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Abstract 

Alzheimer’s disease (AD) is a devastating neurodegenerative disease characterised 

histologically by the presence of extracellular plaques and intracellular neurofibrillary 

tangles, and clinically by memory loss, cognitive decline and personality changes. Much 

of the research investigating AD to date has focused on the familial early-onset form of 

AD which accounts for <5% of cases. Most cases are sporadic with late-onset, with certain 

genes presenting a high risk. Apolipoprotein E (APOE) genotype is one of the major 

genetic risk factors for late-onset AD. There are three major APOE isoforms (APOE2, 

APOE3 and APOE4), each differing by a single amino acid residue at the protein level and 

thus inferring different AD-risk. APOE2 contains cysteine at amino acid residues 112 and 

158, APOE3 contains a cysteine at residue 112 and arginine at residue 158, while APOE4 

contains arginine at both residue sites. APOE3 is most common in the general population 

and APOE4 associated with an increased AD risk. Emerging evidence supports a 

detrimental role of astrocytes in AD, with astrocytes developing a reactive phenotype 

upon exposure to inflammatory microglial factors. Furthermore, excitotoxicity has been 

well characterised in AD as a mechanism for neuronal death which may occur as a result 

of altered astrocyte function following activation. With this in mind, our study aimed to 

investigate the impact of APOE genotype on astrocyte reactivity and functionality using 

human induced pluripotent stem cell (iPSC)-derived astrocytes with homozygous APOE3 

and APOE4 genotypes. Human iPSC homozygous for APOE3 and APOE4 were patterned 

towards a neural fate using dual SMAD inhibition to produce neural progenitor cells. 

Subsequently, astrocytes were derived using epidermal growth factor and human 

leukemia inhibitory factor to produce mature astrocytes after 90 days. Astrocytes were 

characterised by immunostaining for classic markers, then stimulated (IL1α, TNFα and 

C1q) to induce reactivity and a reactivity profile was generated via morphological, ELISA 

and qPCR analysis. The functional capacity of astrocytes was investigated via glutamate 

assay. iPSC-derived astrocytes are positive for astrocyte markers GFAP, S100β, Connexin-

43 and EAAT1 confirming cell fate. Stimulation with microglial factors resulted in 

increased IL6, RANTES and GM-CSF secretion, coupled with increased expression of genes 

associated with reactivity including IL6, ICAM1, LCN2 and SERPINA3. APOE genotype 

affected basal expression and secretion of IL6 as well as IL1B. Fibroblast growth factor 2 

(FGF2) was capable of modulating some aspects of astrocyte reactivity while cannabidiol 

(CBD) did not. Glutamate dynamics were unaffected by stimulation, however APOE4 

astrocytes have altered glutamate flux relative to APOE3 control. In conclusion, the ability 
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to produce reactive astrocytes derived from genotyped human cells in vitro provides a 

powerful model for researching the mechanisms underlying the detrimental role of 

astrocytes and the effect of APOE genotype in AD. APOE genotype appears to influence 

astrocyte reactivity and APOE4 is strikingly detrimental to glutamate handling. While CBD 

did not successfully modulate astrocyte reactivity, FGF2 had some success modulating 

reactivity. This study presents the potential mechanisms which predispose APOE4 carriers 

to AD and presents some therapeutic targets in order to manage AD risk. 
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Lay Abstract 

Astrocytes are star-shaped brain cells that support and protect nerve cells. They do this 

by providing nutrients, maintaining water balance and preventing build-up of exciting 

signals. Astrocytes have recently gained much interest in the field of neurodegenerative 

disease research. It is now known that these cells play a role in inflammation in the brain. 

This increases nerve cell damage in diseases such as Alzheimer’s disease. Astrocytes 

change in response to brain injury and disease, they lose their protective functions and 

gain harmful functions which causes nerve cell damage and death. We aimed to 

investigate why people with the APOE4 gene in their DNA are at high risk for developing 

Alzheimer’s disease. 

Using stem cell technology which converts skin cells into astrocytes and other brain cells 

we made a “disease-in-a-dish” model of Alzheimer’s disease. Astrocytes with the APOE4 

gene produced high levels of inflammatory indicators following inflammation. Astrocytes 

with the APOE4 gene also lose their ability to prevent build-up of exciting signals. In the 

brain, these toxic functions would cause nerve cell damage. This might explain the risk for 

developing Alzheimer’s disease linked to the APOE4 gene. 

This study shows that APOE4 and astrocyte inflammation could be targeted with drugs to 

help treat Alzheimer’s disease.
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1. Main Introduction 

1.1 Alzheimer’s disease 

Alzheimer’s disease (AD) is a neurodegenerative disease characterised by the build-up of 

extracellular neuritic plaques formed from amyloid-β (Aβ) aggregates and intracellular 

neurofibrillary tangles (NFT) formed from hyperphosphorylated tau protein (Udan et al., 

2008). AD pathology results from a chronic imbalance in Aβ production and clearance 

leading to persistent increase in the levels of this protein (Reed-Geaghan et al., 2009). At 

the phenotypic level, the disease presents as progressive loss of function in learning, 

memory and general cognition often accompanied later by altered thought, behaviour, 

and perception. This disease phenotype results from severe neuronal loss particularly 

from the hippocampus and basal forebrain. However, a precise diagnosis of the disease 

at the clinical stage can be illusive owing to the heterogeneity of symptoms and similarity 

of presentation to other dementias. It is classified into familial and sporadic forms 

associated with early (< 65 years) and late (> 65 years) onset respectively.  Overall, around 

95% of cases of AD are thought to be sporadic, with late-onset of disease (Barage & 

Sonawane, 2015). 

AD was first discovered about 100 years ago but research into the disease origin and the 

biological changes which occur during pathogenesis only became recognised as an 

important area of research approximately 30 years ago. AD affects tens of millions 

globally and is expected to increase as the global population ages. It is the most common 

cause of dementia in elderly patients accounting for up to 70% of cases, and affects 

approximately 35.6 million people worldwide with this incidence projected to double 

every 20 years according to the World Health Organisation. An estimated 5.8 million 

people over the age of 65 in the US are currently affected by AD with numbers expected 

to rise to 13.8 million by 2050 in the US alone and up to 100 million worldwide (2020 

Alzheimer’s disease facts and figures, ALZHEIMER’S ASSOCIATION REPORT, (2020; 

Abdullah et al., 2020)). Although much has been learned in the last 10 years, disease 

ethiology, why the disease progresses differently in some individuals and the exact 

manner in which to prevent, slow or stop disease progression is still unknown. Therefore, 

continued research into the underlying molecular mechanisms is of huge importance in 

order to identify novel therapeutic targets (2015 Alzheimer's disease facts and figures, 

Alzheimer’s Association Report (Association, 2015)).  
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1.1.1 Current therapies fail to manage disease progression 

Although much research has been dedicated to developing new therapeutics, AD patients 

do not have many therapeutic options; only five pharmacological agents have received 

approval for clinical treatment of AD by the Food and Drug Administration, these include 

the acetylcholinesterase inhibitors tacrine, donepezil, galantamine, rivastigmine, and the 

N-methyl-D-aspartate (NMDA) receptor antagonist memantine (Batarseh et al., 2016). 

Loss of cholinergic tone following death of basal forebrain cholinergic neurons is a 

characteristic of early AD pathology, therefore acetylcholinesterase inhibitor classed 

drugs have been applied in order to increase acetylcholine levels at cholinergic synapses. 

Another feature of AD pathology is neuronal excitotoxicity due to high levels of excitatory 

neurotransmitter glutamate at glutamatergic synapses which results in death of the 

postsynaptic neuron. NMDA receptor antagonist class drugs such as memantine may help 

prevent excitotoxicity by blocking glutamate receptors on the postsynaptic neurons. 

Solanezumab was a monoclonal antibody designed to increase the clearance of soluble 

Aβ peptides from the brain (Honig et al., 2018). In preclinical research solanezumab 

reversed memory deficits in transgenic mice expressing amyloid precursor protein (APP). 

However, in clinical trials the drug did not significantly affect cognitive decline in patients 

with mild AD (Honig et al., 2018). This emphasises the limitations of using animal models 

to study human biology. Similarly nilvadipine, a dihydropyridine calcium-channel blocker 

already licensed for the treatment of hypertension, showed promise in preclinical studies 

with reduced amyloid production, increased regional cerebral blood flow, and anti-

inflammatory and anti-tau activity. However, results from the Phase III clinical trials in 

mild-to-moderate AD patients did not suggest benefit of nilvadipine as a treatment for 

AD (Lawlor et al., 2018). 

These pharmacological therapeutics only relieve symptoms without targeting the 

underlying pathology of AD. Moreover, the effectiveness of these agents varies among 

AD patients as evidenced by a moderate efficiency in no more than 20% of patients, and 

tolerance, non-compliance or side-effects in more than 60% of treated patients (Yang et 

al., 2016b). The reason for this is potentially due to the fact that disease pathology begins 

decades prior to development of clinical symptoms, at which stage a significant amount 

of damage has already occurred and there is little to be done by way of therapeutic 

strategy. Given that AD pathology takes hold 10-15 years before development of clinical 

symptoms a means of early detection or determining those who are at risk of developing 

AD is hugely important for combating this disease. 
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1.1.2 Amyloid-beta and amyloid pathology 

The predominant theory of AD pathogenesis is that of the Aβ cascade. To begin with, this 

consists of disturbed Aβ production followed by altered CNS Aβ uptake and clearance 

from the extracellular space, leading to Aβ peptide deposition and plaque formation 

(Barage & Sonawane, 2015). Extracellular Aβ plaques are the most recognised lesion of 

AD (Karran & De Strooper, 2016).  

Aβ is a 40-42 amino acid protein residue derived from proteolysis of transmembrane APP 

by β-secretase to form sAPP-β and APP CTF99 which is subsequently cleaved by γ-

secretase to form Aβ (Figure 1.1.1). Aβ monomers are non-toxic, however in AD when Aβ 

is produced at a rate greater than it can be cleared, these “sticky” monomers aggregate 

to form dimers, polymers, fibrils and finally the characteristic plaques seen in the brains 

of AD patients which are toxic to neurons (Udan et al., 2008). Plaque formation is 

associated with direct synaptic toxicity, neuronal degeneration, microglial and astrocytic 

activation and general inflammation (Barage and Sonawane, 2015). Neurons are the main 

generators of Aβ but are also the most vulnerable to the toxicity of Aβ accumulation 

(Zhang et al., 2016c). Aβ accumulation results in a multitude of pathological features in 

neurons including degradation of synapses, altered synaptic transmission and circuit 

activity and ultimately cell death (Palop & Mucke, 2010; De Strooper & Karran, 2016). 

Plaque formation begins in the hippocampus, an area of the brain associated with 

learning and memory, and so memory deficits correlate to the synaptic loss that occurs 

with plaque build-up (Jana et al., 2008). 

Owing to its role in APP processing, β-secretase has emerged as an attractive therapeutic 

target for the treatment of AD. However, β-secretase also cleaves non-amyloid substrates 

with important physiological functions, for example neuregulin is a BACE1 substrate 

involved in myelination of neuronal axons (Ben Halima et al., 2016). As a result, 

widespread generalised inhibition of β-secretase is not a feasible therapeutic strategy. 

Research is now focusing on selective inhibition of β-secretase as an alternative approach 

(Ben Halima et al., 2016). 

Concerning NFTs, there is conflicting evidence about whether Aβ causes tau 

phosphorylation, or if they share a common upstream instigator (Wang et al., 2018). 
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Figure 1.1.1. Aβ formation. 

Proteolysis of APP by α-secretase forms sAPP-α and APP-CTF83, when subsequently cleaved by γ-

secretase P3 and amyloid precursor protein intracellular domain (AICD) are formed which do not 

result in Aβ pathology. Proteolysis of APP by β-secretase forms sAPP-β and APP-CTF99, when 

subsequently cleaved by γ-secretase Aβ40/42 and AICD are formed which results in Aβ pathology due 

to aggregation of the “sticky” Aβ peptides.  

 

1.1.3 Tau and tau pathology 

Another pathological feature of AD is intracellular NFT of hyperphosphorylated tau. Tau 

is a microtubule-associated protein that is abundant in axons (Essayan-Perez et al., 2019). 

Tau is a phosphoprotein with 80 serine/threonine and 5 tyrosine phosphorylation sites. 

Under normal conditions, tau contains 2-3 moles of phosphate per mole of protein (Wang 

et al., 2013). However, in AD tau is abnormally phosphorylated. In this 

hyperphosphorylated state, tau aggregates to form NFT. 

In AD, hyperphosphorylated tau loses its ability to bind to microtubules and is 

mislocalised to the neuronal soma (Wang et al., 2018). Aβ has been shown to up-regulate 

tau in mixed neuron and astrocyte cultures, and subsequently induced caspase-3-

mediated cleavage of tau to a truncated form which rapidly aggregates (Garwood et al., 

2011). There is conflicting evidence pertaining to the Aβ and NFT timeline, where some 

studies indicate that Aβ pathology may subsequently drive tau pathology while other 

studies show that both pathologies run alongside each other. 
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1.1.4 Vascular impairment in Alzheimer’s disease 

Vascular impairment of the blood-brain barrier (BBB) has been widely reported in AD 

pathology as more than 80% of AD patients have mild cerebral amyloid angiopathy in 

which Aβ is deposited in the capillary walls leading to their degradation and subsequent 

BBB deterioration (Jellinger, 2002). This degradation results in decreased cerebral blood 

flow and inflammatory stimulation which is suggested to promote Aβ aggregation and 

neuronal death (Rius-Perez et al., 2018). Thus, vascular dysfunction appears to 

exacerbate AD pathogenesis. 

