (Chen and Bodles, 2007).   
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6.3.1 Canonical Wnt induction influences APP processing via its 
negative regulation of GSK3 
As direct GSK3 inhibition affects APP processing, and GSK3 is a major regulator of 

the Wnt pathway, there could be a potential role for canonical Wnt signalling in the 

control of APP cleavage and degradation (see chapters 4 and 5).    

  Within nature, GSK3 activity can be negatively regulated by different 

mechanisms: 

1. Via an inhibitory phosphorylation event of the regulatory N-terminal Ser9/21 

of GSK3α/β  respectively.   A typical example of which is Akt signalling in 

the PI3K/Akt survival cascade (Medina and Wandosell, 2011).  

 

2. An intracellular sequestration model that has largely been characterised from 

canonical Wnt signalling.  Until recently, understanding of this mechanism 

was far from complete but additional information is now available to produce 

a clearer picture (Taelman et al., 2010).   

In chapters four and five the focus of study has mainly been on pharmacological 

regulation of GSK3 through drugs that inhibit by outcompeting ATP molecules 

required for kinase activity or through reduced expression of GSK3.   Such 

mechanisms therefore differ substantially from the two modes of GSK3 regulation 

highlighted above.  It is also important that the downstream effects from GSK3 

inhibition can vary dramatically depending on the manner in which it is inhibited.  For 

example, specifically in the canonical Wnt cascade, GSK3 activity is defined within 

the destruction complex that is made up of several direct binding partners including 

priming kinases that alter its activity and substrate specificity.  

Therefore, it cannot be assumed that negative regulation of GSK3 from 

upstream would lead to the same effects as direct chemical inhibition of GSK3 as 

reported in previous chapters.   Furthermore, if canonical Wnt induction can regulate 

APP processing, it could be that this is associated with either Wnt target gene 

activation mediated by β-catenin stabilisation or through reduced GSK3 activity on its 

many other targets.  Certainly, the latter could well be the case concerning the 

degradation of FL-APP, which as described in the previous chapter is likely the result 

of autophagy-lysosomal degradation (see 5.3.4 Specific GSK3 inhibition results in 

increased TFEB nuclear localisation). 
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Here it is shown for the first time that indeed the canonical Wnt cascade can regulate 

APP processing whereby Wnt stimulation reduces the Aβ production.  This effect was 

shown either by overexpression of Wnt3a (upstream of GSK3) or β-catenin 

(downstream of GSK3).  Conversely, when β-catenin was knocked down there was an 

increase in the amyloidogenic processing of APP.  In addition, we observed a 

reduction in the FL-APP protein level by Wnt3a activation.   This effect is similar to 

that found by pharmacological inhibition of GSK3 with the inhibitor VIII.  However, 

this effect on FL-APP was not significantly reproduced by β-catenin S33 

overexpression.  This suggests that the reduction of APP levels by specific GSK3 

inhibition is independent on the transcriptional function of β-catenin.  To further 

support this point, knockdown of β-catenin did not reverse the effect of specific 

GSK3 inhibition on the decrease in FL-APP. 

6.3.2 Canonical Wnt induction affects BACE1 transcription 
Another possible explanation for a reduction in the Aβ load by the canonical Wnt 

pathway could involve the reduction in the activity of β-secretase, which is seen as the 

rate-limiting step in the amyloidogenic pathway of APP.  As shown there was an 

observed reduction in the β-secretase activity by detection of the levels of β-CTF. The 

control of BACE1 transcription by the canonical Wnt pathway could occur through 

the interactions of β-catenin with nuclear receptors (Mulholland et al., 2005), such as 

the RAR (retinoic acid receptor), the oestrogen receptor, and the PPARs (PGC1-α 

peroxisome-activated receptor), which have been reported to affect the expression of 

BACE1 (Sastre et al., 2006b).  However, this is not completely clear, since β-catenin 

knockdown did not reverse the effects of GSK3 inhibition on BACE1 expression. 

 Recently β-catenin was shown to have two distinct functions when released 

after canonical Wnt activation.   First, and already well known, is the transactivation 

of genes targeted by the canonical Wnt cascade.  In addition and unexpectedly, it has 

recently been shown that the sequestration model for GSK3 inhibition is also actually 

dependent on β-catenin.  Overexpression of a similar stabilised β-catenin construct 

resulted in an increased sequestration of GSK3 in MVB structures, thus limiting its 

activity in the cytosol (Taelman et al., 2010).   In our own paradigm, β-catenin S33 

therefore could be an additional inhibitor of GSK3 and mimic Wnt3a and chemical 

inhibition.  However, this would need further investigation in order to confirm that 
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there was indeed a concurrent sequestration of GSK3.  This hypothesis can only be 

confirmed after further experimentation (see CHAPTER 7: DISCUSSION).  
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CHAPTER 7 : DISCUSSION 

7.1 Introduction 
Despite almost twenty-five years of molecular-level research that has made 

fundamental breakthroughs, the situation regarding AD therapy is seemingly in stasis.  

This is highlighted by the recent announcement of three failures at phase-3 that were 

designed to intervene in the production or promote the clearance of Aβ.  More often 

than not, the reported absence of clinical improvement has resulted from the lack of 

efficacy, low therapeutic-index, intervening at too late a stage or a combination of 

these factors (Selkoe, 2011).  The duration of the treatment is also a critical factor 

and, since AD is a disease with a long pre-clinical period, trials of short duration in 

severe cases of AD do not provide reliable information regarding the development of 

AD (Bennett and Whitmer, 2009).  Despite the degree of supporting evidence, there 

has been an increasing amount of scepticism for the amyloid cascade hypothesis. 

