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Abstract 
 

Alzheimer’s disease (AD) is a neurodegenerative disease that is pathologically 

characterized by abnormal deposition of extracellular amyloid plaques and intraneuronal 

neurofibrillary tangles. The deposition of these aggregated proteins causes progressive 

brain atrophy resulting from gradual synaptic loss and neuronal cell death. Although the 

aetiology of AD remains elusive, studies have shown that amyloid beta (Aβ) peptide, a 

cleavage product from amyloid precursor protein (APP), is a key protein causing AD 

pathogenesis. Recent studies have identified how the presence of soluble low molecular 

weight Aβ oligomers in the brain correlate best with synaptic loss, and they are a better 

predictor of disease progression compared to the presence of amyloid plaques or 

neurofibrillary tangles.  

 

In the AD brain, neuronal subpopulations appear to exhibit different levels of 

vulnerability to Aβ, particularly the basal forebrain cholinergic and hippocampal 

glutamatergic neurons, while GABAergic neurons appear to remain unaffected till later 

disease stages. Current treatments based on knowledge gathered from mouse models 

targeting the cholinergic and glutamatergic systems only alleviate symptoms and are 

ineffective in halting disease progression. Therefore, we hypothesize that Aβ exerts its 

neurotoxic effect by binding to a subpopulation of mature neurons. To address this, 

human embryonic stem cells (hESCs) were differentiated into mature glutamatergic and 

GABAergic neurons and cultured up to 12 weeks. These cultures were treated fortnightly 

with soluble synthetic Aβ peptide for 96 hrs. We found that Aβ bound to neurites in 

culture, altered gene expression and neurotoxicity was more pronounced in 6-week old 

glutamatergic than GABAergic cultures. Further investigations in determining the 

specific toxic species of Aβ oligomers revealed that 12 week old cultures were more 

susceptible to Aβ oligomer induced toxicity, with Aβ dimers being most toxic to 

glutamatergic neurons while GABAergic neurons were most susceptible to Aβ tetramers.  

 

In summary, we successfully established a simple hESC based model to study Aβ 

toxicity. Our findings also highlight the importance of using relevant human cell-based 

models to study AD pathogenesis as well as identify potential AD modifying therapeutic 

strategies.  
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CHAPTER 1 Introduction 

1.1 Alzheimer’s disease 

1.1.1 Discovery of Alzheimer’s disease 

Alzheimer’s disease (AD) pathology was first characterised by the German 

neuropathologist, Dr Alois Alzheimer in 1906. He described how one of his patients, 

Auguste Deter, was suffering from short-term memory losses and displaying several 

behavioural abnormalities such as disorientation and hallucinations. Following her death, 

her brain was removed and was examined by histological analysis. A detailed necropsy 

revealed dramatic brain shrinkage and Alzheimer described the presence of dense plaque 

like deposits scattered around nerve cells and the presence of dense like tangle structures 

localised within cellular structures (Figure 1.1) (Alzheimer, 1911). He presented his 

observations at a scientific meeting in 1906, and in 1910 the disease name got its 

eponymous title.  

 

 

Figure 1.1. Extracts of the original work published by Alzheimer in 1911 

showing histopathological examination of neuron plaques and drawings of 

neurofibrillary tangles. 

(A) Bielschowsky-stained tissue section was prepared by the NISSL technique, the most 

commonly used procedure at the time to identify neuron plaques in the cerebral cortex 

of the Alzheimer patient Johann F. It was noted that pyramidal neurons and neurites 

within the plaque did not have neurofibrillary changes. (B) Neurofibrillary tangles 

from Auguste D, drawn by Alzheimer. Images adapted from (Graeber et al., 1997) and 

(Alzheimer, 1911) respectively.  
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1.1.2 Key events 

There was limited advancement in our understanding of the causes of AD for many 

decades. It was not until the 1980’s that a major breakthrough discovery was made with 

the identification, purification and sequencing of amyloid-β peptide (Aβ) - a major 

component present in the plaques isolated from AD brains (Figure 1.1A) (Glenner, 1982; 

Masters et al., 1985).  

 

Cloning of the amyloid precursor protein (APP) gene and the identification of mutations 

in APP linked to familial AD led Hardy and Higgins to conceptualize the “amyloid 

cascade hypothesis” (Hardy and Higgins, 1992). It suggested the deposition of Aβ and 

fibril-induced neuronal death is a key event in AD pathology. This hypothesis became 

the chief paradigm in AD research.  

 

In 1995, the first transgenic mouse model to develop Alzheimer-like brain pathology was 

announced (Games et al., 1995), and the field subsequently created additional mouse 

models that develop amyloid pathology (Higgins, 1999; Higgins and Cordell, 1996; Hsiao 

et al., 1996) (see section 1.9).  

 

In 1999, a strong correlation between soluble oligomeric Aβ levels in AD brains and the 

degree of AD severity was reported (McLean et al., 1999). This caused the field’s 

research on Aβ toxicity to be centred around oligomeric Aβ species as the toxic culprit in 

AD.  

 

In 2004, Klunk and colleagues generated an imaging agent, Pittsburgh Compound B 

(PIB), which enters the brain through the bloodstream and attaches itself to Aβ deposits 

where it can be detected by positron emission tomography (PET) (Klunk et al., 2004). 

This was a major breakthrough allowing disease monitoring and early detection of AD in 

living patients.  

 

From then till now, the AD field has generated several therapeutics that modestly slow 

disease progression (discussed in section 1.7), highlighting the need for improved 

therapeutics that are disease modifying. Advancements in human biology have driven the 

AD field into using more humanised models of AD to better delineate the underlying 

cause of AD pathogenesis and are discussed in sections 1.9 and 1.10. 
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1.1.3 Prevalence of Dementia and Alzheimer’s disease 

The global impact of dementia is extensive. It is estimated that 50 million individuals are 

currently living with dementia worldwide, and this number is expected to double every 

two decades, reaching 131.5 million diagnosed with AD by the year 2050 (Martin Prince, 

2015). In Australia, dementia is the second leading cause of death for males, and it is 

currently the leading cause of death for females (Statistics., 2017). In 2018, it was 

estimated that the economic impact of this disease will cost Australia more than $15 

billion, with the total cost projected to increase to $36.8 billion by 2056 (NATSEM, 

2016).  

 

Dementia is an umbrella term used to describe a group of brain disorders that cause brain 

function to fail over time. Of these disorders, Alzheimer’s disease is the most common 

form and it represents close to 70% of all dementia cases. Due to a combination of aging 

populations, advances in health and medical technologies leading to increased life 

expectancies and with no therapeutic treatment for AD patients, this will no doubt lead to 

a dramatic rise in the incidence and prevalence of this disease. The debilitating effects of 

AD are felt not only by individual sufferers, but this disease significantly impacts the 

families and caregivers. The financial and economic costs in caring for AD patients are 

very high and the social burden brought on by this disease only further emphasize the 

urgent need for a therapeutic drug, a cure or even an early biomarker test. 

 

AD has traditionally been defined by underlying pathological process documented by 

post mortem examination or in vivo biomarkers. However, despite having identifiable 

neuropathological signatures, a large number of patients fail to be adequately categorized 

by them. In 2011, the National Institute of Aging and Alzheimer’s Association proposed 

a new paradigm to better characterise the 3 stages of AD - the preclinical, mild cognitive 

impairment and dementia stages (Jack et al., 2018). While these were mainly for use in 

observational and interventional research only, the proposed revision in defining AD 

focuses on diagnosing AD using biomarkers in living persons. However, this distinction 

separates the clinical aspect of AD from its biological entity and remains to be accepted. 

For the purpose of this thesis, the term “AD” encompasses both clinical and pathological 

aspects of the disease. 
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1.2 Pathology of AD 

The characteristic hallmarks of AD development are progressive brain atrophy from 

neuronal and synaptic losses (Figure 1.2), abnormal deposition of extracellular amyloid 

plaques and the presence of intracellular neuronal fibrillary tangles (NFT) (Figure 1.1) 

(Braak and Braak, 1991). Brain atrophy is typically seen in the entorhinal and 

hippocampal cortex (Braak et al., 1993), which are key regions involved in memory 

formation (Hyman et al., 1984). Since brain atrophy results in severe neuronal loss, this 

is believed to cause the clinical symptoms of behavioural, cognitive and memory function 

impairment that are commonly reported by AD patients and caregivers when they present 

to the clinic (McKhann et al., 1984). 

 

 

Figure 1.2. Pathological changes in Alzheimer’s disease brains as disease 

progresses. 

Progressive loss of neurons in various brain regions, particularly the cerebral cortex 

and hippocampus, in AD. First row: sagittal view of human brain. Second row: 

coronal sections of gradual brain atrophy as disease progresses. Third row: Gradual 

enlargement of sulci and ventricles, decreased gyri, and shrinkage of cortical and 

hippocampal regions as disease progresses (Images adapted from 

http://www.brightfocus.org/alzheimers/about/understanding/brain-nerve-cells.html) 
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1.3 Risk Factors of AD 

AD is a heterogeneous disorder that can be categorized into familial AD (fAD) and 

sporadic AD (sAD). Patients with fAD typically have a genetic cause triggering the onset 

of AD pathology and it represents only 5 to 10 % of total patients diagnosed with AD 

(Piaceri et al., 2013). In addition, fAD is associated with a more rapid onset in AD 

progression resulting in young adult patients presenting with clinical symptoms from as 

young as 30 years of age in more severe genetic cases (Holtzman et al., 2011; Joshi et al., 

2012). On the other hand, patients who are diagnosed with sAD typically present with 

clinical symptoms in mid to late adulthood typically from the 6th decade onwards and 

while causes of this type of AD is genetically unknown, it represents the greater majority 

(95%) of diagnosed AD cases. 

 

1.3.1 Non-genetic Risk Factors 

The onset of sAD has been proposed to be influenced by a number of non-genetic risk 

factors. Of the many postulated factors thought to cause AD, aging is the major risk factor 

(Geula et al., 1998) with risk doubling every 5 years from 65 years of age. Other reported 

risk factors include metal dyshomeostasis (reviewed by (Bush and Tanzi, 2008; Maynard 

et al., 2005)) and diminished clearance of Aβ from the brain (Mawuenyega et al., 2010) 

during aging, which independently increase Aβ aggregation in the brain and may 

contribute to the brain pathology seen in sAD patients. Other environmental factors 

including diet, physical and cognitive activities, obesity, diabetes, smoking and 

hypertension can also influence the risk of developing sAD by modulating A levels and 

its neurotoxic properties in the brain (Kukull et al., 2002; Luchsinger et al., 2002; 

Sambamurti et al., 2004; Scarmeas et al., 2009; Yaffe et al., 2004). In contrast, individuals 

who are physically and cognitively active were found to have decreased Aβ burden loads 

in their brains and therefore decreasing the risk of developing AD (Landau et al., 2012; 

Liang et al., 2010). Taken together, these non-genetic risk factors offer further evidence 

for Aβ playing a central role in AD pathogenesis.  

 

1.3.2 Known genetic risk factors 

Large genome-wide association studies identified numerous putative susceptibility genes 

for AD and several loci detected were proposed to influence AD risk (Bertram et al., 
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2008; Grupe et al., 2007; Harold et al., 2009; Lambert et al., 2009). Amongst these, three 

major causative genes - amyloid precursor protein (APP) (van Duijn et al., 1991), and the 

APP-cleaving enzymes presenilin-1 (PSEN1) (Borchelt et al., 1997; Scheuner et al., 

1996) and presenilin-2 (PSEN2) (Scheuner et al., 1996; van Duijn et al., 1991) which 

have been definitively associated with fAD (Table 1.1) will be discussed further. Patients 

with Down Syndrome, a genetic disorder caused by the presence of an extra copy of the 

chromosome 21 on which the APP gene is located, develop early onset AD like symptoms 

possibly because the extra copy of APP causes increased Aβ levels in their brains 

(Beyreuther et al., 1992; Rumble et al., 1989). The fAD associated mutations in APP, 

which affects the onset of AD pathogenesis, include Arctic (E22G), Dutch (E22Q), 

English (H6R), Flemish (A21G), Icelandic (A2T) mutations (Table 1.2). These APP fAD 

mutations affect the cleavage pattern of APP resulting in increased total A or A42 

levels (Bugiani et al., 2010; Grabowski et al., 2001; Hendriks et al., 1992; Janssen et al., 

2003; Jonsson et al., 2012; Kamino et al., 1992; Levy et al., 1990; Mullan et al., 1992; 

Nilsberth et al., 2001; Peacock et al., 1993; Van Broeckhoven et al., 1990; Wakutani et 

al., 2004). Additionally, not only can APP mutations in fAD patients result in increased 

release of Aβ peptide, it has also been shown to modify APP processing such that the 

concentrations of other APP fragments, C99 and AICD, are dramatically altered and these 

fragments have been postulated to also be important for disease development (Chavez-

Gutierrez et al., 2012; Muratore et al., 2014a). 

 

The Apolipoprotein E (ApoE) gene is an established genetic risk factor contributing to 

the development of both sAD and fAD (Table 1.1). It is a major cholesterol carrier that 

regulates lipid transport between cells and tissues. Human ApoE has three different 

polymorphic alleles e2, e3 and e4 (Bekris et al., 2010). Genome-wide association studies 

have identified ApoE4 as the most significant genetic risk factor for AD (Harold et al., 

2009; Lambert et al., 2009). The presence of this allele is associated with an increased 

risk for both early- and late- onset AD (Chartier-Harlin et al., 1994), and accounts for 

approximately 30% of AD cases (Saunders et al., 1993; Strittmatter et al., 1993). ApoE2 

has been associated with a decreased risk of developing AD, whereas ApoE3 has been 

associated with neither an increase nor decrease in risk of developing AD (Corder et al., 

1994; Corder et al., 1993). While ApoE has been suggested to facilitate the proteolytic 

degradation of Aβ in the brain, the ApoE4 variant is not as efficient in facilitating these 
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reactions (Corder et al., 1994) and has poorer antioxidant properties compared to ApoE2 

and ApoE3 (Jofre-Monseny et al., 2007; Miyata and Smith, 1996; Ramassamy et al., 

1999; Shea et al., 2002). A recent study reported how some ApoE isoforms and soluble 

Aβ peptide competed for the same low-density lipoprotein receptor-related protein 

(LRP1) (Verghese et al., 2013), while in another study, analysis of brains from a 

humanised ApoE mouse model (where mouse ApoE was replaced with the human ApoE 

gene) revealed morphological differences in endosomal-lysosomal compartments and 

this was associated with an age-dependent increase in the number and size of endosomes 

(Nuriel et al., 2017), thus providing a potential mechanism to account for the increased 

risk in AD associated with altered ApoE gene variant expression.  

 

Table 1.1 Known genetic risk factors predisposing to AD 

Genetic risk 

factors 

Chromo

-some 
Risk of AD Biological Effect References 

APP gene 

(Down 

syndrome)  

21 Increase Increased Aβ production 

(Beyreuther et al., 

1992; Rumble et 

al., 1989) 

Presenilin 1 

(PSEN1) 
14 Increase Increased Aβ42 production  

(Borchelt et al., 

1997; Scheuner et 

al., 1996) 

Presenilin 2 

(PSEN2) 
1 Increase 

Increased APP cleavage. 

Increased Aβ42 production 

(Scheuner et al., 

1996) 

Apo E2 19 Decrease  Neurotrophic and anti-oxidant 
(Corder et al., 

1994) 

Apo E4 19 Increase  
Increase Aβ plaque density and 

Aβ vascular deposits 

(Saunders et al., 

1993; Strittmatter et 

al., 1993) 
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Table 1.2 Familial mutations of APP/A and their effects on onset of AD and Aβ. 

Familial mutation Common 

name 

Risk of 

AD 

Effect on A Reference(s) 

APP (KM670/671NL) Swedish Increase 
Increased 

production 
(Mullan et al., 1992) 

APP (E693Q) 

Aβ (E22Q) 
Dutch Increase 

Increased 

aggregation 

(Levy et al., 1990; Van 

Broeckhoven et al., 1990) 

APP (A673T) 

Aβ (A2T) 
Icelandic Decrease 

Decreased 

production and 

aggregation 

(Jonsson et al., 2012; 

Peacock et al., 1993) 

APP (H677R) 

Aβ (H6R) 
English Increase 

Increased 

oligomerization 
(Janssen et al., 2003) 

APP (D678N) 

Aβ (D7N) 
Tottori Increase 

Increased 

oligomerization 
(Wakutani et al., 2004) 

APP (A692G) 

Aβ (A21G) 
Flemish Increase 

Decreased 

production 
(Hendriks et al., 1992) 

APP (E693K) 

Aβ (E22K) 
Italian Increase 

Increased 

production 
(Bugiani et al., 2010) 

APP (E693G) 

Aβ (E22G) 
Arctic Increase 

Increased 

aggregation 

(Kamino et al., 1992; 

Nilsberth et al., 2001) 

APP (D694N) 

Aβ (D23N) 
Iowa Increase 

Increased 

aggregation 
(Grabowski et al., 2001) 

 

1.4 Amyloid Precursor Protein 

1.4.1 APP gene family 

APP was identified to be a type 1 transmembrane protein that contained the Aβ peptide 

sequence (Kang et al., 1987). The APP molecule, while it is ubiquitously expressed 

throughout the body, is predominantly localised to the neuronal synapse (Buxbaum et al., 

1998; Sisodia et al., 1993; Turner et al., 2003). APP belongs to the APP gene family 

which includes the amyloid precursor like protein 1 (APLP1) and 2 (APLP2) genes 

(Anliker and Muller, 2006; Cousins et al., 2015; Muller and Zheng, 2012; Shariati and 

De Strooper, 2013). Although they have redundant and partially overlapping functions, 

only APP encodes Aβ peptide (Sprecher et al., 1993; Wasco et al., 1992; Wasco et al., 

1993), thus emphasizing its important role the role in AD pathogenesis. APP possesses a 

number of physiological functions with important roles in modulation of neurite 

outgrowth (Chen et al., 2016; Hoe et al., 2009; Luu et al., 2019), myelination (Truong et 

al., 2019), glucose and insulin homeostasis (Needham et al., 2008), retinogenesis (Dinet 

et al., 2016; Ho et al., 2012) synaptic transmission and adhesion (Lassek et al., 2014; Sosa 

et al., 2017; Wang et al., 2009; Yang et al., 2007), regulation of metal homeostasis 
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(Bellingham et al., 2004; Ciccotosto et al., 2014; Needham et al., 2014; White et al., 

1999), neuronal differentiation (Freude et al., 2011; Porayette et al., 2009; Porayette et 

al., 2007), neurogenesis following traumatic brain injury (Corrigan et al., 2014; da Rocha 

et al., 2015) and synaptic repair and formation (Dosemeci et al., 2006; Priller et al., 2006).  

 

1.4.2 Processing of APP 

There are two principal pathways that describe the processing of APP. These include the 

non-amyloidogenic pathway, where proteases cleave APP but this does not result in the 

release of Aβ peptide, and the amyloidogenic pathway, where specific proteases cleave 

APP resulting in Aβ production (Figure 1.3). In the non-amyloidogenic pathway, APP is 

cleaved by - and - secretases, releasing soluble APP (sAPP) and a truncated Aβ 

peptide that does not appear to contribute to AD pathology (Haass et al., 1992). In the 

amyloidogenic pathway, consecutive action of β- and -secretases result in the release of 

Aβ peptides.  

 

 

Figure 1.3 Processing of APP via non-amyloidogenic and amyloidogenic 

pathways, with the latter resulting in Aβ peptides that aggregate and deposit in 

AD brain plaques. 

Non-amyloidogenic processing of APP by - and -secretase cleavage results in the 

release of soluble APP (sAPP) and p3 peptide. Amyloidogenic processing of APP 

by β- and -secretase cleavage results in the release of soluble APPβ (sAPPβ) and 

subsequently Aβ peptides. These Aβ peptides can then aggregate, forming oligomers 

and eventually become fibrillar and deposit in Aβ plaques found in the AD brain. Image 

adapted from (Crouch et al., 2008) 
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1.5 Aβ peptide 

The processing of APP via the amyloidogenic pathway results in the release of “full 

length” Aβ peptides ranging from 38 to 46 amino acid residues (Haass, 2004; Haass et 

al., 2012). The most common sequence lengths are the A40 and A42 peptide variants 

with the longer Aβ42 peptide displaying greater neurotoxic effects (Klein et al., 1999) 

(reviewed by (Roychaudhuri et al., 2009)). While A42 is most highly concentrated in 

the amyloid plaques of AD brains (Iwatsubo et al., 1994), its level is much lower in 

normal brain tissue (Kuo et al., 1996; Lue et al., 1999; Mori et al., 1992), blood (Mehta 

et al., 2000) and CSF (Ida et al., 1996; Mehta et al., 2000; Shoji et al., 2001) in comparison 

to A40. In biophysical studies, the presence of the additional two hydrophobic amino 

acids in Aβ42 makes it much more susceptible to aggregation compared to Aβ40 and this 

has been suggested as the primary factor for their different neurotoxic properties (Bitan 

et al., 2003; Jarrett et al., 1993). A significant increase in Aβ42/Aβ40 ratio was observed 

in cell cultures and transgenic mice expressing PSEN1 and PSEN2 mutations (Borchelt 

et al., 1996; Citron et al., 1997; Scheuner et al., 1996), further emphasizing how increased 

levels of Aβ42 might be a major underlying cause of fAD.  

 

As shown in Figure 1.3, once A peptides have been cleaved free of APP, their 

biophysical properties cause them to aggregate over time, initially forming soluble 

oligomeric structures which in turn form protofibrils and eventually fibrillar structures 

which then deposit as neuritic plaques in the brain. Although the Aβ peptide has an 

amphipathic sequence (Klyubin et al., 2004), the presence of hydrophobic amino acid 

residues at the C-terminal end of Aβ peptide have been reported to contribute to its ability 

to aggregate (Kim and Hecht, 2006). Other parameters that have been shown to potentiate 

Aβ aggregation include optimal incubation time, temperature, peptide length (with longer 

peptides aggregating more readily), peptide concentration and various buffer conditions 

such as pH, salt, and transition metals such as Zn and Cu (Bharadwaj et al., 2009; Burdick 

et al., 1992; Stine et al., 2003). The ability of A peptides to aggregate is a key feature of 

this peptide and identifying the key aggregation species that are responsible for killing 

neurons is a key question of this thesis report.  
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1.5.1 Aβ Aggregation: Monomers to Fibrils  

Aβ monomer is a single unit of Aβ peptide with a molecular weight of ~4 kDa and is 

routinely found in healthy brains. While some studies have shown that Aβ monomers 

cannot inhibit Long Term Potentiation (LTP), a measure of synaptic plasticity (Klyubin 

et al., 2008; Shankar et al., 2007), others have shown it to be neuroprotective in cellular 

models (Giuffrida et al., 2009; Zou et al., 2002) and the levels of Aβ monomer in the 

human brain showed no correlation to cognitive impairment in AD (Lesne et al., 2006). 

However, other studies have suggested that excess Aβ monomers may indirectly 

contribute to AD development by acting as building blocks during Aβ aggregation and 

the formation of toxic oligomers (Austen et al., 2008; Giuffrida et al., 2009). Aβ 

monomers can aggregate into soluble low molecular weight oligomers (LMWO), which 

in turn will aggregate to form high molecular weight oligomers (HMWO), which 

aggregate to form protofibrils and these finally aggregate into insoluble fibrils which 

accumulate and deposit as the amyloid plaques seen in AD brains (Figure 1.3) (Walsh et 

al., 1999).  

 

Fibrillar forms of Aβ were initially thought to be the toxic species causing the AD 

pathogenesis (reviewed by (Hardy and Higgins, 1992; Selkoe, 1991)). However, 

increasing evidence point to soluble oligomeric forms of Aβ to be the toxic species that 

is most likely causing the neurodegeneration and resultant memory impairment (Cleary 

et al., 2005; De Felice et al., 2007; Gong et al., 2003; Klyubin et al., 2008; Koffie et al., 

2009; Shankar et al., 2007; Shankar et al., 2008; Wang et al., 2002). A body of literature 

supports this notion. For example, the AD brain was found to have three times more 

soluble Aβ and this correlated highly with markers of disease severity (McLean et al., 

1999). Additionally, increased levels of Aβ oligomers were detected in brain lysates from 

AD patients but not in normal patients (Gong et al., 2003; McLean et al., 1999; Sokolow 

et al., 2012a). This notion is also further supported by animal and cell culture based 

studies as shown by the application of Aβ oligomers to cultured neurons and hippocampal 

slice cultures resulting in inhibited LTP responses (a sign of disrupted synaptic activity), 

disrupted cognitive function (Cleary et al., 2005; Klyubin et al., 2005; Shankar et al., 

2008; Townsend et al., 2006), and reduced neuronal spine densities (Hsieh et al., 2006; 

Wei et al., 2010). The reduction in dendritic spine number was noted to occur 

progressively over a 5 to 15 day exposure to Aβ peptide in vitro (Shankar et al., 2007), 

while a two-hour exposure to exogenous Aβ oligomers was potent enough to inhibit LTP 
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responses (Jo et al., 2011). Although the general consensus now is that oligomeric Aβ is 

toxic, the exact toxic species remains debatable and more human based studies are needed 

to elucidate the oligomeric species causing neuropathology associated with AD. 

 

1.6 Tau and AD 

Tau is a microtubule-associated protein that is highly expressed in neurons and its main 

functional roles include maintaining cell structure, facilitating axonal transport and aid in 

stabilizing microtubule formation (Alonso et al., 1996; Iqbal et al., 1986). When neurons 

undergo cellular stress and begin to die as in AD pathogenesis, the tau protein will 

typically undergo hyperphosphorylation at multiple sites and this causes a dramatic 

disruption in its normal microtubule structure leading the protein to aggregate into 

fibrillar structures which twist around itself and form into NFTs (Alonso et al., 1996; 

Iqbal et al., 1986).  

 

The Tau hypothesis describes how modifications of Tau protein phosphorylation is the 

primary cause for AD development. This hypothesis is supported by the early 

neuropathological studies showing how the spread of tau pathology in the brain strongly 

correlated with the extent of clinical and cognitive symptoms in AD patients (Arriagada 

et al., 1992; Braak and Braak, 1991). Moreover, the detection of tau lesions in AD brains 

have been reported to occur prior to Aβ plaque deposition (Braak and Del Tredici, 2015; 

Johnson et al., 2016), with cognitive decline tracking better with tau deposition 

(Hanseeuw et al., 2019; Johnson et al., 2016). Recent PET imaging studies provided 

additional support since spatial patterns of tau tracer binding in the brain were closely 

linked to the clinical presentation of neurodegeneration in AD patients (Bejanin et al., 

2017). 

 

Although Aβ and tau may play key roles in the development of AD, these suggest that 

both Aβ and tau are likely to have important roles that are distinct yet complementary in 

AD pathology. However, three conceptually important observations strongly support the 

amyloid hypothesis (over tau hypothesis). First, mutations in the gene that encodes for 

tau cause frontotemporal dementia with parkinsonism (Hutton et al., 1998; Poorkaj et al., 

1998; Spillantini et al., 1998), which is characterized by severe tau deposition as NFTs in 

the brain without deposition of amyloid. This is a clear indication that even the most 
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severe consequence of tau alteration is insufficient to induce the formation of A amyloid 

plaques in the AD brain. Hence, it would be logical to deduce that the NFTs seen in AD 

brains are most likely formed following changes in Aβ metabolism and plaque formation 

rather than before (Hardy et al., 1998). This is supported by studies whereby transgenic 

mice, which overexpressed both mutant forms of human tau and APP, were found to have 

increased formation of tau positive tangles when compared to mice only overexpressing 

tau, but the number and structure of A amyloid plaques remained relatively unaltered 

(Lewis et al., 2001). This suggests that alterations in tau phosphorylation occurs after 

altered APP processing. Thirdly, Aβ has been shown to increase the rate of NFT 

pathology and expression of mutant tau protein in transgenic mice (Gotz et al., 2001; 

Lewis et al., 2001; Oddo et al., 2003). However, this increase in mutant tau did not disrupt 

LTP, indicating that Aβ pathology precedes tau tangle pathology in the hierarchy of 

disease progression (Gotz et al., 2001; Lewis et al., 2001; Oddo et al., 2003). Taken 

together, these findings are consistent with the notion that Aβ is the primary mechanism 

of AD pathogenesis and that other disease aspects including tau tangle formation, are a 

subsequent consequence from imbalance between Aβ production and clearance. 

 

1.7 Current treatments 

In the past four decades, considerable research effort has been directed towards 

discovering the aetiology of AD, with the ultimate hope of developing safe and effective 

therapeutics. In Australia, only three cholinesterase inhibitors are approved for treatment 

of mild to moderate AD (Table 1.3). Unfortunately, current treatments can only alleviate 

some symptoms, and are generally ineffective in halting disease progression. The 

development of therapies has been hampered in large part due to our lack of 

understanding of the disease pathogenesis and, with limited access to human brain tissue 

samples, has resulted in the establishment and reliance of animal models to try to 

recapitulate all aspects of this disease but this too has resulted in limited success to date. 
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Table 1.3. Current drugs approved for Alzheimer’s disease  

Drug 
Therapeutic 

target 

Treatment 

stage in AD 
Mechanism of action 

Aricept ® 
(Donepezil) 

Acetylcholinerase 
inhibitor  

All stages  
Prevents breakdown of 
acetylcholine in the brain 

Reminyl® 
(Galantamine)  

Cholinesterase 
inhibitor 

Mild to 
moderate  

Prevents breakdown of 

acetylcholine and stimulates 
nicotinic receptors to release more 

acetylcholine in the brain 

Exelon® 

(Rivastigmine) 

Cholinesterase 

inhibitor 

Mild to 

moderate  

Prevents acetylcholine and 
butyrylcholine (brain chemical 

similar to acetylcholine) 

breakdown in the brain 

Namenda® 

(Memantine) 

Glutamate receptor 

(NMDAR) 
antagonist  

Moderate to 

severe  

Regulates glutamate activation 

and blocks toxic effects 
associated with excess glutamate  

Namzaric® 

(Memantine and 
Donepezil) 

NMDAR antagonist 

and cholinesterase 
inhibitor  

Moderate to 

severe  

Blocks toxic effects associated 
with excess glutamate and 

prevents acetylcholine breakdown 

in the brain 

Information summarized from (National Institute of Aging, 2018) 

 

1.8 Brain Systems affected by Aβ 

In the brains of individuals with AD, different neuronal subpopulations appear to exhibit 

selective vulnerability; in particular the basal forebrain cholinergic and hippocampal 

glutamatergic neurons (Francis et al., 1993; Whitehouse et al., 1982). These cell 

populations tend to be affected in large numbers in moderate stages of AD, whereas the 

GABAergic neurons remain relatively unaffected until the later stages of the disease 

(Rossor et al., 1982). A brief summary of these systems which are affected in AD is 

discussed below in sections 1.8.1 to 1.8.3. 