 

1.1.5 Neuroinflammation in Alzheimer’s disease 

In the last two decades, the role of neuroinflammation and its contribution to AD 

pathology has received much attention. There is still ongoing debate as to whether 

neuroinflammation is a causative factor or consequence of AD, in any case the current 

understanding of AD places the inflammatory component at the centre of the pathology 

(Zhang et al., 2013; Barage & Sonawane, 2015). Consequently, more studies are 

investigating glial cell involvement in AD. Neuroinflammation in AD is typified by 

widespread activation of microglia and astrocytes which can modulate the development 

and/or progression of the disease (Garwood et al., 2011). The severity of the activation 

of these glial cells correlates with the extent of brain atrophy and cognitive decline in AD 

(Garwood et al., 2011). 

There is evidence that astrocytic uptake of Aβ is impaired by exposure to inflammatory 

conditions (Liu et al., 2016). This may represent a positive feedback loop which underlies 

chronic inflammation in AD. Another potential feedback loop is represented by the effects 

of CNS inflammation in the processing of APP, wherein inflammation causes an increase 

in APP and Aβ42 production, prolonging the Aβ cascade (Sheng et al., 2003). 

Furthermore, Aβ itself may be considered a pro-inflammatory stimulus. Proof of this lies 

in the documented cases where an up-regulation of inflammatory markers, such as 

activated microglia and inflammatory cytokines, was recorded in the immediate areas 

surrounding Aβ plaques in the brains of AD patients (Udan et al., 2008). Microglia are the 

resident immune cells of the CNS. Like macrophages of the periphery, microglia 

continuously survey the environment and become active upon detection of pathogens, 

tissue injury or Aβ as is the case in AD. Inflammation is a direct result of Aβ-mediated 

microglial activation (Costello et al., 2015) and the resulting inflammatory environment 
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may be causative of the cognitive and behavioural deficits seen in AD patients. Several 

reports indicate that Aβ peptides are capable of binding to several cell surface receptors 

including the receptor for advanced glycation end-products (RAGE), the NMDA receptor, 

the P75 neurotrophin receptor, the collagen-like Alzheimer amyloid plaque component 

precursor/collagen type XXV (CLAC-P/collagen XXV), and the scavenger type A receptor 

(Jana et al., 2008). Numerous other studies have reported a link between Aβ in AD and 

the toll-like receptor (TLR) family of receptors (Fassbender et al., 2004; Liu et al., 2005; 

Walter et al., 2007; Jana et al., 2008; Richard et al., 2008; Udan et al., 2008). Aβ acts as a 

pathogen-associated molecular pattern (PAMP)-like infectious agent causing TLR 

activation and pro-inflammatory cascade. Microglia have been shown to become active, 

proliferate and assemble at the sites of Aβ plaque build-up where they proceed to induce 

an inflammatory environment resulting in neuronal damage (Reed-Geaghan et al., 2009; 

Liu et al., 2012). Astrocytes have also been shown to become phagocytic and actively clear 

Aβ (Byun & Chung, 2018). 

 

1.1.6 Alzheimer’s disease genes 

Numerous genes provide a strong genetic risk factor for developing AD. Genome wide 

association studies have associated APP, and the presenilins PSEN1 and PSEN2 with 

familial AD, and genes such as apolipoprotein E (APOE) have been linked to late-onset 

sporadic AD (Bertram et al., 2008; Beecham et al., 2014; Chung et al., 2018). 

 

1.1.6.1 The genetics of familial Alzheimer’s disease 

Most cases of AD are sporadic; however there are also familial forms which are genetic in 

origin. The genetic causes which have been implicated include mutations or variants in 

the APP, PSEN1 and PSEN2 genes (Duff, 2002). Historically, research focused on these 

autosomal dominant mutations since they occur in genes that affect Aβ plaque formation 

(Karran & De Strooper, 2016). PSEN1 and PSEN2 proteins influence multiple molecular 

pathways which play a role in the γ-secretase cleavage of type I transmembrane proteins 

including APP (Elder et al., 2010). Most AD transgenic mouse models overexpress APP 

transgenes containing familial AD-associated mutations (Elder et al., 2010; Fernandez et 

al., 2019). 
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While early-onset familial AD has been the predominant focus of AD research to date it 

accounts for less than 5% of patients, with over 95% of AD patients presenting with the 

late-onset sporadic form of AD. 

 

1.1.6.2 The genetics of sporadic Alzheimer’s disease 

APOE is a protein coding gene associated with late-onset sporadic AD. The APOE gene is 

located on chromosome 19, within an area of the genome that has already been strongly 

linked to familial AD (Poirier et al., 1993). It is highly expressed in the CNS, primarily by 

astrocytes (Holtzman et al., 2012). The APOE gene has three isoforms, APOE2, APOE3 and 

APOE4, each of which have different effects on the likelihood of developing AD later in 

life (Huang et al., 2017). APOE3 is the common isoform and is most prevalent in the 

population. The APOE4 allele presents a risk factor for late-onset AD. Heterozygotes with 

one APOE4 allele have a 3.7 times greater risk of developing AD compared to APOE3 

homozygotes, this risk increases to 12 times in APOE4 homozygous individuals (Verghese 

et al., 2013). APOE2 is thought to lower the chance of developing AD (Huang et al., 2017). 

While the APOE4 variant presents the greatest genetic risk factor for late-onset AD, many 

other genes have been identified through genome-wide association studies. Examples of 

such late-onset AD risk genes include TREM2 (Guerreiro et al., 2013; Jonsson et al., 2013), 

CR1 (Brouwers et al., 2012), CD33  (Hollingworth et al., 2011; Naj et al., 2011; Tai et al., 

2015), and CLU (Bagyinszky et al., 2014). A recent genetic meta-analysis confirmed 20 

previously identified risk loci, while also identifying five new genome-wide loci (IQCK, ACE, 

ADAM10, ADAMTS1, and WWOX). Pathway analysis implicated immunity, lipid 

metabolism, tau binding proteins, and APP metabolism (Kunkle et al., 2019a). This new 

association data shows that genetic variants affecting APP and Aβ processing are not only 

associated with early-onset familial AD but also with sporadic AD. 
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1.2 Apolipoprotein E 

1.2.1 Apolipoprotein E – a multifunctioning protein 

APOE is one of the major human apolipoproteins, an abundant plasma protein that plays 

a major role in cholesterol transport. It interacts with low density lipoprotein (LDL) 

receptors and other proteins, participating in the transport of cholesterol and lipids 

(Mahley, 1988; Dorey et al., 2014). This multifunctional protein also plays a role in BBB 

integrity, synaptic plasticity and cell signalling. In the CNS, APOE was previously believed 

to be expressed and secreted mainly by astrocytes (Zhang et al., 2014; Zhang et al., 

2016c). Recent transcriptome analysis has indicated that APOE is also expressed by 

microglia and even in neurons under stress conditions (Lin et al., 2018; Belloy et al., 2019; 

Mathys et al., 2019). APOE is a polymorphic protein with three common isoforms: APOE2, 

APOE3 and APOE4. APOE4 is the single greatest genetic risk factor for sporadic AD, with 

65% of AD patients carrying a copy (Crompton et al., 2017). Although it is a well-

established risk factor, it remains understudied and the contribution of APOE4 astrocytes 

to the development of AD needs to be elucidated. 

 

1.2.1.1 APOE isoforms 

The human APOE gene has five transcript variants resulting from different splicing and/or 

promotor usages. The three main human APOE isoforms are APOE2, APOE3 and APOE4 

(Nickerson et al., 2000; Crompton et al., 2017). The resultant proteins differ by a single 

amino acid at residues 112 and 158 (Figure 1.2.1, Table 1.2.1). APOE2 has cysteine (Cys) 

residues at both positions, APOE3 has a Cys residue at 112 and an arginine (Arg) residue 

at 158, and APOE4 has Arg residues present at both positions (Weisgraber et al., 1981; 

Wang et al., 2018).  

APOE3 is the most common variant, carried by 78% of the population (Table 1.2.2), and 

can thus be considered the normal “healthy” isoform (Belloy et al., 2019). APOE4 is less 

prevalent in the general population (14%) but those homozygous for APOE4 are 14 times 

more likely to develop AD than an APOE3 carrier (Crompton et al., 2017; Belloy et al., 

2019). While isoform differences are subtle they have a profound effect on the risk of 

developing AD. This risk has been linked to their differential ability to stimulate neuronal 

Aβ production. APOE binding to APOE receptors activates dual leucine-zipper kinase 

thereby initiating a non-canonical mitogen-activated protein kinase (MAPK) pathway 
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leading to enhanced APP transcription and subsequently increased Aβ production. APOE4 

is the most potent activator of this mechanism, while APOE2 is the least (Huang et al., 

2017). 

 

 

Figure 1.2.1. APOE3 and APOE4 protein structure. 

The APOE protein consists of two separately folded domains, the N-terminal contains a receptor 

binding domain, the C-terminal contains the main lipid binding domain and a “hinge” region 

connects the two domains. In the APOE4 protein, the Arg residue at 112 interacts with the glutamic 

acid residue at 255 resulting in a conformational change. The APOE4 conformation leaves the hinge 

region prone to cleavage thereby compromising lipid binding capacity. Modified from Liu et al., 

2013. 

 

 Amino acids present at residues 

 112 158 

APOE2 Cysteine Cysteine 

APOE3 Cysteine Arginine 

APOE4 Arginine Arginine 
Table 1.2.1. APOE isoforms differ at amino acid residues 112 and 158. 

The three major APOE isoforms generate proteins which differ from each other at amino acid 

residues 112 and 158. APOE2 has a cysteine at both sites, APOE3 has a cysteine at 112 and an 

arginine at 158, and APOE4 has an arginine at both sites. Adapted from Liu et al., 2013.  

 

APOE4APOE3

Hinge region Hinge region
(prone to cleavage)
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  Isoform frequency in general and AD population (%) 

 General AD 

APOE2 8.4 3.9 

APOE3 77.9 59.4 

APOE4 13.7 36.7 
Table 1.2.2. APOE isoform frequencies in the general and AD populations. 

APOE3 is the most common isoform within the general population. APOE4 is more prevalent in the 

AD population compared to the general population. Adapted from Liu et al., 2013. 

 

1.2.1.2 APOE biological and biochemical features 

APOE is a glycoprotein consisting of two separately folded domains, the N-terminal 

contains a receptor binding domain, the C-terminal contains the main lipid binding 

domain and a “hinge” region connects the two domains (Dorey et al., 2014) (Figure 1.2.1). 

APOE is highly expressed in both the brain and the liver. In the periphery, APOE is 

produced predominantly by hepatocytes, as well as by macrophages and adipocytes. 

Within the CNS, APOE is highly expressed by astrocytes, but is also expressed by microglia, 

vascular mural cells, choroid plexus and neurons under conditions of stress or injury. In 

the periphery, APOE predominantly binds to very low density lipoprotein (VLDL) particles 

combined with other apolipoproteins, phospholipids and cholesterol. In the CNS, APOE 

tends to bind to HDL particles since VLDL are not present centrally (Bu, 2009). Circulating 

levels of APOE vary among the three isoforms in plasma, cerebrospinal fluid (CSF) and 

interstitial fluid where APOE2 levels are greater than APOE3 levels, which in turn are 

greater than APOE4 levels (Dorey et al., 2014). Interestingly, APOE is not capable of 

crossing the BBB. Liver transplant studies have shown that the new liver produces the 

APOE protein corresponding to its genotype while the APOE within the CNS retains the 

phenotype corresponding to the genotype of the original liver (Linton et al., 1991). 
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1.2.2 APOE receptors (in the CNS) 

APOE binds to lipoprotein receptors and proteoglycans (Ji et al., 1993). The major APOE 

receptors are from a class of metabolic receptors known as the LDL receptor (LDLR) family 

and includes LDLR itself, LDLR-related protein 1 (LRP1), VLDL receptor (VLDLR), and APOE 

receptor 2 (APOER2) amongst others. LDLR comprise a highly conserved family of 

transmembrane receptors responsible for the uptake and clearance of lipoproteins in 

plasma and CSF, as well as the regulation of lipid metabolism, and mediation of a wide 

range of cell signalling pathways (Dorey et al., 2014). The seven receptors from the LDLR 

family share a common conserved structure: consisting of an intracellular domain which 

mediates signal transduction, a transmembrane domain and an extracellular domain 

where ligand binding and release occurs (Lane-Donovan & Herz, 2017). All members of 

the LDLR family are capable of interacting with APOE and as such are often referred to as 

the “APOE receptors” (Lane-Donovan & Herz, 2017). Table 1.2.3 describes the major 

APOE receptors and their characteristics. As well as the LDLR family, APOE is capable of 

binding to heparan sulfate proteoglycans (HSPG) present at the cell surface. There is 

evidence that HSPG is capable of forming a complex with LRP1, this mediates binding of 

APOE and is suggestive of a facilitative effect at the cell surface (Wilsie & Orlando, 2003). 