Thankfully, the differing factions within the AD field have suggested either 

completely differing alternatives to the amyloid cascade hypothesis (Pimplikar et al., 

2010), such as the autophagy hypothesis (Nixon, 2007, Barnett and Brewer, 2011, 

Ling and Salvaterra, 2009) or a much broader scheme such as the GSK3 hypothesis 

that connects the separate elements (Hooper et al., 2008).   The latter illustrates that 

the differing views need not be mutually exclusive, for instance the dichotomy of the 

BAPtist reliance on the amyloid pathology and TAUists dependence on the tau 

pathology is a false one.  Animal modelling has since resolved their exclusivity 

placing tau downstream of amyloid.  In addition there is plenty of evidence that the 

two can interact with each other (Small and Duff, 2008). 

7.2 GSK3 hypothesis of AD 
Owing to the almost omnipotence of GSK3 in cellular signalling, dysregulation of its 

activity has been linked to a wide array of human disease.  A natural consequence of 

this is that GSK3 has been studied from different angles and these can be assimilated 

to form a more comprehensive knowledge of this important signalling kinase 

including its rather complex regulation (Medina and Wandosell, 2011)  (see 2.8.2 

Regulation of GSK3).  Activation of GSK3 is found in a number of degenerative 

diseases including AD, Parkinson’s disease, Huntington’s disease, in addition to other 
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syndromes like schizophrenia, and diabetes (Hooper et al., 2008, Frame and Zheleva, 

2006).  Insulin induces inactivation of GSK3, which can contribute to stimulation of 

glucose uptake and glycogen synthesis (Jope and Johnson, 2004).  There is the 

hypothesis that failure to inactivate GSK3, as a result of insulin deficiency and 

impaired insulin signalling (insulin resistance) could lead to increased inflammation 

and cell death (Hooper et al., 2008).  Factors such as excessive caloric diet, 

hypertension and aging, which have been associated with deficiency in insulin 

signalling and higher GSK3 activity, could affect the accumulation of aggregated 

proteins that have been involved in neurodegenerative disorders, such as AD (Jope 

and Johnson, 2004, Jope et al., 2007). Therefore, GSK3 has become an interesting 

target, since it links aging, metabolic disease, inflammation, protein-aggregation and 

cell death. 

GSK3 activity was first associated with AD when it was isolated as one of the 

main culprits for the tau kinase (Ishiguro et al., 1988, Ishiguro et al., 1993).  This was 

particularly pertinent as its activity is increased in AD brains (Blalock et al., 2004).   

In recent years it has become apparent that GSK3 activity is associated with most of 

the major factors associated with AD, such as neurotoxicity and inflammation, in 

addition to providing a bridge between the amyloid and tau pathology (see 2.8.3 

GSK3 hypothesis of AD).  As its aberrant activity is implicated in multiple aspects of 

AD pathogenesis, including its effects on LTP and LTD, it is intuitive to target GSK 

therapeutically (see later).   

 However, what has been lacking is a clear and descriptive analysis of any 

effects on APP processing in response to GSK3 activity.  This is particularly relevant, 

since it is widely accepted that Aβ is the main trigger and driver of AD pathogenesis. 

Thus the field must be sure that any therapy directed at GSK3 does not promote more 

harm that it alleviates.  Conflicting studies provide evidence that GSK3 inhibition can 

both promote and reduce Aβ production.  Such an unresolved issue is naturally a 

barrier to any further development in a clinical setting.  Further to this, most failures 

in the clinic arise from an absence of knowledge at the molecular level.  This is 

illustrated by the recent failings of GSIs, which in addition to the increased cancer 

frequencies resulting from a low therapeutic-index, may have toxicity associated with 

the concomitant accumulation of the β-CTF (Bittner et al., 2009).   Hence what may 

seem, as a simple task of reducing Aβ production may actually be intrinsically far 
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more complicated.  This example is particularly resonant, as GSK3 has been known to 

influence the activity of PSEN1 through direct structural interaction.  Furthermore, 

despite the promising data obtained with LiCl treatment in animal models of AD, 

improving many of the behavioural and biochemical symptoms, a recent multi-centre 

human drug trial with mild-AD patients was completed with unsatisfactory end-points 

(Hampel et al., 2009).  LiCl as an actual GSK3 inhibitor was called into a question 

because in those patients there was neither amelioration in cognitive decline nor 

improvement in CSF biochemical markers, such as the level of phosphorylated tau 

(Hampel et al., 2009) (see 7.3 LiCl versus specific GSK3 inhibition). 

Therefore, the overall aim of this project was to provide the much needed 

clarity and descriptive analysis for possible mechanisms of GSK3 influencing APP 

processing.  The evidence provided here illustrates clearly that GSK3 activity is 

associated with the stability of the FL-APP protein that feeds into the two processing 

pathways and also the expression of BACE1, the rate-limiting enzyme in Aβ 

production.   As such, specific GSK3 inhibition resulted in increased lysosomal 

degradation of FL-APP and decreased mouse Bace1 expression, which ultimately 

reduced generation of Aβ.  Such benefits would make a strong case for developing 

potent and specific GSK3 inhibitors that target a specific GSK3 function, to give the 

maximal therapeutic effect.   

7.3 LiCl versus specific GSK3 inhibition  
In terms of a mood stabiliser, LiCl is believed to be a relatively beneficial and cheap 

therapy for neuropsychiatric disorders such as schizophrenia.  However, the target 

responsible for its action is to date not fully understood owing to its promiscuity as an 

inhibitor (Ghasemi and Dehpour, 2011, Agam et al., 2009).   