 

1.8.1 Cholinergic system  

In the 1970s, Bowen et al and Davis et al reported on the significant loss of cholinergic 

markers (Bowen et al., 1976; Davies and Maloney, 1976) including reduction in choline 

acetyltransferase (ChAT) activity, which is a well-known marker for cholinergic neurons, 

in the cerebral cortex of AD brains (Bowen et al., 1976; Perry et al., 1978; Richter et al., 

1980). Further studies by Whitehouse et al reported a loss of cholinergic neuron numbers 

in the nucleus basalis of Meynert of post-mortem AD brain samples (Whitehouse et al., 

1982). Collectively, these studies provoked the proposition of the “cholinergic 
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hypothesis” by Bartus et al in 1982, where it was proposed that the degeneration of 

cholinergic neurons in the basal forebrain and associated loss of cholinergic 

neurotransmission in the cerebral cortex significantly contributed to the cognitive 

deterioration that was observed in AD patients (Bartus et al., 1982). Cholinomimetics 

appeared as potentially beneficial therapeutics for the symptomatic treatment of AD, and 

on this basis, several drugs targeting the enhancement of cholinergic transmission were 

introduced as therapy for AD patients (therapeutic drugs for AD summarized in Table 1.3 

(Dunbar et al., 2007)). Unfortunately, these cholinesterase inhibitors were only 

therapeutically valuable in ameliorating conditions of patients with mild to moderate AD 

with little to no therapeutic impact on delaying eventual disease progression. This 

suggested the need for earlier therapeutic intervention or new therapeutic targets of 

relevant neuronal systems that are also affected in AD such as targeting the glutamatergic 

and GABAergic systems (discussed in sections 1.8.2 and 1.8.3 respectively).  

 

1.8.2 Glutamatergic system  

Glutamate is the principal excitatory neurotransmitter in the brain, and is involved in 

memory, learning and synaptic plasticity (Butterfield and Pocernich, 2003; Francis, 2003; 

Greenamyre et al., 1988). Glutamate receptors mediate excitatory neurotransmission and 

participate in efficient synaptic transmission underlying learning and memory, and the 

formation of neuronal networks during development (Mayer and Westbrook, 1987; 

Monaghan et al., 1989). However, excessive activation of glutamate receptors can cause 

glutamate to be excitotoxic to neurons (Gupta et al., 2013; Nakatsu et al., 2006; Rothman 

and Olney, 1995). In the AD brain, glutamatergic neurotransmission is severely disrupted, 

particularly in the hippocampal and cortical regions. An emerging body of evidence 

suggest the pathological actions of oligomeric Aβ are mediated through the perturbation 

of glutamatergic signalling, particularly affecting the N-methyl-D-aspartate (NMDA) 

receptors (summarized in Table 1.4). Aβ42 has been shown to block LTP (Klyubin et al., 

2004; Shankar et al., 2008; Smith et al., 2009; Wang et al., 2002), selectively target 

excitatory neuronal synapses and induce endocytosis of NMDA and A-amino-3-

hydroxyl-5-methyl-4-isoxazole propionate (AMPA) receptors (Hsieh et al., 2006; Snyder 

et al., 2005). In addition, deficits in glutamate transporter expression have also reported. 

For example, a selective loss of vesicular glutamate transporter (vGluT) in the frontal 

cortex was noted in AD patients (Kirvell et al., 2006; Masliah et al., 1996); and the 
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excitatory amino acid transporter 2 (EAAT2) typically concentrated in perisynaptic 

astrocytes, was found to undergo disease specific changes resulting in reduced function 

(Scott et al., 2011). Taken together, these findings emphasize the importance of 

investigating Aβ toxicity to glutamatergic neurons, as addressed in this thesis. 

 

Current therapeutics target either the cholinergic (eg. Donepezil), glutamatergic system 

(eg Memantine), or a combination of both (eg. Namzaric) (Geldenhuys and Darvesh, 

2015; Greig, 2015) (Table 1.3). However, none of these drugs change the underlying 

degeneration occurring in AD, and, are at best viewed as symptomatic treatments 

providing temporary relief, and only to a subset of AD patients (Areosa et al., 2005; 

Qaseem et al., 2008; Schneider et al., 2011). Taken together, this emphasizes the need for 

better therapeutics. 
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Table 1.4. Effect of Aβ on NMDA receptor function 

Experimental 

system 
Aβ type/dose Effect of Aβ observed Reference 

HEK293 cells  Fibrillar Aβ40  

Aβ induced increase in toxicity 

observed in cells expressing specific 
NMDA receptor subunits 

(NR1/NR2A but not NR1/NR2B) 

(Domingues 
et al., 2007) 

Primary rat 

cortical neurons 
Soluble Aβ42 

Aβ induced decrease in neurite 

outgrowth attenuated by memantine 
(NMDA receptor antagonist) 

(Hu et al., 

2007) 

Primary rat 

hippocampal 

neurons 

Soluble Aβ25-35  

Aβ induced down-regulation of 

PSD95 and synaptophysin 
attenuated by MK801 (NMDA 

receptor antagonist) 

(Liu et al., 
2010a) 

Primary rat 

cortical cultures 

Aβ40 

(monomeric to 
tetrameric) 

Incubation with Aβ caused a 

NMDAR dependent decrease in 
PSD95 observed after 60mins. 

(Roselli et al., 

2005) 

Differentiated 

hippocampal 

neurons 
A42 ADDLs 

Aβ bound to glutamatergic (but not 

GABAergic) neurons and to 

postsynaptic density complexes 
containing NMDA receptors 

(Lacor et al., 

2007) 

Primary 

Hippocampal 
neurons 

Aβ42 oligomers  

Oxidative stress and calcium influx 

produced by Aβ prevented by 
memantine (NMDA receptor 

antagonist); Aβ co-

immunoprecipitated together with 

NMDA receptor 

(De Felice et 

al., 2007) 

HEK293 – Human embryonic kidney 293 cells; ADDLs - Amyloid β-derived diffusible 

ligands 

1.8.3 GABAergic system 

Extensive studies have been done investigating Aβ and excitatory synaptic transmission, 

however, much less is known about the effects of Aβ at inhibitory synapses. γ-

aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the human brain. 

Early post-mortem studies concluded that the GABAergic neurons appeared to be spared 

in AD pathogenesis (Mountjoy et al., 1984; Reinikainen et al., 1988; Rossor et al., 1982). 

Despite resistance of the GABAergic system to neurodegeneration, there is emerging 

evidence that it is also susceptible to Aβ induced neurotoxicity (Calvo-Flores Guzman et 

al., 2018; Govindpani et al., 2017; Krantic et al., 2012; Li et al., 2016; Limon et al., 2012; 

Schwab et al., 2013; Tiwari and Patel, 2012; Ulrich, 2015). However, the precise 

mechanisms underlying this selective neuronal vulnerability remains unknown and 

investigating this differential vulnerability of glutamatergic and GABAergic neurons to 

Aβ is one of the major goals of this PhD thesis.  
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1.9 Transgenic Animal models of AD 

Much of our understanding of amyloid-mediated pathology comes from using animal 

models, particularly rodent models. Since rats and mice do not naturally develop AD 

pathology, the expression of the human genes encoding for APP, tau, PSEN1 or PSEN2 

(typically the mutant forms), or combinations thereof (Games et al., 1995; Holcomb et 

al., 1998; Hsiao et al., 1996; Lewis et al., 2001; Oddo et al., 2003; Schmitz et al., 2004) 

are incorporated into the rodent genome and this causes these animals to develop AD-like 

brain pathologies as they age. These transgenes are generally expressed in addition to 

endogenous murine proteins and this may cause potential interactions.  

 

Most of these mutations share a common phenotype of increased Aβ production. For 

example, familial mutations in APP cause increases in Aβ levels in mouse brains (Bekris 

et al., 2010; Citron et al., 1992; Haass et al., 1994; Kwok et al., 2000; Scheuner et al., 

1996), a similar feature seen with mutations in presenilins 1 and 2 incorporated into the 

mouse genome (Kumar-Singh et al., 2006; Scheuner et al., 1996). However, these rodent 

models fail to recapitulate the complete spectrum of AD pathology observed in humans, 

indicating their limitations as a complete model for researching AD. For example, the 

PDAPP mouse, overexpressing human APP containing the Indiana mutation (V717F), 

reported senile plaques, synaptic loss and age-related Aβ accumulation, but failed to show 

the presence of NFTs (Games et al., 1995). The well-studied AD transgenic model 

Tg2576 overexpresses the human APP transgene containing the Swedish mutation 

(K670N/M671L) (Hsiao et al., 1996). While these mice show senile plagues, age-related 

Aβ deposition and an increased Aβ42/Aβ40 ratio, they fail to show any neuronal loss 

(Hsiao et al., 1996). In another study, the gene transcriptional profile of 5 different AD 

transgenic mouse models was compared to human aging and AD brain data, and they 

observed that while there was a recapitulation of some, but not all behavioural and 

anatomical aspects of human AD in the transgenic mouse models, there was a failure to 

consistently model strong transcriptional influences observed in human AD  (Hargis and 

Blalock, 2017). 

 

Pharmaceutical studies using rodent models have yielded promising results, though 

progression to clinical trials have been unsuccessful, highlighting the importance of 

developing more translatable models. For example, Semagacestat, a -secretase 
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modulator intended to reduce Aβ, attenuated spatial learning deficits in Tg2576 mice. 

However, phase three clinical trials failed to slow progression of disease, did not improve 

cognitive status, and patients on a higher dose had significant worsening of functional 

ability (Doody et al., 2013). Solanezumab, a monoclonal antibody derived from a murine 

precursor m266, readily binds to monomeric and soluble oligomeric A (DeMattos et al., 

2001; Goure et al., 2014), reducing brain Aβ burden without binding to Aβ deposits in 

PDAPP mice. However, it failed to translate into human studies and had poor clinical 

outcomes during Phase three clinical trials (Doody et al., 2014a; Doody et al., 2014b; 

Salloway et al., 2014; van Dyck, 2018). Another example was the utilization of antibodies 

targeted against Aβ, AN1792, which was shown to reduce plaques and neuritic dystrophy 

in older PDAPP mice and it was shown to prevent these pathologies in younger animals 

(Schenk et al., 1999). Although it was effective in removing plaques in the human clinical 

trials, it did not improve cognitive decline nor did it slow disease progression down, 

rather, several patients had developed autoimmune meningoencephalitis (Holmes et al., 

2008; Schenk et al., 1999), most likely resulting from the antibody manufacturing 

process. Finally, Aducanumab, a human monoclonal antibody that selectively targets 

aggregated Aβ, bound to brain parenchyma and reduced both soluble and insoluble Aβ in 

a dose-dependent manner in transgenic mice. It was also found to effectively reduce brain 

Aβ in a dose- and time-dependent manner in patients with prodromal or mild AD 

(Sevigny et al., 2016). However, on 21st March 2019, it was announced that Aducanumab 

failed to achieve key endpoints in phase II clinical trials and would not proceed to phase 

III clinical trials. (further discussed in section 6.1). Taken together, the fact that drugs 

which are effective in humanized rodent models of AD then fail in human clinical trials 

emphasizes the importance of establishing a more translatable human based culture model 

for preclinical screening of therapeutic drugs which will save time and money.  

 

Hence, a research priority has been placed on developing better disease models for 

studying AD pathogenicity and to aid in the development of therapeutic approaches. 

Animal models are an important research tool in understanding the basic mechanisms 

underlying AD pathogenesis. However, there is a major gap in our knowledge regarding 

Aβ and how it interacts with human neurons, and this must be addressed to better 

understand the mechanisms of Aβ toxicity in human AD pathogenesis. Advancements in 

recent technologies have allowed us to use human cells, in particular, pluripotent human 
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stem cells, which can be converted into specific neuronal subtypes for testing with A 

peptides to better our understanding as disease models. The use of this technology will 

be discussed in sections 1.10.2 to 1.10.4.  

 

1.10 Human models of AD 

1.10.1 Human cell line 

Sourcing brain material from living AD patients is a major limitation, hence human cell 

lines have been utilized. The human neuroblastoma cell line SH-SY5Y has been used as 

an in vitro neuronal model (Agholme et al., 2010). It can be efficiently transfected or 

directed into a neuronal lineage using differentiating factors, resulting in cells having 

functional axonal vesicle transport, displaying synaptic structures and express neuron-

specific proteins such as NeuN and β-tubulin (Agholme et al., 2010; Forster et al., 2016). 

However, a drawback of this model is that does not fully recapitulate AD, and expresses 

cancer causing genes. 

1.10.2 Human stem cell models 

Advancements in molecular and cellular technologies have allowed the utilization of 

human pluripotent stem cells (hPSCs) to bridge the gap in knowledge between animal 

models and the human neuron. There are two types of hPSCs: human embryonic stem 

cells (hESCs) (Thomson et al., 1998) and induced pluripotent stem cells (iPSCs) 

(Takahashi and Yamanaka, 2006). Advances in this technology have resulted in improved 

protocols for the development of hPSCs to investigate human diseases. Difficulty in 

accessing brain samples from AD patients, and the fact that a definitive AD diagnosis can 

be made only with a post-mortem brain analysis makes hESC and iPSC technology highly 

relevant in this context. Both cell types have the ability to self-replicate and develop into 

cells and tissues of all three germ layers (ectoderm, mesoderm and endoderm) (Evans and 

Kaufman, 1981; Martin, 1981). These hPSCs can be manipulated to differentiate into 

neurons (Chambers et al., 2009; Denham and Dottori, 2009, 2011; Dottori and Pera, 2008; 

Nat et al., 2012), forming functional neuronal networks resembling the human brain (Ban 

et al., 2007; Carpenter et al., 2001; Heikkila et al., 2009). Over the last decade, directed 

differentiation of hPSCs towards disease relevant neurons has gained momentum and 

protocols can now routinely generate cultures with neurons of interest with high purity 

(Chambers et al., 2009; Israel et al., 2012; Kondo et al., 2013; Muratore et al., 2014b; Shi 
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et al., 2012b; Yagi et al., 2011)(reviewed by (Kelava and Lancaster, 2016; LaMarca et 

al., 2018; Majolo et al., 2019; Rowland et al., 2018)). A summary of hPSCs used to model 

sporadic and familial AD, as well as key findings for each model are summarised in Table 

1.5. 

Table 1.5 Summary of hPSCs models generated for AD. 

hPSC Mutation 
Age of 

Onset 
Key finding(s) Reference 

iPSC  
PSEN1 A246E 

PSEN2 N141I 
Early 

 Increased Aβ42 

 Increased Aβ42/40 ratio 

 Reduced Aβ with -secretase 
inhibition 

(Yagi et al., 

2011) 

iPSC 
Wildtype 

(control) 
- 

 Reduced Aβ with -secretase 
inhibition 

(Yahata et al., 

2011) 

iPSC 
Duplication of 
APP 

Early 

 Increased Aβ40 

 Reduced Aβ with β- and -

secretase inhibition 

 Increased phosphorylated 

Tau 

 Increased activated of 

GSK3β 

(Israel et al., 
2012) 

iPSC 

Trisomy 21 

(Down 

Syndrome) 

Early 

 Increased Aβ42 and Aβ40 

 Extracellular Aβ aggregates 

 Reduced Aβ with -secretase 

inhibition 

 Increased phosphorylated 
Tau and redistribution 

(Shi et al., 

2012b; Shi et 

al., 2012c) 

hESC 
and 

iPSC 

PSEN1 L166P 
PSEN1 D385N 

Overexpression 

Early 

 Increased Aβ40/Aβ42 ratio 

 Reduced Aβ with -secretase 

inhibition 

(Koch et al., 
2009; Koch et 

al., 2012) 

iPSC 

APP E693Δ 

Early 

 Decreased Aβ40 

 Reduced Aβ with β-

secretase inhibition (Kondo et al., 

2013) 

APP V717L  

 Increased Aβ42 

 Accumulation of Aβ 

oligomer 

iPSC APP V717I Early  Increased Aβ42/Aβ40 ratio 
(Muratore et 
al., 2014a) 

iPSC PSEN1 A236E Early 
 Increased Aβ42/Aβ40 ratio 

 Increased soluble APPβ 

(Mahairaki et 

al., 2014) 

iPSC -  Late 

 Increased phosphorylated 

Tau 

 Increased activated of 

GSK3β 

(Hossini et al., 

2015) 

iPSC 

Trisomy 21 

(Down 
Syndrome) 

Early 

 Increased Aβ42 and Aβ40 

 Increased total and 

phosphorylated Tau 

(Chang et al., 

2015) 

GSK3β : Glycogen synthase kinase 3 beta; hESC : human embryonic stem cells; iPSCs 

: induced pluripotent stem cells; PSEN1 : presenilin 1; PSEN2 : presenilin 2  
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The generation of neurons from hPSCs follow three phases: neural induction, patterning 

and terminal differentiation (Figure 1.4). Following neural commitment, hPSCs undergo 

morphogenetic events that result in the formation of morphologically identifiable 

structures termed “neural rosettes”. These are radially organised columnar epithelial cells 

(Perrier et al., 2004; Zhang et al., 2001) that contain neural progenitor cells, and mimic 

the development of neuroectodermal cells in vivo (Wilson and Stice, 2006).  

 

Additionally, these cells default to become cortical tissue due to low endogenous Wnt 

signalling, an anterior neural phenotype which dorsalizes cells (Li et al., 2009; Nicoleau 

et al., 2013) (Figure 1.4, thick blue arrow).  

 

In contrast, ventralization of cells is regulated by sonic hedgehog (SHH) and can be 

generated by activating SHH (Li et al., 2009). Neural commitment towards a specific 

neuronal population can also be enhanced using morphogens (Chambers et al., 2009; 

Dottori and Pera, 2008; Mak et al., 2012) (Figure 1.4, orange arrows).  

 

These neural progenitors subsequently undergo terminal differentiation into mature 

neurons, a process following corticogenesis in vivo. 
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Figure 1.4 Generation of glutamatergic and GABAergic neurons from human 

pluripotent stem cells. 

Human embryonic stem cells isolated from the inner cell mass of embryos and induced 

pluripotent stem cells from adults can be reprogrammed with transcription factors to 

become pluripotent stem cells. Neurogenesis of hPSCs follow three phases : neural 

induction, patterning and terminal differentiation. For neural induction, these 

pluripotent stem cells are maintained on either a feeder layer or feeder-free culture 

system. The patterning and generation of specific neuronal types can be spontaneous 

(blue arrows) with a preference towards excitatory neurons (as indicated with the 

thicker arrow) or through the use of morphogens (orange arrows). Finally, terminal 

differentiation occurs, resulting in the generation of excitatory or inhibitory neurons 

that are of glutamatergic and GABAergic lineage respectively.  
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1.10.3 Neural induction: Generation and maintenance of hPSCs 

The early culture conditions were formulated following methods developed from mouse 

hESCs (Evans and Kaufman, 1981) and hESCs were typically maintained on feeder 

layers such as irradiated mouse embryonic fibroblasts (MEF) (Reubinoff et al., 2000; 

Thomson et al., 1998). However, despite the successes of feeder cell dependent culture 

systems, several limitations such as lot-to-lot inconsistencies between feeder populations 

and being labour intensive have made them unsuitable for future therapeutic applications. 

Therefore, to maximise the potential of pluripotent stem cells for future transplantation 

studies as well as in regenerative medicine, a concentrated effort has been made towards 

developing culture systems that are feeder-free and xeno-free (does not contain any 

animal-derived component) through chemically defined media formulations (reviewed by 

(Villa-Diaz et al., 2013)), to allow for better reproducibility of these culture systems 

(Figure 1.5). 

 

 

 

Figure 1.5 Evolution of human pluripotent stem cell (hPSC) cultures.  

This illustration depicts the progression from co-culture with feeder layer to feeder-

free cultures in a chemically defined medium (left to right). Feeder-free culture 

conditions include the use of individual extracellular matrix (ECM) proteins such as 

laminin and vitronectin to complex combinations of ECM substrates like Matrigel. 

There is a push towards new generation of substrates utilizing a combination of 

synthetic and biological motifs. In the future, substrates that are fully synthetic will be 

used to support long-term culture of hPSCs. The gradient transition from dark to light 

red indicates the complexity of culture media, from undefined to defined components. 

hPSCs are illustrated as rectangular cells while fibroblasts are illustrated as 

irregularly shaped cells, both with a prominent blue nucleus. Adapted from (Villa-Diaz 

et al., 2013). 
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1.10.3.1 Feeder culture systems 

The first technique used for successful establishment of hESC lines was done by co-

culturing isolated stem cells with mouse embryonic fibroblasts (Reubinoff et al., 2000; 

Thomson et al., 1998). Cytokines and growth factors secreted from MEF cells were found 

to be essential in maintaining stem cell pluripotency through repeated passages in culture 

(Beattie et al., 2005; Reubinoff et al., 2000; Thomson et al., 1998). However, the potential 

transmission of animal-derived infectious pathogens associated with MEFs remains a 

critical concern precluding the use of current hESCs for clinical application (Cobo et al., 

2008). Human feeder layers were first explored as alternatives towards the final goal of 

xeno-free culture models. A variety of different human feeder cells such as fetal muscle 

and skin (Richards et al., 2002), fallopian tube cells (Bongso et al., 1994), placental cells 

(Genbacev et al., 2005; Miyamoto et al., 2004), foreskin fibroblasts (Amit et al., 2003; 

Ellerstrom et al., 2006; Hovatta et al., 2003; Inzunza et al., 2005) and adult marrow cells 

(Cheng et al., 2003) have been successfully utilized in derivation or culturing of hESCs.  

 

These early studies with feeder layers have also contributed to better understanding of 

characteristics, behaviour and conditions required for stem cell renewal in vitro. For 

example, basic fibroblast growth factor (bFGF) was determined as an essential growth 

factor in maintaining hESC pluripotency (Liu et al., 2014; Xi et al., 2010). The addition 

of bFGF in serum-free stem cell derivation not only increased cloning efficiency, but 

sustained cell proliferation and was found to be necessary in preventing hESC 

differentiation (Amit et al., 2000; Klimanskaya et al., 2005). bFGF has been identified to 

support hESC renewal through promoting expression of several key growth factors such 

as transforming growth factor-β (TGFβ) and Activin A (Vallier et al., 2005), which 

modulate cell fate decisions in an early embryo and are involved in pluripotency 

maintenance of inner cell mass cells (Beattie et al., 2005; James et al., 2005; Vallier et 

al., 2005; Vallier et al., 2009). 

 

1.10.3.2 Feeder-free culture systems 

Successful feeder-free cell growth depends on the use of extracellular matrix proteins that 

can mimic an in vitro microenvironment which promotes stem cell renewal (Ludwig and 

J, 2007; Ludwig et al., 2006b). Numerous substrates such as laminin, fibronectin, 

vitronectin and collagen have proven to be suitable substratum for feeder-free cell growth 
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(Amit et al., 2004; Ludwig and J, 2007; Ludwig et al., 2006b; Muratore et al., 2014b; Xu 

et al., 2001). Secondly, the composition of basal media used had to support the cultivation 

of feeder-free cell growth (Chen et al., 2011; Ludwig and J, 2007; Ludwig et al., 2006b). 

As mentioned earlier, feeder layers secrete growth factors necessary for successful 

maintenance of hESCs, and they must be supplemented exogenously in feeder-free 

culture systems. 

 

1.10.4 Patterning: Neural differentiation into specific neuronal populations 

Neural differentiation depends on the interplay of activation and inhibition of various 

developmental signalling pathways which are tightly regulated (Chambers et al., 2009; 

Gaspard et al., 2008; Madhu et al., 2016; Patani et al., 2009; Surmacz et al., 2012; Wu et 

al., 2008). HPSCs can predictably respond to developmental morphogenetic signals. This 

allows for the generation of specific neuronal types, enabling the study of region specific 

neurodegenerative conditions in vitro (Bouhon et al., 2006; Maroof et al., 2013; Perrier 

et al., 2004; Schulz et al., 2003; Shi et al., 2012a; Zeng et al., 2010). In the recent years, 

significant progress in development of protocols for efficient neural differentiation has 

been made. The current trend gravitates towards utilizing a chemically defined culture 

milieu that is supplemented with small molecule inducers for neural differentiation 

(Chambers et al., 2009; Patani et al., 2009; Surmacz et al., 2012). In addition to being 

cost effective, the use of small molecules is highly desirable as they are stable, reduce 

experimental variability, have rapid biological effects that are reversible and tuneable by 

varying the duration or concentration of exposure (Pauly et al., 2018). Here, we focus on 

methods that differentiate hESCs into a “default” forebrain cortical fate, generating 

glutamatergic and GABAergic neurons that are differentially affected in AD. 

 

For neural differentiation of hPSCs, the embryoid body (EB) formation and the dual 

Small Mothers Against Decapentaplegic (SMAD)-inhibition methods are most frequently 

utilized (Chambers et al., 2009; Fernandes et al., 2015; Lippmann et al., 2014; Pauly et 

al., 2018; Zhang et al., 2001). In EB formation, aggregates are allowed to form in 

suspension in the absence of exogenous growth factors or small molecules. (Koch et al., 

2009; Zhang et al., 2001). In contrast, the dual SMAD-inhibition paradigm keeps hPSCs 

adherent but triggers neural induction by antagonizing transforming growth factor β 

(TGF-β) and bone morphogenetic protein (BMP) signalling pathways using exogenously 
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morphogens (eg. Noggin) or small molecules (eg. SB431542) (Chi et al., 2016; Muratore 

et al., 2014b). Both EB and dual SMAD-inhibition methods are typically followed with 

an adherent culture method in neural medium for neural lineage enrichment (Denham and 

Dottori, 2009; Shi et al., 2012a). Although approaches have a similar yield in neuronal 

derivation, the resulting timelines were noted to be distinct with neuroectoderm formation 

at day 7 VS day 17 and neurons present at day 12 VS day 25 in dual SMAD inhibition 

VS EB aggregate (Muratore et al., 2014b; Shi et al., 2012a; Zeng et al., 2010). For this 

reason, we chose to use the dual SMAD inhibition method for neural induction of 

glutamatergic and GABAergic neurons. 

 

The use of two small molecule inhibitors of SMAD signalling, SB431542 (SB) and 

LDN189193 (LDN), in particular, has proven to be particularly efficient in triggering 

neuronal precursors (Chambers et al., 2009; Inman et al., 2002; Lee et al., 2009; Surmacz 

et al., 2012). Targeting the TGFβ and BMP signalling pathways respectively, they have 

been shown to successfully induce the generation of dorsal telencephalic progenitors 

(Madhu et al., 2016; Patani et al., 2009; Surmacz et al., 2012) which differentiates towards 

a glutamatergic lineage (Gorski et al., 2002; Li et al., 2009; Watanabe et al., 2005). To 

obtain GABAergic neurons, smoothened agonist (SAG), which targets the SHH 

signalling pathway can be used together with SB/LDN to induce the differentiation of 

ventral telencephalic progenitors towards a GABAergic lineage (D'Abaco et al., 2018; Li 

et al., 2009; Stanton and Peng, 2010). These agents allow the successful generation of 

human glutamatergic and GABAergic neurons to investigate Aβ’s neurotoxic actions on 

human neurons. 

  



 

 28 

1.11 Hypothesis and Aims 

In AD, cholinergic and glutamatergic neurons are affected early while GABAergic 

neurons remain relatively unaffected till later in disease. However, therapeutics targeting 

the cholinergic system only treat symptoms and do not target the underlying cause of 

disease, hence the urgent need for new therapeutic targets. The precise mechanisms 

underlying this selective neuronal vulnerability of glutamatergic and not GABAergic 

neurons remains unknown. Therefore, this study hypothesizes that Aβ exerts its toxic 

effect by binding to a subpopulation of vulnerable human neurons. 

 

To address this hypothesis, this study will aim: 

 To generate and characterize glutamatergic and GABAergic neurons 

derived from the H9 human embryonic stem cell line. 

Chapter 3: This chapter first establishes a simple hESC culture model comprising of 

glutamatergic and GABAergic neurons differentiated from the H9 hESC line that are 

cultured for 12 weeks. Neural induction was performed using small molecules 

SB/LDN and SB/LDN/SAG for the generation of glutamatergic and GABAergic 

neurons respectively. Cell viability, immunostaining for culture specific markers and 

gene expression were determined at fortnightly intervals over the 12 week culture 

period. 