Binding affinity is affected by APOE isoform and lipidation state, i.e. whether it is lipid 

bound or unbound. APOE must be appropriately lipidated in order for normal receptor 

binding to occur. APOE lipidation is facilitated by a cholesterol-efflux protein on the cell 

membrane known as the ATP-binding cassette A1 (ABCA1). ABCA1 is necessary for proper 

lipidation of APOE (Wahrle et al., 2004). In knockout models, ABCA1 deficiency leads to a 

decrease in APOE levels in the CNS (Krimbou et al., 2004). Poorly-lipidated APOE particles 

have an altered conformation, decreased stability in the CNS, and altered interactions 

with Aβ (Wahrle et al., 2004; Dorey et al., 2014). 
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Receptor Binding Characteristics Reference 

LRP1 

• Recombinant APOE 
• APOE aggregates 
• Prefers lipid-bound APOE 
• Recognises all isoforms 

(Ruiz et al., 2005) 

LDLR 

• Lipidated APOE 
• Strong affinity for APOE3 and 

APOE4 
• Poor affinity for APOE2 

(Ruiz et al., 2005) 
(Dorey et al., 2014) 

VLDLR • Lipid-free APOE 
• Recognises all isoforms 

(Ruiz et al., 2005) 

HSPG 
• Lipidated APOE 
• Non-lipidated APOE 
• Recognises all isoforms 

(Ji et al., 1993) 
(Saito et al., 2003) 

Table 1.2.3. The major APOE receptors and their binding characteristics. 

APOE receptors show variable binding preferences across the APOE isoforms and is dependent on 

lipidation state. 

 

1.2.2.1 Role of APOE isoform in receptor binding 

APOE2 has a low binding affinity to LDLR compared to APOE3, this leads to an increased 

risk of developing type III hyperlipidaemia in individuals who are homozygous for APOE2 

(Zhao et al., 2018). The compromised binding of APOE which results leads to an increase 

in circulating cholesterol and triglycerides which is characteristic of this class of 

hyperlipidaemia. The VLDLR and HSPG receptors recognise all APOE isoforms with 

comparable affinity (Ruiz et al., 2005). 

In APOE4, domain interaction occurs between the carboxy and amino terminals owing to 

the effect of arginine at position 112. Arg-Cys interaction in APOE4 changes its 

conformation ultimately affecting binding affinities compared to the other isoforms 

(Dorey et al., 2014). This domain interaction is a unique property of APOE4 and has been 

suggested to contribute to its detrimental effect in AD risk and pathogenesis as it 

influences its ability to bind to lipids, receptors and Aβ (Wang et al., 2018). For example, 

APOE3 has a 5-fold higher binding affinity for Aβ than APOE4 (Tokuda et al., 2000). This is 

important as astrocytes’ ability to localise to Aβ plaques to degrade them requires APOE 

(Crompton et al., 2017). Consequently, small molecule correctors which can structurally 

convert APOE4 to APOE3 are being pursued as a therapeutic target (Wang et al., 2018).  
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1.2.3 APOE has far reaching functions in the CNS 

APOE functions predominantly as a lipid transporter. Binding of APOE on lipid particles by 

APOE receptors facilitates transport of lipoproteins and lipid compounds into and 

throughout cells in the CNS, and regulates concentrations for different cellular 

compartments in isoform-dependent rates (Huang & Mahley, 2014).  

APOE plays a key role in transporting cholesterol to plasma membranes which is essential 

for structure, synaptic formation and remodelling (Belloy et al., 2019). Cholesterol plays 

a critical role in synaptic function, by helping maintain adequate curvature of the 

membrane. Cholesterol also facilitates soluble NSF attachment protein receptor (SNARE)-

mediated membrane fusion. Cholesterol deficiency in neurons leads to impaired synaptic 

plasticity (Koudinov & Koudinova, 2002). Synaptic transmission can be significantly 

reduced by depleting cholesterol, then recovered by reintroducing cholesterol (Tong et 

al., 2009; Linetti et al., 2010). Astrocytes are the main producers of cholesterol in the CNS 

(Nieweg et al., 2009), the synthesis of which is tightly regulated by means of an internal 

feedback loop. Low intracellular cholesterol triggers cholesterol synthesis by inducing 

proteolytic processes of sterol regulatory element-binding proteins and reducing 

cholesterol efflux (Benarroch, 2008; Jeong et al., 2019). High intracellular cholesterol 

results in lipoprotein complex efflux following LXR/RXR-mediated transcription of 

cholesterol transport proteins (Jeong et al., 2019). APOE also plays a role in BBB integrity, 

synaptic plasticity and cell signalling. 

 

1.2.4 The APOE4 genotype has a profound effect on CNS response to disease 

and injury 

APOE4 undergoes a profound structural shift due to the side-chain of arginine at position 

112 interacting with the glutamine at position 255 as determined by x-ray crystallography 

(Hatters et al., 2006). As a result, a ‘salt bridge’ forms between the C- and N-terminal 

domains which is believed to play a critical role in the functional differences between 

APOE4 and the other isoforms (Dorey et al., 2014). The role of APOE in CNS disease and 

injury is summarised in Table 1.2.4. 
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1.2.4.1 Altered cholesterol homeostasis 

Within the CNS, APOE functions as a lipid transporter, e.g. cholesterol, and in this manner 

aids neuronal homeostasis and synapse integrity. In AD, APOE has been shown to 

stimulate APP and Aβ production (Huang et al., 2017), as well as compromise the 

neurotrophic function of astrocytes (Zhao et al., 2017). APOE4 astrocytes have previously 

been demonstrated to have a more pronounced effect in contributing to AD pathogenesis 

in a number of ways including reduced efficiency in clearing Aβ42 and reduced support of 

neuronal viability compared to their APOE3 counterparts (Zhao et al., 2017; Lin et al., 

2018). 

 

1.2.4.2 Compromised synaptic pruning 

APOE4 decreases the rate of synapse pruning by astrocytes in vivo compared to APOE3 

or APOE2 (Chung et al., 2016). In a murine model where the ApoE gene was replaced with 

one of the three main human isoforms (APOE2, APOE3 or APOE4) it was found that APOE4 

astrocytes had a reduced phagocytic capacity and increased senescent synapses (Chung 

et al., 2016). This is consistent with a study carried out in human iPSC-derived neurons 

which demonstrated that APOE4-expressing neurons had an increased number of 

synapses compared to their APOE3-expressing counterparts (Lin et al., 2018). 

 

1.2.4.3 APOE4 plays a role in various aspects of AD pathology 

APOE is known to have significant effects on AD pathology associated with Aβ production, 

clearance and plaque formation (Table 1.2.4). A critically important paper showed that 

astrocyte-secreted APOE stimulates a kinase cascade, promoting neuronal APP 

transcription and Aβ secretion in the order APOE4 > APOE3 > APOE2 (Huang et al., 2017). 

APOE isoforms differentially increase Aβ aggregation and plaque formation independent 

of Aβ40 and Aβ42 levels and ratios in the order of APOE4 > APOE3 > APOE2 (Huang & 

Mahley, 2014). There is evidence that APOE is up-regulated in response to neuronal 

damage. However, there is evidence also that APOE is subject to proteolytic degradation, 

and that fragments of APOE4 are neurotoxic, and found in both NFT and Aβ plaques. This 

raises the possibility that APOE4 up-regulation could self-perpetuate and lead to chronic 

toxicity.  
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Following on from studies showing that the APOE4 isoform leads to Aβ pathology, studies 

have shown that APOE4 is also implicated in non-Aβ pathology surrounding AD, including 

effects on BBB permeability (Bell et al., 2012), altering synapse integrity (Klein et al., 

2010), and independent involvement in exacerbating tau-mediated phosphorylation (Shi 

et al., 2017c). The APOE4 isoform also impedes autophagy in astrocytes, with the 

clearance of soluble Aβ significantly less effective than in APOE3 astrocytes (Simonovitch 

et al., 2016). 

APOE plays an isoform-dependent role in inflammation. Shi and colleagues have 

demonstrated that APOE4 increases microglial and astrocytic activation (Shi et al., 2017c). 

Interesting work by Theendakara and colleagues has provided evidence that APOE4 acts 

as a major mediator of the inflammatory response. They demonstrated that APOE4, but 

not APOE3, can translocate directly to the nucleus and bind promoter regions of AD-

associated genes. Of these, genes which corresponded to an anti-inflammatory and anti-

apoptotic phenotype were suppressed by APOE4 (Theendakara et al., 2016). It was shown 

that APOE4 can bind double-stranded DNA at the SirT1 promotor sequence and act as a 

transcription factor with the effect of suppressing SirT1 promotor activity. It is yet unclear 

how APOE translocates to the nucleus, but it has also been implicated in the repression 

of four other genes – MADD, ADNP, COMMD6, and PPP2R5E – pointing to a potential role 

in transcription (Theendakara et al., 2016; Theendakara et al., 2018). 
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Role Model Used Main Finding Reference 

Aβ deposition 
and clearance 

Human brain 
endothelial 
cells and 
transgenic 
mice 

APOE isoform affects lipoprotein receptor 
shedding in the brain (APOE4 > APOE3 > 
APOE2). 

(Bachmeier 

et al., 
2014) 

 
Rat 
neuroblastoma 
B103 cells 

APOE4 increased Aβ production to a greater 
extent than APOE3 (60% vs 30%) due to 
more pronounced stimulation of APP 
recycling. 

(Ye et al., 
2005) 

 APOE-inducible 
mouse model 

APOE4 enhanced Aβ deposition, neuritic 
dystrophy and gliosis. 

(Liu et al., 
2017) 

 Human iPSC 
↑Aβ42 secretion by APOE4 neurons. 
Impaired Aβ clearance by APOE4 astrocytes. 
↓Aβ clearance by APOE4 microglia. 

(Lin et al., 
2018) 

Hyper- 
phosphorylation 
of tau and 
tauopathy 

P301S tau 
transgenic 
mice with 
APOE KO or 
APOE4 KI 

APOE4 affects tau pathogenesis, 
neuroinflammation, and tau-
mediated neurodegeneration independently 
of Aβ pathology. 

(Shi et al., 
2017c) 

 
APOE 
transgenic 
mice 

↑tau phosphorylation mediated by 
activation of Erk. 

(Harris et 

al., 2004) 

 Post mortem 
AD brain tissue 

There is a strong interaction between APOE4 
expression and tau pathology in the 
presence of Aβ pathology. 

(Farfel et 

al., 2016) 

BBB integrity 

In vitro BBB 
model and 
APOE3 and 
APOE4 knock-
in mice 

BBB tight junction integrity is APOE isoform 
dependent. BBB permeability is greater in 
APOE4 vs APOE3. 

(Nishitsuji 
et al., 
2011) 

 
APOE 
transgenic 
mice 

APOE4 and APOE ablation result in reduced 
BBB integrity. 
Vascular defects result from activation of 
pro-inflammatory cyclophilin A/NF-κB 
pathways. 

(Bell et al., 
2012) 

Mitochondria 
dysfunction 

Primary 
neurons from 
APOE 
transgenic 
mice and 
Neuro-2A 
neuroblastoma 
cells 

Reduced expression of mitochondrial 
subunits in APOE4-expressing neurons and 
Neuro-2A cells. 
↓Mitochondrial respiratory capacity in 
APOE4-expressing neurons and Neuro-2A 
cells. 

(Chen et 

al., 2011b) 

Total APOE 
levels 

Plasma and 
CSF samples 
from human 
AD and non-AD 
participants 

↓plasma APOE in APOE4 carriers. Attributed 
to a decrease in the APOE4 isoform 
concentrations. 

(Martinez-
Morillo et 

al., 2014) 

Table 1.2.4. The role of APOE4 in AD pathology. 
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1.3 Astrocytes – the main homeostatic regulators of the CNS 

Astrocytes are the most abundant cell type in the mammalian CNS (Azevedo et al., 2009) 

and play a central role in the development and homeostasis of the healthy brain. In the 

human CNS, it is thought the glia to neuron ratio is 1:1 (Vasile et al., 2017), and that 

astrocytes account for 30% of cells (Liddelow & Barres, 2017). A single astrocyte can 

contact up to a million different synapses (Halassa et al., 2007b), as well as dendrites and 

blood vessels, owing to significant arborisation. Eight major processes give rise to 

hundreds of thousands of fine processes (Tyzack et al., 2016). This highly connective 

property allows for cell-cell contact, the regulation of synaptic transmission and the 

release of neuromodulatory factors. Astrocytes maintain the CNS in a number of ways, 

providing trophic and structural support for neurons whilst also promoting neurogenesis. 

Neurogenesis is an ongoing process throughout adulthood, which is spatially restricted to 

the sub-granular zone (SGZ) of the hippocampus and sub-ventricular zone (SVZ) in the 

lateral ventricles (Gage, 2000). It has been demonstrated that both human and rodent 

astrocytes can promote the formation of synapses in vitro while also promoting neuronal 

survival (Chung et al., 2013; Zhang et al., 2016c). Further to this, astrocytes are involved 

in the management of neuronal networks through synaptic pruning, which involves the 

elimination of excess synapses and thus enhances the efficiency of active synapses (Clarke 

& Barres, 2013; Zhang et al., 2016c). Their release of cytokine TNFα also acts to enhance 

synaptic efficiency by increasing the number of α-amino 3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors on the cells surface (Eroglu & Barres, 2010).  