The question remains as to whether this relative potency can be exploited for 

an AD therapy.   However, as discussed previously, the benefits of LiCl altering 

amyloidogenic processing are controversial (Feyt et al., 2007, Feyt et al., 2005, 

Caccamo et al., 2007) and the various in vitro and in vivo studies that shine a positive 

light, use concentrations that are well beyond physiological relevance, in which it is 

likely multiple targets are inhibited (Ryder et al., 2003a, Su et al., 2004, Phiel et al., 

2003).  Furthermore, it has been documented that dosing regimes for more than two 

days in animals that has a equivalence to concentrations inhibiting GSK3 in vitro, are 
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highly toxic (Kremer et al., 2011).  With the aid of recent developments for inhibitors 

with potencies within the micromolar range and siRNA technologies, it was observed 

here that there appears to be a dichotomy in the response when GSK3 is inhibited 

with LiCl or AR-A014418 (VIII) (Bhat et al., 2003).  The results of the present study 

indicate that LiCl concentrations ranging from 5mM up to 40mM, do not affect APP 

processing, despite being able to inhibit GSK3, as shown by stabilisation of β-catenin.  

Simplistically, the additional off-site targets affected by the high dosage of LiCl could 

lead to numerous alterations in other signalling pathways that could well mask any 

inhibitory effect on GSK3.  

Another possible explanation for the different effect between LiCl and other 

more potent and specific inhibitors of GSK3 is that it has been noticed that, unlike 

LiCl, specific inhibitors decrease the level of phosphorylation of GSK3 at position 

216 (Y216), despite both reducing its activity (Simón et al., 2008).   This residue was 

originally presumed to be a site of autophosphorylation that increases GSK3 activity 

and as such should decrease when inhibiting its kinase function (Lochhead et al., 

2006).  In fact, it is increased in response to various insults such as ischemia (Bhat et 

al., 2000), the prion protein (Pérez et al., 2003) and Aβ (Muñoz-Montaño et al., 

1997), all of which lead to hyperactivity of GSK3.  In addition to 

autophosphorylation, there is also a possibility that the residue is dynamically 

regulated through unknown tyrosine kinases and phosphatases.  The end result is that 

while LiCl and specific GSK3 inhibitors both reduce GSK3 activity by altering the 

active site, only the latter decreases the phosphorylation of this regulatory Y216 

residue of GSK3 when followed up several hours after administration.   The 

functional significance of this is unknown, but it is likely that the reduced pY216 

leads to a deeper inactivity of GSK3.   This slight variance might also influence 

interactions with other proteins such as FRAT, and as such lead to alternative 

downstream effects.  An analogous situation is found with the differential stabilisation 

of protein targets of GSK3 in response to either direct LiCl inhibition or with 

dominant negative mutants that disrupt the destruction complex of the canonical Wnt 

cascade (Kim et al., 2009b).   
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7.4 GSK3 activity and FL-APP stability  

7.4.1 TFEB and lysosomal biogenesis  
An important function of GSK3 has been associated with the phosphorylation-

mediated degradation of proteins, such as β-catenin.  Canonical activation of the Wnt 

pathway, which inhibits GSK3, has been associated with the stabilisation of a specific 

subset of proteins that may well alter several signalling cascades independent of the β-

catenin-mediated transactivation of downstream target genes (Kim et al., 2009b). 

Taelman et al, 2010 found that the stability of approximately 20% of the proteasome 

is mediated through GSK3.  This was compounded by a bioinformatics approach that 

identified several thousand putative targets with three consecutive GSK3 kinase sites 

that could be subjected to proteasomal targeting made typical by β-catenin.  Of the 

numerous candidates highlighted, transcription factors make up a significant portion.    

In the present study, proteasome inhibition just partially reversed the GSK3-

mediated degradation of FL-APP, which indicates that other degradative pathways 

must be involved.  Evidence presented here for the first time illustrates that GSK3 is 

able to regulate the activity of TFEB, which contains 3 consecutive sites for GSK3 

phosphorylation and can be primed by p90/Rsk1 (Taelman et al., 2010, Settembre and 

Ballabio, 2011).   Phosphorylation of TFEB by MAPK is believed to underlie the 

sequestration of TFEB from the nucleus (Settembre et al., 2011).  However, it is 

shown here that specific GSK3 inhibition with the inhibitor VIII leads to a dramatic 

translocation of TFEB to the nucleus.  It could be hypothesised therefore that GSK3 

activity could be associated as well with TFEB phosphorylation (see figure 7.1A-B).  
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Figure 7.1: Schematics of the hypothetical effects of specific GSK3 inhibition on FL-APP 
degradation. 

(A) Signalling under basal conditions, with normal lysosomal degradation following the secretory 

pathway of APP. (B) GSK3 activity is reduced by canonical Wnt activation, pharmacological 

inhibition and siRNA knockdown of GSK3 expression.  Reduced GSK3 phosphorylation of TFEB 

leads to nuclear translocation and upregulation of lysosomal biogenesis genes (Palmieri et al., 2011).  

This leads to an increase in localisation of APP with LAMP1-positive vesicles and possibly an increase 

sequestration of APP in autophagosome structures.  
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7.4.2 Further investigation on TFEB 
Further investigation is needed in order to provide bona fide evidence of this 

hypothesis stating GSK3 can regulate the nuclear translocation and therefore activity 

of TFEB.  For instance several routes could be taken to demonstrate that the transient 

transfection of TFEB-FLAG is specific and indicative of the mechanism.  As 

overexpression of TFEB has been used so far, studying the endogenous TFEB could 

be possible by knocking down TFEB using siRNA approach, which is commercially 

available.  Secondly, using specific antibodies against TFEB, which have only just 

been made available commercially, it is possible to monitor the endogenous 

localisation of TFEB with specific GSK3 inhibition.   Once it is proven that 

endogenous TFEB is sensitive to specific GSK3 inhibition, RT-qPCR analysis could 

be employed to ascertain which, if any lysosomal biogenesis genes are upregulated.  

A recent study combining several techniques including chromatin-

immunoprecipitation (ChIP) analysis into a high-throughput screen for direct targets 

of TFEB have shown LAMP1 to be one of these (Palmieri et al., 2011).   