 

 To determine toxicity and binding of Aβ to differentiated H9 glutamatergic 

and GABAergic neurons 

Chapter 4: Differentiated glutamatergic and GABAergic neurons were cultured up to 

12 weeks. At fortnightly intervals, differentiated glutamatergic and GABAergic 

neurons were treated with soluble monomerized Aβ42 peptide for 96 hrs. Following 

treatment with Aβ42, cells were processed for further analysis. Cell viability and 

binding of Aβ42 to neurons were determined following treatment to determine if cell 

viability correlated with the amount of Aβ42 bound. Gene expression of synaptic 

markers was determined using qPCR to detect molecular changes following treatment 

with Aβ42. 

 

Chapter 5 : This chapter investigates if the neurotoxicity observed in Chapter 4 

correlated with a specific oligomeric Aβ species. Differentiated glutamatergic and 
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GABAergic neurons were treated with PICUP generated individual Aβ40 monomer, 

dimer, trimer and tetramer for 96 hrs to test the toxicity and binding of these species.  
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CHAPTER 2 Materials and Methods 

2.1 Stem cell culture 

2.1.1 Human Embryonic Stem Cell line  

H9 hESC line (normal 46, karyotype XX) was obtained from WiCell Inc (Madison, WI) 

for use in this study. All tissue culture procedures were performed using aseptic 

techniques and Class 2 Biological Safety Cabinets. All cell cultures were maintained in 

in a humidified incubator set at 37oC and supplemented with 5% CO2 unless otherwise 

stated. 

2.1.2 Neural induction 

Two cell culture systems were utilised to maintain and propagate the hESC cultures 

during my PhD candidature. In one culture system a mouse feeder layer (see section 

2.1.3) was used to supplement the initial phase of hESC growth and in a second culture 

system, the hESC were grown in a feeder free layer (see section 2.1.4).  

2.1.3 Feeder layer culture system 

The hESC cultures were maintained on a feeder layer of mitotically inactivated mouse 

embryonic fibroblasts as previously published (Denham and Dottori, 2011). A P20 pipette 

tip was used to gently detach the cell fragments from the dish. The cell fragments were 

transferred into pre-prepared 60mm organ culture dishes, with approximately ten evenly 

spaced fragments per dish for neural induction. 

 

Glutamatergic neuronal induction: Cultures were maintained in neural induction 

culture media termed N2B27 (Appendix 1). Neuronal induction was promoted by 

supplementing the culture medium with SB431542 (10 μM, Tocris) and LDN193189 

(0.1 μM, Tocris) for the first 5 days., Recombinant human fibroblast growth factor-basic 

(bFGF; 20 ng/mL, PeproTech) was added to the culture medium at day 6 and cells 

cultured for 7 days (Denham and Dottori, 2011).  

 

GABAergic neuronal induction: Cultures were maintained in N2B27 media and 

neuronal induction was promoted by supplementing the culture medium with 

SB431542 (10 μM, Tocris) and LDN193189 (0.1 μM, Tocris) as well as a small 

molecule Smoothened agonist (SAG 400 nM, Calbiochem/Merck) for the first 5 days 

only. Recombinant human bFGF (20 ng/mL, PeproTech) was added to media at day 6 
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and cells cultured for a further 7 days (Chambers et al., 2009; Chambers et al., 2012).  

 

Preparation of Neurospheres: The neuronal induction procedures resulted in the 

formation of neural rosettes which were identifiable using a dissecting light microscope. 

A 21G sterile needle was used to cut out the neural rosette colonies ensuring they were 

similar in size with individual pieces transferred to low attachment culture plates 

containing neurosphere formation medium (Appendix 1) and they were allowed to form 

into neurosphere bodies over a 7 day period (with media changes every 2-3 days). 

 

2.1.4 Feeder-free culture system 

Passaging of the hESC H9 cell line maintenance stock was performed either by a) manual 

cutting or b) Ethylenediaminetetraacetic acid (EDTA) dissociation procedures. 

 

Manual cutting: The hESC H9 cell line maintenance stock was cultured on organ culture 

dishes pre-coated with Vitronectin XFTM (Appendix 1) using mTeSRTM-1 media 

(Appendix 1) (Stem Cell Technologies). Undifferentiated colonies were identified using 

a dissecting microscope and selected for passaging. A 21G needle was used to cut these 

colonies into similar size fragments. A P20 pipette tip was used to gently detach the 

fragments from the dish and they were transferred into pre-prepared organ culture dishes, 

with approximately 10 evenly spaced fragments per dish. Media changes were conducted 

daily. 

 

EDTA dissociation: The hESC H9 cell line maintenance stock was cultured on organ 

culture dishes pre-coated with Vitronectin XFTM (Appendix 1) using TeSRTM-E8TM (E8) 

media (Appendix 1). To dissociate cells (ie: passage cells), spent E8 media was removed 

from cell culture plate and cells were gently rinsed with 1X PBS solution (Appendix 1) 

twice. To gently detach cells from the adherent surface, cells were incubated in 0.5 mM 

EDTA for 3 mins at 37oC and then resuspended in E8 media. Large cell clusters were 

gently broken apart by triturating the cell suspension gently no more than 3 times using a 

P1000 pipette tip. This procedure resulted in cell clusters containing approximately 10-

20 cells and they were evenly replated onto Vitronectin precoated flasks at a spilt ratio of 

1:3. Passaging was done every 3 to 4 days with daily medium change. 
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Glutamatergic neuronal induction: Cultures were maintained in N2B27 medium. 

Neuronal induction was promoted by supplementing the culture medium with 

SB431542 (10 μM, Tocris) and LDN193189 (0.1 μM, Tocris) for the first 7 days. 

Recombinant human bFGF (20 ng/mL, PeproTech) was added to the culture medium at 

day 8 and cells cultured for a further 7 days (Denham and Dottori, 2011).  

 

GABAergic neuronal induction: Cultures were maintained in N2B27 medium and 

neuronal induction was promoted by supplementing the culture medium with 

SB431542 (10 μM, Tocris) and LDN193189 (0.1 μM, Tocris) as well as a small 

molecule Smoothened agonist (SAG 400 nM, Calbiochem/Merck) for the first 7 days. 

Recombinant human bFGF (20 ng/mL, PeproTech) was added at day 8 and cells cultured 

for a further 7 days (Chambers et al., 2009; Chambers et al., 2012).  

 

Preparation of Neurospheres: The neuronal induction procedures resulted in the 

formation of neural rosettes which were identifiable using a dissecting light microscope. 

To gently detach cells from the adherent surface, cells were incubated in 0.5 mM EDTA 

for 3 mins at 37oC, resuspended in 4 mL neurobasal medium and centrifuged for 15 mins 

at 200g. Supernatant was discarded and cells resuspended in neurosphere formation 

medium (Neurobasal media supplemented with bFGF (20 ng/mL) and recombinant 

human epidermal growth factor (EGF); 20 ng/mL PeproTech) and aliquoted into round 

bottom low attachment 96 well plates. They were allowed to form into neurosphere bodies 

over a 14 day period with medium changes every 2-3 days (Figure 2.1). 

 

2.1.5 Terminal Differentiation 

The feeder layer culture system generated 7-day old neurospheres with passage numbers 

60, 63-73, 77-82, 89-94 while the feeder-free culture system 14-day old neurospheres had 

passage numbers of 20-26.  

 

The individually formed neurospheres were collected and replated into 12 well plates at 

a density of 1 neurosphere per well containing a glass coverslip or 2 neurospheres per 

well using 12 or 24 well plates pre-treated with poly-D-lysine (1 g/mL) and laminin (10 

g/mL, Life Technologies). The neurospheres placed on the coverslips were gently 

dissociated to allow identification of single cells for histological assessment while 
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neurospheres were left intact when placed directly on the plastic surface of the plates. 

Cells were left undisturbed for at least 24 hr to allow adherence to vessel surfaces. The 

neurospheres were cultured for up to 12 weeks and allowed to terminally differentiate 

into a monolayer of neurons. The duration of differentiation was determined from the day 

of application of differentiation media to the day when the differentiated neurons were 

experimented on. Half medium changes were performed on every alternate day during 

the differentiation period. 

 

 

Figure 2.1 Schematic of generating terminally differentiated cells using feeder 

layer or feeder-free culture system.  

Both feeder layer and feeder-free culture systems follow a similar neuronal induction 

procedure. The defined neuronal induction period requires the presence of small 

molecules SB/LDN or SB/LDN/SAG in the first 5 to 7 days. Neural rosettes form due to 

the presence of FGF in the culture medium over the next 7 days. To form neurospheres, 

both feeder layer and feeder-free culture systems required the presence of FGF and EGF 

in the culture media. Neural rosettes were either mechanically cut (feeder layer) or gently 

harvested (feeder-free) and transferred to a new plate to allow neurosphere formation 

and growth. After culturing for 7 and 14 days for the feeder layer and feeder-free culture 

systems respectively, the fully formed neurospheres were replated and allowed to 

terminally differentiate for up to 12 weeks. SB:SB431542; LDN: LDN193189; SAG: 

Smoothen agonist FGF: fibroblast growth factor; EGF: epidermal growth factor 

 

2.2 A peptide preparation 

2.2.1 Preparation of monomerized A peptide 

Synthetic A40 and A42 peptides (human sequence) were purchased from The ERI 

Amyloid Laboratory, LLC (Oxford, CT USA). The lyophilised Aβ peptide was initially 

dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at 1 mg/mL and sonicated in an 

iced water bath for 30 mins to ensure full monomerization of any pre-aggregated peptide. 

The monomerized A peptide was aliquoted into 100, 200, and 500 mg lots into 1.5 mL 
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centrifuge tubes and the HFIP evaporated off using a speed vacuum for 30 mins at RT. 

The centrifuge tubes, containing the dried A peptide film, were sealed with parafilm and 

stored at -80°C until required. 

 

2.2.2 Preparation of soluble A peptides 

The HFIP-treated A peptide film was redissolved using well established protocols 

(Ciccotosto et al., 2004). Briefly, the A peptide aliquots were routinely solubilized at 

1mg/mL to achieve a concentration of 200 to 280 µM. The dry peptide film was first 

solubilized in 60 mM NaOH, followed by the addition of MQ water and 10X PBS in a 

volume ratio of 2:7:1 respectively. The solubilized A solution was sonicated in an iced 

water bath for 10 mins then centrifuged at 16,168g for 5 mins at 4°C and the supernatant, 

containing the monomerised Aβ peptide, transferred to a new centrifuge tube and kept on 

ice. The concentration of the Aβ peptides were determined using a Nanodrop 2000 

(Thermo Fisher Scientific, Australia) instrument and measuring the absorbance value at 

OD214 and molar extinction values of 75,887 mole/litre/cm for A42 and 55,771 

mole/litre/cm for A40 were used in the calculations. The measured A concentration 

was adjusted to a working concentration of 200 µM using a vehicle buffer (Appendix 1). 

It is important to note that solubilized A was freshly prepared before each experiment 

to ensure that the A peptide was predominantly monomeric. 

  

2.2.3 Preparation of stable oligomeric A peptides using PICUP 

Photo-induced crossing-linking of unmodified proteins (PICUP) cross-linked A was 

used to form stable oligomeric A species using a laboratory modified protocol (Jana et 

al., 2016a; Jana et al., 2016b). Briefly, 180 µL of freshly prepared 150 µM A solution 

(see section 2.2.1) was mixed with 10 µL of 5 mM Tris (2,2-bipyridyl)dichlororuthenium 

(II) hexahydrate (RuBpy, Sigma, Australia). While in complete darkness, 10 μL of 100 

mM ammonium persulphate (Sigma, Australia) was mixed in with the peptide solution. 

The mixture was exposed to a light source (150W bulb) placed 15 cm away from the 

reaction mixture for 6 seconds to trigger the cross-linking reaction. The cross-linking 

reaction was stopped by adding 2X sodium dodecyl sulfate (SDS) loading dye (without 

bromophenol blue dye) containing 10% (v/v) tris-(2-carboxyethyl)phosphine (Bond-

Breaker™ TCEP Solution, Neutral pH, Thermo Fisher, Australia). This procedure was 
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performed in a dark room with a safety red light. 

 

2.2.4 Isolation of PICUP cross-linked oligomeric A peptides 

The procedures for isolation and purification of oligomeric PICUP cross-linked A 

peptides were previously optimised in this laboratory (Jana et al., 2016a; Jana et al., 

2016b) Briefly, the PICUP reaction mix was loaded onto sodium dodecyl sulfate–

polyacrylamide gel electrophoresis (SDS-PAGE) gels for separation of the cross-linked 

A peptide species based on their molecular weight. A molecular weight marker (SeeBlue 

Plus2 Prestained Protein Standard, Thermo Fisher Scientific, Australia) was loaded in the 

first lane of the gel and the last lane was protein free and used as the gel only vehicle 

control. Following electrophoresis, the first lane, containing the molecular weight marker, 

and the second lane, containing the cross-linked A peptide were cut from the rest of the 

gel and stained with InstantBlue™ stain (Expedeon, UK) for 15 mins while the remaining 

gel piece was rinsed with MilliQ water. The gel stained portion was aligned with the 

unstained gel portion and each individual A band (monomer to tetramer) was cut away 

using a clean scalpel blade and the gel pieces placed into separate plastic tubes labelled 

monomer to tetramer and vehicle for further purification by electroelution. 

 

2.2.5 Purification of PICUP cross-linked oligomeric A peptides by electroelution 

An Electro Eluter apparatus (Model 422, BioRad, Australia) was used to extract PICUP 

cross-linked A peptides from the gel pieces as previously established in this laboratory 

(Jana et al., 2016a; Jana et al., 2016b). Briefly, the gel pieces were placed into a glass 

tube with the frosted end previously sealed with a silicon adaptor containing a 3.5 kDa 

molecular weight cut off membrane cap and frit (Figure 2.2). The assembled tube was 

loaded into the electro-eluter instrument, filled with gel elution buffer (Appendix 1), and 

constant current of 2 mA per glass tube applied for 2 hrs. The supernatant containing the 

eluted peptide was collected and further purified by dialysis procedures to remove the 

excess salt buffers and SDS present in the elution buffer solution. 
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Figure 2.2 Schematic figure of glass tube set up for Electro Elution Model 422 

(BioRad). 

Silicon adaptor, membrane cap and frit were fitted onto the frosted end of the glass tube. 

Gel pieces were placed into the tube from the unfrosted end. The assembled glass tubes 

were placed into the electro-eluter instrument for electro elution. Supernatant elution 

containing the A peptides was collected from the membrane cap and prepared for 

dialysis. 

 

2.2.6 Dialysis of PICUP cross-linked oligomeric A peptides 

The collected supernatant sample containing Aβ peptide oligomers, was placed into a 3.5 

kDa molecular weight cut off dialysis tubing, sealed and dialysed against 5 L of MilliQ 

water (adjusted to pH 4-5 with HCl) overnight at 4oC. On the following day, the dialysed 

water was replaced with fresh MilliQ water set at pH 7 for 2 hrs at 4oC. The dialysed 

supernatant samples were transferred to 50 mL plastic tubes, frozen in liquid nitrogen, 

and lyophilized using a freezer dryer. The lyophilized PICUP cross-linked Aβ oligomeric 

peptide species were stored at -80oC until needed. Solubilization of the PICUP cross-

linked Aβ oligomeric peptides was performed as described in section 2.2.2. The 

concentration of each resolubilized PICUP cross-linked Aβ oligomeric peptide species 

was determined using Pierce Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo 

Fisher Scientific, Australia) based on their expected molecular weights (monomer: 4,330 

Da, dimer: 8,660 Da, trimer: 12,990 Da and tetramer: 17,320 Da). 
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2.3  Cell Viability 

A live-dead assay mixture was used to determine viability of cell cultures. The live-dead 

assay mixture was composed of - a) Hoechst 33342 (2 µg/mL, Sigma Aldrich) to identify 

all cells present in the culture by staining the cell nucleus; b) Calcein-AM (2 µM, Thermo 

Fisher Scientific) to identify only live cells (stains cell cytoplasm), and c) propidium 

iodide (PI, 2 µg/mL, Sigma Aldrich) to identify dead cells (stains cell nucleus). Briefly, 

cells were carefully washed with neurobasal medium twice then incubated with the live-

dead assay mixture at 37 oC for 15 mins before imaging cells using the Operetta High-

Content Imaging System (PerkinElmer, Australia). The fluorescence detection for the 

different dyes was identified by setting the excitation/emission wavelengths parameters 

on the instrument for Hoechst at 350/461 nm; Calcein-AM at 494/517 nm, and PI at 

540/608 nm. Acquired images were converted to tif file format using the Harmony High 

Content Imaging and Analysis Software (PerkinElmer). Further image processing was 

performed using ImageJ software (version 1.51v, NIH). Acquired images were first 

stitched using a macro written by Dr Ellie Cho, (Biological Optical Microscopy Platform, 

The University of Melbourne) and analysis was performed using IMARIS software 

(version 9.1.2, Bitplane). Three random regions of interest were created per image and 

quantification was performed blinded. Total number of cells counted was based on spots 

created in the Hoechst channel; live cells were counted based on cells that were positive 

for both Hoechst and Calcein-AM dye, while dead cells were counted based on cells that 

were positive for both Hoechst and PI fluorescence.  Cell viability of the cultures was 

expressed as a percentage using the following formula: 

 

 

 

 

2.4 Fluorescence Immunocytochemistry 

To prepare terminally differentiated cells growing on coverslips for histological 

assessment, the cells were gently washed with neurobasal medium (Life Technologies) 

twice then fixed in 4% paraformaldehyde for 20 mins, briefly washed in PBS buffer, 

permeabilized (0.075% w/v Triton X-100 in block buffer) for 20 mins, then incubated for 

60 mins in blocking buffer (10% goat serum in PBS). All incubation steps were performed 

at room temperature unless otherwise stated. The cells were incubated in primary 

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
 ×  100% 
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antibodies diluted in blocking buffer to an appropriate dilution (see Table 2.1 for detailed 

list of antibodies) overnight in a humidified box at 4 oC.  On the following day, the cells 

were briefly rinsed in 3 changes of PBS buffer for 5 mins each followed by a 2 hr 

incubation in a darkened box, with a fluoro-tagged secondary antibody (Alexa488, 

Alexa568, Alexa633, or Alexa647; see Table 2.1 for a detailed list of antibodies) raised 

against the appropriate IgG epitope, diluted 1:500 in block buffer and supplemented with 

4′,6-diamidino-2-phenylindole (DAPI) (2 μg/mL, nucleus dye). Coverslips were finally 

rinsed in 3 changes of PBS buffer for 5 mins then quickly dipped in MilliQ water, excess 

water removed, and the coverslips mounted onto glass slides using mounting medium 

(Prolong Gold, Invitrogen). Slides were left to dry overnight as the mounting medium 

hardens in the dark prior to imaging. Fluorescence images were taken using a Zeiss 

Axioscope 2 microscope with EC Plan-NEOFLUAR objective lens (either a 63X, 40X or 

20X) and images were taken using a Photometrics Coolsnap ES2 monochrome camera 

(Photometrics, with fixed excitation/emission filters for blue (350/460 nm), green 

(495/537 nm), and red (546/590 nm) and far red (640/690 nm) profiles. Images were 

acquired using ZEN2 pro software (Zeiss, Germany) and saved as csv file format then 

images were partially processed and exported in tif file format.  

 

Quantification of immunohistochemical markers: The tif images were imported into 

ImageJ software (version 1.51v, NIH) for further analysis. Number of cells positive for 

neuronal markers (GAD67, MAP2 and vGluT1) were counted utilizing the cell counter 

plugin. Data expressed as a percentage to total DAPI +ve cells counted. Images taken 

from 3 independent experiments, with 6 – 8 fields of interest were taken per experiment. 

 

Quantitation of Aβ bound to cells: The tif images were imported into ImageJ software 

(version 1.51v, NIH) for detailed analysis. Integrated density parameters and regions of 

interest (ROI) were used to calculate the corrected total cell fluorescence (CTCF) 

intensity. Background readings were taken from areas absent of Aβ signal. CTCF was 

determined using the following formula:  

 

 

 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑇𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 (𝐶𝑇𝐶𝐹)

=   𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 − (𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 ×𝑀𝑒𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑑𝑖𝑛𝑔) 
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2.5 Biochemical analysis 

2.5.1 Cell binding preparation 

Following treatment with vehicle or Aβ, cells were washed with neurobasal medium three 

times. After which, cells were harvested in 500 µL DPBS, transferred into 1.5mL 

centrifuge tubes and centrifuged at 16,168g for 7.5 mins to pellet the cells. The cell pellet 

was homogenized using a BioVortexer (Biospec Products, USA) in 50 µL lysis buffer 

containing protease inhibitors (Complete Mini, Roche) (Appendix 1). Briefly, samples 

were homogenized for 1 min or until sample turned cloudy using polypropylene stirring 

rods (Biospec Products, USA) attached to the BioVortexer. The cell suspension was 

sonicated in an ice water bath for 30 mins to lyse the cells. After sonication, samples were 

allowed to rest on ice for 5 mins before centrifuging at 16,168g for 7.5 mins. Supernatant 

was collected and transferred to new microfuge tube. Total protein concentration was 

determined using Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific, 

Australia). Samples were then mixed with 4X NuPAGE™ LDS Sample Buffer 

(Invitrogen) or 4X Laemmli sample buffer (Appendix 1) in the presence of 50 mM Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) solution (Sigma) and heated at 95 oC for 

10 mins to denature proteins before storing at -20 oC for further analysis. 

 

2.5.2 SDS-PAGE electrophoresis 

Samples were premixed with 4X NuPAGE™ LDS Sample Buffer (Invitrogen) and TCEP 

or 4X Laemmli sample buffer (Appendix 1) and TCEP, heated to 95oC for 10 mins, 

cooled and then centrifuged at 16,168g for 10 seconds. Samples were loaded onto gels 

(SDS-PAGE NuPAGE® 12% Bis-Tris gel, Invitrogen, Australia) with SeeBlue® Plus2 

Prestained Protein Standards (Invitrogen, Australia) used as a molecular weight marker 

for each gel. Gels were run at a constant 150V for 60 mins in NuPAGE® MES SDS 

Running Buffer (Invitrogen, Australia) and transferred onto nitrocellulose membranes 

(BioRad, Australia) using a wet transfer apparatus (BioRad, Australia) using a constant 

current of 400 mA for 1 hr in transfer buffer (see Appendix 1 for composition). 

  

2.5.3 Western blot procedure 

Nitrocellulose membranes were boiled in PBS buffer by microwaving at high heat for 30 

seconds. They were then incubated in blocking buffer (Appendix 1) for 1 hr followed by 
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an overnight incubation in primary antibody diluted in PBST (refer to Table 2.1 for details 

of antibodies) at 4 oC. On the following day, the membranes were washed with PBST 

buffer three times for 5 mins each, incubated with horseradish peroxidase (HRP)-

conjugated mouse or rabbit secondary antibodies (diluted in TBST, 1:10,000; Dako, 

Australia) for 2 hrs, washed in TBST buffer three times for 5 mins each followed by a 

final wash in TBS buffer for 5 mins. All incubation steps were performed with the 

membrane on a rocking platform (Ratek, Australia) with sufficient medium covering the 

membrane at all times and at room temperature unless otherwise stated. Membranes were 

then developed by incubating in small volume of chemiluminescence reagents (ECL 

advance, GE Healthcare, United Kingdom) for 3 mins. Membranes were cleared of excess 

ECL reagent and then placed into the ChemiDoc™ Touch Imaging System (BioRad, 

Australia) images taken and saved in tif file format for further analysis. 

  

2.5.4 Quantification of Aβ bound to neurons  

Aβ oligomeric bands were detected on the nitrocellulose membranes and the band 

intensity quantified using NIH ImageJ software (version 1.4). Briefly, a fixed region of 

interest was drawn to quantify each Aβ band intensity detected between 4 kDa to 18 kDa. 

The intensity of Aβ bands detected in each sample was added and normalized to the 

intensity of the β-actin bands which were as the internal protein loading control. Total 

Aβ1-42 binding represents the sum total binding of monomer, dimer, trimer and tetramer 

(low molecular weight oligomers). An Aβ standard curve was used to calculate the 

amount of Aβ bound per gram of homogenate. Background intensity was determined by 

an area where no sample was loaded.   
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Table 2.1 Summary list of antibodies for fluorescent immunohistochemistry and 

western blot. 

Primary 

Antibody 
Detects Company 

Animal 

species 

Dilution 

(WB) 

Dilution 

(IHC) 

22C11 
N-terminal APP 

fragment 
In house1 Mouse 1:500 - 

β-actin 
β-actin (protein 

loading control) 

Cell Signalling 

Technologies 
Rabbit 1:10000 - 

GFAP 

 

GFAP 

Astrocytes 

Cell Signalling 

Technologies 
Mouse - 1:500 

MAP2 

 

MAP2 

Mature dendrites 

Merck 

Millipore 
Chicken - 1:100 

GAD67 

GAD67 

Immature 
GABAergic neurons 

(presynaptic) 

Abcam Rabbit - 1:500 

Tau 
Tau 

Mature axons 
Dako Rabbit - 1:500 

vGluT1  
 

vGluT1 
Mature 

glutamatergic 

neurons 
(presynaptic) 

Merck 
Millipore 

Guinea 
pig 

- 1:500 

WO2 Aβ peptide In house1 Mouse 1:50 1:50 

All antibodies were sourced from Australian distributers unless otherwise stated. 1 WO2 

antibody was kindly prepared and provided by Dr Li (Florey Institute of Neuroscience 

and Mental Health). GFAP (Glial fibrillary acidic protein); MAP2 (microtubule 

associated protein); GAD67 (glutamic acid decarboxylase isoform 67); vGluT1 

(vesicular glutamate transporter 1) 

 

2.6 RNA Expression Analysis  

2.6.1 RNA extraction 

Cells were harvested and processed for total RNA extraction using PureLink RNA Mini 

Kit (Invitrogen, Life Technologies) as per manufacturer’s instructions. Briefly, cells were 

rinsed twice with DPBS (Appendix 1) to remove residual differentiation or treatment 

media. Cells were manually harvested in lysis buffer (PureLink RNA Mini Kit) 

containing 1% 2-mercaptoethanol (Sigma-Aldrich) and either kept at -80oC or further 

processed into RNA. For cell homogenization, freshly prepared or thawed cell lysates 

were vortexed briefly and passed through a 21G needle attached to a RNAse-free syringe 

10 times. 70% ethanol was added to the sample and vortexed to mix thoroughly. 

Homogenates were transferred into spin cartridges with collection tubes, centrifuged for 
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15 seconds and the flow-through discarded. Following that, a series of wash steps with 

wash buffer I and wash buffer II was performed. Briefly, 700uL wash buffer I was added 

to the sample, centrifuged and flow-through discarded. The spin cartridge was inserted 

into a new collection tube and 2 X 500 µL washes with wash buffer II were performed. 

All wash centrifuges were performed at 12,000g for 15 seconds at room temperature using 

a table top centrifuge. The spin cartridge was then spun at 12,000g for 1 min to dry the 

membrane with attached RNA, and inserted into a recovery tube. 50 to 100 µL RNAse-

free water was added to the centre of the spin cartridge and incubated at room temperature 

for 1 min. The spin cartridge with recovery tube attached was spun at 12,000g for 2 mins 

to elute RNA from membrane into the recovery tube. RNA quality was examined using 

the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, Australia) with 

A260/280 ratio ranging from 1.72 to 2.27.  

 

2.6.2 cDNA preparation 

Up to 2 µg of RNA (Table 2.2) was used to synthesize first-strand cDNA using 

SensiFAST cDNA Synthesis Kit (Bioline, Australia) to achieve a final cDNA 

concentration of 10ng/uL. Cycling parameters were as follows: 25 oC for 10 mins, 42oC 

for 15 mins and 85 oC for 5 mins on an Eppendorf PCR Thermocycler. Prepared cDNA 

were either kept at -80oC until use or prepared for qPCR reactions. 

 

Table 2.2 Preparation of each sample for cDNA reaction 

Reagents Volume (μL) 

Total RNA or mRNA (up to 1μg) n 

5x TransAmp Buffer 4 

Reverse Transcriptase 1 

RNAse-free water bring final volume to 20 

Final volume 20 

 

2.6.3 qPCR reaction 

Q-PCR reaction was performed on the QuantStudio 6 Flex Real-Time PCR System 

(Applied Biosystems) using TaqMan Fast Advanced Master Mix (Applied Biosystems) 

and TaqMan probes (Applied Biosystems) as listed in Appendix 2. Reactions were freshly 
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prepared (Table 2.3) and run in triplicate. Each reaction contained 30ng of cDNA 

template in a final reaction volume of 20µL. Cycling parameters were as follows: 50 °C 

for 2 mins, 95 °C for 20 seconds, followed with 40 cycles of 95 °C for 1 second and 60 

°C for 20 seconds.  

 

Table 2.3 Preparation of each sample for qPCR reaction 

Reagents Volume (μL) 

2× TaqMan Gene Expression Master Mix 10.0 

20× TaqMan Gene Expression Assay 1.0 

cDNA template (at 10ng/uL) 3.0 

RNAse-free water 6.0 

Total volume 20.0 

 

Raw data was exported to Microsoft Excel (.xlxs file format) for further analysis. ΔCT 

values were calculated by normalization to the mean of three internal reference genes 

ELF1, GAPDH and HMBS. ΔΔCT values were calculated by normalization to ΔCT 

values of control samples. Relative gene expression values were then calculated using 

2ΔΔCT method, based on the Livak method with slight modifications (Livak and 

Schmittgen, 2001). Formulas as follows: 

 

2.7 Statistical Data Analysis 

A minimum of three independent experiments were performed for statistical analyses for 

all studies unless otherwise stated. Data are presented as mean ± standard error of the 

mean (SEM). Student’s t-test was used to compare two different treatment groups. One-

way analysis of variance (one-way ANOVA) and a Tukey post-hoc test statistical analysis 

was used when comparing the difference between treatment groups. All statistical 

analyses were performed using Graphpad Prism software (version 7, San Diego, CA, 

USA). Image analysis for viability and immunohistochemistry were done blinded to 

treatment groups.  
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CHAPTER 3 Generation and characterization of human 

glutamatergic and GABAergic neurons: derived from 

human embryonic stem cells. 
 