Astrocytic transporters, excitatory amino acid transporter 1 and 2 (EAAT1/EAAT2) 

support the clearance of glutamate, avoiding excitotoxicity that can occur from high levels 

of synaptic glutamate (Dong et al., 2009). They respond to neurotransmitters, e.g. 

glutamate (Porter & McCarthy, 1996), at the ‘tripartite synapse’ – an area where there is 

close association of astrocytes to pre- and post-synaptic neuronal terminals. When Ca2+ 

is elevated at tripartite synapses, astrocytes are activated and release neuromodulatory 

molecules such as nitric oxide (NO) and D-serine, which influence neuron excitability 

(Eroglu & Barres, 2010). Their release of D-serine is also necessary in neuronal synaptic 

plasticity as NMDA receptors require D-serine for long-term potentiation (LTP) (Yang et 

al., 2003). As the key regulators of homeostasis within the CNS, astrocytes are 

indispensable for normal brain functioning. 
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1.3.1 Astrocyte function in the healthy CNS 

In the developing brain astrocytes control the formation, maturation and elimination of 

synapses via a process known as synaptic pruning (Clarke & Barres, 2013; Allen, 2014). 

This process involves the removal of synapses in order to strengthen neural circuits, is 

mediated by the multiple EGF-like-domains 10 (MEGF10) and c-mer proto-oncogene 

tyrosine kinase (MERTK) phagocytic pathways, and is strongly dependent on neuronal 

activity (Chung et al., 2013). In the adult brain, astrocytes’ main function is to maintain a 

homeostatic environment that is optimal for neuronal health and function, they do this 

by maintaining the BBB, ion balance, neurotransmitter turnover and release of growth 

factors that aid synapse formation. 

 

1.3.1.1 Astrocytes aid in the formation and maintenance of neuronal networks 

Astrocytes are critical in brain development as contributors to neurogenesis, 

synaptogenesis and synaptic function (Baldwin & Eroglu, 2017; Casse et al., 2018). 

Astrocytes promote synaptic formation via a number of secreted factors such as 

thrombospondins and brain-derived neurotrophic factor (BDNF) (Baldwin & Eroglu, 

2017). A study carried out in 1995, using rat retinal ganglion cells, provided the first 

evidence for astrocyte involvement in synapse formation. It was found that astrocytes 

can control different synapse formation stages by secreting factors that can increase the 

synaptic numbers (Meyer-Franke et al., 1995). It was later discovered in vitro that this 

also occurs in human neurons (Diniz et al., 2012).  

 

1.3.1.2 Astrocytes and the blood-brain barrier 

The BBB is a specialised structure of the CNS that restricts immune cell migration and 

soluble molecule diffusion between the brain parenchyma and the blood travelling from 

the periphery, thus endowing a relative immune privilege upon the brain (Prat et al., 

2001). Astrocytes are a component of the BBB along with pericytes and endothelial cells. 

Here astrocytes regulate what substances may enter or leave the CNS, protecting the CNS 

from toxins, pathogens, injury, inflammation and disease. Tight junctions are present 

between the endothelial cells which form a diffusion barrier between the blood and brain 

(Abbott et al., 2006). Astrocytic end feet firmly ensheath the blood vessels and are critical 

for maintaining this tight junction barrier (Ballabh, Braun and Nedergaard, 2004). 
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Astrocytes regulate the morphology and angiogenesis of endothelial cells and influence 

BBB phenotype under physiological and pathological conditions (Prat et al., 2001). It has 

been shown in vitro that astrocytes are necessary for the correct association of 

endothelial cells and pericytes in tube-like structures (Ramsauer et al., 2002). Astrocytes 

also mediate the permeability of the BBB by the activation of tight junction proteins 

through the NF-κB pathway (Brown et al., 2003). BBB regulation is vital for 

neuroprotection and minimising the amount of infiltrating cells from the periphery which 

is characteristic of certain pathologies (Capani et al., 2016). 

Further to their role as a component of the BBB, astrocytes also function to regulate 

cerebral blood flow through the release of K+ from astrocytic end feet in contact with 

blood vessels (Paulson & Newman, 1987). They also mediate blood vessel diameter via 

the production and release of prostaglandins, NO and arachidonic acid (AA) (Gordon et 

al., 2007). 

 

1.3.1.3 Astrocytes and the tripartite synapse 

Protoplasmic and fibrous astrocytic end feet envelop the neuronal synaptic cleft and 

nodes of Ranvier respectively. Here astrocytes are involved in responding to synaptic 

activity and regulating synaptic transmission due to the presence and structure of the 

tripartite synapse – consisting of an astrocyte in contact with both a pre- and post-

synaptic neuron (Araque et al., 1999; Panatier et al., 2011). Their envelopment of neurons 

allows for adequate uptake of K+, glutamate and H2O, which may be released from 

neurons during neurotransmission thus, playing a critical role in synapse regulation 

(Crompton et al., 2017). Astrocytes regulate synaptic transmission at the tripartite 

synapse through release of synaptically active substances such as γ-aminobutyric acid 

(GABA), glutamate, purines and D-serine (Halassa et al., 2007a). Astrocytes communicate 

with synapses through the regulation of Ca2+ increase in response to neurotransmitters 

released by neurons and other glial cells (Cornell-Bell et al., 1990).  

 

1.3.1.4 Astrocytes maintain energy supply in the CNS 

In order to meet its high metabolic demands; the human brain has a critical dependence 

on a constant energy supply (almost exclusively from glucose). Astrocytes play a 

metabolic role in regulating this brain energy supply by producing lactate through 
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glutamate-mediated glycolysis (Brown & Ransom, 2007; Nortley & Attwell, 2017). This 

lactate is then used as an energy source by neurons and as such this process is known as 

the astrocyte-neuron lactate shuttle hypothesis. Overall, this hypothesis states that 

glutamate, released from activated neurons, stimulates glycolysis in nearby astrocytes 

and the lactate that is produced is released to provide a fuel source for neuronal 

metabolism (Mangia et al., 2009). In astrocytes, glucose is mainly stored as glycogen. This 

glycogen is metabolised to pyruvate and lactate, which are transported by 

monocarboxylate transport proteins across the cell membrane where the lactate can then 

be used for neuronal metabolism (Magistretti & Pellerin, 1999). Both in vivo and in vitro 

animal studies have shown that lactate can sustain neuronal activity in times of glucose 

deprivation demonstrating a direct neuroprotective effect (Wyss et al., 2011). Tight 

regulation of these homeostatic factors by astrocytes surmounts to an important role in 

maintaining optimal conditions within the CNS in order to maintain neuronal health and 

survival, and ultimately function. 

 

1.3.1.5 Astrocytes maintain the extracellular environment for neuronal 

functioning 

Astrocytes maintain extracellular levels of K+, Cl-, and Ca2+ ions, and cellular pH (Matias et 

al., 2019). This function maintains neuron excitability. During neuronal activity, astrocytes 

take up excess extracellular K+ via inward rectifying Kir 4.1 K+ channels, or the Na+/K+ 

ATPase pump (Hertz & Chen, 2016). Water homeostasis is maintained via aquaporin 4 

(AQP4) expressed on astrocyte end feet (Vandebroek & Yasui, 2020). 

At the synapse, astrocytes also partake in neurotransmitter cycling via the rapid uptake 

of synaptically-released glutamate from the extracellular environment. This helps 

modulate both the spatial and temporal degree of glutamate signalling. The majority of 

this uptake occurs via Na+-dependent EAAT1 and EAAT2 on astrocytes and helps protect 

against excitotoxicity caused by high levels of extracellular glutamate (Armbruster et al., 

2016). This glutamate can be converted to glutamine in astrocytes by glutamine 

synthetase then released to be used by neurons for the synthesis of glutamate or GABA. 
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1.4 The role of astrocytes in neurodegeneration 

Neurodegeneration has traditionally focused primarily on autonomous cell death, before 

it was questioned whether neurodegeneration is an example of non-cell autonomous 

death (Di Giorgio et al., 2007). This would imply that the interaction between neurons 

and other cell types, such as astrocytes, is responsible for neuronal degeneration as 

opposed to toxicity arising solely within vulnerable neurons (Lobsiger & Cleveland, 2007). 

Having traditionally been considered mere ancillary cells in the CNS there is now a body 

of literature to support a detrimental role for astrocytes in neurodegeneration (Lobsiger 

& Cleveland, 2007; Roybon et al., 2013; Osborn et al., 2016; Liddelow et al., 2017). Much 

research is interested in trying to elucidate the signals present in the injured or diseased 

brain which compromise astrocyte function (Figure 1.4.1). Advances in techniques for 

culturing pure populations of astrocytes have elucidated that multiple reactive astrocyte 

phenotypes may exist and that these populations of cells may have differential effects on 

neurodegeneration. 

 

Figure 1.4.1. Reactive astrocytes are involved in a range of pathologies. 

The reactive astrocyte phenotype arises from a range of pathological scenarios where astrogliosis 

leads to further pro-inflammatory cytokine production and thus, neuronal damage and death. 

Incidentally, astrocyte death leads to neuronal death due to the high level of dependence neurons 

have on astrocytes. Microglia and astrocytes drive each other in a feedback-like manner, where 

neuroinflammation appears to be simultaneously aiding and exacerbating neurodegeneration. 

Abbreviations: CCL2 = Chemokine (C-C motif) ligand 2, CD4 = Cluster of differentiation 4, CD8 = 

Cluster of differentiation 8, CXCL2 = Chemokine (C-X-C motif) ligand 2, IFNγ = interferon-gamma, 

IL17 = interleukin-17, MB = midbrain, Th1 = T-helper cell 1, Th17 = T-helper cell 17. 
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1.4.1 Parkinson's disease 

Parkinson’s disease (PD) is the second most common neurodegenerative disease and 

affects approximately 1% of the population over the age of 65 (Crompton et al., 2017). It 

was first described in 1817 by James Parkinson in “An essay on the shaking palsy” 

(Parkinson, 2002). PD is characterised by the loss of dopaminergic neurons from the 

substantia nigra pars compacta of the striatum due to the toxic effects of abnormal α-

synuclein protein aggregations known as Lewy bodies (Wakabayashi et al., 2000). The 

disease phenotype presents as bradykinesia, tremor, rigidity and postural instability and 

is typically diagnosed on the basis of these clinical criteria (Jankovic, 2008). Similar to Aβ 

in AD, astrocytes internalise α-synuclein protein aggregates which is thought to 

compromise their ability to produce and release neurotrophic factors as well as hinder 

their role as a BBB component leading to “leakiness” (Yamamizu et al., 2017). PD is a 

neuroinflammatory disorder, this inflammation is thought to be modulated by astrocytes 

via exocytosis of paracrine factors such as ICAM1 and IL6 which stimulate microglia 

migration (McGeer & McGeer, 2008). In the LPS rat model of PD, administration of the 

astrocyte toxin L-alpha-aminoadipic acid attenuated reactive astrogliosis, microglial 

activation and loss of dopamine neurons thereby indicating a key role of astrocytes in 

these processes (O'Neill et al., 2019). 

There is a genetic component to PD with mutations in 17 different genes such as SNCA, 

Parkin, DJ-1 and PINK1 linked to the disease (Hernandez et al., 2016). DJ-1 encoded by 

the PARK7 gene is the most studied PD mutation. In astrocytes, DJ-1 knockout impairs 

their ability to protect against neurotoxins such as rotenone (Mullett & Hinkle, 2011). 

Under conditions of oxidative stress or ischaemia, reactive astrocytes were found to up-

regulate DJ-1 (Neumann et al., 2004). A study from the Kahle laboratory found that DJ-1 

knockout astrocytes produced 10 times more nitric oxide than littermate controls when 

treated with lipopolysaccharide (LPS), a TLR4 agonist (Waak et al., 2009). Mutation of the 

SNCA gene is also associated with PD resulting in α-synuclein aggregation in astrocytes. 

Gu and colleagues, demonstrated that when A53T α-synuclein was selectively expressed 

in rodent astrocytes it lead to paralysis (Gu et al., 2010). These results indicate both that 

astrocytes play a key role in PD. 
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1.4.2 Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder which leads to the 

death of upper and lower motor neurons, and as such is often termed motor neuron 

disease. The contribution of astrocytes to neurodegeneration has been well 

characterised. It has been proposed that astrocytes play a role in disease progression 

following loss of the astrocyte glutamate transporter 1 (GLT1) (the rodent homolog of 

human EAAT2) which leads to excitotoxicity and subsequent neuronal loss (Rothstein et 

al., 1995). Astrogliosis has been described in both white and grey matter in ALS brain and 

is now considered a hallmark of the disease (Yamanaka et al., 2008; Lasiene & Yamanaka, 

2011).  