 Having shown that endogenous TFEB is sensitive to specific GSK3 inhibition 

and responsible for gene upregulation, it would be of interest to use an in vitro kinase 

assay to demonstrate that GSK3 is actually capable of phosphorylating TFEB as 

indicated elsewhere (Settembre et al., 2011).  Experiments using mutated TFEB at 

putative positions of GSK3 phosphorylation would allow to determine whether this 

phosphorylation affects the function of TEFB and its nuclear translocation (Taelman 

et al., 2010).   

 Lastly it would be relevant to see if activation of the canonical Wnt cascade 

leading to GSK3 inactivation can also lead to increased TFEB nuclear localisation 

and lysosomal biogenesis.  
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7.5 Decreased GSK3 activity reduces BACE1 transcription 
The data presented here establishes a link between GSK3 activity and transcriptional 

regulation of BACE1.  This effect was shown by both pharmacological inhibition of 

GSK3 and upstream negative regulation on GSK3 via activation of the canonical Wnt 

pathway.  Concomitant with reduced BACE1 mRNA expression, specific GSK3 

inhibition also led to a reduction in the BACE1 promoter activity, which indicates that 

the BACE1 promoter may contain consensus sites for transcription factors regulated 

by GSK3.  Because GSK3 inhibition leads to β-catenin stabilisation in the nucleus, 

one could speculate that β-catenin in conjunction with other transcription factors 

could regulate the transcription of BACE1.   In contrast, the BACE1 transcription 

alteration with specific GSK3 inhibition could be independent of any transactivating 

function of β-catenin.   Both contrasting hypotheses are discussed below.  

7.5.1 Decreased GSK3 activity reduces BACE1 transcription through 
β-catenin regulation 
In support of the β-catenin-transactivation dependent hypothesis, it was observed that 

overexpression of β-catenin S33 led to a reduction in the BACE1 promoter activity.  

However β-catenin is normally associated with transactivation and not repression of 

canonical Wnt target genes.  As a paradigm, direct canonical Wnt target genes are 

usually driven by activity at LEF/TCF binding sites but are usually repressed in the 

basal case through interaction with Groucho (Nusse, 2008).  This interaction leads to 

chromatin remodelling, closing off the promoter.  An increased β-catenin level leads 

to the displacement of Groucho and consequently the opening of the promoter for 

transactivation.  However it cannot be ruled out that the increased β-catenin signalling 

may lead to repression at LEF/TCF binding sites through some other alternative 

mechanism (see figure 7.2).  A preliminary bioinformatics approach revealed several 

putative LEF/TCF binding sites within the minimal rat promoter, which is shown in 

figure 7.3A with site details in table 7.1.  The initial 601bp of the BACE1 promoter 

sequence is highly conserved between rat, mouse and human and multiple binding 

sites where also found in these promoters (Lange-Dohna et al., 2003).   
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Figure 7.2: Hypothetical mechanism for BACE1 transcriptional regulation 1.  

A hypothetical mechanism leading to repressed BACE1 transcription resulting from reduced GSK3 

activity, that is β-catenin-transactivation dependent and relies on direct action on the BACE1 promoter.  

In addition β-catenin may function to inhibit GSK3 by increasing its sequestration.   
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Table 7.1: Putative binding sites for LEF/TCF family of transcription factors in the rat BACE1 
promoter. 

 

Table 7.1: Several submitted promoter sequences (Accession no. column) for the Rattus Norvegicus 

Bace1 gene (Gene ID: 29392) were scrutinised for all submitted matrices for transcription factor 

binding sites using the MatInspector software tool from Genomatix (Cartharius et al., 2005, Quandt et 

al., 1995).   Numerous putative consensus-binding sites for the LEF/TCF family of transcription factors 

were found and described by the Matrix column and the corresponding matching sequence in the 

promoter.  Each match was annotated by which strand it was located and its start, finish and anchor 

point.  *Optimised matrix similarity threshold sets a stringency tailored to each independent matrix to 

allow for maximum power without finding false positives.  **Core similarity is set to 1.0, where by 

each of the highest conserved bases in the matrix (core sequence) must match exactly in the found 

sequence (shown in upper case).  ***Matrix similarity describes how similar the identified sequence is 

to the full matrix sequence with a maximum score of 1.0.  

 

Accession no. Matrix Opt. 

* 

Start 

position 

End 

position 

Anchor 

position 

Strand Core 

sim. 

** 

Matrix 

sim. 

*** 

Sequence 

GXP_1419160 V$LEF1.04 0.84 172 188 180 - 1 0.919 tcctaaTCAAtaaatgg 

GXP_1750874 V$LEF1.02 0.94 573 589 581 + 1 0.949 gtggggtCAAAggcaga 

GXP_3427733 V$LEF1.01 0.86 340 356 348 + 1 0.88 aagccaaCAAAgtaaga 

GXP_3427734 V$TCF7.01 0.85 450 466 458 - 1 0.867 gcgtcatCAAAtaaatt 

GXP_3427735 V$LEF1.04 0.84 67 83 75 + 1 0.841 caatttTCAAttagtga 

GXP_3427735 V$TCF7L1.01 0.86 486 502 494 - 1 0.882 aacaaatCAAAaggctg 

GXP_3427735 V$LEF1.02 0.94 514 530 522 - 1 0.949 cctacctCAAAggttat 
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Figure 7.3: Putative consensus LEF/TCF binding sites within the rat BACE1 promoter.  