3.1 Introduction 

Human stem cell culture models provide a unique advantage for investigating 

mechanisms of human pathological diseases because they can be manipulated into any 

cell type of interest and their usage has increased considerably in recent years due to 

improved differentiation and handling protocols and affordability. While the utilization 

of human embryonic stem cells (hESCs) was first reported in 1998 (Thomson et al., 

1998), it was in 2007 that Yamanaka and colleagues first reported the ability to reprogram 

human somatic cells into a pluripotent stem cell state using the following transcription 

factors, OCT4, SOX2, KLF4, cMYC (Takahashi et al., 2007). This discovery 

revolutionized the application of pluripotent stem cells for investigating and modelling 

human pathological diseases.  

 

Since then, numerous protocols for in vitro expansion and neuronal differentiation of 

pluripotent stem cells have been developed (Chambers et al., 2009; Denham and Dottori, 

2011; Maroof et al., 2013; Muratore et al., 2014b). A common goal amongst neural stem 

culture researchers is to develop simplified protocols for tissue culture conditions that 

lead to improved experimental consistency with the aim of omitting repeated induction 

steps. In the past decade, protocols describing how to generate neural stem cells from 

pluripotent stem cells have been routinely reported (Chambers et al., 2009; Dottori and 

Pera, 2008). A majority of these reports relied on morphogen-free embryoid body 

formation which spontaneously form neural rosettes that eventually differentiate into 

neurons (Carpenter et al., 2001; Zhang et al., 2001). However, significant advancements 

in our understanding of neural development biology have identified key small molecules 

that are required to manipulate neuroectoderm induction (Chambers et al., 2009; Smith 

et al., 2008). This has led to utilization of small molecules, such as dual-SMAD inhibitors, 

that target the transforming growth factor-β (TGF-β) and bone morphogenetic protein 

(BMP) signalling pathways (Chambers et al., 2009; Denham and Dottori, 2009; 

Fernandes et al., 2015; Li et al., 2009; Muratore et al., 2014b; Patani et al., 2009) to drive 

neuronal differentiation. While both methods efficiently generate neurons, the use of the 
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dual-SMAD inhibitors resulted in an earlier timeline for neuroectoderm formation, 

resulting in the formation of neurons in culture (Chambers et al., 2009; Muratore et al., 

2014b; Shi et al., 2012a; Zeng et al., 2010). With a push in the stem cell culture field of 

research to ensure better translation for human studies, new culture methods that do not 

require the use of a mouse feeder layer have been developed (Aguilar-Gallardo et al., 

2010; Amit et al., 2003; Brimble et al., 2004; Fong and Bongso, 2006; Genbacev et al., 

2005; Inzunza et al., 2005; Klimanskaya et al., 2005; Ludwig et al., 2006a; Rosler et al., 

2004). The mouse feeder layer culture system was replaced with a feeder-free culture 

system where undifferentiated cells are maintained and cultured on vitronectin and 

laminin coated surfaces with the use of xeno-free and serum-free media (Desai et al., 

2015; Ellerstrom et al., 2006; Ludwig and J, 2007; Ludwig et al., 2006b; Villa-Diaz et 

al., 2013; Yuan et al., 2015).  

 

The discovery of small molecules that can be added to early phases of cell culture 

differentiation is one of the key elements that has advanced the field to allow 

manipulation of cells into targeted cell types. For example, the small molecules 

SB431542 (SB) and LDN193189 (LDN), have been shown to have an inhibitory effect 

on the function of TGF-β and BMP in the neural differentiation signalling pathways 

(Chambers et al., 2009; Denham and Dottori, 2009; Fernandes et al., 2015; Li et al., 2009; 

Muratore et al., 2014b; Patani et al., 2009). By modulating these signalling pathways, the 

addition of these molecules to the cell culture enhance the generation of dorsal 

telencephalic progenitors which in turn leads to the development of glutamatergic neuron 

formation (Inman et al., 2002; Shi et al., 2012c; Surmacz et al., 2012; Zeng et al., 2010). 

Unlike progenitors of glutamatergic neurons that are derived from the dorsal forebrain, 

progenitors of GABAergic neurons are derived from the ventral forebrain and are 

activated by sonic hedgehog (SHH) (Anderson et al., 2016; Kim et al., 2014; Li et al., 

2009; Liu et al., 2013; Maroof et al., 2013; Stenman et al., 2003). Another small molecule, 

smoothened agonist (SAG), targets the SHH signalling pathway and promotes the 

generation of ventral telencephalic progenitors which will develop into GABAergic 

neurons (Kim et al., 2014; Mak et al., 2012). Therefore, the generation of human-derived 

glutamatergic and GABAergic neurons by using these small molecules has provided new 

cellular models for research groups investigating neurodegenerative diseases (Chambers 

et al., 2009; D'Abaco et al., 2018; Inman et al., 2002; Stanton and Peng, 2010; Surmacz 

et al., 2012). 
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In this chapter, hESC cells will be differentiated into glutamatergic and GABAergic 

neurons using the dual-SMAD small molecule inhibition protocol described previously 

(D'Abaco et al., 2018). The rationale for using glutamatergic neurons in this study is based 

on the evidence that the basal forebrain cholinergic and hippocampal glutamatergic 

neurons exhibit greatest vulnerability in AD patients (Francis et al., 1993; Whitehouse et 

al., 1982). It will be important to look at GABAergic neurons since they remain relatively 

unaffected in AD pathogenesis until the later stages of the disease process (Rossor et al., 

1982). Compared to iPSC, hESC are often regarded as the gold standard for stemness and 

robustness, and H9, which is the most commonly used hESC line, was utilized in this 

study (Kobold et al., 2015; Loser et al., 2010).  

 

AIMS: 

This chapter had two key aims: 

 

1. To establish a simple hESC culture model by generating glutamatergic and 

GABAergic neurons differentiated from H9 hESCs.  

 

2. To characterize the terminally differentiated glutamatergic and GABAergic 

neurons.  
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3.2 Results 

3.2.1 hESC induction using small molecules, SB/LDN and SB/LDN/SAG to 

generate neural rosettes and subsequent neurosphere formation and growth 

For the initial maintenance of the hESC H9 cell line, two feeder culture systems were 

used, the feeder layer model whereby the cultures are grown on a bed of mouse 

fibroblasts, and feeder-free culture system where the cells are grown on coated dishes. To 

begin neural induction towards excitatory or inhibitory lineage, these undifferentiated 

hESC H9 cells were replated in a 90 mm culture dish and the media supplemented with 

the small molecules SB/LDN or SB/LDN/SAG respectively for 5 to 7 days (Chambers et 

al., 2009; Dottori and Pera, 2008) (Figure 3.1). An overview of the neural induction 

process is illustrated in Figure 2.1. 

 

 

Figure 3.1 Timeline of induction methods used over the course of PhD 

H9 hESCs were maintained on either feeder or feeder-free culture systems. For neural 

induction towards excitatory or inhibitory lineage, small molecules SB/LDN and 

SB/LDN/SAG were used respectively. Following neural induction, differentiated H9 

hESCs were either manually cut or bulk harvested to generate neurospheres.  

SB : SB 431542, LDN : LDN 193189, SAG : Smoothen agonist. 
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Following neural induction, the appearance of neural rosettes was clearly identifiable in 

our cultures (Figure 3.2A-D) thus confirming both neural induction systems (feeder and 

feeder free) were successful. When using the feeder layer culture system (Figure 3.2A 

and B), neural rosette like formations were manually cut, gently detached and transferred 

into round bottomed 96-well plates which allowed for spontaneous formation of 

neurospheres. These neurospheres were allowed to grow for 7 days, harvested and 

replated onto poly-D-lysine and laminin pre-treated 12 well plates for terminal 

differentiation. In the feeder-free culture system (Figure 3.2C and D) neural rosette like 

formations had also formed during the culture period. A major advantage of the feeder 

free system is that these rosettes did not need to be cut for replating rather, all cells in the 

dish were gently detached and “bulk” harvested, then resuspended in plating into round 

bottomed low attachment 96-well plates to allow for formation of neurospheres over 14 

days. Regardless of the neural induction system used, neurospheres that were 

programmed towards the glutamatergic lineage (Figure 3.2E) were found to be typically 

larger in size, ranging 200 to 300 µm in diameter, and remained more spherical in shape 

compared to those of the GABAergic lineage (Figure 3.2F). On the other hand, the size 

of the GABAergic neurospheres generated using either feeder or feeder free culture 

system were 150 to 250 µm in diameter (Figure 3.2F).  
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Figure 3.2 H9 hESC cells from feeder layer and feeder-free maintenance lines 

form neural rosette like structures and become neurospheres after neural 

induction.  

Undifferentiated H9 cells were maintained on (A and B) feeder layer or (C and D) 

feeder-free culture systems and re-plated and media supplemented with small 

molecules SB/LDN to direct towards glutamatergic or SB/LDN/SAG to direct towards 

GABAergic lineage. During neural induction, neural rosette-like formations (outlined 

as a circle) were observed in culture (white arrows, A-D). (E and F) Following neural 

induction, cells were gently harvested and transferred into 96-well plates to allow for 

spontaneous neurosphere formation. Scale bar = 100 µm 
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3.2.2 Neuronal terminal differentiation and formation of a cell mono-layer 

network  

Neuronal terminal differentiation involved transferring the fully formed whole 

neurospheres from the 96 well plates into experimental plates where the surfaces were 

pre-treated with poly-D-lysine and laminin to give these neurospheres the best 

opportunity to adhere and survive for the duration of the 12 week differentiation period. 

These neurospheres were observed to adhere to the coated surfaces within 4 hours of 

plating and after 24 hours of culturing, thin, hair-like projections, most likely neurites, 

could be seen exiting the core neurosphere structure. In addition, a number of individual 

cells were also observed to have migrated radially outwards from the plated neurospheres 

while adhering to the culture surface (Figure 3.3A and B). Glutamatergic neurospheres 

displayed thin, hair-like projections exiting the side of the core neurosphere structure 

(Figure 3.3C - white arrows, E). In contrast, GABAergic neurospheres which were 

smaller size to begin with, had a “flatter” appearance soon after re-plating (Figure 3.3D). 

It was also noted that while GABAergic neurospheres also possessed similar projections, 

more cells were seen migrating radially compared to its glutamatergic counterparts 

(Figure 3.3D and F). However, as the “migration of cells” were not a critical aspect of 

quantification, only qualitative observations were made. At 2 weeks of differentiation, 

more differentiated neurons had migrated away from the neurosphere, forming small 

clusters of neuronal networks with branching of neurites in both glutamatergic and 

GABAergic cultures. In glutamatergic cultures, many cellular projections were also 

observed sprouting from the sides of the neurosphere core to the surface of the culture 

plate. At 6 weeks of differentiation, the gross morphological appearances of the 

glutamatergic and GABAergic cultures did not differ from each other. At this time point, 

the differentiated neurons had successfully migrated away from the neurosphere forming 

monolayer of cell bodies dispersed throughout the well. More importantly, they had 

successfully developed a dense neuronal network with healthy branching of thick neurites 

that were observed growing throughout the cultures for both glutamatergic (Figure 3.3G) 

and GABAergic (Figure 3.3H) lineage cultures. At 12 weeks post differentiation, the 

neuronal network was unremarkable to that observed from the previous 6 weeks (Figure 

3.3I and J).  
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Figure 3.3 Brightfield images of differentiating glutamatergic and GABAergic 

neurons. 

Adherent neurospheres differentiated towards (A, C, E, G, I) glutamatergic and (B, D, 

F, H) GABAergic lineages from 24 hr to 12 weeks.  

After 24 hrs of culture, (A) glutamatergic and (B) GABAergic neurospheres displayed 

neurites and cell bodies migrating outwards radially. (C) Projections can also be seen 

from the side of the neurosphere (white arrows) in larger neurospheres, while (D) small 

neurospheres have less projections. (E) Close up of neurites projecting from 

glutamatergic neurosphere. (F) Close up of cells migrating away from GABAergic 

neurosphere. By 6 weeks, formation of large neuronal networks were seen for both (G) 

glutamatergic and (H) GABAergic cultures. (I, J) At 12 weeks, cultures also showed 

neurites with a dense network of neurons and did not appear morphologically different 

in glutamatergic and GABAergic cultures respectively. N = neurosphere. Scale bar : 

A and B = 100 m, scale bar C, D, G-J = 50 m. 

 

3.2.3 Differentiated glutamatergic and GABAergic cultures express MAP2 and 

Tau 

To confirm the neural lineage of the differentiated cells, cultures were immunostained for 

the presence of microtubule structures using neural specific, anti-MAP2 and anti-Tau 

antibodies. MAP2 otherwise known as microtubule-associated protein2, is routinely used 

to delineate dendrites in post-mitotic neurons (Caceres et al., 1984) while Tau proteins, 

which stabilize microtubules in neurons, are abundantly expressed in axons (Binder et al., 

1985). As shown earlier (Figure 3.3), many cellular projections can be seen exiting the 

neurosphere core from 2 weeks onwards. In both glutamatergic and GABAergic cultures, 

the majority of these projections stained were positive for Tau immunoreactivity, and by 

2 weeks post differentiation some of the axonal projections appeared to tightly bind to 

each other to form bundle like structures (Figure 3.4A and B, white arrows).  In addition, 

these 2 week old cultures showed how Tau stained cells were observed to migrate radially 

outwards from the neurosphere and deposited as simple monolayer culture, while other 

Tau stained neurons would be seen clumped together forming small isolated cell clusters 

which were readily observed throughout the culture plate (Figure 3.4A and B, white 

triangles). At 12 weeks post differentiation, glutamatergic and GABAergic cultures 

displayed similar levels of Tau immunoreactivity with a dense network of neurites seen 

in both cultures (Figure 3.4C and D). As Tau immunoreactivity was not a critical aspect 

of this aim, only qualitative observations were made.  
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Figure 3.4 Glutamatergic and GABAergic cultures express Tau from 2 weeks 

post differentiation.  

Two week old (A) glutamatergic and (B) GABAergic cultures expressing Tau along 

axons and around cell bodies. These axons can bundle together forming thickened axon 

(upper panels, thick white arrow). As cells migrate from the neurosphere radially as a 

monolayer culture, they tend to grow in clusters (white triangle). 12-week old (C) 

glutamatergic and (D) GABAergic cultures showing a dense network of neurites.  Scale 

bar 20μm, counterstained with DAPI (blue). 
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MAP2 immunoreactivity was observed in cell bodies and along neurites in both 

glutamatergic and GABAergic cultures differentiated from 2 week onwards (Figure 3.5A, 

B). The pattern or extent of MAP2 immunoreactivity did not appear to be different 

between glutamatergic and GABAergic cultures at 6 weeks (Figure 3.5C, D) and at 12 

weeks post differentiation (Figure 3.5E, F). 

 

Figure 3.5 Glutamatergic and GABAergic cultures express MAP2 from 2 weeks 

post differentiation.  

MAP2 immunostaining (green) was observed along neurites and around cell bodies in 

both (A, C, E) glutamatergic and (B, D, F) GABAergic cultures from 2 weeks to 12 

weeks post differentiation. Scale bar 20μm, counterstained with DAPI (blue). 
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3.2.4 Differentiated glutamatergic and GABAergic cultures were viable over 12-

week culture period 

To ensure that the differentiation media and culture methods used were suitable for long 

term culture differentiation, cell viability was assessed at 2 weekly intervals over the 12-

week culture period. Because neurospheres varied in size and cell number, the live-dead 

assay was chosen to assess cell viability. The reason for selecting the live/dead assay is 

because this assay does not require equivalent number of cells to be present between 

samples as the assays determines a proportion of live and dead cells from total cells 

measured by using 3 distinct fluorescent dyes. Live cells will only absorb the calcein AM 

dye (green fluorescence channel) while dead cells, which have a compromised plasma 

membrane, absorb the propidium iodide (PI) dye (red fluorescence channel) and Hoechst 

33342, which binds to deoxynucleic acid (DNA), staining for nuclei (blue fluorescence 

channel) will be absorbed by all cells (Figure 3.6A).  To successfully utilize the live/dead 

assay procedure, cell culture regions that contained the whole neurosphere or cells that 

were too tightly clustered together whereby individual nuclei could not be accurately 

detected, were excluded from further analysis (Figure 3.6A). 

 

Cells that were positive for both the Hoechst and PI dyes were counted as dead cells 

(Figure 3.6B) while cells that were positive for both Hoeschst and Calcien dyes were 

counted as live cells (Figure 3.6C). Cell viability was determined as the total number of 

live cells counted and expressed as a percentage of sum total of live plus dead cells 

counted. Based on these calculations, the calculated cell viability percentages for the 

different cultures determined over the 12-week culture period was found to be not 

significantly different to each other (Figure 3.6D). This indicates the media composition 

and culture methods used in this research project would support the 12 week long 

culturing required to differentiate and allow for the maturation of glutamatergic and 

GABAergic cells. 
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Figure 3.6 Cell viability of differentiated glutamatergic and GABAergic cultures 

using live-dead assay.  

Cell viability was assessed using live-dead assay fortnightly over 12-week culture 

period and analysis performed using the IMARIS software. (A) Cells were detected as 

individual spots (white dots) based on Hoechst dye which stains nuclei. (B) Dead cells 

were detected using propidium iodide dye and (C) live cells were detected using 

Calcein dye. (D) The number of live cells counted expressed as percentage of total live 

and dead cells detected. No significant difference was observed in cell viability for both 

cultures over 12 weeks when compared to 2 week old cultures respectively. 

Additionally, no significant difference in cell viability was observed between 

glutamatergic and GABAergic cultures at each respective time point. Three random 

fields per image were selected for analysis. Data shown as mean  SEM. N = 3.  
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3.2.5 Differentiated glutamatergic and GABAergic neurons were heterogenous 

and expressed both vGluT1 and GAD67  

Vesicular glutamate transporters such as vesicular glutamate transporter 1 (vGluT1) play 

a key role in glutamate uptake into the synaptic vesicles of excitatory neurons (Berry et 

al., 2012; Fujiyama et al., 2001). Moreover, the cellular expression of vGluT1 is 

commonly used to identify glutamatergic neurons in culture (Wojcik et al., 2004). To 

determine if the induction of the cultures using the dual-SMAD inhibition molecules 

biased the cellular differentiation towards glutamatergic lineage, the differentiated 

cultures were assessed for vGluT1 by qPCR. To compare the relative expression of 

vGluT1 at the 2 weekly time intervals over the 12-week culture duration in glutamatergic 

and GABAergic cultures, the data was first normalised to the expression of the 

endogenous control markers, ELF1, HMBS and GAPDH. Data was expressed as log2 

relative expression to 2 week post differentiation glutamatergic cultures, where a positive 

value reflects an increase in expression and a negative value reflects a decrease in 

expression. In glutamatergic cultures, vGluT1 expression increased 6.2-fold at week 8 

(Figure 3.7A). Interestingly, vGluT1 expression at 10 weeks decreased to 4.9-fold, and at 

12 weeks, was not different from 2-week glutamatergic cultures (Figure 3.7A). In 

GABAergic cultures, vGluT1 expression was only significantly increased at 6 weeks, 

with a 5.2-fold increase compared to 2-week differentiated glutamatergic cultures (Figure 

3.7B). 

 

Glutamic acid decarboxylase (GAD) proteins are responsible for the synthesis of GABA 

(Schwab et al., 2013). While two isoforms exists, the expression of GAD67 is restricted 

to GABAergic neurons in the cortex and is used to identify GABAergic neurons in culture 

(Kaufman et al., 1991). To determine if neural induction with SB/LDB/SAG biased 

towards the generation of GABAergic neurons, differentiated cultures were assessed for 

the expression of GAD67 by qPCR. To compare the relative expression of GAD67 at 2 

weekly time intervals over the 12-week culture duration in glutamatergic and GABAergic 

cultures, the data was first normalised to the expression of the endogenous control 

markers, ELF1, HMBS and GAPDH. Data was then expressed as log2 relative expression 

to 2-week post differentiation GABAergic cultures, where a positive value reflects an 

increase in expression and a negative value reflects a decrease in expression. No 

significant difference was observed in the expression of GAD67 for both glutamatergic 

and GABAergic cultures up to 12 weeks (Figure 3.7C and D).  



 

 58 

 

 

Figure 3.7 Expression of vGluT1 and GAD67 in differentiated glutamatergic and 

GABAergic cultures over 12 weeks of culture.  

The expression of vGluT1 and GAD67 over the 12 week culture period in glutamatergic 

(blue) and GABAergic (orange) neurons was determined using qPCR fortnightly. V-

GluT1 and GAD67 expression levels were first normalised to endogenous controls 

(ELF1, HMBS and GAPDH) and expressed as fold change (Ct) to respective 2-week 

post differentiation cultures. (A) Increased expression of vGluT1 was observed at 8 

and 10 weeks post-differentiation. (B) Expression of vGluT1 in GABAergic cultures, 

with increased expression at 6 weeks post differentiation. (C) Expression of GAD67 in 

glutamatergic cultures remained relatively similar over 12 weeks. (D) Expression of 

GAD67 remained relatively constant over 12 weeks in GABAergic cultures. Data 

shown as mean  SEM. (** p < 0.01, *** p < 0.005 versus 2 weeks). N = 3 unless 

otherwise stated. 

 

 

3.2.6 Differentiated glutamatergic and GABAergic cultures express different 

synaptic markers and an astrocyte marker 

To confirm the formation of synapses and neurites in culture, the expression of the 

neuronal marker, MAP2 and synaptic markers, synapsin and post-synaptic density 95 

(PSD95) was determined using qPCR. Synapsins belong to a family of neuron specific 
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proteins associated with synaptic vesicles and are routinely used to determine the 

presence of presynaptic terminals (Dresbach et al., 2001; Greengard et al., 1993). PSD95 

is the most abundant post synaptic scaffold protein and is a well-recognised post-synaptic 

marker (El-Husseini et al., 2000). In vitro differentiation of hESCs can result in the 

formation of non-neuronal cells such as astrocytes (Denham and Dottori, 2011). 

Therefore, glial fibrillary acidic protein (GFAP), which is a robust marker for astrocytes 

(Hol and Pekny, 2015), was used to determine the presence of this non-neuronal cell type 

in our differentiated cultures. The expression of synapsin, PSD95, MAP2 and GFAP was 

determined at fortnightly intervals for comparison over the 12 week culture period. Data 

was first normalised to the expression of the endogenous control markers, ELF1, HMBS 

and GAPDH.  

 

In glutamatergic cultures, the expression of synapsin showed a trend of increased 

expression from weeks 4 to week 10 but did not reach statistical significance. PSD95 

expression was significantly higher at week 6, with a 2.46-fold increase, while expression 

at the other weeks was similar to week 2. In GABAergic cultures, synapsin and PSD95 

expression remained similar to levels at week 2 (Figure 3.8A, B). MAP2 expression did 

not change significantly in either glutamatergic or GABAergic cultures during the 12-

week period compared to expression levels at week 2 (Figure 3.8C). While synapsin, 

PSD95 and MAP2 expression in week 12 glutamatergic cultures showed a clear trend of 

decreased expression they did not reach statistically significant levels (Figure 3.8A, B, C, 

blue bars). GFAP expression in glutamatergic cultures showed a trend of increased 

expression from week 8 onwards without reaching significance. In contrast, GFAP 

expression in GABAergic cultures was significantly increased over the 12-week 

differentiation period; week 4 it was 6.9-fold higher, weeks 6 and 8 10-fold higher, and 

week 12 13.6-fold. These data indicate dual SMAD induction with SAG shows a bias 

towards the generation of astrocytes.   
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Figure 3.8 Q-PCR analysis for synapsin, PSD95, MAP2 and GFAP in 

glutamatergic and GABAergic cultures over 12-week differentiation period.  

The expression of (A) synapsin, (B) PSD95, (C) MAP2 and (D) GFAP over 12 week 

culture period in glutamatergic (blue) and GABAergic (orange) neurons were 

determined using qPCR fortnightly. The expression levels were first normalised to 

endogenous controls (ELF1, HMBS and GAPDH) and expressed as fold change (Ct) 

to respective 2-week post differentiation glutamatergic and GABAergic cultures 

respectively. In glutamatergic cultures, PSD95 expression was significantly higher at 

6 weeks, while no significant difference in the expression of synapsin, MAP2 and GFAP 

was observed in differentiated cultures over time. In GABAergic cultures, expression 

of synapsin, PSD95 and MAP2 remained relatively similar to expression levels at week 

2, while expression of GFAP significantly increased over the 12-week differentiation 

period. Data shown as mean  SEM. (* p < 0.05, *** p < 0.005). N = 3 unless 

otherwise stated. 
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3.2.7 Comparison of differentiated glutamatergic and GABAergic cultures by 

immunohistochemical analysis 

Neuronal identity of glutamatergic and GABAergic cultures was defined by 

immunohistochemical staining. The expression of vGluT1 at the respective ages appeared 

to be similar regardless of maintenance method. In 2 week post differentiation 

glutamatergic cultures, vGluT1 expression was punctate (localized staining pattern) and 

non-specific (diffuse staining pattern) while at 12 weeks post differentiation, vGluT1 

expression was specific, and mainly detected around cell bodies and along some neurites 

(Figure 3.9). The expression of GAD67 at the respective ages appeared to be similar 

regardless of the type of feeder layer used (Figure 3.10). At 2 weeks post differentiation, 

GABAergic cultures displayed GAD67 pattern of expression as diffuse and it was mostly 

detected around cell bodies and along neurites (Figure 3.10). At 12 weeks post 

differentiation, GAD67 expression appeared to be specific, detected on the plasma 

membrane on most cell bodies and immunoreactivity was observed along some neurites 

(Figure 3.10). Overall, the data showed a mixture of cells were generated from feeder and 

feeder-free layer cultures which displayed similar patterns of immunostaining (Figure 3.9 

and Figure 3.10) 

 

In glutamatergic cultures, vGluT1 staining was detected as punctate staining at 2 weeks 

post differentiation (Figure 3.11A). As the cultures aged, vGluT1 staining pattern was 

less punctate and became concentrated around the neuronal cell bodies and along neurites 

(Figure 3.11B). Most of the differentiated neurons at 12 weeks post differentiation were 

positive for vGluT1 (Figure 3.11C). The total number of vGluT1 and DAPI positive cells 

were counted and expressed as a percentage of total DAPI positive cells. Counting 

analysis showed a trend of increase in number of vGluT1 +ve cells over time, but it was 

not statistically significant  (Figure 3.11D).  

 

In GABAergic cultures, GAD67 was detected around most cell bodies from 2 weeks post 

differentiation (Figure 3.12A). While this staining pattern continued to be observed as the 

cultures aged, the staining pattern at 6 weeks appeared to be more specific and localised 

to only some cell bodies and not all the cells (Figure 3.12B). This was also observed in 

cultures differentiated for 12 weeks (Figure 3.12C). Counting analysis showed decreased 

GAD67 +ve cells at week 6 (Figure 3.12D) but this was not statistically significant. 
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Figure 3.9 Immunostaining of vGluT1 in glutamatergic cultures generated from 

hESCs maintained on feeder layer (left panels) and feeder-free (right panels) 

systems.  

The expression of vGluT1 at the respective ages appeared to be similar regardless of 

maintenance method. In 2 week post differentiation glutamatergic cultures (top panels), 

vGluT1 expression was punctate and non-specific. At 12 weeks post differentiation 

(bottom panels), vGluT1 expression was specific, and mainly detected around cell bodies 

and along some neurites. Scale bar 20 µm, counterstained with DAPI. 
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Figure 3.10 Immunostaining of GAD67 in GABAergic cultures generated from 

hESCs maintained on feeder layer (left panels) and feeder-free (right panels) 

systems.   

The expression of GAD67 at the respective ages appeared to be similar regardless of 

maintenance method. In 2 week post differentiation GABAergic cultures (top panels), 

GAD67 expression appeared diffuse, detected around most cell bodies and along 

neurites. At 12 weeks post differentiation (bottom panels), GAD67 expression appeared 

to be specific, detected around most cell bodies and some neurites. Scale bar 20 µm, 

counterstained with DAPI. 
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Figure 3.11 Immunostaining for vGluT1 in glutamatergic cultures at 2, 6 and 12 

weeks post differentiation.  

vGluT1 expression at (A) 2 weeks appeared punctate and random. Expression of 

vGluT1 at (B) 6 weeks and (C) 12 weeks was clearly seen around some nuclei and 

along some neurites, with vGluT1 expression more pronounced at the latter weeks. (D) 

Percentage of vGluT1 positive cells counted showed a trend of increasing expression 

over the 12-week culture period (500-600 cells counted). Scale bar 20 µm, 

counterstained with DAPI (blue). N = 3. 
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Figure 3.12 Immunostaining for GAD67 in GABAergic cultures at 2, 6 and 12 

weeks post differentiation.  