Approximately 25% of cases of genetically associated ALS are caused by mutations in 

superoxide dismutase (SOD1) (Di Giorgio et al., 2007). The SOD1 mouse model of ALS 

shows considerable astrocyte atrophy (Rossi et al., 2008) and microglial activation which 

is modulated by astrocytes (Yamanaka et al., 2008). A study by Marchetto and colleagues 

found 50% loss of motor neurons when co-cultured with primary astrocytes 

overexpressing mutant SOD1, indicating a non-cell autonomous mechanism for 

degeneration. Significantly, this effect was found to be motor neuron specific, while other 

neuronal cell types such as GABAergic neurons were unaffected (Marchetto et al., 2008). 

Mutations in the TARDBP gene, which encodes TDP43, were found to affect the survival 

of human iPSC neurons and astrocytes, indicating that the nuclear-cytoplasmic 

generation of TDP43 must be finely tuned in both cell types. However, neuron death was 

not correlated with a TARDBP mutation in astrocytes, indicating that cell death in this 

circumstance is mediated by cell autonomous mechanisms (Serio et al., 2013). 

 

1.4.3 Huntington’s disease 

Huntington’s disease (HD) is a neurodegenerative disorder caused by a mutation in the 

huntingtin (HTT) gene. This involves an expansion in the CAG (cytosine, adenine & 

guanine) tri-nucleotide repeat and is characterised by the loss of medium spiny neurons. 

There is evidence to support the idea that astrocytes play a role in HD pathogenesis. 

Accumulation of mutant HTT (mHTT) in astrocytes has been seen in brain tissue of human 

and mouse HD subjects (Shin et al., 2005). The expression of mHTT in astrocytes impairs 

astrocytic production of neurotrophic factors such as BDNF, which is produced by 

quiescent astrocytes. BDNF normally plays a key role in plasticity while promoting the 
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survival of neurons, however reduced levels of BDNF in HD and has been linked to a longer 

CAG repeat and duration of illness (Ciammola et al., 2007). Further to this, astrocytes 

from HD mouse models have been shown to develop reactive astrogliosis, impaired 

glutamate reuptake (Faideau et al., 2010) and down-regulation of K+ channels (Zhang et 

al., 2018b). 

  



Chapter 1 – Introduction  

26 
 

1.5 Reactive astrocytes in Alzheimer’s disease 

Original investigations into progressive degenerative disorders focused on neuronal 

dysfunction and loss, once thought to be the main players hence the term 

"neurodegeneration". There is now a growing body of literature to support a detrimental 

role for astrocytes, previously considered mere ancillary cells in the CNS, in 

neurodegeneration (Lobsiger & Cleveland, 2007; Roybon et al., 2013; Osborn et al., 2016; 

Liddelow et al., 2017). Reactive astrocytes have been closely linked to the pathology of 

AD in recent years (Perez-Nievas & Serrano-Pozo, 2018). Aberrant calcium signalling, 

altered gliotransmission and an increase in GABA levels at the synapse have been 

reported in these astrocytes (Agulhon et al., 2012; Shigetomi et al., 2019). Increased 

GABA levels at the synapse inhibit neuronal activity and impairs memory retention in 

mouse models of AD (Jo et al., 2014).  

 

1.5.1 Do reactive astrocytes suffer a loss of function or gain of toxic function? 

One theory poses that astrocytes lose their normal homeostatic functions in a disease 

scenario, while others theorise a gain of toxic function. It is also possible that a 

combination of both occurs, where astrocytes’ normal functioning is compromised and 

toxic side effects ensue. The discovery of different reactive phenotypes in astrocytes in 

response to immune attack, chronic neurodegenerative disease or acute trauma has been 

termed “reactive astrogliosis” (Pekny et al., 2014). Reactive astrogliosis involves a 

phenotypic change with many functional consequences. 

Reactive astrocytes exhibit a biphasic effect in AD, with both beneficial and detrimental 

roles. Beneficial effects of reactive astrocytes are more prominent in the early stages of 

AD and include plaque degradation via phagocytosis and transportation out of the brain 

parenchyma, across the BBB (Pekny et al., 2014). Another defensive role of astrocytes is 

the generation of antioxidants such as glutathione which protects against oxidative 

damage (Chun & Lee, 2018). As AD advances reactive astrocytes take on more detrimental 

characteristics, they begin to secrete pro-inflammatory cytokines and have altered 

gliotransmitter release (Chun & Lee, 2018). Astrocytes release pro-inflammatory 

cytokines such as interleukin (IL)-6, TNFα and IL1β which can augment Aβ plaque 

formation, promote phosphorylation of tau and contribute to neurodegeneration 

(Gonzalez-Reyes et al., 2017; Kinney et al., 2018). 



Chapter 1 – Introduction  

27 
 

1.5.1.1 Aβ internalisation compromises astrocyte function 

Reactive astrocytes have been found to co-localise with Aβ plaques in AD, and are capable 

of internalising Aβ via APOE. Astrocytic uptake of Aβ was first seen in post mortem tissue 

samples where Aβ deposits were found in astrocytes in close proximity to Aβ plaques 

(Yamaguchi et al., 1998).  Internal build-up of Aβ is thought to disrupt the antioxidant 

abilities of astrocytes and as a result impair neuronal viability (Abramov et al., 2003; 

Angelova & Abramov, 2014). The Inoue laboratory found accumulation of Ab oligomers 

in astrocytes from patients with both a familial APP mutation and sporadic AD leading to 

endoplasmic reticulum and oxidative stress (Kondo et al., 2013). The Noble laboratory 

similarly found that the presence of small numbers of astrocytes could exacerbate 

neuronal death associated with Ab and caspase-3 activation. They found that inhibiting 

astrocytic activation with an anti-inflammatory agent such as minocycline could reduce 

the inflammatory response they associated with neuronal death (Garwood et al., 2011). 

The authors also claimed in this study that astrocytes are essential for Ab-induced tau 

phosphorylation which could be observed in primary neurons. Furthermore, astrocytes 

may also be involved in the build-up of Aβ as they alone are capable of secreting high 

levels of Aβ (Liao et al., 2016). 

 

1.5.1.2 Glutamate-mediated excitotoxicity 

A primary role for astrocytes in the CNS is the removal of glutamate from the extracellular 

space, particularly the synaptic cleft (Mark et al., 2001). Elevated levels of extracellular 

glutamate have been noted in AD patients which is thought to contribute to 

excitotoxicity-induced neurodegeneration (Perego et al., 2000). In the hippocampus of 

AD mice, it was shown that excessive GABA released by reactive astrocytes resulted in 

memory impairments (Jo et al., 2014). Glutamate is also released from reactive astrocytes 

which can activate extrasynaptic NMDA receptors resulting in synaptic depression and 

spine loss (Talantova et al., 2013). Consistent with this finding, studies from post mortem 

AD patients have shown a significant reduction of EAAT1 and EAAT2 expression in the 

prefrontal cortex (Chen et al., 2011b). Reactive astrocytes are believed to contribute to 

the increased levels of glutamate at the synapse via TNFα secretion which can cause 

glutamate release from astrocytes (Jensen et al., 2013; Barateiro et al., 2014). A seizure 

phenotype and abnormal cortical electroencephalogram activity in aged APOE4 
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transgenic mice suggests that APOE4 may contribute to increased glutamate 

concentrations at the synapse (Hunter et al., 2012). 

 

1.5.1.3 Astrocytes are key players in neuroinflammation 

Astrocytes can undergo a phenotypic switch known as reactive astrogliosis. Astrogliosis is 

characterised genetically by up-regulation of reactive astrocyte genes, morphologically 

by the proliferation of reactive astrocytes with hypertrophied processes (Sofroniew & 

Vinters, 2010), and functionally by increased production and secretion of inflammatory 

mediators (Trindade et al., 2020). Reactive astrogliosis has many functional consequences 

in conditions such as stroke, trauma, epilepsy and AD as well as other neurodegenerative 

diseases. It has been shown that not just disease and injury, but also normal aging, can 

induce reactive astrogliosis (Clarke et al., 2018). RNA sequencing of astrocytes identified 

both age- and brain region-dependent transcriptional changes leading aged astrocytes to 

develop a reactive phenotype, typical of what has been characterised in disease and 

inflammation (Boisvert et al., 2018; Heimann & Sirko, 2019). Further studies have shown 

that the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) 

pathway is necessary and sufficient to induce and maintain reactivity in astrocytes. 

Inhibiting this pathway in mouse models of AD led to the reduction of amyloid deposits, 

the improvement in spatial learning and the restoration of synaptic deficits; hallmark 

features of the disease (Ceyzeriat et al., 2018). Therefore, astrocytes are involved in non-

cell-autonomous mechanisms of neuronal cell death in AD. 

 

1.5.2 Non-cell-autonomous mechanisms 

Neuronal cell death in neurodegenerative diseases is not solely as a result of the causative 

mutant protein, rather the effect of that mutant protein on the non-neuronal glia 

population. This toxicity derived from glia has been deemed a non-cell-autonomous 

mechanism of disease initiation and progression (Lobsiger & Cleveland, 2007). There is an 

abundance of evidence supporting this mechanism whereby both neuronal and non-

neuronal cell populations are affected by the mutant protein for that particular disease 

(Di Giorgio et al., 2008; Ilieva et al., 2009; Chai & Kohyama, 2019; di Domenico et al., 

2019). Neurons subsequently degenerate as a result of their mutant protein and the 

toxicity of cells in their neighbouring environment. Three pathways for the involvement 

of glia in non-cell-autonomous neurodegeneration have been proposed: (i) affected 
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neurons induce damaging responses in nearby glia, (ii) mutant protein expressed in glia 

compromises their normal response to damage of nearby neurons, thereby exacerbating 

the damage to vulnerable neurons, and (iii) mutant protein expression in glia induces 

neurotoxicity, independent of signals produced by surrounding neurons. 
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1.6 Modelling Alzheimer’s disease 

Effective and efficient modelling has been a major focus of disease research since the 

discovery of pathology and although countless breakthroughs have been made over the 

years it is still arguably the limiting factor for translating therapies from "bench-to-

bedside". Approaches to CNS research have utilised immortalised cell lines, e.g. HEK293 

and SH5Y-5Y, however these immortalised cell lines have intrinsic flaws as they are often 

derived from cancers and may not be from the tissue affected by the disease in question 

(Avior et al., 2016). Additionally cell lines are by definition highly proliferative and 

therefore do not provide adequate models for slowly proliferating cells such as neurons 

and microglia (Haenseler et al., 2017). Primary cultures of neurons, astrocytes and 

microglia isolated from rodents are widely used but these primary cells have issues of 

their own as they can be difficult to maintain and expand in culture, particularly when 

isolated from an aged animal and are often contaminated with other cell types.  

Another pathway for research utilises model organisms, often rodents which have been 

genetically modified to over express the relevant disease causing genes, for example the 

APP/PS1 mouse model of AD over expresses APP leading to the characteristic Aβ 

pathology associated with the disease (Carrera et al., 2013). The mouse is the most 

prevalent animal model used in research today, despite the fact that there are many 

differences between mice and humans both genetically and phenotypically (Oberheim et 

al., 2009; Avior et al., 2016). 

 

1.6.1 Murine models of Alzheimer’s disease 

Although in vitro experiments are required initially, the vast majority of what we know 

about AD today has come from the development of animal models which emulate the 

disease and allow for in vivo studies. Numerous mouse models have been engineered in 

an attempt to understand the ethiology and pathogenesis of AD, however while these 

models possess various aspects of the disease they fail to replicate complete AD 

pathology (Webster et al., 2013). Many of these transgenic AD models have been 

engineered through the mutation of the genes which code for APP, PS or tau protein, 

therefore they replicate aspects of the disease but cannot explicitly mirror the disease as 

it presents in humans. In terms of testing therapeutics this does not exactly present a 

drawback, for example when testing a drug that potentially reduces Aβ production, a 
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model which over produces Aβ and presents with Aβ pathology is sufficient to determine 

the efficacy of the drug in question with human trials necessary at later stages. 

Some excellent models of amyloidosis have been developed using transgenic mice which 

have contributed greatly to our current understanding of AD pathology. The PDAPP line 

was the first transgenic AD model. It was published in 1995 by the Exemplar/Athena 

Neuroscience group. This model was generated using platelet-derived growth factor-β 

(PDGFβ) as the promoter to drive a human APP minigene encoding mutant APP, hence 

the name PDAPP. The resulting transgenic mice developed many of the hallmarks of AD 

including Aβ deposition, neuritic plaque formation, synaptic loss, astrocytosis and 

microgliosis, making it the first transgenic model to develop AD pathology (Games et al., 

1995). In 1996, a second model (Tg2576) was created by Karen Hsiao and colleagues, this 

model also over expressed APP resulting in Aβ plaque formation and cognitive deficits 

similar to that which presents in the human form of the disease (Hsiao et al., 1996). A 

Tg2576/PS1 double transgenic model was later produced which also possessed a 

mutation in the PS gene resulting in approximately twice as much Aβ plaque deposition 

(Duff, 2002); this solidified a role of the presenilin molecule in plaque formation. These 

early models allowed for the study of Aβ plaque formation and indicated a role for PS, 

they failed however to exhibit the behavioural and cognitive deficits combined with 

inflammation as seen in human AD, a feat that was rectified in the most widely used AD 

animal model today - the APP/PS1 mouse model. 