Genomatix’s MatInspector was used to search several submitted rat BACE1 promoter sequences for 

putative consensus binding sites for the LEF/TCF transcription factors (A).  These binding sites are 

shown with the blue tabs shown at their position along the promoter sequence.  Full details are given in 

Table 3.1.  The red arrow indicates the transcription start sites.  The submitted sequences consist of 

601bp immediately upstream of the ATG transcription start codon, which shares high sequence 

homology to mouse (92%) and human (81%) BACE1 (B) (Lange-Dohna et al., 2003).   
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A comprehensive analysis of genes regulated by Wnt1, another canonical Wnt 

cascade activator, revealed that BACE1 transcription might be a target of this 

cascade.  In addition, there was evidence that this regulation was from a first wave of 

transcriptional alterations in a times series (Wexler et al., 2010).  Alternatively, this 

would imply that the reduced BACE1 transcription observed here is not an immediate 

effect, but resulting from changes in the transcriptional expression of an intermediary 

gene target (see figure 7.4). 

 

 

Figure 7.4: Hypothetical mechanism for BACE1 transcriptional regulation 2.  

Illustrated above is a hypothetical two-wave and β-catenin-transactivation dependent mechanism. With 

reduced GSK3 activity, β-catenin alters the expression of an intermediary gene, which in turn alters the 

transcriptional expression of BACE1.  
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A possible mechanism could be that β-catenin could affect the activity of other 

transcription factors, such as PPARγ or NFκB (Mulholland et al., 2005, Shitashige et 

al., 2008).  In this regard, it was reported that activation of the Wnt/β-catenin 

pathway, increases PPARγ levels by decreasing its degradation (Jansson et al., 2005).  

PPARγ has been shown to reduce BACE1 transcription through binding to a PPARγ-

repression-element (PPRE) present on the BACE1 promoter (Sastre et al., 2006a).  

Interestingly, it was shown that PPARγ and β-catenin contain an interaction domain 

that allows a direct physical interaction between each other (Liu et al., 2006) (see 

figure 7.5).   

 

 

Figure 7.5: Hypothetical mechanism for BACE1 transcriptional regulation 3.  

Final β-catenin-transactivation dependent mechanism for altered BACE1 transcriptional regulation 

with decreased GSK3 activity.  β-catenin influences the already characterised PPARγ action at the 

PPRE site in the BACE1 promoter sequence.   
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7.5.2 Decreased GSK3 activity reduces BACE1 transcription through 
β-catenin-transactivation independent mechanisms 
Another possible explanation is that the reduction of the BACE1 promoter activity 

with β-catenin S33 overexpression may result from the increase in subcellular 

sequestration of GSK3, and not through its nuclear functions.   In addition to this 

other factors influenced by GSK3 inactivation could modulate BACE1 repression (see 

figure 7.6A). 

The alteration of BACE1 transcription may be mediated through other factors 

directly affected by GSK3 inhibition as opposed to being dependent on β-catenin-

transactivation.  Several confirmed regulation sites within the upstream promoter 

region of BACE1 have been documented for NFκB (Bourne et al., 2007), YY1 

(Nowak et al., 2006) and Spa1 (Christensen et al., 2004), with a mixture of repression 

and activation (Rossner et al., 2006).  This is of interest as a bioinformatics approach 

identified of the many transcription regulators, that contain three or more consecutive 

GSK3 consensus phosphorylation sites and as such maybe stabilised upon canonical 

Wnt induction, include NFκB, YY1 and PPARγ (see figure 7.6A-B and table 7.2).  

This table, which was adapted from a supplementary table from Taelman et al (2010), 

lists a selection of relevant transcription factors and additional regulating factors that 

are putative GSK3 targets and therefore may alter BACE1 expression in response to 

an alteration in GSK3 activity.  
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Figure 7.6: Hypothetical mechanism for BACE1 transcription regulation 4 and 5.  

BACE1 transcriptional regulation is altered with reduced GSK3 activity by β-catenin-transactivation 

independent mechanisms.  Increased β-catenin levels act to increase GSK3 activity by increasing its 

sequestration.  (A) With the increased inactivity of GSK3, PPARγ is stabilised and can signal more 

strongly in the nucleus at the PPRE of the BACE1 promoter. (B) Molecules X, Y and Z represent 

unknown transcription factors that directly alter the transcription of BACE1 by interacting with 

repression elements (RE) or antagonising positive regulators. 
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Table 7.2: List of selected putative GSK3 kinase targets.  

Ensebl Family ID Gene name Description Consecutive 

GSK3 

sites* 

Conservation 

index** 

BACE1 

association 

Reference 

ENSFM00250000000692 TFEB Transcription 

factor EB 

3 32 N/A  

ENSFM00250000006958 PPARGC1A 

(PGC1a) 

Co-activator 

of PPARγ 

3 6 Unaltered Parr et al., 

2011 

ENSFM00250000003534 PPARBP PPARγ 

binding 

protein 

6 7 Unknown  

ENSFM00250000000390 PPARG PPARγ 5 8 Down Sastre et., 

2006 

ENSFM00500000274652 RYBP Ring1 and 

YY1 binding 

protein 

4 6 Unknown  

ENSFM00250000003042 YY1 Ying Yang 1 6 13 Up Nowak et 

al., 2006 

ENSFM00250000000565 NFKB2-

RELA/NFKB1-

REL 

NFκB 3 5 Down Bourne et 

al., 2007 

ENSFM00250000006650 NKRF NFκB 

repressing 

factor 

3 7 Unknown  

ENSFM00250000007050 NFKBIE NFκB 

inhibitor 

epsilon 

3 5 Unknown  

 
Table 7.2: A selection of the 4, 802 putative GSK3 kinase targets identified from containing three or 

more consecutive consensus sites for GSK3-mediated phosphorylation upstream of serine/threonine 

priming event.  *The maximum number of these consecutive consensus kinase sites. **Compares 

phosphorylation sites found in human protein families to several other organism’s proteomes including 

Mus Murulus. The higher the number the more conserved this site is.  Up, down, unaltered and 

unknown define the putative affect on BACE1 transcription established from data already published 

and referenced within the table.  