(A) GAD67 was detected from 2 weeks around cell bodies and along neurites but 

appeared diffuse. Expression of GAD67 at (B) 6 weeks and (C) 12 weeks was clearly 

seen around some, but not all nuclei. (D) 50-87% of total DAPI positive cells were also 

GAD67 positive over the 12 week-culture period (500-600 cells counted). Scale bar 20 

µm, counterstained with DAPI (blue). N = 3. 
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3.3 Discussion 

In 1998, Thomson and colleagues established the first five hESC lines, generating great 

excitement and new opportunities for discoveries in human biology (Thomson et al., 

1998). This eventually led to the discovery of iPSC technology which further 

revolutionized the stem cell world (Takahashi et al., 2007). There has been a great push 

towards the usage of iPSCs technology due to society’s ethical concerns involving the 

derivation of hESCs from viable embryonic cells (Holm, 2008). HESCs have continued 

to be used in many areas of basic research especially in studies investigating early human 

development especially at the cellular level, and it has an added advantage over iPSC 

technology due to the ability to use these cells with the firm knowledge that they have 

been unimpeded by environmental or epigenetic interferences that might be present in 

iPSCs (Gafni et al., 2013; Kobold et al., 2015; Niakan et al., 2012). Therefore, it is very 

relevant that hESCs are still highly regarded as the “gold standard” by stem cell 

researchers and are routinely used for scientific research (Chambers et al., 2009; Hu et 

al., 2010; Maroof et al., 2013).  

 

Despite garnering widespread interest in defining the properties of hESCs, only a subset 

of hESC lines have been comprehensively characterised to date (Amit et al., 2004; 

Brimble et al., 2004; Carpenter et al., 2004; Hoffman and Carpenter, 2005; Mitalipova et 

al., 2005; Rosler et al., 2004; Thomson et al., 1998). Importantly, most publications 

utilizing hESC focus on the initial five lines derived: H1, H7, H9, H13 and H14 

(Allegrucci and Young, 2007; Kobold et al., 2015; Owen-Smith and McCormick, 2006). 

Although these hESC lines have been considered to have similar properties in terms of 

their pluripotency, marker expression, self-renewal and ability to differentiate into 

different cell types (Takahashi et al., 2007; Yu et al., 2007), others have noted there are 

differences in the properties between these five hESC lines (Carpenter et al., 2003; 

Carpenter et al., 2004; Hoffman and Carpenter, 2005). This emphasizes the need for 

researchers to be cautious when choosing a hESC line for their research. For my research 

work, we utilized the H9 cell line as it is the most widely used hESC line, with 

considerable local experience handling it, and it retains a higher potential for 

differentiating into neuroectodermal lineage compared to other hESC lines (Kim et al., 

2010; Kobold et al., 2015; Osafune et al., 2008).  
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A key concern for effective passaging of hESCs is the maintenance of cell pluripotency 

and inhibition of spontaneous differentiation. Early neural differentiation protocols 

involved the use of feeder cells which were typically of rodent origin (Amit et al., 2004; 

Dottori and Pera, 2008; Reubinoff et al., 2000; Thomson et al., 1998; Zhang et al., 2001). 

Growth factors and cytokines secreted by the feeder layer cells were required to maintain 

stem cell pluripotency through repeated passaging (Reubinoff et al., 2000; Thomson et 

al., 1998). Moreover, to avoid potential contamination by animal proteins and pathogens, 

the stem cell research field has now gravitated towards using a feeder-free culture system 

using chemically defined growth conditions (Ludwig et al., 2006b; Yao et al., 2006).  

 

For my PhD research project, I prepared cultured glutamatergic and GABAergic neurons 

by differentiating H9 hESCs lines utilizing both feeder and feeder-free culture 

procedures. Initial differentiated cultures were prepared by the StemCore Facility at the 

University of Melbourne at the commencement of my PhD project who prepared and 

provided the cultured neurospheres using the feeder culture procedures for me. However, 

the StemCore Facility was restructured after the second year of my PhD and they stopped 

providing these neurospheres. I then sourced and generated the neurospheres from the 

laboratory of Associate Professor Mirella Dottori, The University of Melbourne, which 

were prepared by neuronal induction using feeder-free culture procedures. Although 

different culture procedures for the preparation of the cultured neurons were utilised in 

this PhD research project, they were compared to ensure the results generated from either 

procedure were comparable with each other. 

 

For the formation of neurospheres, cells obtained from the feeder-layer were manually 

cut while cells obtained from the feeder-free layer were “bulk-cultured” and all cells that 

had undergone neural induction were harvested. Manual cutting allowed for selection of 

differentiated regions from the neural rosettes and this allowed better control over the size 

of neurospheres. However, this process was both time consuming and labour intensive, 

requiring considerable technical expertise and more cells per induction. In contrast, the 

feeder-free culture system used a “bulk culture” method where cultured H9 hESCs that 

underwent neural induction were harvested and then gently dissociated into smaller cell 

clusters which then spontaneously form neurospheres. This method was much faster, 

requiring less expertise and fewer cells per induction. It was noted that the glutamatergic 
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and GABAergic neurospheres being generated were slightly smaller in size and they were 

allowed to expand for an additional 14 days prior to terminal differentiation.  

 

While there is no literature comparing neurospheres generated from feeder layer to a 

feeder-free layer method, neurospheres cultured at these stages expressed a mixed 

population of neural progenitors and neurons (Alshawaf et al., 2017; Denham et al., 2012; 

Mattei et al., 2018). Comparison of the two culture procedures resulted in similar 

morphological appearances. Following neural induction, the cells from either procedure 

resulted in the formation of neural rosettes (Figure 3.2 A-D) consisting of radially 

organized columnar epithelial cells resembling neuroepithelial cells of the embryonic 

neural tube (Li and Zhang, 2006). Their presence in the differentiating cell cultures can 

be used as an indication of a successful neural induction (Perrier et al., 2004; Zhang et 

al., 2001). Importantly, regardless of the procedures used, both methods resulted in the 

spontaneous formation of viable neurospheres (Figure 3.2E, F) which were subsequently 

used in Chapters 4 and 5 of this thesis. Due to the similarities observed when using either 

feeder culture condition, no additional biological markers were tested to compare the two 

different culture methods used. It was noted, however, that the generated glutamatergic 

neurospheres had a diameter of 200 m to 300 m, and were more spherical in shape 

(Figure 3.2E), while GABAergic neurospheres were typically smaller and ranged 

between 150 m to 250 m in diameter (Figure 3.2F).  

 

While both procedures were efficient at differentiating the hESC cells into neurospheres, 

it was important to determine whether our culture procedures could maintain healthy 

growing cultures over the 12 week period. Importantly, neurospheres have typically been 

used to obtain neural stem cells derived from hESCs since these free-floating cell 

aggregates retain a three-dimensional structure that is considered more representative of 

the in vivo environment (Deleyrolle and Reynolds, 2009). 2D culture systems or 

monolayer cultures have traditionally been used as they are easy to handle, easy to obtain, 

and can be manipulated with mixed cellular systems. However, they often do not 

recapitulate the complexity of cell-cell interactions or extensive neurite networks that are 

present in the brain (Pamies et al., 2014). In recent years, 3D culture systems have become 

increasingly popular as they are thought to be more representative of spatial cellular 

environment (Limongi et al., 2013). Moreover, they better mimic the spatiotemporal 
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organization of neurons in the brain, as well as cell to cell interactions (Hopkins et al., 

2015; Ma et al., 2008; Pamies et al., 2014; Uemura et al., 2010). An advantage of 3D 

cultures is improved cell survival and enhanced neuronal differentiation compared to 

traditional 2D cultures (Brannvall et al., 2007; Ma et al., 2008; Uemura et al., 2010). In 

this context, the neurosphere culture methods show greater expression of neural 

progenitor cell markers compared to 2D culture methods (Zhou et al., 2016). While 

combining adherent neural induction with neurosphere cultures for short-term (3 weeks) 

expansion was feasible (Zhou et al., 2016), we now show that a long-term culture up to 

12 weeks is viable (Figure 3.6).  

 

In this study, neurospheres generated following neural induction were plated onto PDL 

and laminin precoated surfaces to augment adherence and promote neuronal 

differentiation (Deshpande et al., 2008; Ma et al., 2008). As shown in Figure 3.3, 

neurospheres readily adhered to surfaces within 24 hours while neurites and neuronal cell 

bodies could be seen migrating radially from the intact neurosphere. The larger 

neurospheres (~300 m) were typically more spherical and had neurites projecting out 

from the side of the neurosphere while growing on the plated surface. However, during 

the long-term culture of these cells, some detachment of neurospheres from the plate 

surface was observed. In an attempt to overcome this, differentiated culture medium was 

supplemented with additional laminin, however this procedure did not reverse or stop the 

detachment from proceeding. Hence, an alternative method whereby the newly formed 

neurosphere was initially subjected to gentle mechanical dissociation into small cell 

clusters prior to plating and terminal differentiation (see section 2.1.5). 

 

The expression of vGluT1 appeared non-specific and punctate in 2 weeks post 

differentiation glutamatergic cultures (Figure 3.11A). By 6 weeks post differentiation, the 

staining pattern of vGluT1 appeared less punctate and became concentrated around the 

neuronal cell bodies and along neurites, consistent with the literature using different 

neuronal induction strategies (Maroof et al., 2013; Vazin et al., 2014; Zeng et al., 2010). 

In GABAergic cultures, GAD67 was detected in cell bodies and along neurites from 2 

weeks post differentiation (Liu et al., 2018; Vazin et al., 2014). MAP2 and Tau were also 

detected in both cultures as they aged (Figure 3.4 and Figure 3.5), indicating that neural 

induction with small molecules were successful.  
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Synapsin (Fletcher et al., 1991; Fried et al., 1982; Gitler et al., 2004) and PSD95 (Chen 

and Pan, 2017; El-Husseini et al., 2000; Taft and Turrigiano, 2014) are indicative of pre- 

and post-synapse formation respectively. In our GABAergic cultures, the expression of 

synapsin and PSD95 appeared to be relatively similar over the 12 week differentiation 

period. In the glutamatergic cultures, synapsin expression showed a trend towards higher 

expression at 4 and 6 weeks post differentiation without reaching significance. While the 

expression of PSD95 was significantly higher in glutamatergic cultures than GABAergic 

cultures at week 6. Taken together, the qPCR analysis indicated the glutamatergic cultures 

may form synapses earlier and have more synapses than GABAergic cultures (Figure 

3.8). In addition, future experiments using immunohistology can be performed to confirm 

the presence of physical synapses. 

 

We had expected to see an increase in vGluT1 expression as the glutamatergic cultures 

matured (Berry et al., 2012). However, this was not observed in our cultures, instead we 

saw a trend of increasing expression that was followed with a trend of decreasing 

expression (Figure 3.7A). Expression at week 12 was similar to that at week 2, suggesting 

that 6 to 8 weeks post differentiation is an appropriate period for performing experiments. 

In contrast, the expression of GAD67 remained relatively similar throughout the 12 week 

differentiation period. The changes in expression may be diminished due to the use of a 

2 week post differentiation neurosphere as the basis of comparison since the expression 

of GAD67 is increased 15-fold at 2 weeks post differentiation (Liu et al., 2018). Hence, 

a 0 DIV post differentiation neurosphere would have been a better comparison to more 

accurately determine changes in protein expression. In addition, future experiments using 

single-cell RNA sequencing might prove more useful in better characterizing the cell 

population(s) present in culture. 

 

The variation in neuronal marker expression using qPCR and immunohistochemistry 

could be explained by the use of neurospheres for terminal differentiation. As mentioned 

earlier, neurospheres often contain a mixed population of neural progenitors and 

differentiated neurons. These heterogenous cluster of cells can contain neuronal cells at 

varying stages of differentiation (Bez et al., 2003; Jensen and Parmar, 2006). Moreover, 

differences in cell density between the neurospheres may result in different proliferation 
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and differentiation potency, making it difficult to consolidate the data (Hack et al., 2004; 

Jensen and Parmar, 2006; Parmar et al., 2002).   

 

3.4 Conclusion 

A major challenge in understanding molecular mechanisms of AD has been the lack of 

physiologically relevant in vitro models that successfully recapitulate aspects of this 

multifaceted disease. The ability to generate defined neuronal lineages from hESCs offers 

a powerful opportunity to establish in vitro model systems of human neurodegenerative 

diseases.  

 

In this chapter we followed an adherent induction method using SB/LDN and 

SB/LDN/SAG that allows for the efficient generation of glutamatergic and GABAergic 

neurons respectively. In AD, glutamatergic neurons are affected early in disease while 

GABAergic neurons remain relatively unaffected till late stage of disease. The 

establishment of this simple model of differentiated glutamatergic and GABAergic 

neurons will allow, in the next two chapters, the investigation of A toxicity and binding, 

and delineate the mechanisms of A neurotoxicity seen in AD. 
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CHAPTER 4 A Toxicity and Binding to differentiated 

glutamatergic and GABAergic cells 
 

4.1 Introduction 

In AD patient brains, glutamatergic neurons are severely affected (Francis et al., 1993; 

Greenamyre et al., 1988), while the GABAergic neurons are spared or are affected only 

towards the later stages of disease (Rossor et al., 1982). However, there is emerging 

evidence in support of GABAergic remodelling in the AD brain potentially occurring in 

the early stages of disease pathogenesis and highly localized GABAergic disruption in 

hippocampal sub-regions and layers as well as alterations in expression of GABAergic 

receptor subunits (Fuhrer et al., 2017; Govindpani et al., 2017; Kwakowsky et al., 2018). 

Additionally, these changes might cause disturbances in the excitatory/inhibitory balance 

that is associated with AD (Palop et al., 2007; Sun et al., 2009). Current drug therapeutics 

targeting the glutamatergic system only have a moderate effect in improving neuronal 

function but do not stop disease progression (Butterfield and Pocernich, 2003; Danysz 

and Parsons, 2012; Howard et al., 2012; Winblad et al., 2006). As a result, there has been 

a shift of focus on AD therapeutics by targeting the GABAergic neuronal system (Li et 

al., 2016; Rodriguez-Perdigon et al., 2016). 

 

Ideally, the most rational disease model would use a human based system to recapitulate 

AD pathology. Since sourcing brain material from living AD patients is a major 

limitation, using human tissue that can be reprogrammed into neural tissue has allowed 

researchers to develop new cell-based models. This was achieved by a significant 

breakthrough in 1998 by Thomson and colleagues who developed a strategy for 

reprograming human embryonic stem cells (hESCs) into neurons (Thomson et al., 1998). 

However, the use of stem cell technology did not catch on until the advent of induced 

pluripotent stem cells (iPSCs) which allowed the use of specific patient derived cells 

(Takahashi et al., 2007; Takahashi and Yamanaka, 2006). Since then, numerous papers 

have been published using human stem cell-based models to better understand AD disease 

mechanisms (Israel et al., 2012; Nieweg et al., 2015; Shi et al., 2012b; Yagi et al., 2011).  

 



 

 73 

As shown in Chapter 3, we successfully generated glutamatergic and GABAergic cultures 

from hESCs. Previous work in our lab investigating A toxicity using mouse cortical 

cultures found that: 

1) A had to bind to cells to induce neurotoxicity. 

2) binding of A correlated with toxicity.  

3) A induced toxicity in a time and concentration dependent manner 

(Ciccotosto et al., 2004; Jana et al., 2016a).  

 

Longitudinal studies that monitored brain A levels in human AD patients revealed 

increased amyloid deposition with disease progression (Villemagne et al., 2012). Taken 

together, these suggest that the Aβ peptide has the potential to become toxic in nature in 

the aging brain and is therefore considered as the major contributing factor towards the 

detrimental pathological changes seen in human AD brains. How Aβ peptide directly 

targets neuronal demise is suggested by the presence of Aβ plaques in AD brains and the 

associated increase in synaptic degeneration, neuronal loss and brain atrophy - which can 

contribute to the clinical symptoms such as impaired cognition and memory (Naslund et 

al., 2000; Parodi et al., 2010; Shankar et al., 2008; Terry et al., 1991). A has been shown 

by others to target synaptic transmission by targeting pre- and post-synaptic proteins such 

as synapsin, post-synaptic density 95 (PSD95), glutamatergic receptors and vesicle 

glutamate transporters (vGluTs) (Fein et al., 2008; Gylys et al., 2004; Shankar et al., 2007; 

Shankar and Walsh, 2009; Sokolow et al., 2012b), as well as microtubule associated 

proteins such as MAP2 (Manczak et al., 2018; Takahashi et al., 2013; Vazin et al., 2014). 

 

AIMS: 

This chapter had two key aims: 

 

1. To investigate A toxicity and binding using a human stem cell-based model 

differentiated into human glutamatergic and GABAergic neurons.  

 

2. To compare similarities or differences in A neurotoxicity between the 

differentiated human glutamatergic and GABAergic neurons and mouse primary 

cortical cultures.  
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4.2 Results 

This study utilised the H9 hESCs for differentiation into glutamatergic and GABAergic 

neurons that were cultured for up to 12 weeks as outlined in Chapter 3. To investigate A 

neurotoxicity, we used the synthetic preparation of human A42 peptide sequence based 

on previous studies performed in this laboratory using primary mouse cortical cultures 

(Jana et al., 2016a; Jana et al., 2016b). As per the mouse study, two A42 peptide 

concentrations were tested, 5 µM and 15 µM concentration and soluble A42 

preparations were prepared using in house established procedures. Cells were treated with 

either 5 µM or 15 µM of A42 for 96 hrs at fortnightly intervals, up to 12 weeks post 

differentiation. Following treatment with A42, cells were processed for viability and 

biochemical analyses. Data presented in this Chapter were generated using cells from 

both feeder and feeder-free culture systems. 

 

4.2.1 A42 peptide was neurotoxic to glutamatergic and GABAergic cultures 

The neurotoxicity of soluble A42 peptide was tested at 2 concentrations, 5 µM and 15 

µM, on differentiated human glutamatergic and GABAergic neuronal cultures. As per 

Chapter 2, these neuronal cultures were differentiated for 12 weeks and they were treated 

at six fortnightly intervals from 2 to 12 weeks. All cultures were treated with A for 96 

hrs and following treatment, cell viability was determined using a live/dead assay 

procedure. (as described in section 2.3). For the differentiated glutamatergic cultures, 

A42 was not toxic when using the lower 5 µM concentration (Figure 4.1A) but at the 

higher 15 µM concentration, significant cell death was seen only at the 6 and 8 week old 

cultures (p < 0.001, Figure 4.1B), resulting in decreased cell viability of 55.3% and 36.4% 

respectively.  Similar results were seen with the differentiated GABAergic neuronal 

cultures which were also unaffected by the 5 µM Aβ42 treatment (Figure 4.1C), while 

the 15 µM A42 caused significant cell death to the 6 (p < 0.05) and 8 (p < 0.005) week 

old cultures (Figure 4.1D), resulting in decreased cell viability of 24.4% and 35.5% 

respectively. Unlike glutamatergic cultures, 15 µM Aβ42 caused significant cell death at 

the earlier 2 week time point of cell differentiation with a decrease of 27.9% in cell 

viability (p < 0.05, Figure 4.1D). To determine whether the glutamatergic and 

GABAergic neuronal cultures displayed different susceptibility to Aβ42 treatment, we 

paired the cell viability data set of these two cultures and statistically compared the degree 
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of cell death at each time point tested (Figure 4.1E and F). This analysis illustrated that 

there was a single time point, at 6 weeks, where the glutamatergic neurons were 30% 

more susceptible to Aβ42 exposure compared to GABAergic neurons (p < 0.05, Figure 

4.1F). Taken together, these results indicate the toxicity of A42 exposure is both 

concentration dependent (since it was toxic at the higher 15 µM concentration) and cell 

differentiation time dependent (most toxic in the 6 and 8 week differentiated cultures). In 

addition, glutamatergic cultures can be more susceptible to A42 toxicity compared to 

GABAergic cultures at 6 weeks differentiation. 

 

 

Figure 4.1 Cell viability of human differentiated glutamatergic and GABAergic 

neurons after A42 treatment.  

Glutamatergic (blue bars) and GABAergic (orange bars) cultures were differentiated 

from H9 hESCs for up to 12 weeks and treated with Aβ42 peptide at fortnightly 

intervals. Cell viability was determined after 96 hr treatment by live/dead assay. 
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Glutamatergic and GABAergic cultures were treated with (A, C) 5 µM and (B, D) 15 

µM Aβ42 and calculated cell viability data was normalised to vehicle treated control 

groups. (E, F) Comparing cell viability between age-matched glutamatergic and 

GABAergic cultures treated with (E) 5 µM and (F) 15 µM Aβ42 respectively. Data 

shown as mean  SEM. (*p < 0.05, ** p < 0.01, *** p < 0.005). N = 3. 

 

4.2.2 Endogenous A peptide is not detected in H9 derived glutamatergic and 

GABAergic neurons by western blot analysis 

Because hESCs produce A endogenously albeit at very low levels (Porayette et al., 

2009), it was important to determine whether we could detect endogenous human A 

peptide by western blot analysis in these differentiated glutamatergic and GABAergic 

cultures. We used the mouse monoclonal antibody WO2, which binds to amino acid 

resides 4 to 8 in the human A42 peptide sequence (Ida et al., 1996) and it routinely used 

within our lab to detect human Aβ peptides in treated cultures (Ciccotosto et al., 2004; 

Jana et al., 2016b). In vehicle treated glutamatergic and GABAergic cultures, endogenous 

A peptide was not detectable and no bands were detected below 16 kDa on the western 

blot (Figure 4.2 and Figure 4.3, vehicle lanes). While some faint bands were detectable 

above 16 kDa, these bands were most likely to be either non-specific artefacts or APP 

fragments.  

 

4.2.3 Soluble A42 oligomeric peptide species were detected in cell lysates of 

treated glutamatergic and GABAergic cultures. 

To detect if A42 bound to the glutamatergic and GABAergic cultures, and which 

oligomeric species were present, monomeric 5 µM and 15 µM A42 was added to the 

cultures for 96 hr and the bound Aβ42 examined by western blot analysis. Importantly, 

the failure to detect any endogenous Aβ expression in our vehicle treated cell lysates by 

western blotting analysis (Figure 4.2 and Figure 4.3), gives us confidence for the cell 

binding studies where by any A bands detected following A treatment of the cell 

cultures are caused by the exogenously added Aβ42 peptide. Therefore, in contrast to 

vehicle treated lysates, four narrow immunoreactive bands were detected at around 4, 7, 

12, and 16 kDa, which are representative of the monomeric A42 and the low molecular 

weight oligomeric (LMWO) species of dimers, trimers and tetramers respectively (Figure 

4.2 and Figure 4.3). High molecular weight oligomers (HMWO) ranging in size from 28 
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to 200 kDa were sometimes observed but they appeared as broad smearing bands on the 

western blots but they could not be reliably classified as a single species and were 

therefore not analysed any further.  

 

 

 

 

Figure 4.2 Aβ42 detected with WO2 in treated glutamatergic cultures.  

Glutamatergic cultures were treated with vehicle, 5 µM, and 15 µM Aβ42 peptide for 

96 hr. Cell lysates (10 µg) from 4, 6, 8, 10, 12 weeks were analysed by western blot 

analysis were screened using monoclonal antibody WO2. No endogenous Aβ42 was 

detected in vehicle treated GABAergic cultures. In A42 treated cultures, cell bound 

Aβ42 peptide were detected by the presence of immunoreactive bands representing 

monomers and as low order oligomers- dimer, trimer, tetramer. -actin was detected 

and used as a loading control. APP and C terminal (C-term) fragments were detected 

in both vehicle and treated cultures. Representative blot. 
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Figure 4.3 Aβ42 detected with WO2 in treated GABAergic cultures.  

GABAergic cultures were treated with 1. Vehicle, 2. 5 µM, and 3. 15 µM Aβ42 peptide 

for 96 hr. Western blot analysis of 10 µg of cell lysate samples were screened using 

monoclonal antibody WO2. No endogenous Aβ42 was detected in vehicle treated 

GABAergic cultures. In A42 treated cultures, cell bound Aβ42 peptide were detected 

by the presence of immunoreactive bands representing monomers and as low order 

oligomers- dimer, trimer, tetramer. -actin was detected and used as a loading control. 

APP and C terminal (C-term) fragments were detected in both vehicle and treated 

cultures. Representative blot. 
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4.2.4 The extent of Aβ binding to glutamatergic and GABAergic cultures does 

not correlate with toxicity 

Our lab has previously demonstrated that A toxicity is significantly correlated with 

increased binding to cells in mouse cortical cultures (Ciccotosto et al., 2004; Jana et al., 

2016a). Therefore we determined whether there was a correlation between the extent of 

Aβ42 toxicity (Figure 4.1) and Aβ42 binding (Figure 4.2 and Figure 4.3 respectively) for 

both the glutamatergic and GABAergic cultures. Although changes in A binding was 

observed over time in their respective cultures, there was no statistically significant 

association between A binding to either the glutamatergic cultures treated with 5 µM or 

15 µM A42 and toxicity (Figure 4.4A and Figure 4.4B respectively). A similar 

observation was made for the GABAergic cultures treated with 5 µM (Figure 4.4C) and 

15 µM (Figure 4.4D) A42.  Moreover, the glutamatergic cultures did not show any 

statistically significant difference in A binding between with 5 µM and 15 µM A42 

treatments (Figure 4.4 E). As shown in Figure 4.4F, a concentration dependent increase 

in A42 binding was only observed in 2 week differentiated GABAergic cultures, where 

the 15 µM treated cultures had an approximately 6-fold increase in A42 binding 

compared to 5 µM treated cultures, suggesting that a threshold amount of A binding was 

required to induce neurotoxicity. 
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Figure 4.4 Quantification of total A bound to glutamatergic and GABAergic 

cultures.  

Glutamatergic (blue bars) and GABAergic (orange bars) cultures were differentiated 

for 12 weeks and treated with (A, C) 5 µM and (B, D) 15 µM at fortnightly intervals 

with A42 for 96 hrs. (E) In glutamatergic cultures, no concentration dependent 

increase in A42 binding was observed. (F) In GABAergic cultures a concentration 

dependent increase in A42 binding was observed only at week 2. (G) Table showing 

the number of independent experiments for glutamatergic and GABAergic cultures at 

each time point. Data shown as mean  SEM. (*p < 0.05).  
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4.2.5 Comparison of A42 binding between glutamatergic and GABAergic 

cultures 

Next, we wanted to determine if there was a difference in A42 binding between 

glutamatergic and GABAergic cultures by comparing the total amount of A42 bound at 

each treatment concentration. In 5 µM treated cultures, no difference in A42 binding 

was observed between both cultures over the 12-week differentiation period (Figure 

4.5A). In 15 µM treated cultures, A42 binding was about 5-fold higher in GABAergic 

cultures compared to glutamatergic cultures at 2 weeks post differentiation (p < 0.05, 

Figure 4.5B). No difference in binding was observed at the other ages. 
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Figure 4.5 Comparison of A bound to glutamatergic and GABAergic cultures 

over 12-week differentiation period.  

Glutamatergic (blue bars) and GABAergic (orange bars) cultures were treated with 

(A) 5 µM and (B) 15 µM A42 for 96 hrs. No difference in total A42 binding in 5 µM 

treated glutamatergic and GABAergic cultures was observed. In 15 µM treated 

cultures, binding of total A42 was significantly higher in 2 week differentiated 

GABAergic cultures compared to glutamatergic cultures. No difference in binding was 

observed between the two cultures at other time points. Data shown as mean  SEM. 

(*p < 0.05). Refer to Figure 4.4G for number of independent experiments. 
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4.2.6 A binding detected along neurites and around cell bodies in both 

glutamatergic and GABAergic neuronal cultures. 

We next examined the extent of cell binding of exogenous A peptide to these neuronal 

cultures by immunofluorescence. To do this, 2, 6, and 12 week old differentiated 

glutamatergic and GABAergic cultures were treated with a low non-toxic dose of 1M 

Aβ42 peptide for 96 hrs. Similar to the western blot analysis (Figure 4.2 and Figure 4.3) 

no endogenous A immunoreactivity was detected in either vehicle treated glutamatergic 

and GABAergic cultures at 2 weeks (Figure 4.6B and Figure 4.7B), 6 weeks (Figure 4.8B 

and Figure 4.9B) and 12 weeks (Figure 4.10B and Figure 4.11B) highlighting that 

expression of endogenous Aβ is below the detection limit of the antibody and the 

concentration used in these histological preparations.  

 

Treatment of 2 week old differentiated cultures with 1 M Aβ42 peptides for 96 hr 

resulted in punctate binding patterns that appeared to localise along the MAP2 stained 

neurites in both glutamatergic (Figure 4.6A, white arrows) and GABAergic (Figure 4.7A, 

white arrows) cultures. While no Aβ42 immunoreactivity was typically detectable on the 

cell soma of these cultured cells, high levels of A42 immunofluorescence were observed 

on a number of small rounded cells where the nuclei were condensed - suggesting that 

these cells were dead cells (Figure 4.6 and Figure 4.7, white triangles). Similarly, 1 M 

Aβ42 treated 6 week old differentiated human glutamatergic and GABAergic cultures 

had punctate binding patterns which appeared localised along MAP2 

immunofluorescently stained neurites (Figure 4.8A and Figure 4.9A, white arrows). Little 

to no Aβ42 binding was observed around cell bodies that were not condensed (indicative 

of dead cells) in either the glutamatergic or GABAergic cultures (Figure 4.8A and Figure 

4.9A respectively). These data suggest that Aβ42 preferentially binds to the neurites in 

these human glutamatergic and GABAergic cultures. For the 1 M Aβ42 treated 12 week 

old differentiated glutamatergic cultures, the binding pattern of Aβ42 appeared punctate 

and typically associated with rounded cells (Figure 4.10, white triangles), with little 

binding along neurites. In contrast, in the 1 M Aβ42 treated GABAergic cultures the 

Aβ42 binding was punctate and appeared mainly along neurites (Figure 4.11A, white 

arrows).  
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Figure 4.6 Binding of Aβ42 peptide to 2 week old differentiated glutamatergic 

neurons. 