 

1.6.1.1 APP/PS1 mouse model of Alzheimer’s disease 

Currently there are no existing models of AD which fully represent the chemical, 

pathological and behavioural changes as seen in humans with AD (Ferguson et al., 2013), 

however the use of transgenic animals has significantly advanced our understanding of 

the disease and is crucial for the development of therapeutics. The APP/PS1 double 

transgenic mouse model of AD is the most widely used AD animal model today. This 

model has been programmed to express a chimeric mouse/human form of APP and a 

mutated form of PS1 resulting in the neuropathological hallmarks of AD (Carrera et al., 

2013). The APP/PS1 model exhibits considerable elevation in Aβ production and 

behavioural abnormalities consistent with AD pathology (Lok et al., 2013). Other 

properties of the APP/PS1 model include an increase in oxidative stress and metabolic 

disturbances starting as early as 1-2 months of age, reduction of neuronal L-type calcium 
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channel activity in 14-month-old mice, impaired hippocampal LTP, and age-related 

increases in reactive gliosis and pro-inflammatory cytokine production (Webster et al., 

2013). 

Webster and colleagues compared the APP/PS1 model with other AD mouse models with 

regards to the onset of AD-relevant impairments in motor function, anxiety-related 

behaviour, and cognition in order to clarify how the APP/PS1 model fits into the growing 

literature on modelling AD in rodents. They found that in comparison to other models the 

APP/PS1 model does not present with motor deficits while it does present with cognitive 

deficits at an earlier stage (Webster et al., 2013). Another study examined behavioural 

changes in APP/PS1 mice compared to wild type mice and found that the transgenic mice 

exhibited significant spatial learning and memory deficits; they attributed this to 

substantial plaque build-up in the hippocampus and cortex (Ferguson et al., 2013).  

 

1.6.2 There is a need for better disease modelling with regards to Alzheimer’s 

disease 

Although model organisms have contributed to elucidating key pathological mechanisms 

there have been difficulties translating these into feasible therapies as certain 

therapeutics may be viable in one species and detrimental in another (McGonigle & 

Ruggeri, 2014; National Academies of Sciences et al., 2017). The majority of drugs put 

forward for AD drug trials targeted Aβ having shown promise in animal models but then 

failed to produce results in human trials. A human model in theory would create a more 

realistic representation of human disease. And help bridge the gap between the 

laboratory and the clinic. Human pluripotent stem cells (PSC) present a means by which 

a human model can be created. Neuronal and astrocyte cultures may be differentiated 

from human PSC to provide a “disease in a dish” model of CNS disorders. 
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1.7 Pluripotent stem cells 

PSC have the potential to differentiate into any cell type in the body. These cells have the 

ability to expand indefinitely and may be prompted with the appropriate factors to 

differentiate into a cell type of interest. Currently there are two sources of human PSC, 

firstly human embryonic stem cells (ESC) derived from cells isolated from the blastocyst 

and secondly, human induced pluripotent stem cells (iPSC) derived from adult somatic 

cells which are manipulated into a state of pluripotency.  

ESC are derived from the inner cell mass of the blastocyst. They have many uses in 

research including investigating disease mechanisms, drug screening and regenerative 

medicine. However, obtaining human embryonic tissue is difficult, and there are many 

ethical controversies surrounding the use of human embryos in research, additionally it 

is difficult to generate disease- or patient-specific ESC. iPSC are providing an alternative 

approach thereby bypassing some of the limitations of ESC. They have the same 

differentiating abilities of ESC without the ethical issues associated with the use of human 

embryos and there is a reduced risk of rejection by the host following implantation (Zhao 

et al., 2011; Araki et al., 2013). Early protocols used mouse and human ESC to establish 

differentiating techniques [for review see (Petros et al., 2011)] however iPSC are more 

commonly used today.  

 

1.7.1 Induced pluripotent stem cells 

Human iPSC are adult somatic cells which have been reprogrammed into a primordial 

state much like ESC, and thus in theory can give rise to any cell type of the body. They 

were first derived in 2006 in the laboratory of Shinya Yamanaka from mouse skin cells 

(Takahashi & Yamanaka, 2006) and the first human iPSC were derived in 2007 (Takahashi 

et al., 2007; Yu et al., 2007). This pioneering research has revolutionised disease 

modelling and is considered such a breakthrough that Shinya Yamanaka was awarded the 

Nobel Prize in Medicine in 2012. The real beauty of these cells is that they may be derived 

from any willing donor and a corresponding iPSC line containing the donor’s genetic 

fingerprint can be produced and subsequently differentiated into the desired cell type, 

therefore disease- and patient-specific cell lines may be produced for modelling diseases 

which arise from genetic mutation. Human iPSC derived from tissue collected from AD 

patients will naturally contain any mutations that led to the development of AD in that 

individual, and thus bypass the need for transgenic induction of the disease. 
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Takahashi and colleagues showed that iPSC generated from mouse fibroblasts resembled 

ESC with regards to morphology, gene expression, proliferation and formation of 

teratomas - and can give rise to adult chimeras capable of germline transmission when 

transplanted into blastocysts (Takahashi et al., 2007). With appropriate stimulation iPSC 

can give rise to multiple cell types such as neurons, astrocytes, cardiomyocytes, 

pancreatic cells and liver cells (Lai et al., 2011; Sanal, 2011) making them extremely 

versatile in terms of modelling disease. As iPSC are derived from tissues from consenting 

adults this bypasses the ethical limitations of ESC and allows for the generation of disease- 

and patient-specific cell lines. They also have the advantages of a normal karyotype and 

continuous self-renewal allows them to survive in culture indefinitely. iPSC technology 

has shown many applications in the fields of drug development, disease modelling, organ 

synthesis and tissue repair. Therefore, the introduction of iPSC technology has helped 

overcome many limitations associated with the use of animal models and ESC thereby 

helping to bridge the “gap” that exists between bench and bedside. 

 

1.7.1.1 Generation of iPSC is a finely tuned process 

A number of steps are involved in the generation of iPSC prior to differentiation namely 

sample collection, parent cell isolation and expansion, transfection, culture, expansion 

and characterisation. iPSC may be derived from a number of sources including skin 

fibroblasts, mesenchymal stem cells from bone marrow, hair follicles, mononuclear cells 

from peripheral blood, or even exfoliated renal epithelial cells from urinary sediments. 

Skin fibroblasts are the traditional source of iPSC, as the method of isolation is minimally 

invasive (Zhang et al., 2016a). 

Skin fibroblasts are isolated by taking a dermal punch from the forearm of the participant, 

this skin section is then cultured to encourage growth of fibroblasts. Early protocols 

forced somatic cells into a pluripotent state by means of retroviral transduction, whereby 

embryonic transcription factors (OCT3/4, c-MYC, SOX2 and KLF4) are introduced into the 

adult cells. Subtle changes to the Yamanaka group’s original protocol have occurred over 

the years including the use of different vectors and reprogramming genes. The latest 

protocols use non-integrating episomal plasmid vector to introduce the embryonic gene 

cocktail and the non-transforming form of c-MYC, L-MYC (Okita et al., 2011), is now used 

thereby reducing the concern of differentiated cells forming teratomas or becoming 

cancerous following implantation. Once transfected the cells are cultured until iPSC 
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colonies begin to appear in culture, these colonies are then isolated and expanded to 

produce a pure iPSC culture, free from fibroblast contamination. iPSC then undergo a 

series of tests to ensure they present with the characteristics of pluripotent cells. The 

necessary characterisation tests to prove pluripotency are as follows: (i) morphology and 

gene expression is examined and compared to ESC, (ii) silencing of the retroviral 

transgenes should occur after approximately four passages, (iii) iPSC form embryoid 

bodies with markers for all three germ layers demonstrated by immunostaining and RT-

PCR, and (iv) injection of undifferentiated iPSC colonies into immunodeficient mice results 

in the formation of teratomas (Bilican et al., 2012). 

 

1.7.1.2 Yamanaka Factors 

In 2007, Takahashi and colleagues successfully dedifferentiated the first human 

fibroblasts using retro-virus-mediated transfection of four transcription factors now 

called the “Yamanaka factors”, OCT4, SOX2, KLF4 and c-MYC. These genes code for 

proteins which reverse and suppress differentiation of cells (Takahashi & Yamanaka, 

2006; Takahashi et al., 2007). 

OCT4 is a member of the POU transcription factor family. It is central to pluripotency, 

therefore aids maintenance of pluripotency in stem cells as well as re-establishment of 

stemness in somatic cells (Shi & Jin, 2010). OCT4 is highly expressed during development 

in ESC and germline cells, then expression declines as cells begin to differentiate. OCT4 is 

essential for early embryonic development, its absence results in death of the embryo 

(Nichols et al., 1998). Steroidogenic factor-1 and oestrogen-related receptor activate 

OCT4 transcription (Yang et al., 2007; Zhang et al., 2008). OCT4 acts to maintain 

pluripotency by simultaneously promoting expression of self-renewal genes and 

inhibiting expression of differentiation promoters (Nichols et al., 1998), and modulating 

Wnt/β-catenin signalling (Abu-Remaileh et al., 2010). Together with SOX2, OCT4 is 

considered a master regulator of pluripotency, and further is considered indispensible in 

pluripotency reprogramming. 

SOX2 is a member of the Sry gene family. It is necessary for neural tube development, 

highly expressed during early neurodevelopment and later localised to the ventricular 

layer of the cortex. SOX2 is highly expressed by neural stem cells and neural progenitor 

cells, and functions to maintain pluripotency and self-renewal, and inhibits 

differentiation. SOX2 is predominantly a self-regulating gene, it regulates epidermal 
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growth factor (EGF) receptor expression which in turn regulates SOX2. SOX2 also activates 

transcription of sonic hedgehog, while the downstream factor GLI2 in turn regulates SOX2 

transcription. SOX2 activates Nestin and Tlx, while it suppresses NeuroD1. As such it is an 

important regulator of some major signalling pathways involved in neural development 

(Shen et al., 2015). 

KLF4 has been shown to directly bind the Nanog promoter to aid OCT4/SOX2 regulation 

of Nanog expression (Zhang et al., 2010). Therefore, KLF4 is another transcription factor 

critical to maintaining the pluripotent and self-renewal properties of ESC (Di Giammartino 

et al., 2019). MYC also regulates self-renewal and pluripotency. It acts via microRNA to 

both inhibit differentiation and promote cell division (Lin et al., 2009; Chappell & Dalton, 

2013). c-MYC was used in the original somatic cell reprogramming protocols (Takahashi 

& Yamanaka, 2006; Takahashi et al., 2007). However, the non-transforming L-MYC is now 

more widely used (Okita et al., 2011). Expression of these pluripotency factors can induce 

pluripotency in adult cells, and conversely developmental ques can be utilised to drive 

differentiation. 

 

1.7.2 Neural differentiation drives iPSC towards a neural fate 

Over the last decade, the introduction of technologies capable of reprogramming human 

somatic cells into human iPSC has led to a novel approach to studying neurodegenerative 

diseases in vitro, and a greater understanding into the pathophysiology of numerous 

neurological disorders. Since the first protocol describing neural induction of iPSC 

(Chambers et al., 2009), many new protocols have been established and it is now possible 

to generate a variety of defined neuronal phenotypes from iPSC, for example 

dopaminergic and cortical neurons and regionalised astrocyte populations (Crompton et 

al., 2017; McComish & Caldwell, 2018). The advent of PSC technologies, in particular the 

generation of iPSC, has facilitated research on a cellular and molecular level that was 

unattainable previously. 

Neural differentiation protocols have rapidly evolved over the years significantly 

improving efficiency and purity and allowing patterning of regionalised neural progenitor 

cells and subsequently subtype specific neural cells. PSC can be differentiated into 

defined neural subtypes by modulating exogenous levels of signalling molecules present 

in the brain at significant developmental time points such as bone morphogenic protein 

(BMP), Wnt, SHH and fibroblast growth factor (FGF) (Petros et al., 2011). By mimicking 
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cues which guide neural development in the embryo it is possible to generate regional-

specific neural progenitors that can then be matured into neurons and glial cells in order 

to model human development and disorders of the CNS.  

Human PSC can be differentiated using a number of protocols, e.g. monolayer, on plastic 

ware and in defined chemical conditions. Two main protocols have been developed to 

parallel in utero mechanisms involved in neurogenesis: the neurosphere-based technique 

and the monolayer-based method. There is some debate within the community as to 

which protocol is more effective. There are advantages and limitations associated with 

both protocols. Neurospheres recapitulate the environment within the embryo, i.e. a 3D 

bundle of cells (Nilbratt et al., 2010; Crompton et al., 2013), allowing for greater cell-cell 

and cell-matrix interactions, which some argue demonstrates a better imitation of 

endogenous differentiation (Chandrasekaran et al., 2016). However, this method is also 

associated with the formation of other cell types, presenting the risk of contamination 

(Crompton et al., 2017). Monolayer systems, on the other hand, can often lead to easier 

differentiations and result in more homogenous populations (Crompton et al., 2017). 