 

The signalling for each regulator alone is complex and so the combinatorial effects of 

multiple factors within the nucleus is far beyond reasonable speculation and thus 

warrants further investigation. 
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7.5.3 Further investigation 
To ascertain the mechanisms by which β-catenin regulates BACE1 transcription by 

changes in GSK3 activity, further experimentation should be carried out.   

 Despite the rat, mouse and human promoter being highly homologous, the first 

step should be confirming the effect of GSK3 inactivation on BACE1 transcription 

with mouse and human BACE1 promoter constructs.  In order to confirm if the effects 

of specific GSK3 inhibition on BACE1 transcription are mediated through β-catenin 

transcriptional regulation, a β-catenin clone mutated at positions K312E and K435E 

could be used.  These mutations are located in an interaction domain needed for 

LEF/TCF interaction, and therefore β-catenin would not be capable of transactivation, 

as shown by the TOPflash assay (Liu et al., 2006).  Alternatively the Inhibitor of β-

catenin And TCF (ICAT) (Daniels and Weis, 2002) could be overexpressed to block 

any nuclear function of β-catenin, in combination with specific GSK3 inhibition, and 

measure if there are differences in the promoter activity of BACE1.   As shown above 

there are several putative binding sites for the family of LEF/TCF transcription 

factors but these would need to be confirmed.  Site-specific mutagenesis of the 

potential sites in the rat BACE1 promoter-luciferase construct can be used to ascertain 

which or if any are sensitive to GSK3 inactivation.  Fragmentation of the BACE1 

promoter can be combined with gel-shift analysis to identify which regions of the 

promoter are involved in the binding of the LEF/TCF transcription factors with 

BACE1 promoter.    

 In order to determine whether the effects of β-catenin are mediated through 

changes in GSK3 localisation rather than transactivation, experiments using confocal 

analysis of GSK3 in Rab7-positive multivesicular bodies (MVBs) could be carried 

out, altering the expression of β-catenin in the cell (Taelman et al., 2010).  Increased 

sequestration would infer less GSK3 activity and therefore would mimic Wnt3a or 

pharmacological inhibition in terms of their effects on BACE1 expression. 

 To differentiate between canonical and non-canonical Wnt signalling, a couple 

of approaches could be taken.   In addition to Wnt3a, which is classically a canonical 

Wnt cascade activator, other non-canonical Wnt activators like Wnt5a and Wnt7a 

could be used to understand the regulation on APP processing.  Conversely, Wnt 

antagonist like sFRP-1 and DKK1 could be used as well.  In the case of non-canonical 

regulation, Wnt target genes are regulated through β-catenin-independent mechanisms 
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and therefore could elucidate further mechanisms still that influence APP processing, 

in particular BACE1.  

 To explore the involvement of PPARγ in the GSK3-mediated regulation of 

BACE1 transcription, experiments with specific GSK3 inhibitors can be carried out in 

wild-type mouse embryonic fibroblasts (MEFs) and knockout PPARγ-/- MEF cells. 

Access to these cell-lines will come through collaboration with Evan Rosen (Beth 

Israel Deaconess Medical Centre, Boston).  These cells could be transfected with 

PPARγ, to determine whether the effect is rescued (Sastre et al., 2006a).  To 

corroborate these effects in N2aSw cells, PPARγ could be silenced by siRNA (Sastre 

et al., 2006a). 

 To understand whether β-catenin can influence PPARγ repression of BACE1 

transcription, the β-catenin K312E/K435E mutant could be used, which prevents the 

interaction between β-catenin and PPARγ.  Again by using the same wild-type MEF 

cells and PPARγ-/- MEF cells, overexpression of β-catenin and its effect on BACE1 

transcription could be studied.  The complex interactions of nuclear factors mentioned 

above could be studied using ChIP analysis on the BACE1 promoter following 

specific GSK3 inhibition, in similar approach recently used to identify LAMP1 as a 

direct transcription target of TFEB (Palmieri et al., 2011).   

In the case that BACE1 transcription is independent of β-catenin 

transcriptional regulation, the involvement of further transcription factors would also 

be of interest, using similar methods of overexpression, BACE1 promoter activity and 

ChIP analysis. 

7.5 Canonical Wnt cascade and sporadic AD 
Evidence presented in chapter 5 demonstrates the ability of the canonical Wnt cascade 

to regulate APP processing.  Therefore, any aberrant canonical Wnt signalling may 

result in altered APP processing, including dysregulation of BACE1 transcription.  

The study of AD patients with familiar PSEN1 mutations, where the pathogenesis is 

strongly linked to increased Aβ production, has revealed strong links to the canonical 

Wnt cascade.  Mutations in the PSEN genes can alter β-catenin stabilisation and 

presumably canonical Wnt signalling (Boonen et al., 2009).  To further understand the 

role of the canonical Wnt cascade in the pathogenesis of SAD, the level of β-catenin 

from brain homogenates was investigated.   If altered this would be in part an 
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indication of aberrant canonical Wnt signalling in SAD.   Indeed it was evident that 

the level of β-catenin from the nuclear fraction of homogenised brains of SAD 

patients was reduced when compared to age-matched, non-demented controls.   This 

only bolsters the consensus from the literature that AD, both familial and sporadic, is 

associated with a decreased induction of the canonical Wnt cascade, which has 

profound effects for synaptogenesis, LTP and synaptic plasticity.  As a result, any 

method of restoring the homeostatic levels of Wnt activity would prove beneficial.  It 

would seem that a therapy already approved as an AChE inhibitor could even promote 

a beneficial effect by activating Wnt/β-catenin signalling (Wang et al., 2011).  

However, aberrantly activating the canonical Wnt pathway could result in secondary 

side effects such as increased cancer incidence.   