Exogenous Aβ42 (1 µM) immuno-fluorescence (green) staining was localised (white 

arrows) to MAP2 immunoreactive neurites (red) in 2 week old differentiated (A) 

glutamatergic neurons after 96 hr treatment. Insert on top panel highlights Aβ42 

(green) binding along neurites (red). (B) No endogenous Aβ immunoreactivity was 

detected in vehicle treated glutamatergic cultures. Dead cells (white triangles), which 

are rounded in appearance and have condensed nuclear DAPI stain (blue). Scale bar 

20 µm.  
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Figure 4.7 Binding of Aβ42 peptide to 2 week old differentiated GABAergic 

neurons. 

Exogenous Aβ42 (1 µM) immuno-fluorescence (green) staining was localised  (white 

arrows) to MAP2 immunoreactive neurites (red) in 2 week old differentiated (A) 

GABAergic neurons after 96 hr treatment. Insert on top panel with increased exposure 

to highlight Aβ42 (green) binding along neurites (red). (B) No endogenous Aβ 

immunoreactivity was detected in vehicle treated GABAergic cultures. Dead cells 

(white triangles), which are rounded in appearance and have condensed nuclear DAPI 

stain (blue). Scale bar 20 µm.  
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Figure 4.8 Binding of Aβ42 peptide to 6 week old differentiated Glutamatergic 

neurons. 

Exogenous Aβ42 (1 µM) immuno-fluorescence (green) staining was localised (white 

arrows)  to MAP2 immunoreactive neurites (red) in 6 week old differentiated (A) 

glutamatergic neurons after 96 hr treatment. Insert on top panel with increased 

exposure to highlight Aβ42 (green) binding along neurites (red). (B) No endogenous 

Aβ immunoreactivity was detected in vehicle treated glutamatergic cultures. Dead cells 

(white triangles), which are rounded in appearance and have condensed nuclear DAPI 

stain (blue). Scale bar 20 µm.  
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Figure 4.9 Binding of Aβ42 peptide to 6 week old differentiated GABAergic 

neurons. 

Exogenous Aβ42 (1 µM) immuno-fluorescence (green) staining was localised to the 

MAP2 immunoreactive neurites (red) in 6 week old differentiated (A) GABAergic 

neurons after 96 hr treatment. (B) No endogenous Aβ immunoreactivity was detected 

in vehicle treated GABAergic cultures. Dead cells (white triangles), which are rounded 

in appearance and have condensed nuclear DAPI stain (blue). Scale bar 20 µm.  
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Figure 4.10 Binding of Aβ42 peptide to 12 week old differentiated Glutamatergic 

neurons.  

Exogenous Aβ42 (1 µM) immuno-fluorescence (green) staining was localised to the 

MAP2 immunoreactive neurites (red) in 12 week old differentiated (A) glutamatergic 

neurons after 96 hr treatment. (B) No endogenous Aβ immunoreactivity was detected 

in vehicle treated glutamatergic cultures. Dead cells (white triangles), which are 

rounded in appearance and have condensed nuclear DAPI stain (blue). Scale bar 20 

µm.  
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Figure 4.11 Binding of Aβ42 peptide to 12 week old differentiated GABAergic 

neurons. 

Exogenous Aβ42 (1 µM) immuno-fluorescence (green) staining was localised (white 

arrows)  to MAP2 immunoreactive neurites (red) in 6 week old differentiated (A) 

GABAergic neurons after 96 hr treatment. Insert on top panel with increased exposure 

to highlight Aβ42 (green) binding along neurites (red). (B) No endogenous Aβ 

immunoreactivity was detected in vehicle treated GABAergic cultures. Dead cells 

(white triangles), which are rounded in appearance and have condensed nuclear DAPI 

stain (blue). Scale bar 20 µm. 
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As the binding pattern of A42 did not appear to be morphologically different across the 

three time points examined (2, 6 and 12 weeks), we therefore decided to measure the 

fluorescence intensity in a localised region and selecting the neurite network as the region 

of interest for A binding with highest affinity (Figure 4.12). The 2 week old treated 

glutamatergic and GABAergic cultures had the highest amount of A42 bound compared 

to 6 week and 12 week treated cultures. However, this did not reach statistical significance 

due to the large statistical variability in the data set.  

 

 

 

Figure 4.12 Quantification of A42 binding to differentiated glutamatergic and 

GABAergic cultures.  

2, 6, and 12 week differentiated cultures were treated with 1 µM Aβ42 for 96 hrs. For 

quantification of Aβ42 bound to cultures, regions of interest were drawn along neurites 

and the fluorescence signal quantified. No statistical difference was observed in 

binding between glutamatergic and GABAergic cultures at the respective time points. 

Data shown as mean  SEM. N =3. 
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4.2.7 mRNA analysis of synaptic markers after A treatment 

Exogenous A42 peptide was neurotoxic at 15 µM to the differentiated neuronal cultures 

at limited time points of differentiation (Figure 4.1), displayed strong binding to these 

neurons at all stages of differentiation (Figure 4.2 and Figure 4.3) and binding was found 

to be highly localised to the cell neurites rather than soma (Figure 4.6 - Figure 4.11). 

Since synapses are predominantly formed along these cell neurites (El-Husseini et al., 

2000; Fletcher et al., 1991), and A has been shown to target synaptic proteins (Fein et 

al., 2008; Gylys et al., 2004) and microtubule proteins (Takahashi et al., 2013), we 

examined whether Aβ42 exposure to these neuronal cultures modified the gene 

expression profile of known synaptic markers - synapsin (presynaptic), PSD95 

(postsynaptic) and MAP2 (neurite cell marker) (described in section 3.2.6). Due to the 

limited sample availability, the gene expression profile was examined by qPCR analysis 

and the presented data was normalised to endogenous levels and to vehicle treated levels 

for each respective week sample set examined. Synapsin expression decreased by around 

2-fold in 4 week old differentiated glutamatergic neurons following treatment with either 

 or 15 µM A42 but this was not found to be statistically different (Figure 4.13A 

and B). PSD95 expression was similarly decreased by around 2-fold in the 6 and 8 week 

old differentiated glutamatergic neurons following treatment with 5 M and 15 µM A42 

but this too was found to be not statistically different (Figure 4.13C and D). Surprisingly, 

5 µM and 15 µM Aβ42 treatment caused PSD95 levels to significantly increase by 2.3- 

and 3.8-fold respectively in 12 week old neurons compared to vehicle treated neurons but 

this was only statistically different in 5 µM treated cultures (Figure 4.13C and D). Further 

statistical analysis revealed that the PSD95 levels in these 12 week old neurons were 

significantly different to the 4, 6, 8 and 10 week old cultures for 5 µM as well as 6 and 8 

week old cultures for 15 M A42 treated cultures. Although the relative fold change of 

MAP2 expression was 40-and 20-fold higher in the 4 week old cultures for the 5 µM and 

15 µM Aβ42 treatments respectively, a large variability in MAP2 expression levels 

between samples resulted in no change in statistical significance for these comparisons 

(Figure 4.13E and F) . 
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Figure 4.13 Gene expression of synapsin, PSD95 and MAP2 in glutamatergic 

cultures following treatment with A42.  

Glutamatergic cultures were treated with  (A, C, E) and 1 (B, D, F) A42 

for 96 hrs at 2 week intervals. QPCR analysis showed an increase in PSD95 expression 

in 12 week old glutamatergic cultures following treatment with  A42. Data 

shown as mean  SEM. (*p < 0.05, **p < 0.01, ***p < 0.005). N = 3. 
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In GABAergic cultures, synapsin expression increased by around 2-fold in 2 week old 

differentiated GABAergic neurons following treatment with either 5 M or 15µM A42 

but this was not found to be statistically different (Figure 4.14A and B). PSD95 

expression was similarly increased by around 2-fold in 2 week old differentiated 

GABAergic neurons following treatment with 5 M and 15µM A42 but this too was 

found to be not statistically different (Figure 4.14C and D). MAP2 expression levels 

increased approximately 2-fold in 4 week old cultures following treatment with  

A42 although this did not reach statistical significance (Figure 4.14E). A similar 

increase in MAP2 expression levels was also observed in 15 µM A42 treated 4 week 

and 10 week old GABAergic neurons (Figure 4.14 F) without reaching statistical 

significance. It was noted that an approximately 2-fold decrease was observed in 15 µM 

A42 treated 6 week and 12 week old GABAergic neurons (Figure 4.14 F) although this 

also did not reach statistical significance. It was also noted that in 8 week old GABAeric 

cultures treated with 5 µM Aβ42, the relative fold change in synapsin, PSD95 and MAP2 

expression increased approximately 10-fold, 6-fold and 10-fold in the respective cultures 

(Figure 4.14A, C, E). However, a large variability in gene expression levels resulted in 

no statistical significance for these comparisons (Figure 4.14A, C, E).  
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Figure 4.14 Gene expression of synapsin, PSD95 and MAP2 in GABAergic 

cultures following treatment with A42.  

GABAergic cultures were treated with  (A, C, E) and 1 (B, D, F) A42 for 

96 hrs at 2 week intervals. QPCR analysis showed no statistical differences in gene 

expression over the 12 week period in both  and 1 A42 treatment 

conditions. Data shown as mean  SEM. N = 3. 
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4.2.8 APP expression levels are increased in 12 week differentiated GABAergic 

but not glutamatergic neuronal cultures 

APP protein expression has been shown to have important physiological properties 

including neuroprotection, neuritogenesis and drive neural differentiation of hESCs 

(Chasseigneaux and Allinquant, 2012; Chen et al., 2016; Freude et al., 2011; Hick et al., 

2015; Khandekar et al., 2012; Octave et al., 2013; Plummer et al., 2016; Porayette et al., 

2009; Rice et al., 2019; Sosa et al., 2017; Truong et al., 2019). Since hESCs express APP 

(Porayette et al., 2007), we investigated whether cellular APP expression would change 

over the 12 week period as the human glutamatergic and GABAergic cultures matured 

over time. Indeed, we detected full length and shorter fragments of APP protein in cell 

lysates using monoclonal antibody (mAb) WO2 in both vehicle and Aβ42 treated 

neuronal cultures (Figure 4.2 and Figure 4.3).Therefore, we next used a different APP 

specific antibody, mAb, 22C11, with its epitope located near the N-terminus of APP 

(residues 67-74) and it detects full length APP (~98 kDa) as well as other N-terminal APP 

fragments (White et al., 1998) but does not detect the Aβ peptide (Figure 4.15).   

 

 

Figure 4.15 Schematic showing binding sites of monoclonal antibodies 22C11 

and WO2 on amyloid precursor protein (APP).  

Monoclonal antibody 22C11 binds near the N-terminus of APP (APP residues 67-74) 

and does not detect Aβ. Monoclonal antibody WO2 binds within the Aβ peptide (APP 

residues 676-679) and can detect both APP and Aβ. 

 

In the vehicle treated neurons, total APP (the sum of APP band intensities ranging from 

62 to 98 kDa) was expressed across the different time points of differentiated 

glutamatergic and GABAergic cultures (Figure 4.16A). Densitometric analysis showed 

that total APP expression levels were similar across the different time points for the 

differentiated glutamatergic cultures (Figure 4.16B), but were significantly higher (p < 

0.05) in 12 week old differentiated GABAergic neurons compared to the 6 week old 

GABAergic neurons (Figure 4.16C) and compared to the 12 week old glutamatergic 

neurons (Figure 4.16D). 
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Figure 4.16 Expression of APP in vehicle treated glutamatergic and GABAergic 

cultures.  

(A) APP was detected using 22C11 antibody in glutamatergic and GABAergic cultures 

that were differentiated for 12 weeks. Total APP was determined by quantification of 

APP bands detected at 98kDa and 62kDa. (B) The expression of APP in remained 

relatively similar over the 12-week differentiation period in glutamatergic cultures. (C) 

In GABAergic cultures, expression of APP at 12 weeks was significantly higher than 

at 6 weeks. (D) Expression of APP in GABAergic cultures were approximately 2 fold 
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higher than in glutamatergic cultures at 12 weeks. (E) Table showing the number of 

independent experiments for each time point. Data shown as mean  SEM. (*p < 0.05). 

 

4.2.9 Expression of APP in treated glutamatergic and GABAergic cultures 

We noticed that APP immunoreactivity appeared elevated due to Aβ42 treatment in the 

4 week old glutamatergic and GABAergic cultures when compared to vehicle treated 

cultures (Figure 4.17). Total APP in each sample was then determined by the 

quantification of the bands at 98 kDa and 62 kDa.  

 

 

To determine the expression levels of APP in the Aβ42 treated cultures, total APP was 

quantified and normalised to vehicle treated cultures at each respective week. In 5 M 

Aβ42 treated glutamatergic cultures, no change in APP expression was observed over the 

12 week differentiation period (Figure 4.18). In 15 M Aβ42 treated glutamatergic 

cultures, expression of APP was significantly increased only in 4, 6 and 8 week 

differentiated cultures (Figure 4.18B, C and D). The highest increase in APP expression 

 

Figure 4.17 Expression of APP in Aβ42 treated glutamatergic and GABAergic 

cultures at 4 weeks post differentiation.  

APP was detected using antibody 22C11 in glutamatergic and GABAergic cultures 

following 96 hr treatment with Aβ42. Total APP was determined by quantification of 

bands detected at 98 kDa and 62 kDa.  
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was observed in 4 week differentiated glutamatergic cultures treated with 15 M Aβ42, 

with a 6 fold increase compared to vehicle (p < 0.05, Figure 4.18B). 

 

In GABAergic cultures, we found that the expression of APP remained similar following 

treatment with  Aβ42 (Figure 4.19). This was also observed in 1 Aβ42 over 12 

weeks except for 6 week old cultures, where a 6.5-fold increase in APP expression was 

observed (Figure 4.19C). Taken together, this suggest that at the 6 week timepoint, these 

generated glutamatergic and GABAergic hESC cultures are particularly susceptible to 

Aβ-induced changes that might explain the observed toxicity.  
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Figure 4.18 Expression of APP in vehicle and Aβ42 treated Glutamatergic 

cultures.  

(A-F) Glutamatergic cultures were treated with  and 1 Aβ42 for 96 hrs at 2 

week intervals over a 12 week period. Total APP expression was quantified and 

normalised to vehicle treated cultures at each respective timepoint. No change in 

expression of APP was observed for  Aβ42 treated cultures. In 1 Aβ42 

treated cultures, increased expression of APP was observed at week 4, week 6 and 

week 8. Data shown as mean  SEM. (*p < 0.05, **p < 0.01, ***p < 0.005). Refer to 

Figure 4.16E for number of independent experiments. 
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Figure 4.19 Expression of APP in GABAergic cultures following Aβ42 

treatment. 

(A-F) GABAergic cultures were treated with  and 1 Aβ42 for 96 hrs at 2 

week intervals over a 12 week period. Total APP expression was quantified and 

normalised to vehicle treated cultures at each respective timepoint. No change in 

expression of APP was observed for  Aβ42 treated cultures. In 1 Aβ42 

treated cultures, the expression of APP increased 6.5-fold at 6 weeks post 

differentiation. No change in APP expression was observed at the other time points. 

Data shown as mean  SEM. (*p < 0.05). Refer to Figure 4.16E for number of 

independent experiments. 
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4.3 Discussion 

The bulk of our understanding of the mechanisms causing AD disease pathogenesis in 

the brain have been largely based on research output gained from utilising rodent models 

that have been genetically modified to mimic familial AD and by preparing brains from 

these animals and culturing them in a dish to directly look at brain cells at the cellular 

level (Gotz and Ittner, 2008; LaFerla and Green, 2012; Martini et al., 2018; Morrissette 

et al., 2009). While utilising rodent material has contributed significantly to our 

knowledge for identifying potential therapeutic targets as well as for screening of 

potential drugs (DeMattos et al., 2001; Goure et al., 2014; Schenk et al., 1999), a 

limitation of using rodent tissue for drug discovery has led to failed translation of drugs 

transferring into the clinic (Doody et al., 2014a; Doody et al., 2014b; Holmes et al., 2008; 

Salloway et al., 2014; Schenk et al., 1999; van Dyck, 2018). Therefore, utilising a reliable 

neuronal cell culture system that is derived from a human source may greatly assist in the 

discovery of future therapeutic drugs. Sourcing viable human brain tissue for research is 

near impossible and so the discovery of utilising hESC or iPSC technologies in the 

preparation of viable human neurons have been increasingly popular. A critical advantage 

of using these human-based culture models is that it overcomes the translational biology 

differences potentially arising from rodent and human models (Cuadrado-Tejedor and 

Garcia-Osta, 2014; Holtzman, 2013). To take advantage of this technology, strategies 

have been developed for preparing neuronal cell cultures that are representative of the 

major targets involved in the brain pathogenesis of AD patients. With this in mind, the 

major neuronal cell population that is affected in the early stages of this disease involves 

the glutamatergic system while the GABAergic system remains relatively spared till late 

stages of the disease (Francis et al., 1993; Greenamyre et al., 1988; Rossor et al., 1982). 

These two neuronal cell populations can be routinely prepared in the laboratory for further 

investigations (Chambers et al., 2009; Israel et al., 2012) to better understand human AD 

pathogenesis directly. 

 

We demonstrated in Chapter 3 that we could successfully prepare human neuronal cell 

culture models that have been differentiated to acquire glutamatergic and GABAergic 

phenotypes respectively. In this Chapter 4, this hESC based cell culture model was used 

to investigate A neurotoxicity and cellular binding following 96 hr treatment with 

soluble A42 peptide preparation. In addition, the A neurotoxic and cell binding 
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properties were compared between human neuronal cultures as prepared in this Chapter 

to our previously reported data using mouse primary neuronal cultures (Ciccotosto et al., 

2004; Jana et al., 2016a; Jana et al., 2016b). To ensure best possible direct comparison, 

similar experimental conditions were used between the two studies included using the 

same synthetic A42 peptide, sourced from the same supplier, solubilisation protocol, 

treatment concentrations and duration, and immunodetection methods.  

 

In this Chapter, we identified that soluble A42 induced neurotoxicity in our human stem 

cell model and this occurred in a concentration dependent manner similar to what we 

observed from treating mouse primary cortical cultures (Jana et al., 2016b). Treatment of 

glutamatergic and GABAergic cultures with  A42 for 96 hrs was not toxic over the 

12 week differentiation period (Figure 4.1A and B), an observation that was also seen in 

the  A42 treated mouse primary cultures (Jana et al., 2016b). Toxicity was 

observed when using the 1 A42 concentration to treat glutamatergic and 

GABAergic cultures but cell significant cell death was observed only at specific 

differentiation time points, weeks 6 and 8 for glutamatergic cultures (Figure 4.1B), and 

weeks 2, 6 and 8 for GABAergic cultures (Figure 4.1D). Moreover, a comparison of 

viability between the two cultures following A42 treatment showed that at 6 weeks post 

differentiation, glutamatergic cultures were more susceptible to toxicity than GABAergic 

cultures (Figure 4.1F). This data suggests that 6 weeks post differentiation would be a 

suitable time point to compare A neurotoxicity between glutamatergic and GABAergic 

cultures. Our finding that the 10 and 12 week old differentiated cultures were not 

susceptible to A42 toxicity contrasts with previously reported findings using a similar 

cell culture model (Vazin et al., 2014). A possible explanation for the differences may be 

due to the different methods for measuring cell viability since we used the live/dead assay 

compared to measuring fluoro Caspase3, for their A toxicity experiments. They found 

that treatment with 2 M A42 globulomers (aggregated A peptide with mass ranging 

16/20 kDa and 38/48 kDa) for 72 hrs was sufficient to induce cell death in glutamatergic 

cultures whereas we treated our cultures for 96 hr using the soluble preparation of A42 

peptide. Nonetheless, what is important about our findings is that these human neuronal 

cultures are susceptible to synthetic A42 peptide preparations at a specific time period 

highlighting that the neurons change over time to become susceptible to A exposure as 

is seen with AD brains.  



 

 103 

 

This increased susceptibility of glutamatergic cultures to A peptide compared to 

GABAergic cultures might be due to the targeting of A to receptors that trigger the 

release of neurotransmitters such as calcium ions (Ca2+). A has been shown to increase 

Ca2+ influx into cells (Liu et al., 2010b), potentially leading to hyperexcitability (Busche 

et al., 2008), increased release of glutamate and subsequent removal of glutamatergic 

receptors from synapses (Hsieh et al., 2006). This loss in glutamate receptors is often 

accompanied by impairment of synaptic plasticity which can be measured 

electrophysiologically in rodent brain slices (Palop and Mucke, 2010; Smith et al., 2009). 

This decline in synaptic plasticity is believed to be responsible for progressive loss of 

memory and cognitive functions in AD patients (Klyubin et al., 2005; Shankar et al., 

2008; Welzel et al., 2014). While there is substantial evidence of A induced 

pathophysiology at glutamatergic synapses, not much data exists for A impacting on 

GABAergic synapses. 

 

AD has been postulated to be a synaptic dysfunction due to the variety of synaptic targets 

such as vGluT1, synapsin and NMDARs  (Marsh and Alifragis, 2018; Marsh et al., 2017; 

Nieweg et al., 2015; Rammes et al., 2017; Tu et al., 2014; Varga et al., 2015). 

Additionally, A has also been shown to target post synaptic proteins, such as PSD95, 

and cause their protein expression levels to diminish in AD brains compared to normal 

healthy brains (Gylys et al., 2004; Koffie et al., 2009). In our hands, PSD95 gene 

expression in glutamatergic cultures was altered following treatment with A (Figure 

4.13C and D). While A42 was neurotoxic to the 6 week old glutamatergic cultures, no 

significant effect was seen for the PSD95 gene expression at this timepoint. Alternatively, 

exposure of 12 week old glutamatergic cultures to the non-toxic concentration of  

A42 resulted in increased PSD95 gene expression (Figure 4.13) while the 15 µM 

concentration, which was similarly not toxic to at this 12 week time point, also resulted 

in increased PSD95 gene expression but this was not statistically significant. In contrast, 

it was interesting to observe how the expression of PSD95 was significantly lower in the 

6 week cultures, where A induced cell death, compared to the week 12 cultures, where 

toxicity was not observed. Moreover, no significant changes in PSD95, synapsin or 

MAP2 gene expression was observed in the GABAergic neuronal cultures when 
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compared over the 12 week culture period, suggesting that while A can induce 

neurotoxicity, the mechanisms of toxicity did not alter gene expression (Figure 4.14). 

 

We have previously identified using the mouse primary neuronal culture model that there 

was a significant correlation of the amount of total A bound to cells with the extent of 

neurotoxicity following treatment with synthetic A42 peptide (Jana et al., 2016b).  In 

contrast, we were unable to reproduce this correlation while using either human neuronal 

glutamatergic or GABAergic culture models as presented in this chapter (Figure 4.4). A 

possible explanation for the differences between the mouse and human culture models 

may be explained by the differences in aggregation states of bound A42 peptide seen 

between the different mammalian cultures. The importance of needing to identify the 

aggregated A species that are bound to sick or dying neurons to trigger cell death in a 

cell culture model is reflected in the knowledge that while there is general agreement that 

A is toxic in the AD brain, the exact identity of neurotoxic A species currently remains 

unknown. Despite this, the current consensus in the AD research field is that A 

aggregating into soluble oligomeric forms, such as the LMWO (2 to 12mers) , HMWO 

(greater than 13mers) or higher heterogenous populations of both termed amyloid β-

derived diffusible ligands (ADDLs, a mixture of LMWO and HMWO) have been shown 

to be the most lethal toxic state(s) and shown to be responsible for the neuronal 

dysfunction, synaptic loss and neuron cell death (Haass and Selkoe, 2007; Hung et al., 

2008; Jana et al., 2016a; Jana et al., 2016b; Lambert et al., 1998; Lesne et al., 2006). 

Another species of aggregated A peptide that has been reported to induce neurotoxicity 

is termed A*56, a 56 kDa soluble A species consisting of 12 A peptides, and it has 

been shown to induce memory loss in young transgenic mice (Lesne et al., 2006) and 

immunoreactive species have been identified in human AD brain lysates (Sokolow et al., 

2012a). However, we did not detect any A species larger than pentamers and A*56 

was not detected in our treated cultures. Taken together, these suggest that AD-related 

toxicity can occur over a wide range of oligomeric A species. In our hands, cultured 

glutamatergic and GABAergic hESC were treated with synthetic monomerized A42 for 

96hr. While some aggregation into LMWO (dimers to tetramers) was observed, the 

predominant A species bound to the neurons after 96hr treatment were monomers 

(Figure 4.2) while the predominant A species bound in mouse primary cultures were 

found to be dimers (Jana et al., 2016b). The higher proportion of monomeric A binding 
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to our human neurons, may in part explain the lack of correlation of A binding with cell 

toxicity since we had previously observed how monomeric A binding to mouse neurons 

did not correlate with cell toxicity (Jana et al., 2016b) and this species has been shown to 

be neuroprotective in other human culture models (Giuffrida et al., 2009). In contrast, 

binding of LMWO such as dimers, trimers and tetramers to culture have been found to 

correlate better with toxicity (Jana et al., 2016b; Shankar et al., 2008), stressing the 

importance of further investigations using specific LMW oligomeric A to better 

delineate the toxicity observed in our human cultures (see Chapter 5). Taken together, 

these observations highlight that differences in A pathogenicity exist between mouse 

and human cell culture models and should be taken into consideration for better 

translation between the two models. 

 

An unexpected finding in this chapter was how there was increase in APP expression 

following treatment with A42 (Figure 4.18 and Figure 4.19). Increased APP expression 

was previously reported from our own research group 20 years ago but on that occasion, 

mouse cultures were treated with the non-physiological shortened A25-35 peptide 

(White et al., 1998). The relevance of finding increased APP expression in our A treated 

cultures is that one of the many physiological roles of APP is that it has been shown to 

be neuroprotective ((Corrigan et al., 2014) and reviewed by (Muller and Zheng, 2012; 

Plummer et al., 2016)) and therefore, this increase in neuronal APP expression might be 

able to trying to protect the neuron from the toxic insult when exposed to high 

concentrations of exogenous A peptide. However, this increase in APP expression might 

be a double-edged sword since the increased APP expression due to A exposure may 

result in a positive feedback loop on APP processing and cause aberrant APP production, 

processing, increased A production all leading to compounding cell death. While it is 

not known if this increase in APP expression following A treatment was neuroprotective 

or detrimental, it would be interesting to determine whether there was an increase in 

soluble APP (sAPP), an APP fragment which has been shown to have neuroprotective 

mechanisms (reviewed by (Chasseigneaux and Allinquant, 2012; Mockett et al., 2017; 

Turner et al., 2003)).  
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4.4 Conclusion 

We have successfully established a routine human embryonic stem cell-based culture 

model, that can be set up to reliably investigate A neurotoxicity in human differentiated 

glutamatergic and GABAergic neurons and can be compared to the body of data 

generated from the various rodent culture models that are well established. Moreover, we 

found that at 6 weeks, Aβ altered gene expression and neurotoxicity was more 

pronounced in glutamatergic than GABAergic cultures. Based on these findings, we 

recommend that 6 week old differentiated human neuronal cultures is the best model for 

further investigations in deciphering the molecular mechanisms of how Aβ causes 

neurotoxicity. We can also proceed to use more complex culture models such as induced 

pluripotent stem cells from AD patients to further elucidate the mechanisms of Aβ 

toxicity as well as test potential drug therapeutics. 
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CHAPTER 5 Binding and toxicity of A oligomers to 

differentiated glutamatergic and GABAergic cultures 
 

5.1 Introduction 

The discovery of Aβ peptide in brain plaques led to the prevailing hypothesis that these 

aggregated fibrillar forms of Aβ peptide must be the toxic species causing the severe 

neurodegeneration present in AD brains (Hardy and Higgins, 1992; Hyman and Tanzi, 

1992; Selkoe, 1991).  However, in follow up reports whereby detailed post mortem 

analysis of AD brains was performed, no correlations between plaque deposition and 

aggregated Aβ in the brain with brain atrophy and synaptic loss were found (DeKosky 

and Scheff, 1990; Masliah et al., 1990; Terry et al., 1991), challenging the early 

hypothesis that fibrillar Aβ species was toxic. The McLean et al 1999 report was the first 

to report how the presence of oligomeric A species in lysates from AD brains correlated 

best with AD pathology (McLean et al., 1999). Papers following this have consistently 

demonstrated how the presence of soluble A oligomers and not amyloid plaques in the 

brain better correlates with the pathogenesis of this disease and this has led to a shift in 

the hypothesis that oligomers are the main toxic species causing the neurodegeneration 

(Barghorn et al., 2005; Benilova et al., 2012; Haass and Selkoe, 2007; Jongbloed et al., 

2015; Lacor et al., 2004; Larson and Lesne, 2012; McLean et al., 1999; Shankar et al., 

2007; Shankar et al., 2008; Sokolow et al., 2012a; Tu et al., 2014; Wilcox et al., 2011). 

However, while there is a strong consensus in the AD field that the levels of smaller 

soluble Aβ oligomers are a stronger predictor of synaptic dysfunction causing AD 

(Ferreira et al., 2015; Jongbloed et al., 2015; Lacor et al., 2004; Masliah et al., 2001; 

McLean et al., 1999; Pham et al., 2010), the identity of the soluble Aβ toxic species in 

human brains is yet to be unequivocally defined and remains a major goal for the 

international AD field to resolve (Bate, 2015; Dahlgren et al., 2002; Ferreira et al., 2015; 

Forloni et al., 2016; Jongbloed et al., 2015; Lambert et al., 1998; Lesne et al., 2006).   