In the embryo, the three germ layers – mesoderm, endoderm and ectoderm – give rise to 

the tissues in the body. Neural tissue derives from ectoderm and it’s development is 

under inhibitory control in vertebrates. Activin and BMP signalling, members of the 

transforming growth factor-β (TGFβ) family, inhibit neuralisation by inducing mesoderm 

and endoderm differentiation respectfully (Wilson & Hemmati-Brivanlou, 1995). These 

pathways are almost indistinguishable, both acting through downstream effector SMAD 

proteins (Pauklin & Vallier, 2015). Thus by inhibiting SMAD signalling ectoderm 

differentiation may be induced. The Studer laboratory found that dual SMAD inhibition 

(using SB431542 and Noggin) allowed for efficient neural induction, where Noggin is used 

to inhibit BMP signalling while SB431542 inhibits the TGFb pathway. This monolayer 

method allows for rapid and uniform neural conversion of human iPSC (Chambers et al., 

2009). 

There is now an abundance of protocols available for the differentiation of regionalised 

neural populations. Regional patterning is achieved by mimicking signals present in the 

developing neural tube. The rostro-caudal axis is generated with increasing concentration 

of the caudalising agent retinoic acid (RA). The dorso-ventral axis is set up by driving 

dorsal signalling with BMP or ventral signalling with SHH (Crompton et al., 2017). These 

regionalising factors may be utilised to derive cell subtypes specifically affected in 

neurological disorders, e.g. cholinergic and cortical neurons may be used in AD focused 
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studies (Shi et al., 2012; Crompton et al., 2013; Duan et al., 2014; Nistor et al., 2015), 

while midbrain populations are useful when studying PD (Devine et al., 2011), and spinal 

cord neurons and astrocytes are required to study spinal cord injury (Roybon et al., 2013; 

Kawabata et al., 2016). 

 

1.7.2.1 Basal forebrain cholinergic neurons 

The basal forebrain is considered the major source of acetylcholine (Ach) within the CNS 

and the main source of cholinergic input to the cortex (Bissonnette et al., 2011). Basal 

forebrain cholinergic neurons (BFCN) are the earliest population of neurons to be affected 

by tau pathology in AD, resulting in loss of cholinergic input to the cortex and 

subsequently cognitive decline (Bissonnette et al., 2011; Duan et al., 2014). Cognitive 

impairment in AD has been linked to a loss of nicotinic ACh receptors (nAChR) (Nilbratt et 

al., 2010), and as such dysfunction of the cholinergic system. Therefore these neuronal 

subtypes provide an extremely useful model to analyse the efficacy of drugs designed to 

combat neuronal loss in AD. iPSC-derived from AD patients may be differentiated into 

BFCN and used to elucidate why this cell population is so vulnerable.  

Factors present in the forebrain which result in BFCN development include RA, SHH, FGF8 

and BMP9. These factors must be present in the right combination, at the right time and 

at the right concentrations in order to differentiate BFCN. The Kessler laboratory 

elucidated a mechanism of BFCN differentiation in 2011, whereby patterning factors (RA, 

SHH, FGF8, BMP9) result in the transcription of the genes Lhx8 and Gbx1, subsequently 

leading to the production of a population of cells positive for the basal forebrain markers 

choline acetyltransferase (ChAT) and p75 (Table 1.7.1). Removal of BMP9, or addition at 

incorrect time points and knockdown of Lhx8 or Gbx1 resulted in the generation of a 

neuronal population positive for the neuronal marker MAP2 but none of the BFCN-

specific markers (Bissonnette et al., 2011). Functional cholinergic neurons will provide a 

source for the screening of drugs targeting the cholinergic system, or a useful model for 

diseases involving dysfunction of the cholinergic system. 
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1.7.2.2 Cortical neurons 

Cortical neurons represent a population of cells vulnerable to AD pathology, with severe 

cortical atrophy associated with this disease (Braak et al., 2006; Stranahan & Mattson, 

2010). This cortical atrophy results in cognitive decline, a classical symptom of AD (Geula, 

1998). The primate cortex is different from that of the rodent in the following ways: it is 

significantly larger relative to the rest of the CNS, it is more complex and there is greater 

diversity within the neuronal cell population (Shi et al., 2012). Therefore, iPSC have the 

potential to overcome the challenges linked to the production of animal models of 

disease of the cortex, including AD and schizophrenia. 

Some studies have found that cortical neuron fate is determined in vitro prior to 

implantation (Gaspard et al., 2008), while other studies have found that implanted 

cortical neurons developed dendritic and axonal connections applicable to the transplant 

site indicating that their fate is influenced by the environment (Ideguchi et al., 2010). 

Dual-SMAD inhibition has successfully been used to derive cortical neurons from human 

iPSC (Table 1.7.1).  

 

1.7.2.3 Midbrain dopaminergic neurons 

Dopamine neurons of the substantia nigra pars compacta are the most vulnerable cells in 

PD. Significant loss of dopamine neurons results in the characteristic motor symptoms of 

PD due to a loss of dopamine in the striatum (Rinaldi & Caldwell, 2013). Given that 

idiopathic and genetic PD result from multiple genetic mutations, iPSC are proving a 

powerful model following derivation of midbrain dopaminergic neurons to study the 

intricacies of this debilitating disorder (see Table 1.7.1 for derivation protocols). 

 

1.7.2.4 Spinal motoneurons 

Spinal motoneurons are the key effector cells of motor function, relaying signals 

generated in the motor cortices of the brain to the muscles. The loss of motor neurons 

has been associated with a number of movement disorders including ALS (Lee et al., 

2007). The generation of protocols to derive motoneurons from human iPSC has not only 

provided a model for diseases affecting this cell population but also allowed further 

probing of development of the CNS (Table 1.7.1).



Chapter 1 – Introduction  

40 
 

Brain region Initial 
differentiation 

Neuralising and 
regionalising factors 

Summary of 
differentiation protocol 

Time required 
for mature 

neurons 

Characterisation 
markers and yield References 

Basal 
forebrain 

iPSC 
 
Neurosphere 

RA 
FGF8 
SHH 
bFGF 
EGF 
NGF 

Treatment with bFGF, RA, 
EGF, FGF8 and SHH. 
Transfected with 
Lhx8/Gbx1-IRES-GFP, FACS 
sorted.  

~24 d 
 
 

~ 60% ChAT+ MAP2+ 

Lhx8 
Gbx1 
VAChT 
Nkx2.1 

(Duan et al., 2014) 

 ESC 
iPSC 
 
Embryoid body 

SB431542 
FGF2 
EGF 

Colonies were chopped, 
plated in low-adherence 
plastic ware and allowed to 
form EB (4 d). SB added D4-
12 for neural enrichment. 
Neurospheres expanded in 
FGF2 + EGF (+ SB, 10 d). 
Basal forebrain identity is 
the result of endogenous 
SHH secretion in EB. 

~80 d 
 
 

> 90% TUJ1+ ChAT+ 
> 90% NESTIN+ NKX2.1+ 
VAChT 
ISL1 
FOXG1 
P75NTR 
Nkx2.1 

Lhx8 

SHH 

(Crompton et al., 
2013) 

 

 ESC 
 
Neurosphere 

RA 
SHH 
FGF8 
BMP9 
bFGF 

Cells induced with bFGF, 
RA, FGF8 and SHH. BFCN 
were derived from NPC by 
addition of BMP9 or 
neucleofection with Lhx8, 
Gbx1. 

35-40 d 
 
 

94% ChAT+ MAP+ 
P75 
Lhx8 

Gbx1 
(Bissonnette et al., 

2011) 

 ESC 
 
Neurosphere 

NGF 
BDNF 
NT-3 
CNTF 
EGF 
bFGF 

1. Suspension culture: 
Neurospheres expanded in 
bFGF and EGF.  
2. Adherent culture: 
Neurospheres dissociated, 

> 70 d 
 
 

76±1.8% Nkx2.1 
> 69% ChAT 
P75NTR 
Gsh2 

Dlx1/2 

Gbx2 

(Nilbratt et al., 2010) 
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NT-4 
 

plated and treated with 
BDNF, CNTF, NT-4 and NGF. 

Lhx6/8 

Islet-1 

Cortical ESC 
iPSC 

Dorsomorphin/noggin 
SB431542 
FGF2 

SMAD inhibition 
(noggin/dorsomorphin and 
SB431542; 12 days). NSC 
expanded with N2 and B27. 
FGF2 added to neural 
rosettes. Neurons 
maintained for up to 80 
days. Early projection 
neurons ~2-3 weeks after 
initiation of induction. 
Layer 2 neurons ~90 d.  

> 80 d 
45-50 d synapses 
appear 
2-3 months neural 
networks appear  

> 90% Pax6+ 

 
Deep-layer: 
Tbr1 
CTIP2 
 
Upper-layer: 
Satb2 
Cux1 
Brn2 

(Shi et al., 2012) 
 

Midbrain  PSC SB431542 
Noggin 
SHH-C24II 
CHIR99021 
FGF8b 
BDNF 
AA 
GDNF 
DAPT 
db-cAMP 

Dual SMAD inhibition 
(SB431542, noggin), SHH, 
CHIR and FGF8b (D9 only). 
From day 16+ NPC may be 
matured by plating and 
addition of BDNF, AA, 
GDNF, db-cAMP and DAPT. 

~ 16 d for NPC 
> 40 d for mature 
neurons 
 
 

~ 80% LMX1+ FOXA2+ 
~ 95% LMX1+ OTX2+ 
TH 
EN1 
MAP2 
 

(Nolbrant et al., 
2017) 

 

 iPSC 
 
Monolayer 
protocol 

Noggin 
SB431542 
Dorsomorphin 
SHH C24II 
Wnt1 
Dkk1 blocking antibody 
FGF2 
BDNF 

SB, dorsomorphin, SHH 
C24II, Wnt1 and Dkk1 
blocking antibody. NPC 
maintained in SHH, BDNF, 
AA and FGF8, and matured 
in BDNF, AA, GDNF, TGFβ3 
and db-cAMP. 

> 25 d 
 
 

~ 30% TH+ TUJ1+ 
α-synuclein 
LMX1B 
LMX1A 

NURR1 

TH 

DAT 

(Devine et al., 2011) 
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GDNF 
AA 
FGF8 
TGFβ3 
db-cAMP 

 ESC 
 
Monolayer 

FGF8 
SHH C24II 
LDN193189 
SB431542 
CHIR99021 
Purmorphamine 
BDNF 
GDNF 
TGFβ3 
AA 
db-cAMP 
DAPT 

Cells induced with FGF8, 
SHH C24II, LDN193189, 
SB431542, CHIR99021 and 
purmorphamine. Expanded 
in media with CHIR, BDNF, 
GDNF, TGFβ3, AA, cAMP 
and DAPT.  

~ 60 d 
 
 

> 60 % TH+ 

(Kriks et al., 2011) 
 

 iPSC Noggin 
SB431542 
SHH 
FGF8 
BDNF 
AA 
GDNF 
TGFβ3 
cAMP 

Dual SMAD inhibition with 
noggin/SB431542. BDNF, 
AA, SHH and FGF8. Cells 
matured in BDNF, GDNF, 
AA, TGFβ1 and cAMP. 

~19 d 
 
 

82% (HES5-GFP)+ 
TH 
 

(Chambers et al., 
2009) 

 

Striatal ESC LDN193189 
SB431542 
SHH 
DKK1 
BDNF 

LDN + SB D0-D12; SHH + 
DKK1 D5-D25; BDNF D25+. 

50 d ~ 40% PAX6+ after 15 d 
~ 30% CTIP2+ 
~ 15% CTIP2+ DARPP32+ 
~ 6% CTIP2+ DARPP32+ 
GABA+ 

(Besusso et al., 2020) 
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 iPSC 
 
Monolayer 

SB431542 
LDN193189 
Dorsomorphin 
SHH 
Cyclopamine 
Activin A 
BDNF 
GDNF 

Cells induced with SB, LDN, 
dorsomorphin, SHH, 
cyclopamine for 10 d. 
Activin A added at day 9. 
Neurons matured in BDNF, 
GDNF. 

~ 40 d 
 
 

> 50% CTIP2+ 
> 50% GSX2+ 
> 30% DARPP32+ 
NKX2.1 
MAP2 
 

(Arber et al., 2015) 
 

 ESC 
iPSC 
 

LDN193189 
Noggin 
SB431542 
Wnt3a 
CHIR99021 
DKK1 
XAV-939 
SHH 
Cyclopamine 
BDNF 
db-cAMP 
Valpromide 

Dual SMAD inhibition D0-
10; Wnt3a + CHIR (or DKK1 
+ XAV) D1-20/28; SHH (or 
cyclopamine) D10-20/28; 
BDNF + db-cAMP + 
valpromide D20+. 

60 d 40-70% MAP2+ 
15-30% MAP2+ DARPP32+ 
15-25% MAP2+ Calbindin+ 
Calretinin 
CTIP2 
FOXG1 
FOXP1 
DRD2 
Sub P 
 

(Nicoleau et al., 2013) 

Spinal cord iPSC 
ESC 

SB431542 
Dorsomorphin 
N-acetylcysteine 
RA 
Purmorphamine 
bFGF 
BDNF 
GDNF 
Forskolin 

Dual SMAD inhibition and 
RA. Cell expanded in 
purmorphamine and FGF. 
Neurons matured in BDNF, 
GDNF, and forskolin. 

~ 70 d 
 
 

> 80% Nestin+ Sox1+ 
~ 50% HB9+ 
SMI-32 

(Bilican et al., 2012) 
 

 iPSC Noggin 
SB431542 
SHH 

Dual SMAD inhibition using 
noggin/SB431542, with 
BDNF, AA, SHH and RA. 