7.6 General limitations and future directions 
While best efforts were made to corroborate some of the major findings in multiple 

cell-lines, this data would need to be verified in both primary neuronal cultures and 

ultimately in animal models, something which is underway.  The collaboration with 

Professor Fred Van Leuven is a great benefit in providing the necessary animal 

models for investigating GSK3 regulation on APP processing.  This is particularly 

pertinent to ascertain in vivo which GSK3 isoform or if both are responsible for the 

effect on APP processing.  More recent publications have shown that Gsk3α 

conditional knockout crossed with APP.V717I mice showed no alteration in APP 

processing (Jaworski et al., 2009).  In contrast, data regarding the contribution of the 

GSK3β isoform has been more difficult to obtain owing to the lethality of a complete 

knockout (Kremer et al., 2011).  To avoid this, Professor Van Leuven’s group has 

generated Gsk3 conditional knockouts and shown that, GSK3α and GSK3β do not 

have a major effect on APP processing, that was published only very recently 

(Jaworski et al., 2011).  In contrast, in a limited number of mice shown here (see the 

addendum), there is a trend for a decrease in FL-APP levels and an increase in LC3-II 

production in Gsk3β conditional knockout mice.   

One could argue that knocking down the protein to reduce activity could be 

dramatically different to pharmacological inhibition of GSK3 because in the latter, 

GSK3 can still interact with its binding partners.  Further to biochemical analysis of 

Aβ generation in vitro, it would be necessary to investigate the effects of the treatment 
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with a specific GSK3 inhibitor such as AR-A014418 (VIII) in AD transgenic models.  

Specific GSK3 inhibition with a novel inhibitor, NP12, was found to reduce the 

amyloid plaque load, hyperphosphorylated tau and neuronal loss in a double 

transgenic model that was specific to the Swedish variant of APP (Serenó et al., 

2009).  However, no mechanism was proposed.  While evidence presented here and 

from other studies establishes that the effects of GSK3 inhibition do not seem to be 

specific to any particular familial form of APP, it would be beneficial to check 

different types of AD transgenic models, with different mutations and treated with a 

specific inhibitor such as AR-A014418.  In a limited number of APP/tau transgenic 

mice, specific GSK3 inhibition resulted in a trend for reduced FL-APP protein 

expression (data not shown).  

 This preliminary investigation into the regulation of APP processing by the 

canonical Wnt cascade is a stepping-stone into understanding much broader themes.  

For instance, overexpression of APP has been shown to increase β-catenin 

degradation (Chen and Bodles, 2007) and therefore could explain the cognitive 

deficits in patients with increased gene-dosage of APP, such as in DS patients.  

Several key players such as PSEN1, GSK3, and β-catenin can physically interact with 

each other to alter their activities.  Therefore, it would be relevant to investigate 

whether APP and β-catenin could also interact directly to influence each other.  

Preliminary data from our laboratory not included in this study show that APP and β-

catenin can bind to one another by co-immunoprecipitation studies.  We hope to 

confirm this with more robust methods such as fluorescent-resonance energy transfer 

(FRET), which can also tell something of the dynamics between the interactions.  

Both PSEN1 and β-catenin have close interactions with cadherin complexes, which in 

turn are thought to indirectly maintain synaptic connections.  APP itself is also 

thought to, in some way, promote synaptic integrity from knockout mice and it could 

be interesting to prove that APP could be associated with tight junction complexes 

(Wang et al., 2005, Guo et al., 2011, Yang et al., 2005).  These studies could also 

shed more light on the native functions of APP.  
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7.7 Developments of current AD therapies and GSK3 as a 
promising therapeutic target 
Currently, only the symptoms of AD can be treated, with therapies that bolster 

cholinergic signalling by inhibiting the acetylcholinesterase and those that dampen the 

NMDAR excitotoxicity.  As a result, and based on the amyloid cascade hypothesis, 

several disease-modifying therapies are currently in the clinical stages of development 

that generally either inhibit the amyloidogenic secretases or promote the α-secretase 

(Carter et al., 2010).  The latter has proved more promising.  There are several classes 

of approved drugs such as statins (Bettermann et al., 2011, Jick et al., 2000, 

Fassbender et al., 2001) and muscarinic G-protein coupled receptor agonists (Müller 

et al., 1997, Davis et al., 2010), which may promote non-amyloidogenic processing.  

The major barrier to developing inhibitors to reduce amyloidogenic production of Aβ 

is that both BACE1 (Vassar et al., 2009, Hu et al., 2006, Willem et al., 2006) and 

PSEN1/2 (Cummings, 2010, Bittner et al., 2009) have several other targets 

independent of their secretase function, and therefore lead to a low therapeutic-index 

with major side effects.  As a result, there has been a recent barrage of clinical-phase 

failures that has called in to question the amyloid cascade hypothesis as the central 

process in AD pathogenesis (Selkoe, 2011, Karran et al., 2011).  However, efforts are 

still being maintained to develop novel therapeutic strategies (Rajendran et al., 2008) 

and there are also several other proteins that modulate the secretase function that 

could be targeted instead of direct inhibition (Yasojima et al., 2000, Hu et al., 2007, 

Schwab et al., 2000, Tesco et al., 2007).   Even better still, a revolution has brought 

about a shift to trialling therapies in recruited patients in the milder stages of the 

disease, which has been aided by better diagnosis and prognosis for full conversion to 

AD (Zhang et al., 2011).  Better still, is the ability to trial these disease-modifying 

therapies in individuals who are currently asymptomatic but have a familial history of 

FAD and therefore pre-empt the amyloid trigger, central to the amyloid cascade 

hypothesis.  This will be the ultimate test of the hypothesis.  

There has been a concerted effort from both industry and academia to develop 

immunotherapies that can prevent and clear the formation of these amyloid plaques. 

Indeed, the initial studies from Elan and Wyeth pharmaceuticals showed efficacy in 

clearing amyloid deposits shown with imaging studies (Schnabel, 2011).  