 

Soluble A oligomers can exist over a range of sizes, from low molecular weight 

oligomers (LMWO) that are smaller than tetramers, to higher molecular weight oligomers 

(HMWO) including sizes up to dodecamers or higher. Alternatively, a heterogenous 

population of A LMWO termed “A derived diffusible ligands”, or ADDLs, has been 
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shown to be comprised of a set of small Aβ oligomers including trimers, tetramers, up to 

dodecamer species (Dahlgren et al., 2002; Gong et al., 2003; Lambert et al., 1998). A 

single LMWO, or combination of different LMWO’s, are the most likely candidate(s) to 

be the A neurotoxic species (Dahlgren et al., 2002; Gong et al., 2003; Jana et al., 2016b; 

Kayed et al., 2003) since increased levels of A dimers, trimers and tetramers were 

detected in brain lysates from AD and not in normal patients (Gong et al., 2003; McLean 

et al., 1999; Sokolow et al., 2012a). Aβ*56 is another oligomeric Aβ species reported to 

be toxic, impairing LTP and disrupting cognition in mice independently of neuronal loss 

or plaque deposition (Lesne et al., 2006). Monomeric A, on the other hand, has been 

shown to play a neuroprotective role (Giuffrida et al., 2009; Yankner et al., 1990) and is 

most likely not neurotoxic (Jana et al., 2016b; Shankar et al., 2007; Shankar et al., 2008). 

 

A major contributing factor to deciphering which A oligomeric species is neurotoxic is 

the complexity associated with the preparation and isolation of a single oligomeric unit 

of A since it has a natural propensity to aggregate under physiological conditions (Kim 

and Hecht, 2006). A highly cited 2002 publication from the Walsh laboratory described 

the isolation of LMW oligomers that could be purified from the conditioned media from 

transfected CHO cells over-expressing APP (i.e. not derived from synthetic peptide) 

(Walsh et al., 2002). Additionally, they eloquently demonstrated how a proposed purified 

“dimeric Aβ” oligomeric species was neurotoxic. This landmark paper channelled the AD 

research field to utilize their technology and use this cell culture model for producing and 

testing oligomeric A which resulted in many follow up papers over a 10 year period. 

The original manuscript did not characterise the isolated A dimer species nor did they 

confirm the sequence of this peptide dimer. Rather, they simply showed an 8 kDa band 

on a western blot. However, in 2014, they finally provided additional biochemical 

analysis showing how the “soluble Aβ dimer” was in fact an N-terminally extended APP 

peptide and not an Aβ dimer (Welzel et al., 2014). Hence, instead of using purified A 

LMW oligomers from cells, we have chosen to use synthetic A preparations. A major 

advantage is that we are working with bona fide pure preparations of A peptide species 

and provides complete certainty regarding the primary sequence of the A species being 

tested (Jana et al., 2016a; Jana et al., 2016b). 
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The preparation of Aβ oligomers is not a trivial matter and our laboratory has a well-

established in-house protocol that efficiently generates individual oligomer species (Jana 

et al., 2016b) using a process called photo-induced crosslinking of unmodified peptides 

(PICUP) that stabilises the individual A oligomeric species (Bitan et al., 2003). This 

allows for the generation of stable, defined, individual oligomeric A species for testing. 

This protocol works well for the Aβ40 peptide sequence, but the presence of two extra 

amino acids in A42 causes this peptide to have increased hydrophobicity and 

aggregation propensity, thus making it a poor candidate for preparation of oligomers 

using the PICUP procedure (Jana et al., 2016b; Yamin et al., 2015). Therefore, in this 

chapter, Aβ40 oligomeric preparations were prepared and they were tested on our human 

differentiated neuronal cultures whereby the cell toxicity and cell binding properties were 

assessed.  

 

AIMS: 

This chapter had two key aims: 

 

1. To determine if toxicity observed in differentiated glutamatergic and GABAergic 

cultures could be attributed to a specific A oligomeric species.  

 

2. To compare similarities and differences in A oligomer induced toxicity between 

differentiated human neurons and mouse cortical cultures  
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5.2 Results 

Data presented in this Chapter were generated using cells from both feeder and feeder-

free culture systems. 

 

5.2.1 Preparation of A oligomeric species using Aβ40 peptide 

A LMWO’s were prepared using our established in-house protocol (Jana et al., 2016b) 

which uses a modified PICUP technique (Ono et al., 2009).  We successfully generated 

A40 oligomeric species (Figure 5.1A) and the individually purified dimer, trimer, 

tetramer, and the monomer, species were identified by western blot analysis for each 

oligomeric species respectively (Figure 5.1B). We noted the presence of some higher 

molecular weight species, albeit at much lower concentrations relative to the main band, 

and this reflects the sensitivity of the western blot technique. In comparison, the non-

PICUP A40 peptide remained in a predominately monomeric state (Figure 5.1B). A 

vehicle control sample was prepared from a region of the gel not containing Aβ peptide 

and as expected, no detectable A bands were present. The vehicle control only sample 

contained elution buffer and it was prepared using the identical purification procedures. 

 

  



 

 111 

 

 

Figure 5.1 Isolation and purification of PICUP generated A40 oligomers.  

(A) PICUP A40 oligomers were separated by SDS gel electrophoresis. A length of 

the gel was cut and stained with Simply Blue to visualize oligomeric bands. The 

separation of Monomers from the PICUP dimers, trimers and tetramers were identified 

by staining a single lane using simply blue dye. Oligomers from the non-stained gel 

were excised and processed to purify individual oligomers. Gel piece without A 

peptide was vehicle control. (B) Individual purified oligomeric A40 species were 

detected by Western Blot analysis using mAb WO2 to detect A peptide. Unmodified 

A40 peptide (Non-PICUP) remained in a monomeric state.  
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5.2.2 Cell culture treatment strategy with oligomeric A  

To limit the number of treatment time points for testing with purified A40 oligomers, 

we selected two time points, the 6 and 12 week old differentiated cultures based on the 

results found in Chapter 4. We selected the 6 week old time point for the glutamatergic 

and GABAergic neuronal cultures since these cultures were most susceptible to the 96 hr 

treatment with 15 µM soluble A42 peptide which resulted in significant cell death 

(Figure 4.1). In contrast, the more mature 12 week old differentiated cultures were 

selected because at this time, both neuronal cultures were not susceptible to Aβ42 induced 

toxicity (Figure 4.1). Based on these observations, we planned to test the toxic nature of 

the purified A oligomers in our human differentiated glutamatergic and GABAergic 

neuronal culture model as shown in  

Figure 5.2.  

 

 

  

 

 

Figure 5.2 Schematic diagram of experimental plan.  

Glutamatergic and GABAergic neurospheres were generated from H9 hESCs. They 

were dissociated, replated and cultured to 6 and 12 weeks before treatment with vehicle 

or PICUP generated A oligomers for 96 hr then cell viability and cell binding assays 

were performed. 
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5.2.3 Pilot toxicity study data 

A pilot study was initially completed so as to optimise the number of experimental 

cultures and determine the optimal concentration of oligomer to complete the study 

successfully. In this pilot study, 2 week old glutamatergic cultures were treated with A40 

trimer and monomer at concentrations of 250, 500, and 1000 nM based on mouse culture 

work previously published from our laboratory (Jana et al., 2016b). There was no 

significant change in cell viability of these cultures when treated with 500 and 1000 nM 

A40 monomer or with the vehicle sample containing gel eluted material or with vehicle 

only treated samples (Figure 5.3). In contrast, cultures treated with 1000 nM A40 trimers 

resulted in the cells detaching from the plastic coated cultured surfaces which is indicative 

of substantial cell death (Figure 5.3). The 500nM A40 trimer caused 15% cell death and 

cultures treated with 250 nM A40 trimers had no significant change in cell viability 

(Figure 5.3). Therefore, based on this pilot study data, a concentration of 500 nM was 

selected for treating the human neuronal cultures. In contrast to Chapter 2 and 3 cultures, 

a modified seeding protocol was used to circumvent the potential dislodgment of plated 

neurospheres and to allow for better visualization and examination of neuritic networks 

growing over the coated surfaces over the 12 week culture period. Briefly, the 

neurospheres were gently disassociated by a brief trituration step and then seeding the 

dissociated cells at a density equivalent to 1 neurosphere per well. 
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Figure 5.3 Preliminary data of glutamatergic cultures treated with A40 

monomer and trimers. 

2 week old glutamatergic cultures were treated with 250, 500, and 1000nM A40 

monomer and trimers. Vehicle and gel vehicle are controls. N = 1. Veh. = Vehicle 

 

5.2.4 A40 dimers and trimers are toxic to glutamatergic cultures 

The 6 week old human differentiated glutamatergic cultures did not display any 

vulnerability when exposed to 500 nM of purified LMWO (Figure 5.4). On the other 

hand, the 12 week old glutamatergic cultures treated with 500nM A40 monomers (p < 

0.01), dimers (p < 0.0001) and trimers (p < 0.005) caused a significant decrease of 16%, 

33% and 21% respectively in cell viability (Figure 5.4). These cultures also exhibited 

increased susceptibility to A40 dimers compared to A40 monomers (p < 0.01), trimers 

(p < 0.05) and tetramers (p < 0.005). Although 12 week old glutamatergic cultures treated 

with A40 dimers had a 22% decrease in cell viability compared to 6 week old cultures, 

this did not reach statistical significance (p = 0.09). On the other hand, A40 trimers were 

more toxic at 12 weeks compared to the 6 week old glutamatergic culture. These data 

indicate the A40 dimers and trimers were toxic to glutamatergic neurons, particularly 

after 12 weeks of differentiation (Figure 5.4). 
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Figure 5.4 Cell Viability of 500 nM A40 oligomer treated glutamatergic 

cultures.  

Glutamatergic cultures were differentiated for 6 (white bars) and 12 weeks (grey bars) 

and treated with 500 nM A40 oligomers for 96 hr. A40 monomer, dimer and trimer 

were significantly toxic at 12 weeks compared to vehicle. A40 dimer was significantly 

more toxic than monomer, trimer and tetramer for 12 week old cultures while A40 

trimers were more toxic to 12 week cultures compared to 6 week old cultures.  Data 

shown as  SEM. (##p<0.01, ###p<0.005, ###p<0.001 versus vehicle; *p<0.05, 

**p<0.01, ***p<0.005 between treatment groups). N = 3 unless otherwise stated. 
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5.2.5 Tetramers are toxic to GABAergic cultures  

6 week old GABAergic neurons treated with 500 nM A40 monomers resulted in a 22% 

decrease in cell viability (p < 0.05) (Figure 5.5). A less pronounced decrease in cell 

viability (19% and 16% respectively) was observed when the 6 week old GABAergic 

neurons were treated with 500 nM A40 trimer and tetramers which were not statistically 

different (Figure 5.5). Unfortunately, no data set was obtained for 6 week old GABAergic 

cultures treated with 500 nM A40 dimers as the cells had dislodged from the culture 

surface during processing.  

 

12 week old GABAergic cultures treated with 500 nM A40 monomers, dimers and 

trimers showed an increase in cell viability, while A40 tetramer treated GABAergic 

cultures showed a decrease in cell viability, but these did not reach statistical significance 

(Figure 5.5). However, statistical analysis revealed that cell viability of A40 tetramer 

treated cultures were significantly lower than A40 monomer (p < 0.05) and dimer (p < 

0.05) treated cultures, suggesting A40 tetramers are toxic to GABAergic cultures.  

 

Next, we wanted to determine if there was a difference in A40 oligomer toxicity between 

the two time points by comparing cell viability of 6 week and 12 week old GABAergic 

cultures following treatment with each respective A40 oligomeric species. Interestingly, 

12 week old GABAergic neurons treated with A40 monomers had higher (p < 0.05) cell 

viability than 6 week old cultures (Figure 5.5). Similarly, 12 week old GABAergic 

neurons treated with A40 trimers were more viable (p < 0.01) than 6 week old 

GABAergic cultures (Figure 5.5). In contrast, A40 tetramers behaved similarly in both 

6 week and 12 week old GABAergic cultures.  
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Figure 5.5 Cell Viability of 500 nM A40 oligomer treated GABAergic cultures.  

GABAergic cultures were differentiated for 6 week (white bars) and 12 weeks (grey 

bars) then treated with 500 nM A40 oligomers for 96 hr. A40 monomers were toxic 

to 6 week GABAergic cultures compared to vehicle. While in 12 week old cultures, 

A40 tetramer treated cultures were more susceptible to A40 induced toxicity than 

monomer, dimer and trimer treated cultures. Data shown as  SEM. (#p<0.05 versus 

vehicle;*p<0.05, **p<0.01). N = 3. NA : not applicable as no dataset was obtained 

for A40 dimer treated 6 week old GABAergic cultures. 
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5.2.6 A40 oligomers had different effects on glutamatergic and GABAergic 

cultures 

Next, we wanted to compare the toxicity of A40 oligomers between glutamatergic and 

GABAergic cultures at the respective 6 and 12 week time points. A40 trimers were more 

toxic to 6 week old GABAergic than glutamatergic cultures (Figure 5.6A). Interestingly, 

A40 monomers, dimers and trimers appeared to have opposing effects on 12 week old 

cultures. A decrease in cell viability was observed in glutamatergic cultures whereas an 

increase in cell viability was observed in GABAergic cultures (Figure 5.6B). In particular, 

A40 dimers had the greatest effect with a 55% difference (p < 0.0001) in cell viability, 

with glutamatergic cultures most susceptible to toxicity and GABAergic cultures with the 

highest increase in cell viability (Figure 5.6B). It was noted that only A40 tetramers 

behaved similarly in both treated glutamatergic and GABAergic cultures.  

 

 

Figure 5.6 Comparison of cell viability between glutamatergic and GABAergic 

cultures.  

(A) 6 week old (white bars) and (B) 12 week old (grey bars) glutamatergic (blue frame) 

and GABAergic (orange frame) cultures are grouped respectively. 6 week old 

GABAergic cultures were more susceptible to A40 trimers than glutamatergic 

cultures. In the 12 week old cultures, an opposing effect was observed for A40 

monomer, dimer and trimer treated cultures with A40 oligomers causing a decrease 

in cell viability for glutamatergic cultures and an increase in cell viability for 

GABAergic treated cultures. In contrast, no difference in viability was observed in 

A40 tetramer treated cultures. Data shown as  SEM. (**p<0.01, ****p<0.0001). N 

= 3 unless otherwise stated. NA : not applicable as no dataset was obtained for A40 

dimer treated 6 week old GABAergic cultures. 
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5.2.7 A40 oligomers bound in a punctate manner along neurites and around 

some cell bodies 

The binding of exogenous A peptides to cultured mouse primary neurons correlates with 

toxicity (Ciccotosto et al., 2004). In Chapter 4, quantitative analysis of Aβ binding to 

human differentiated neuronal cultures treated with monomerized A42 for 96 hr showed 

no correlation between toxicity and binding (Figure 4.4). Western blot analysis of the cell 

lysates showed that majority of the A42 bound was monomeric and only a small 

percentage of A42 peptide had aggregated into dimers, trimers and tetramers (Figure 4.2 

and Figure 4.3). As shown above, 500nM A40 monomers were toxic to 12 week 

differentiated human glutamatergic neurons (Figure 5.4) and 6 week differentiated 

GABAergic (Figure 5.5) neuronal cultures. In contrast, A dimers and trimers were only 

toxic to glutamatergic neurons (Figure 5.4) and not GABAergic neurons (Figure 5.5). 

Therefore, we wanted to compare if there was a difference in binding pattern of the 

respective A40 oligomers to cultures that might explain the differences in toxicity we 

observed.  

 

We had planned to use 6 and 12 week old differentiated glutamatergic and GABAergic 

cultures, however, we had insufficient time to culture these cells to 12 weeks, and we 

could only treat 6 week old glutamatergic and GABAergic cultures with 500nM A40 

trimers, and 6 week old glutamatergic cultures with 500nM A40 tetramers for 96 hrs. 

Age matched vehicle treated glutamatergic and GABAergic cultures were used as 

controls. To ensure that no artefact binding was observed, gel pieces without A40 

peptide were used as a second vehicle control. 

 

In A40 trimer treated glutamatergic cultures, MAP2 immunoreactive staining was 

visibly reduced (Figure 5.7A). In the vehicle and gel only vehicle treated cultures, MAP2 

immunoreactive staining was seen around some neuronal cell bodies and neurites (Figure 

5.7B and C). As MAP2 immunoreactive neurites could not be detected consistently in 

treated cultures, no quantification of MAP2 immunofluorescence was performed. Similar 

to A42 treated cultures, A40 trimers bound in a punctate manner to glutamatergic 

cultures and along projections indicative of neurites (Figure 5.7A). A40 binding was 

also detected along some MAP2 immunoreactive neurites (Figure 5.7A, white arrows), 

and cell bodies with condensed nuclei that are likely to be dead cells (Figure 5.7A, white 
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triangle). As expected, no endogenous A immunoreactivity was detected in vehicle 

(Figure 5.7B) and gel only vehicle (Figure 5.7C) treated glutamatergic cultures, 

highlighting that expression of endogenous A is below the detection limit of the 

antibody and concentration used in these histological preparations. 

 

 

Figure 5.7 Binding of A40 trimers to human differentiated glutamatergic 

cultures. 

(A) Exogenous Aβ40 trimers (500 nM) immuno-fluorescence (green) staining was 

localised to the MAP2 immunoreactive neurites (red) in 6 week old differentiated 

glutamatergic cultures after 96 hr treatment. No endogenous Aβ immunoreactivity was 

detected in (B) vehicle and (C) gel only vehicle treated cultures. Dead cells (white 

triangles), which are rounded in appearance and have condensed nuclear DAPI stain 

(blue). Scale bar 20 µm. 

 



 

 121 

A similar observation was made for the 500 nM Aβ40 trimer treated GABAergic cultures 

with A40 trimers binding in a punctate manner along MAP2 immunoreactive neurites 

(Figure 5.8A, white arrows) and around some cell bodies. A40 trimer immunoreactivity 

was also detected along projections that were likely to be neurites although they were not 

MAP2 immunoreactive (Figure 5.8A). As expected, no endogenous A 

immunoreactivity was detected in vehicle (Figure 5.8B) and gel only vehicle (Figure 

5.8C) treated GABAergic cultures. 

 

In 500 nM A40 tetramer treated glutamatergic cultures, A immunoreactivity was 

observed to be punctate and along projections that are likely to be neurites although they 

were not MAP2 immunoreactive (Figure 5.9, white arrows). Similar to A40 trimer 

treated glutamatergic and GABAergic cultures, some A40 binding was also observed 

around cell bodies. Taken together, these clearly show that A40 trimers and tetramers 

bind in a punctate manner along neurites or on projections that are likely to neurites. 
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Figure 5.8 Binding of A40 trimers to human differentiated GABAergic 

cultures. 

(A) Exogenous Aβ40 trimers (500 nM) immuno-fluorescence (green) staining was 

localised (white arrows) to the MAP2 immunoreactive neurites (red) in 6 week old 

differentiated GABAergic cultures after 96 hr treatment. No endogenous Aβ 

immunoreactivity was detected in (B) vehicle and  (C) gel vehicle treated cultures. 

Cultures counterstained with DAPI (blue). Scale bar 20 µm. 
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Figure 5.9 Binding of A40 tetramers to human differentiated glutamatergic 

cultures. 

Exogenous Aβ40 tetramers (500 nM) immuno-fluorescence (green) staining was 

localised (white arrows) to MAP2 immunoreactive neurites (red) in 6 week old 

differentiated glutamatergic cultures after 96 hr treatment. Counterstained with DAPI 

for nuclei (blue). Scale bar 20 µm. 

 

To determine the amount of A40 oligomers bound to treated 6 week old glutamatergic 

and GABAergic cultures, regions of interest were drawn where A immunoreactivity was 

seen. Where A immunofluorescence was detected around nuclear cell bodies, these 

structures were excluded from analysis. Quantification analysis showed that after 96 hrs 

of treatment with A40 trimers, GABAergic cultures had more A40 bound (p < 0.05) 

compared to glutamatergic cultures (Figure 5.10). Interestingly, despite increased A40 

trimer binding to GABAergic cultures, no statistical difference in cell viability was 

observed between glutamatergic and GABAergic cultures at 6 weeks (Figure 5.6A). This 

suggests that a threshold amount of A40 trimer is required to induce neurotoxicity or 

that, at 6 weeks, GABAergic cultures are less susceptible than glutamatergic cultures to 

A40 trimer toxicity. 
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Figure 5.10 Quantification of A40 trimers bound to treated glutamatergic and 

GABAergic cultures. 

6 week old glutamatergic and GABAergic cultures were treated with 500 nM A40 

trimers for 96 hrs. To quantify the amount of A40 trimers bound, regions of interest 

were drawn along neurites where A binding was seen. More A40 trimers were bound 

to GABAergic cultures than glutamatergic cultures. Data shown as  SEM. (*p < 0.05). 

N = 3. 
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Next, we compared the amount of A40 trimer and tetramer bound to glutamatergic 

cultures. There was no statistical difference in the amount of A40 trimer and tetramer 

bound to the glutamatergic treated cultures (Figure 5.11).  

 

 

 

Figure 5.11 Quantification of A40 trimers and tetramers bound to treated 

glutamatergic cultures. 

6 week old glutamatergic cultures were treated with either 500 nM A40 trimers or 

tetramers for 96 hrs. To quantify the amount of A40 bound, regions of interest were 

drawn along neurites where A binding was seen. No statistical difference in A40 

trimer and tetramer bound was observed. Data shown as  SEM. N = 3. 
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5.3 Discussion 

A major consensus model to explain the mechanism of A toxicity in AD favours soluble 

A oligomeric species as the lethal toxic state (Hung et al., 2008; Jana et al., 2016b; 

Lambert et al., 1998; Lesne et al., 2006; Shankar et al., 2008; Sokolow et al., 2012a). 

However, the exact toxic species remains debatable. To better elucidate this, previous 

work from our lab generated and purified specific A oligomers (dimers, trimers, 

tetramers) and used them to treat mouse cortical cultures. We found that the trimer and 

tetramer oligomeric A species were the strongest candidates for major toxic species 

(Jana et al., 2016b).  

 

In this PhD thesis, we wanted to compare our body of mouse data with a human cell-

based model. To further delineate the differential neuronal susceptibility observed in AD 

brains, we established a human cell-based model of glutamatergic and GABAergic 

neurons from H9 hESCs and this was presented in Chapter 3. To investigate A-mediated 

neurotoxicity and cell binding, glutamatergic and GABAergic cultures were treated for 

96 hr with specific A oligomeric species. Oligomeric A was generated using PICUP, 

a method that stabilises individual A oligomeric species, allowing for the generation of 

stable, defined, individual oligomeric A species for testing (Bitan et al., 2003). However, 

several studies have shown that the isolated and purified A42 oligomers were not stable 

upon re-electrophoreses (Jana et al., 2016b; Ono et al., 2009; Pujol-Pina et al., 2015; 

Yamin et al., 2015). As the generation of well-defined A42 oligomers using PICUP was 

not currently feasible, we used A40 oligomers to investigate the toxicity and binding of 

individual oligomeric species to the human glutamatergic and GABAergic cultures. Cell 

viability was determined using live dead assay and binding of A to cultures determined 

by immunostaining. 

 

Our findings highlight three key points : 

1) Oligomeric A40 species affect glutamatergic and GABAergic neuronal 

populations differently 

2) A40 also plays a role in A induced neurotoxicity 
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3) A oligomers induced toxicity differently in human models compared to 

previously published mouse model, highlighting that subtle but important 

differences exist in A toxicity between the two models 

 

The estimated levels of A in the cortex of post-mortem AD brains range from 1-3 M 

(Naslund et al., 2000), therefore the 500 nM A we used is physiologically relevant. In 

our A40 oligomer treated cultures, we found that treatment with 500 nM A40 

monomer, dimer and trimer for 96 hrs was toxic to 12 week old glutamatergic cultures 

but not toxic to 6 week old cultures (Figure 5.4), suggesting that oligomeric A toxicity 

is dependent on the age and maturity of the cultures. Additionally, 12 week old 

differentiated glutamatergic cultures were more susceptible to A40 trimer compared to 

the 6 week old glutamatergic cultures. This is consistent with aging being the most 

prominent risk factor for AD, and that some aspects of aging might be embodied with 

neuronal lifetime in culture. A40 dimers, in particular, were most toxic to glutamatergic 

cultures when compared to A40 monomers, trimers and tetramers (Figure 5.4). This is 

in line with human studies where endogenous A dimers were only found in the brains 

of AD patients with extensive amyloid pathology (Mc Donald et al., 2010; Shankar et al., 

2008).  

 

On the other hand, only treatment with 500 nM A40 monomers to 6 week old 

GABAergic neurons induced cell death (Figure 5.5). Further statistical analysis revealed 

that A40 monomer and trimer treated cultures had different effects on 6 and 12 week 

differentiated GABAergic cultures (Figure 5.4), with 12 week old GABAergic cultures 

displaying increased cell viability. Interestingly, low concentrations of oligomeric A40 

(pico-nanomolar) have been found to increase the number of functional neurons 

(Wicklund et al., 2010), recover cell viability following secretase inhibition (Plant et al., 

2003) and enhance memory retention (Garcia-Osta and Alberini, 2009), suggesting that 

A might play a role in normal function of neuronal cells (Ramsden et al., 2001), and its 

different physiological effects (neurotrophic or neurotoxic) are concentration dependent. 

 

An unexpected finding was A40 monomers being toxic to culture. Possible explanations 

to account for this include that the monomers had aggregated in the culture medium and 

bound to cells as oligomers or that the preparation of A40 monomers was not clean. This 
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warrants further investigation by using additional controls such as Non-PICUP A40 and 

further confirmation of the exact A40 species bound using cell lysates.  

 

When assessing mouse cortical neurons, the A40 oligomer treatment was performed at 

doses of 1 M and 2 M (Jana et al., 2016b). A40 trimers were toxic at 2 M but not 1 

M, suggesting that A40 oligomer toxicity was concentration dependent. Another study 

showed that treatment of 500 nM A oligomers for 72 hr induced significant reductions 

in cell viability (55%), while lower concentrations at 250 nM were not toxic to neurons 

even after 7 days (Cizas et al., 2011). This finding was similar to our pilot studies in 

determining an ideal concentration of A oligomer to use on our human differentiated 

cultures. However, treatment of 2 week old differentiated human glutamatergic cultures 

with 1 M A40 trimers for 96 hrs was so toxic that all the cells had dislodged from the 

culture surface. This suggests the human glutamatergic cultures are more susceptible to 

oligomeric A toxicity than the mouse cortical cultures.  

 

Importantly, these findings highlight that despite the relevance of rodent models in 

studying human diseases, there are differences between rodent and human systems that 

can potentially affect our inferences from rodent studies. These differences should not be 

overstated, but instead, highlight the benefit of having human derived neurons as an 

additional tool to investigate toxicity pathways. This will validate therapeutic targets as 

well as aid drug discovery (Cezar, 2007). 

 

Collectively, our data suggests that the respective A40 oligomers might affect 

glutamatergic and GABAergic neurons differently, and the effects are culture age 

dependent. To confirm this finding, a comparison of cell viability between age matched 

glutamatergic and GABAergic cultures treated with the respective A40 oligomers 

revealed significant differences in A40 trimer treated cultures at both 6 and 12 weeks of 

differentiation, and monomer and dimer treated cultures only after 12 weeks of 

differentiation (Figure 5.6). A40 tetramers on the other hand, had a similar effect on 

both glutamatergic and GABAergic cultures at 6 and 12 weeks (Figure 5.6). In 12 week 

differentiated glutamatergic and GABAergic cultures, A40 dimers, in particular, 

displayed the greatest difference in cell viability (p < 0.0001), and the GABAergic treated 

cultures were 55% more viable than glutamatergic cultures (Figure 5.6B). This finding 
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indicates glutamatergic cultures are more susceptible to A induced toxicity than 

GABAergic cultures (Vazin et al., 2014), and that A monomers, dimers and trimers are 

toxic species towards aged glutamatergic cultures, and A tetramers are a toxic species 

towards GABAergic cultures.  

 

In our Aβ40 treated glutamatergic and GABAergic cultures, we found that the 

fluorescence intensity of MAP2 immuno-reactive neurites was visually decreased and as 

such, could not be reliably quantified for analysis. This decrease in MAP2 could cause 

disruption of microtubule structure, subsequent impairment of axonal transport and 

eventual neuronal loss (Calkins and Reddy, 2011; Dehmelt and Halpain, 2005; Harada et 

al., 2002; Manczak et al., 2018; Takahashi et al., 2013). A reduction in MAP2 

immunoreactivity is also consistent with previous observations where MAP2 immuno-

positive neurons were significantly decreased in iPSC derived neurons from AD patients 

(Foveau et al., 2019), and the dentate gyrus of AD brains had decreased mature MAP2 

(Li et al., 2008). A study that cultured glutamatergic and GABAergic neurons from iPSCs 

also found that glutamatergic cultures were more susceptible than GABAergic cultures, 

and that aged glutamatergic neurons were more susceptible to A toxicity (Vazin et al., 

2014). However, the binding pattern of A in the treated cultures did not appear punctate 

but was rounded and a similar size to the cell body. In contrast, the punctate binding 

pattern of Aβ40 trimer and tetramer to both our glutamatergic and GABAergic cultures 

was detected along neurites as is more typically seen in the literature (Barghorn et al., 

2005; Jana et al., 2016b; Kuperstein et al., 2010; Lacor et al., 2004; Shi et al., 2012b). 

These data support the notion that Aβ oligomers target synapses and that AD, is 

predominantly a synaptic pathology (Almeida et al., 2005; DeKosky and Scheff, 1990; 

Gylys et al., 2004; Klyubin et al., 2005; Lacor et al., 2004; Reddy et al., 2005; Selkoe, 

2002). Unfortunately, due to time constraints, only 6 week old differentiated human 

glutamatergic cultures could be treated with A40 trimers and tetramers. Additional 

experiments will have to be done to investigate if there is a difference in the binding 

patterns and the amount of A oligomer bound for the A40 monomer and dimer treated 

human cultures, particularly in older, 12 week old, glutamatergic cultures where toxicity 

was observed (Figure 5.6). 
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The localization of soluble A oligomers in human brain tissue found that approximately 

80% of oligomers are in active cellular processes including presynaptic active zones and 

postsynaptic densities (Kokubo et al., 2005). In our treated cultures, A binding appeared 

punctate, suggesting specific binding to synaptic terminals or dendritic spines. This 

specific targeting of synaptic sites along neurites would be consistent with the various 

neurotoxic effects attributed to A since A binding to neurons is a key aspect of it 

inducing neurotoxicity (Ciccotosto et al., 2004; Jana et al., 2016a).  