Unfortunately, the study was cut short owing to deaths resulting from isolated 

incidents of menigoencephalitis.  This however has not stopped other drug companies 
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picking up the baton and developing these vaccination therapies further using 

alternative antibodies and dosing regimes. Ultimately, advocates of the amyloid 

vaccination proposal would argue for a preventative treatment as opposed to clearing 

amyloid in already demented individuals.  This is a worthy consideration as amyloid 

plaques levels correlate very badly with cognition and is seen more as a trigger of 

events, that once started are irreversible.  

GSK3 activity is strongly associated with tau hyper-phosphorylation, Aβ-

mediated toxicity, NFκB induced inflammation, LTP and finally APP processing as 

shown through in vitro modelling presented here.  Furthermore, specific GSK3 

inhibition in diabetic patients normalises insulin sensitisation and glucose synthesis, 

this is promising when considering the strong association between type-II diabetes 

and AD (Rayasam et al., 2009b).  Therefore, it provides a crucial therapeutic target 

beyond the more disappointing studies with LiCl.  While more recent literature with 

specific GSK3 inhibitors is promising, more research is required in order to 

manipulate GSK3 in a more controlled fashion without disrupting the many signalling 

pathways they maybe be influenced.  GSK3 signalling can vary greatly depending on 

the upstream stimulus.  This will be based on the downstream targets and altering the 

specificity of GSK3 depending on the context.  For the reason that subcellular pooling 

of different isoforms can regulate GSK3, its activity can affect specific targets by 

forming complexes with additional proteins.   Archetypal of this is the destruction 

complex within the canonical Wnt cascade.  However, additional adaptor proteins 

have been discovered including the GSK3-binding proteins (GBP/ FRAT) (Yost et al., 

1998) and the GSK3-interaction protein (GSKIP) (Chou et al., 2006) that act as 

natural modulators of activity as opposed to straight inhibitors/activators.  This new 

research will be beneficial in order to develop novel disease-modifying therapies 

centred on GSK3 without detrimental side effects.  Like other disease-modifying 

therapies being developed for AD, the greatest success will come from early or even 

preventive regimes and therefore patients might have to be maintained on this therapy 

for decades.  It is of up-most importance that research should air on the side of 

caution as GSK3 activity dampens common pathways such as the canonical Wnt 

cascade that are hyper-activated in many cancers (Luo et al., 2007).  Some confidence 

can be taken from case histories of patients being administered with LiCl for 

neuropsychiatric conditions for years, even decades without an increase of cancer 

incidence (Cohen et al., 1998).  This is however may result from LiCl being at best a 
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very poor inhibitor of GSK3 and therefore allowing for a modest level of GSK3 

activity.  

Of great interest was the finding that specific GSK3 inhibition is involved 

with increased lysosome biogenesis and autophagy flux through the autophagy-

lysosome degradation pathway.  In addition to the many lysosomal storage diseases 

which show a similar neurodegenerative phenotype (Tamboli et al., 2011), autopsy 

analysis of human SAD brains (Cataldo et al., 1997) and certain AD transgenic 

models (Yang et al., 2008), have reported the presence of altered endosomal, 

lysosomal and autophagy compartments (Rubinsztein et al., 2005, Boland et al., 

2008).  This may also arise from the PSEN1 familial mutations, which have shown to 

disrupt these processes (Qiang et al., 2011, Lee et al., 2010).  Furthermore, inhibition 

of effective lysosomal proteolysis was enough to directly induce Alzheimer’s-like 

axonal dystrophy in primary neuronal cultures (Lee et al., 2011).  With age it seems 

that homeostatic processes such as autophagy become inefficient, which ultimately 

may arise from the increase expression and activity of GSK3 associated with aging 

shown in vivo and in humans.  Therefore, there could be a call for therapies to target 

GSK3 to improve the homeostasis of these important degradative and processing 

compartments.    
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CONCLUSION 
The main aim of this project was to clarify and extend the current knowledge of the 

role that GSK3 plays in the processing of APP.  This is of importance, as it would 

plug a significant gap in the provocative GSK3 hypothesis of AD pathogenesis.  

Firstly, the early studies have heavily relied on the assumption that LiCl is a potent 

GSK3 inhibitor, an assumption, which many now doubt.  Secondly, the lack of the 

specific mechanism by which GSK3 affects Aβ generation.  Lastly the previous 

consensus was shaped from a mishmash of data generated in divergent paradigms.   

 Provided here is a comprehensive elucidation of the effects that occur from 

altering GSK3 activity.  The focus has mainly been by lowering GSK3 activity owing 

to the fact that the basal activity for GSK3 is already high in cells.  In addition to 

using specific GSK3 inhibitors not used before, it was taken further by incorporating 

the activation of the canonical Wnt cascade, which also leads to GSK3 inactivation 

and found to reduce the production of Aβ.  A reduction in nuclear β-catenin in SAD 

patients could be indicative of collapsed Wnt signalling in these brains that ultimately 

may drive pathogenesis, firstly by promoting Aβ generation but also by losing 

synaptic integrity.    

 The increased lysosomal biogenesis promoted by specific GSK3 inhibition 

was an unexpected outcome that may prove beneficial for therapy.  Focusing on 

protein turnover and homeostasis, it would be of interest to see if similar treatments 

would benefit this aspect of pathogenesis in the many AD transgenic models.  The 

implication of disrupted Wnt signalling in AD and the evidence provided here, would 

argue that activating this cascade would be beneficial by promoting neurogenesis and 

negatively regulating GSK3 and its detrimental functions in AD.  

The expanded investigation in vitro was required to establish consistency and 

allow for complex mechanistic detail to be studied.  Therefore, while much can be 

gained from this study, it is important to take this initial step and confirm major 

findings or signposts in vivo with AD transgenic models and human tissue.  
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