 

When bound to neurons, A oligomers can trigger various pathological events by 

interacting with synaptic proteins (Almeida et al., 2005; DeKosky and Scheff, 1990) and 

altering calcium signalling by impairing presynaptic calcium currents at both 

glutamatergic and GABAergic synapses (Nimmrich et al., 2008). A oligomers can also 

modulate synaptic plasticity and selectively inhibit long-term potentiation (LTP) (Gong 

et al., 2003; Klyubin et al., 2008; Lambert et al., 1998; Shankar et al., 2008) and block 

the reversal of long-term depression (Wang et al., 2002). Moreover, while a majority of 

synapses in the brain function through glutamate-mediated activation of NMDA and 

AMPA receptors (Birnbaum et al., 2015; De Felice et al., 2007; Decker et al., 2010; Gupta 

et al., 2013), there is supportive evidence that A oligomers also modulate synaptic 

plasticity through these receptors (Chang et al., 2016). The application of A oligomers 

to cortical slices promoted endocytosis of NMDA receptors by binding to 7-nicotinic 

receptors (Klyubin et al., 2014; Rammes et al., 2017; Snyder et al., 2005). This 

subsequently caused disruptions in NMDA function, altered calcium influx and triggered 

the activation of downstream cascades such as AMPA receptors (Danysz and Parsons, 

2012; De Felice et al., 2007; Decker et al., 2010; Gupta et al., 2013; Hsieh et al., 2006; 

Liu et al., 2010a; Texido et al., 2011). Additionally, dysregulation of cytosolic calcium 

levels is a profound downstream consequence of A oligomer mediated toxicity which 

has been implicated in synaptic failure, cytoskeletal abnormalities and subsequently 

neuronal death (Birnbaum et al., 2015; Demuro et al., 2010; Fedrizzi and Carafoli, 2011; 

Gu et al., 2009; Liu et al., 2010b; Vincent et al., 2010). 

 

In its aggregated state both A40 and A42 can induce toxicity, however, numerous 

studies showed that A42 is more toxic and more directly related to AD pathology 

(Abazov et al., 2006; Jana et al., 2016b; Klein et al., 1999; Wicklund et al., 2010). Dimers 
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and trimers have been isolated only from AD brains while monomers are present in both 

control and AD brain tissues (Mc Donald et al., 2010; McLean et al., 1999; Shankar et 

al., 2008). While A monomers possess low levels of toxicity (Giuffrida et al., 2009; Jana 

et al., 2016b; Shankar et al., 2007; Townsend et al., 2006), others have argued that it has 

a role in the A oligomerization process by facilitating the binding of the higher order 

deleterious A oligomers (Austen et al., 2008; Gilson et al., 2015; Roychaudhuri et al., 

2009).  

 

Since the discovery that A42 is enriched in plaques in post-mortem brains of AD patients 

(Glenner and Wong, 1984; Masters et al., 1985), much of the research focus has been on 

A42. This is despite A40 being the major species detected in cerebrospinal fluid, serum 

and cell culture supernatant (Haass et al., 1992; Scheuner et al., 1996), and A42 has been 

detected at levels 10-fold lower (Scheuner et al., 1996). While A40 aggregates occur in 

AD, the biological relevance of A40 oligomers in AD pathogenesis remains unclear. 

Almost all cases of AD report plaques containing A42 in the brain, while approximately 

two thirds also report A40 deposits (Gravina et al., 1995). Significant levels of A40 

are found in AD cortical brain tissue (Portelius et al., 2010). It has been suggested that 

A42 aggregation precedes A40 and it actually recruits A40 into the aggregate 

(Iwatsubo et al., 1994; Jarrett et al., 1993). Nonetheless, we and others have shown that 

A40 oligomers are toxic in culture (Figure 5.4) (Dahlgren et al., 2002; Jana et al., 2016b) 

and can alter LTP (Jana et al., 2016b). The disease-specific increase in A40 levels in 

AD brain tissue suggests that it is an important, but overlooked, pathological change in 

AD (Gregory and Halliday, 2005). 

 

Previous findings in mouse cortical cultures proposed the A trimers and tetramers to be 

the more toxic A oligomeric species (Jana et al., 2016b). Our human stem cell-based 

model suggests that human differentiated neurons might be targeted by different 

oligomeric A species. In human differentiated glutamatergic cultures, A dimers 

displayed the most toxicity (Figure 5.4), while A tetramers were most toxic to 

differentiated human GABAergic cultures (Figure 5.5). Tetramers are regarded as a major 

neurotoxic species to cultured mouse hippocampal neurons and neuroblastoma cell lines 

(Ono et al., 2009), while dimers can inhibit LTP in rodent brain slices (Townsend et al., 
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2006). Based on our findings, and the literature, we support the model that several 

different A oligomeric species, and not just a single oligomeric A species, can 

contribute to pathogenicity seen in AD (Jana et al., 2016b; Klyubin et al., 2008; Shankar 

et al., 2007; Townsend et al., 2006).  

 

We investigated A oligomer toxicity at the 96 hr timepoint based on our mouse cortical 

culture models that showed Aβ toxicity is time dependent, and that a 96 hr treatment 

promoted considerable toxicity in the treated cultures (Jana et al., 2016b). Moreover, 

A40 and A42 treated mouse cultures using monomerized A peptide as the starting 

preparation, resulted in peptide aggregates in the cell culture media and bound to cells 

over the 96 hr treatment period (Jana et al., 2016b). It was noted that dimers contributed 

to 90% of total oligomer binding for A40, while monomers and dimers were the major 

A42 species bound to neurons, contributing to 70% of total A bound (Jana et al., 

2016b). In our A42 treated human differentiated glutamatergic and GABAergic 

cultures, the exogenously added monomerized A42 peptide also aggregated over the 96 

hrs, forming dimers, trimers and tetramers (Figure 4.2 and Figure 4.3), however the A42 

peptide remained largely monomeric in the treated human differentiated glutamatergic 

and GABAergic cultures even after 96 hrs. 

 

5.4 Conclusion 

In this chapter we found differences between our human and previously reported mouse 

neuronal culture models, highlighting the importance of using a suitable and reliable 

model to investigate A toxicity. Since the advent of human embryonic stem cells in 1998 

(Thomson et al., 1998) and induced pluripotent stem cells in 2007 (Takahashi et al., 

2007), the field has gravitated towards using human based systems to better model human 

diseases. Here, we established a hESC based model to study A neurotoxicity as a key 

step towards more complex systems such as co-cultures with astrocytes or 3D cultures to 

better mimic the in vivo brain environment (Antoni et al., 2015; Arber et al., 2017; 

Centeno et al., 2018; Osborn et al., 2016; Park et al., 2018; Pasca et al., 2015; Vincent et 

al., 2010).  
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CHAPTER 6 Summary and Future Directions 

6.1 Summary 

The amyloid-β cascade hypothesis has been the dominant hypothesis predicting AD 

aetiology during the molecular era. Recent studies have identified how soluble low 

molecular weight Aβ oligomers in the brain correlate best with synaptic loss and are a 

better predictor of disease progression. In the AD brain, neuronal subpopulations appear 

to exhibit different levels of vulnerability to Aβ-mediated toxicity, particularly the basal 

forebrain cholinergic and hippocampal glutamatergic neurons, while GABAergic neurons 

appear to remain unaffected till later disease stages. The lack of effective therapeutics 

makes understanding the molecular mechanisms driving AD through physiologically and 

pathologically relevant in vitro models that successfully recapitulate aspects of this 

multifaceted disease a critical goal.  

 

Animal models are an important research tool for understanding the basic mechanisms 

underlying pathogenesis, however, there can be a large knowledge gap when translating 

animal model results into human pathology. The ability to generate defined neuronal 

lineages from hESCs offers a powerful opportunity to establish in vitro model systems of 

human neurodegenerative diseases. This is particularly useful in investigating AD where 

glutamatergic neurons are affected early in disease while GABAergic neurons remain 

relatively unaffected till late stage of disease. Therefore, to bridge this gap in knowledge, 

my PhD research project sought to establish a hESC model to study Aβ toxicity and 

binding. 

 

To achieve this aim, we utilized H9 hESCs and followed an adherent neural induction 

method using SB/LDN and SB/LDN/SAG that allows for the efficient generation of 

glutamatergic and GABAergic neurons respectively. Cell viability analysis showed the 

culture conditions used supported successful long term cultures up to 12 weeks (Figure 

3.6D), expressing the neuronal markers tau and MAP2 (Figure 3.4 and Figure 3.5), and 

synaptic markers synapsin and PSD95 (Figure 4.13 and Figure 4.14). The functionality 

of these neurons can be explored by utilizing electrophysiological studies to confirm 

functional maturity of these synapses in cultures. Additional gene expression analysis can 

also be performed to provide a more extensive characterization of each culture by 

assaying for markers of non-neuronal cells such as Triggering receptor expressed on 
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myeloid cells 2 (TREM2, microglia marker) (Foveau et al., 2019), mature markers such 

as GABA (mature GABAergic marker) (Ochalek et al., 2017; Wang et al., 2017), or 

markers to distinguish between the different cortical layers as described in (Wang et al., 

2017; Yakoub and Sadek, 2018). 

 

To investigate Aβ toxicity and binding to differentiated glutamatergic and GABAergic 

cultures (Chapter 4), we observed a concentration dependent increase in Aβ toxicity 

(Figure 4.1A-D), with 6 to 8 week old differentiated glutamatergic and GABAergic 

cultures being most susceptible to toxicity (Figure 6.1A). Additionally, at 6 weeks, 

glutamatergic cultures were more susceptible than GABAergic cultures (Figure 4.1F). 

However, quantitative analysis of Aβ binding to neurons showed that there was no 

correlation between toxicity and binding (Figure 4.4). Western blot analysis revealed that 

after 96 hrs of treatment, the majority of the Aβ42 peptide remained monomeric, a species 

that has been shown to be not toxic (Giuffrida et al., 2009; Jana et al., 2016b), while some 

Aβ42 peptide had aggregated forming LMWO (dimers, trimers and tetramers) which 

have been shown to be toxic (Cleary et al., 2005; Hung et al., 2008; Jana et al., 2016b). 

Here, we also show that our hESC cultures were also susceptible to Aβ monomers (Figure 

5.4 and Figure 5.5), suggesting that these human stem cell cultures might be more 

susceptible to Aβ toxicity than rodent models, further emphasizing the importance of 

using a human based model for a closer representation of in vivo pathogenesis.  

 

To determine if the observed toxicity could be attributed to a specific oligomeric species, 

individual oligomeric Aβ40 species were prepared based on a well-established in-house 

protocol (Jana et al., 2016b) (Chapter 5). Due to time constrains, only 6 and 12 week old 

glutamatergic and GABAergic cultures were treated with 500 nM of individual Aβ40 

oligomers for 96 hrs. Interestingly, Aβ40 was toxic to glutamatergic cultures at 12 weeks 

but not 6 weeks, and Aβ40 monomers were toxic only to 6 week old but not 12 week old 

GABAergic cultures (Figure 6.1B). Additionally, 12 week differentiated glutamatergic 

neurons were most susceptible to monomers, dimers and trimers (Figure 5.4), while 

GABAergic neurons appeared most susceptible to tetramers (Figure 5.5). 

Immunostaining for exogenously treated cultures with Aβ at 6 weeks showed punctate 

binding of Aβ trimers and tetramers along neurites in glutamatergic cultures (Figure 5.7 

and Figure 5.8) and Aβ trimers in GABAergic cultures (Figure 5.9), likely to be targeting 

synaptic proteins. 
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An important framework for ongoing AD research is understanding how these soluble 

A oligomers target synapses and contribute to the synaptotoxicity that is associated with 

the cognitive decline observed in AD disease. Therefore, while it is important to identify 

specific A aggregation states that correlate with neurodegeneration seen in AD, a better 

understanding of how these A oligomers induce neurotoxicity would assist in the 

development of better diagnostic tools that can detect and monitor disease progression. 

Future experiments need to be performed using other oligomeric Aβ species such as 

ADDLs and A*56, and at the more mature 12 week time point for a more comprehensive 

comparison to better delineate the difference in susceptibility of differentiated 

glutamatergic and GABAergic cultures to these soluble Aβ oligomers.  

 

In this PhD project, we investigated Aβ at a single time point of treatment, 96 hr. To 

obtain a greater understanding of the relationship between time and toxicity, further 

investigations across earlier (eg. 24 , 48 or 72 hr) as well as later time points (> 96 hrs) 

would prove beneficial in elucidating early events that contribute to the toxicity observed 

as shown in our mouse cultures (Jana et al., 2016b) while the longer time points may 

address the chronic nature of AD pathogenesis.  

 

At the point of writing, it was announced that Aducanumab, a human monoclonal 

antibody that was postulated as a disease modifying therapeutic due to its selective 

targeting of aggregated Aβ, failed to achieve key Phase II clinical trial end points and 

would not proceed into Phase III clinical trials. This news, while disappointing, also 

serves as a learning point for the AD research community, that the presence of amyloid 

plaques in the AD brain might be too late for treatment with monoclonal antibodies, or 

that targeting fibrils is not the answer to treating AD. It might instead be more beneficial 

to target Aβ oligomers, but unless we have drugs or monoclonal antibodies that can 

neutralize these oligomers, this remains a hypothesis. Additionally, this emphasizes how 

crucial it is to identify patients prior to the onset of clinical disease presentation, 

highlighting the need for biomarkers that are predictive of AD development. In this PhD 

thesis, we show that our human derived stem cell cultures display a time dependent 

toxicity to Aβ oligomers and this might provide a clue as to why cells become susceptible 

to Aβ exposure (Figure 6.1). Further studies investigating the nature of this result would 
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provide vital answers to the development of new therapeutic drugs that can target AD at 

earlier time points, as well as make neurons less- or not susceptible to Aβ toxicity.  

 

 

Figure 6.1 Summary of A toxicity to differentiated human glutamatergic and 

GABAergic neurons. 

(A) Human differentiated glutamatergic and GABAergic neurons were cultured up to 

12 weeks. At 2 weekly intervals, glutamatergic and GABAergic neurons were exposed 

to monomerized A42 for 96 hrs. A42 toxicity was concentration dependent, and was 

toxic to both glutamatergic and GABAergic neurons at 6 and 8 weeks post-

differentiation, and also at 2 weeks post differentiation for GABAergic neurons. (B) 

A40 oligomers were generated using PICUP technique. At 6 weeks post 

differentiation, only A40 monomers were toxic to GABAergic neurons. In contrast, at 

12 weeks post differentiation, A40 monomers, dimers and trimers were toxic only to 

glutamatergic neurons. Abbreviations: Glut – Glutamatergic; GABA – GABAergic; 

1mer – monomer; 2mer – dimer; 3mer – trimer; 4mer – tetramer. 
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6.2 Future Directions 

The stem cell field is evolving, with rapid advancements made to improving protocols, 

allowing for better modelling of neurodegenerative diseases such as AD. In a relatively 

short span of two decades, we have progressed from first isolating human embryonic stem 

cells, to reprogramming adult somatic / induced pluripotent stem cells (iPSCs), 

revolutionising the way we can model diseases. This is particularly important in 

furthering our understanding of neurodegenerative diseases such as AD where the large 

majority of cases (90 - 95%) are of sporadic origins. Additionally, there is a growing shift 

from 2D culture methods towards more complex 3D culture methods that could better 

mimic the spatial arrangement and brain architecture in vivo (Centeno et al., 2018; Eglen 

and Reisine, 2019; Hopkins et al., 2015). 

 

In vitro models using patient derived iPSC provide a powerful platform for disease 

modelling as well as drug discovery (Kondo et al., 2017; Wang et al., 2017). Although 

there are concerns regarding the consequences of reprogramming protocols, lack of 

standardized protocols and the possibility of epigenetic memory interference resulting in 

variability between lineages and clones, casting doubts on their reliability (Kim et al., 

2011; Liang and Zhang, 2013; Narsinh et al., 2011; Ohi et al., 2011). However, these 

issues can be overcome by  

 using strategies such as obtaining cells from younger sources instead of aged ones 

that might have accumulated additional genetic mutations.  

  following better reprogramming protocols that do not involve DNA integration 

into the genome of iPSCs 

 executing a more extensive characterization of the generated cell lines which 

involves detecting and monitoring variations in the iPSC lineages 

 using standardized protocols across laboratories worldwide (Liang and Zhang, 

2013).  

 

A limitation of some 3D culture models is the lack of vascularization and restricted 

circulation of extracellular factors and nutrients (reviewed by (Centeno et al., 2018; Fang 

and Eglen, 2017)). Since blood vessels play a crucial role in nutrient supply, gaseous 

exchange and waste removal in vivo, their absence in vitro could cause cell death in the 

core of larger spheroids or organoids (Lancaster and Knoblich, 2014; Lancaster et al., 
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2013). Future developments need to overcome these limitations and some proposed 

strategies include combining endothelial and mesenchymal cells with tissue specific cells 

to promote vascularisation (Takebe et al., 2015) or using microfluidic technology to 

facilitate circulation of nutrients through 3D culture (Rambani et al., 2009).  

 

Another important limitation is the limited presence of non-neuronal cells, such as 

microglia and astrocytes, in these in vitro models. Microglia are resident macrophages in 

the central nervous system that play crucial roles in immune responses to damaged or 

diseased brain. Apart from their well-known immune functions, microglia also contribute 

to maturation of neural circuits (Cunningham et al., 2013; Kettenmann et al., 2013; 

Paolicelli et al., 2011), induce synaptogenesis and influence synaptic transmission 

(Bechade et al., 2013; Li et al., 2012; Pascual et al., 2012). Activated microglia have been 

linked to AD, and could play a key role in A clearance (Cai et al., 2014; Kim et al., 

2015; Meraz-Rios et al., 2013; Perry et al., 2010). Park et al recently published a 3D 

triculture model incorporating both microfluidics and co-culture of astrocytes, microglia 

and neurons, successfully modelling three different aspects of AD pathology: Aβ 

accumulation, phosphorylated tau aggregation, and neuroinflammation (Park et al., 

2018). This represents a powerful benchmark for modelling complex diseases such as AD 

in order to further our understanding of disease mechanisms as well as developing better 

drug candidates and effective test new therapeutics.  

 

Last but not least, a final important factor to consider when using iPSCs to model 

neurodegenerative diseases is biological aging. Many neurodegenerative conditions are 

age-dependent, typically with a late adult onset or late-stage pathologies. In vitro iPSC 

models often require long-term cultures to derive more mature cell types or phenotypes. 

Although protocols have been developed to rapidly differentiate human iPSCs into 

mature neuronal cells within 2 weeks (Zhang et al., 2013), further aging processes that 

occur after maturation might be required to model specific aspects of late onset diseases 

(for a detailed review see (Vera and Studer, 2015)). 

 

In conclusion, the future is optimistic with the use of 3D iPSC culture systems at our 

disposal. Notwithstanding the limitations described above, continuous efforts from the 

research community across a range of disciplines will undoubtedly overcome these 
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challenges. By combining bioengineering knowledge in designing 3D scaffolds with 

biomarkers and genomic data, informed decisions specific to particular disease 

phenotypes can be made. These models will allow the current dominant hypothesis to be 

tested, and either rejected/accepted/revised, while allowing for new and improved 

hypotheses to be developed. Taken together, the application of new technology will yield 

better in vitro models that faithfully reflect the complex nature of these multifaceted 

neurodegenerative diseases, paving a solid foundation for pharmacological drug 

screening and validation, moving towards the age of precision medicine.  
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Appendices 

Appendix 1  

Buffer recipes 

Cell culture buffers 

(All cell culture reagents were purchased from Gibco/Thermo Fisher Scientific, Australia 

unless otherwise stated) 

 

Calcium Chloride (100X, 100 mM) 

5.549g  CaCl2 (Sigma) 

50mL  MilliQ  

Filter sterilize and store at 4oC. 

 

Differentiation media 

1 mL  B27 supplement (50X) 

0.5mL N2 supplement (50X) 

0.5mL GlutaMAX (200mM) 

0.25mL Penicillin-Streptomycin (5,000 U/mL)  

50mL Neurobasal media  

Mix, filter sterilize and store unused media at 4oC for up to 7 days.  

 

Dulbecco's phosphate-buffered saline (DPBS)  

50mL  10X DPBS  

450mL  MilliQ water (sterile).  

Filter sterilize and store at 4oC. 

 

Laminin (10μg/mL) 

0.5mL  Laminin (1 mg/mL) 

50mL  PBS++ 

Freshly made before use. Store unused media at 4oC and discard if not used within 7 days. 

See Appendix 3 for preparation of tissue culture ware. 

 

Magnesium Chloride, 100 (50 mM) 

0.5g MgCl2-6H2O (Sigma) 

50mL  MilliQ 50mM.  

Filter sterilize and store at 4oC. 

 

mTeSRTM1 media 

100mL  mTeSRTM1 (5X supplement)  

400mL  mTeSRTM1 basal media (Stemcell Technologies),  

Aliquoted into 25mL aliquots. Filter sterilized and stored at -20oC for up to 6 months. To 

use, thaw aliquot overnight at 4oC and bring to room temperature prior to use. 



 

 186 

 

Neural induction culture media (termed N2B27) 

1mL Insulin-Transferrin-Selenium-Sodium Pyruvate (ITS-A) (100X)  

1mL B27 supplement (50X) 

0.5mL N2 supplement (50X) 

0.5mL Glucose (D-glucose, at 30% (w/v) in MilliQ water; Sigma) 

0.5mL GlutaMAX (200mM) 

0.25mL Penicillin-Streptomycin (5,000 U/mL) 

25mL Neurobasal media 

25mL Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 media.  

Mix, filter sterilize and store unused media at 4oC for up to 7 days.  

 

Neurosphere formation media 

50μL bFGF (recombinant hFGF-basic factor; 20ng/mL, PeproTech) 

50μL EGF (recombinant hEGF factor; 20ng/mL, PeproTech)  

50mL  Neurobasal media  

Mix, filter sterilize and store unused media at 4oC for up to 7 days.  

 

Phosphate-buffered Saline buffer (10X PBS) 

85g NaCl (Sigma) 

3.5g NaH2PO4.2H2O (Sigma) 

10.7g Na2HPO4 (Sigma) 

900 mL MilliQ water.  

Adjust the pH to 7.2. Bring volume to 1 L. Filter sterilize. Store at room temperature.  

 

Phosphate Buffered Saline (PBS)  

50mL  10X PBS  

450mL  MilliQ water (sterile).  

Filter sterilize. Store at room temperature. 

 

Phosphate Buffered Saline with Calcium and Magnesium (PBS++) 

50mL  10X PBS 

5mL  100 mM CaCl2 (Sigma) 

5mL  50 mM MgCl2-6H2O (Sigma) 

440mL  MilliQ water 

Filter sterilize. Store at room temperature. 

 

Poly-D-lysine, 100X (5 mg/mL) 

250 mg Poly-D-lysine  

50 mL Borate water (1.24 g boric acid, 1.9 g of sodium tetraborate and 400 mL of H20). 

Filter sterilize. Store aliquots (10 ml) at -20°C.  
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Poly-D-lysine, 1X (0.05 mg/mL) 

0.5mL   Poly-D-lysine (100X)  

50mL   MilliQ water, Sterile.  

Filter sterilize and store at 4oC. Coating of tissue culture ware should be done at least 2 

days prior to use. Coated dishes can be kept in the dark at room temperature for 1 week.  

See Appendix 3 for preparation of tissue culture ware. 

 

TeSRTM-E8TM media 

20mL  TeSRTM-E8TM 25X Supplement (Stemcell Technologies)  

480mL  TeSRT-E8TM Basal Medium (Stemcell Technologies).  

Filter sterilize and store 50mL aliquots at 4oC. Bring to room temperature prior to use. 

 

VitronectinXFTM (10μg/mL) 

40μL  VitronectinXFTM (Stemcell Technologies)  

1000μL  CellAdhereTM Dilution Buffer (Stemcell Technologies)  

Coating of tissue culture ware should be done the day before or at least 2 hrs prior to use.  

See Appendix 3 for preparation of tissue culture ware. 

 

Western blot buffers  

Blocking Buffer (5% skim milk in PBST) 

2.5g  skim milk powder  

50mL  PBST buffer. 

Mix. Use fresh.  

 

Cell Lysis Buffer 

5 mL  Tris (pH 7.5) 

1mL  0.5M EDTA  

494mL  MilliQ water.  

5mL TritonX-100  

Mix and store at 4°C.  

 

Cell Lysis Buffer with protease inhibitor 

1 tablet  protease inhibitor (Invitrogen)  

50mL  cell lysis buffer.  

Mix and store at 4°C.  

 

Phosphate-buffered Saline buffer (20X PBS) 

170g NaCl  

6.9g NaH2PO4.2H2O  

21.4g Na2HPO4 (or 5.4g Na2HPO4.2H2O) 

900 mL MilliQ water.  

Adjust the pH to 7.2. Bring volume to 1 L. Store at room temperature.  
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Phosphate-buffered Saline buffer (PBS) 

50 mL  20X PBS 

950mL MilliQ water 

Mix and store at room temperature. 

 

Transfer Buffer (10X) 

30.3 g  Tris  

144 g  Glycine  

1L  MilliQ water.  

Mix and adjust the pH to 8.5-8.7. Filter sterilise and store at room temperature.  

 

Transfer Buffer 

200mL 10X transfer buffer  

300mL  Methanol diluted  

1.5L  MilliQ water.  

Mix and store at 4°C. 

 

Tris-buffered Saline, 20X (TBS) 

121.1g Tris  

175.3g NaCl  

1L  MilliQ water.  

Mix and adjust the pH to 7.5 with HCl. Filter sterilise and store at room temperature.  

 

Tris-buffered Saline (TBS) 

50 mL  20X TBS 

950mL MilliQ water 

Mix and store at room temperature.  

 

Tris-buffered Saline Tween (TBST) 

50 mL 20X TBS 

0.5mL  Tween-20  

950mL  MilliQ water.  

Mix and store at room temperature.  

 

4X Laemmli sample buffer (50mL) 

12.5mL  1M Tris pH 6.8 (0.25M Tris) 

15mL  20% SDS solution  

20mL  20% Glycerol 

20mg Bromophemol blue 

2.5mL  MilliQ water.  

Mix and store at room temperature. 
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Histological buffers 

Blocking buffer (10% goat serum in DPBS) 

10 mL  goat serum 

90 ml  DPBS 

Store 10mL aliquots at -20°C. 

 

4% Paraformaldehyde in DPBS 

2g  paraformaldehyde 

45 mL MilliQ water  

Add to a 50 mL tube and heat to 60°C in a water bath for 20 mins. Add 1 drop of 1N 

NaOH to the solution until it paraformaldehyde fully dissolves. Remove from water bath 

and cool to room temperature and add 10X PBS. 

5 mL 10X PBS  

Adjusted to pH 7.5 and store 10 mL aliquots at -20°C. 

 

Permeabilization buffer (0.075% w/v Triton X-100 in blocking buffer) 

75μL Triton X-100  

100 mL  Blocking buffer 

Store 10mL aliquots at -20°C. 

 

Peptide preparation buffers 

Elution Buffer (for Electroelution) 

3 g   Tris  

14.4 g   Glycine  

1L   MilliQ water.  

Mix, filter sterilise and store at room temperature.  
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Appendix 2 

List of TaqMan probes used for qPCR experiment. 

 

Target Assay ID 

GAD1 Hs01065893_m1 

GFAP Hs00909233_m1 

MAP2AB Hs00258900_m1  

PSD95 Hs00176354_m1  

SLC17A7 Hs00220404_m1 

Synapsin Hs00199577_m1  

Housekeeping genes 

ELF1 Hs00152844_m1 

GAPDH Hs02758991_g1 

HMBS Hs00609296_g1 

 

  



 

 191 

Appendix 3 

Coating of tissue culture ware prior to use. 

 

VitronectinXFTM (10 μg/mL) 

Coating of tissue culture ware should be done the day before or at least 2 hrs prior to use. 

Coated dishes can be incubated at 4oC overnight or at room temperature for 2 hrs and 

should evenly coat the surface (approximately 1 mL VitronectinXFTM solution for T25 

flask). Before use, residual VitronectinXFTM solution should be aspirated, taking care not 

to disturb or scratch matrix. 

 

Poly-D-lysine (0.05 mg/mL) 

Coating of tissue culture ware should be done at least 2 days prior to use. Coated dishes 

can be kept in the dark at room temperature for 1 week and should evenly coat the surface 

(approximately 600 uL per well for 12 well culture dishes or 400 uL per well for 24 well 

culture dishes). Poly-D-lysine should be aspirated and rinsed with MilliQ water twice 

prior to coating with Laminin, taking care not to disturb or scratch dish surface. 

 

Laminin (10 μg/mL) 

Freshly made before use. Following coating with poly-D-lysine, tissue culture dishes are 

coated with laminin at least 2 hrs prior to plating. Coated dishes can be incubated at 4 oC 

overnight or at room temperature for 2 hrs and should evenly coat the surface 

(approximately 600 uL per well for 12 well culture dishes or 400 uL per well for 24 well 

culture dishes). Before use, residual laminin solution should be aspirated, taking care not 

to disturb or scratch matrix.  
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