~19 d ISL1 

HB9 
(Chambers et al., 

2009) 
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RA 
BDNF 
AA 

 ESC 
 
Neural rosette 

SHH 
RA 
Noggin 
AA 
BDNF 

Cells induced MS5 stromal 
cells with SHH, RA, noggin. 
Cells maintained in media 
with AA, BDNF and GDNF. 

> 60 d 
 
 

20% HB9+ 
Olig2 
 (Lee et al., 2007) 

 

 ESC 
 
Neural rosette to 
adherent 
monolayer 

RA 
SHH 
cAMP 
FGF2 
BDNF 
GDNF 
IGF1 

Cells induced with RA, SHH 
and cAMP. Expanded with 
BDNF, GDNF and IGF1.  

~ 50 d 
 
 

~ 21% HB9+ 
HoxC8 
ChAT 
VAChT (Li et al., 2005) 

 

Motor 
neurons 

ESC 
iPSC 

SB431542 
DMH1 
CHIR99021 
RA 
Purmorphamine 
Compound E (Cpd E) 

CHIR + SB + DMH for 6 d. 
CHIR + SB + DMH + RA + 
purmorphamine for a 
further 6 d generates MNP. 
RA + purmorphamine for 6 
d. RA + purmorphamine + 
Cpd E for a further 10 d for 
MN. 

12 d for MNP 
~ 28 d for MN 

> 90% OLIG2+ 

90±9% MNX1+ 
95±3% ISL1+ 

> 90% MAP2+ ChAT+ 
SOX1 
HOXA3 
NKX2.2 
 

(Du et al., 2015) 

Table 1.7.1. Human PSC-derived regional-specific neurons. 

Neurons may be generated from iPSC by mimicking the signals present during embryonic development, and many protocols now exist to generate regionally defined neural 

progenitor cells which may subsequently be matured into neurons. Neuralising agents such as noggin, dorsomorphin and SB431542 drive ectoderm differentiation by inhibiting 

mesoderm and epithelial differentiation (i.e. SMAD inhibition) respectively to derive NPC. Regional patterning is achieved by mimicking signals present in the developing neural 

tube. The caudalising agent retinoic acid can be utilised to derive spinal cord astrocytes. The dorsoventral axis is set up by driving dorsal signalling with BMP or ventral 

signalling with SHH. Abbreviations: retinoic acid (RA), fibroblast growth factor (FGF) 8/2, sonic hedgehog (SHH), basic fibroblast growth factor (bFGF), epidermal growth factor 
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(EGF), nerve growth factor (NGF), fluorescence-activated cell sorting (FACS), choline acetyltransferase (ChAT), microtubule-associated protein 2 (MAP2), vesicular acetylcholine 

transporter (VAChT), Insulin gene enhancer protein (ISL1), embryoid body (EB), bone morphogenic protein 9 (BMP9), neural progenitor cell (NPC), brain-derived growth factor 

(BDNF), neurotrophin (NT)-3/4, ciliary neurotrophic factor (CNTF), glial cell-derived neurotrophic factor (GDNF), ascorbic acid (AA), transforming growth factor beta (TGFβ), 

dibutyryl cyclic-AMP (db-cAMP), tyrosine hydroxylase (TH), neuron-specific Class III β-tubulin (TUJ1), motoneuron (MN), Insulin-like growth factor 1 (IGF1), Compound E (Cpd 

E).  
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1.7.2.5 Human iPSC-derived regionalised astrocytes 

Given that astrocytes represent up to 40% of brain cells (Crompton et al., 2017) it is vital 

that they be included when modelling neurodegeneration to give a more representative 

disease model. Astrocytes are commonly isolated from rodent brain samples and cultures 

are typically contaminated with other cell types, such as microglia, therefore deriving 

astrocytes from iPSC is the most convenient method of attaining disease-specific 

astrocyte cultures of a high purity level. Astrocytes are a heterogeneous cell population 

(Matias et al., 2019), and much like neurons have different subtypes related to location, 

morphology, etc. Morphologically human astrocytes are larger, structurally they are more 

complex, and functionally more diverse than their rodent counterparts (Oberheim et al., 

2012). It follows therefore that it is imperative that human astrocytes be used in studies 

attempting to understand their function in pathological circumstances. The isolation of 

primary human astrocytes is not trivial and requires post mortem brain tissue. These 

primary astrocytes are then difficult to grow in culture having been removed from their 

structurally supportive environment. As such alternative approaches to culturing human 

astrocytes have been pursued. The current go to method is deriving astrocytes from 

human iPSC. 

The change from neurogenesis to gliogenesis requires Notch signalling, which activates 

the JAK/STAT3 pathway and acts to promote astrogliogenesis (Kamakura et al., 2004). 

There are a number of current protocols that focus on this gliogenic switch, allowing for 

the differentiation of astrocytes (Roybon et al., 2013; Chandrasekaran et al., 2016). A 

significant study by Emdad described the production of astrocytes via human iPSC which 

were indistinguishable from those produced from human ESC (Emdad et al., 2012). Serio 

and colleagues generated astrocytes from human iPSC neural progenitors using gliogenic 

cytokines EGF, leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF). 

These transcriptional activators allow for differentiation of neural progenitor cells (NPC) 

towards an astrocytic fate. In this study, a high yield of glial fibrillary acidic protein (GFAP) 

positive cells were derived in a much shorter time period than required without (Serio et 

al., 2013). 

The ability to generate specific defined astroglial populations from iPSC allows for 

research to focus on the brain regions and specific cell types affected in neurological 

diseases. Due to regional differences it is important to characterise these astrocyte 

populations and use the appropriate region when modelling disease. Human astrocytes 

have been successfully generated from both ESC and iPSC with numerous established 
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protocols for differentiation existing in the literature today, however a paucity remains 

with regards to regional-specific protocols. Table 1.7.2 summaries protocols for the 

generation of PSC-derived astrocytes.
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Brain 
region 

Initial 
differentiation 

Neuralising and 
regionalising 

factors 

Astrogliogenic 
factors 

Summary of 
differentiation 

protocol 

Time 
required for 

mature 
astrocytes 

Characterisation 
markers and yield References 

n/a iPSC Noggin 
PDGF-AA 

FGF2 
EGF 
hLIF 

SMAD inhibition 
followed by 
JAK/STAT induction. 

> 50 d 
 
 

> 80% CD44+ 
~90% S100β+ 
~50% ALDH1L1+ 
GFAP 

(Santos et al., 
2017) 

Cortical iPSC-derived NPC 
 
Monolayer 

FGF2 
CNTF 
BMP2 

EGF 
Insulin 

Astrocyte 
differentiation was 
induced with medium 
modified from 
Shaltouki et al. (FGF2, 
CNTF and BMP2) 
(Shaltouki et al., 2013) 
and addition of EGF 
and insulin.  

~30 d 
 
 

> 95% GFAP+ 
EAAT1 
S100β 
GS 

(Jones et al., 
2017) 



Chapter 1 – Introduction  

49 

 

n/a iPSC 
 
Neurospheres and 
monolayer 

SB431542 
Dorsomorphin 
N-acetylcysteine 
RA 
Purmorphamine 
bFGF 
BDNF 
GDNF 
Forskolin 

EGF 
LIF 
FGF 
CNTF 

MN precursors 
generated as 
described (Bilican et 
al., 2012). Enriched for 
APC with EGF, LIF, 
Expanded in EGF, 
FGF2. Terminally 
differentiated with 
CNTF.  

> 100 d 90.6±0.7% GFAP+ 

91.9±1.9% S100β+ 
Vimentin 
NFIA 
EAAT1 
GFAP 
S100β (Serio et al., 

2013) 

n/a ESC 
iPSC 
 
Embryonic body 
protocol 

CT-1 
JAG1 
Noggin 
SB431542 

FGF2 
EGF 
CNTF 
 

EB dissociated, 
treated with FGF2, 
EGF, and CNTF. Once 
neural rosettes 
formed noggin and 
SB431542 used for 
terminal 
differentiation. 

~35 d 
 
 

55-70% GFAP+ 
S100 
GLT-1 

(Emdad et al., 
2012) 

n/a ESC 
 
Neurosphere  

BMP4 
LIF 

FGF2 
EGF 

Neurospheres plated 
as a monolayer. 
Expanded in FGF2 and 
EGF; 2 months. Cells 
treated with BMP2, 
BMP4 and LIF for 
terminal 
differentiation. 

> 60 d 
 
 

95.7±3.1% GFAP+ 

79.4±1.0% AQP4+ 
90.1±2.0% S100β+ 
89.5±3.2% EAAT1+ 
 

(Gupta et al., 
2012) 



Chapter 1 – Introduction  

50 

 

n/a PSC FGF8 
RA 
SHH 

EGF 
FGF2 

Cells treated with 
FGF8, RA or SHH for 
rosette formation. 
Rosettes patterned 
with EGF, FGF2. 
Matured with CNTF. 

> 90 d 
 
 

> 90% S100β+ 
> 90% GFAP+ 
CD44 
Nkx2.1 

(Krencik et al., 
2011) 

n/a Patient-derived iPSC SB431542 
DMH1 
CHIR99021 
RA 
Purmorphamine 
Compound E (Cpd E) 

FBS MNP were derived as 
per Du et al., 2015. 
MNP were further 
cultured in 
DMEM/GlutaMAX 
with 10% FBS to 
generate astrocytes. 

> 16 d 100% GFAP+ 

(Madill et al., 
2017) 

Multiple ESC 
iPSC 

SB431542 
LDN193189 
XAV939 

NFIA 
FGF2 
EGF 
LIF 

Dual SMAD for 8 d 
(PSC → NSC), + 
XAV939 (D0-D2) for 
anterior forebrain.  
Viral transduction of 
NFIA for 5 d (↑CD44). 
Expanded in LIF for 77 
d to generate GFAP+ 
APC. 

~ 77 d > 90% GFAP+ 
CD44 
NFIA 
SLC1A2 
S100β (Tchieu et al., 

2019) 

Table 1.7.2. Human PSC-derived regional specific astrocytes. 

Astrocytes may be generated from iPSC by mimicking the signals present during embryonic development, and many protocols now exist to generate 

astrocytes from regionally defined NPC.  Regionalised NPC can then derive glia with addition of factors such as EGF, CNTF and hLIF. Abbreviations: platelet-

derived growth factor (PDGF), human leukaemia inhibitory factor (hLIF), aldehyde dehydrogenase 1 family member L1 (ALDH1L1), glial fibrillary protein 

(GFAP), excitatory amino acid transporter 1 (EAAT1), glutamine synthetase (GS), astrocyte precursor cell (APC), creatine transporter (CT1), aquaporin (AQ)4, 

motor neuron progenitor cells (MNP).
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1.8 Overarching aims and hypotheses 

1.8.1 Aims 

AD affects tens of millions globally and incidence is expected to increase as the global 

population continues to live longer. Although much resources are spent on developing 

new therapeutics, at the time of writing, only five drugs are available with FDA approval 

for the treatment of AD. Of these medications, none have the capability of halting or 

reversing disease pathogenesis. AD research exhibits a high failure rate in therapeutics at 

the clinical stage, owing to translational issues from animal models to human trials. This 

suggests that there are still large gaps in our fundamental understanding of AD at a 

cellular level, and further the role of the leading genetic risk factor APOE4. 

The aims of this study are to build on research over the past decade which place 

astrocytes at the centre of AD pathology. Taking advantage of the latest PSC technologies, 

iPSC of known APOE genotypes will be used to generate astrocytes and neurons in order 

to investigate the interplay between neuroinflammation and APOE genotype on astrocyte 

reactivity and functionality. 

 

1.8.2 Hypotheses 

APOE4 is the largest genetic risk factor for sporadic AD but its role in pathology remains 

enigmatic. The aims of this study are to investigate the link between two molecular 

hallmarks of AD, namely neuroinflammation and disturbed glutamate dynamics, with 

respect to APOE genotype. 

The hypotheses pertaining to these aims are: 

1. iPSC can successfully be used to derive cortical astrocytes with APOE3 and APOE4 

homozygous genotype to be used as the model system. 

2. iPSC-derived astrocytes will respond to inflammatory insult resulting in 

generation of a reactive phenotype; APOE4 homozygous astrocytes are expected 

to be more inflammatory with respect to expression of reactive astrocyte 

markers. 

3. iPSC-derived astrocytes will be functionally capable of glutamate uptake; 

reactivity and APOE4 genotype is expected to have a detrimental effect on 

astrocyte ability to uptake glutamate.
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2. Methods 

2.1 Cell culture 

The following cell lines were used throughout this research: 

• A non-affected sibling 2 (NAS2) iPSC line kindly gifted by Dr Tilo Kunath (University 

of Edinburgh, UK). This line was generated as part of a PD study where it was used 

as the control for a PD patient line (Devine et al., 2011). The NAS2 line was 

genotyped for APOE and found to be E3E3 homozygous (Table 2.1.1). This iPSC 

cell line is now available to purchase via the European Bank for induced 

pluripotent Stem Cells under the cell line name EDi002-A 

(https://cells.ebisc.org/EDi002-A/). 

• E4E4 homozygous iPSC line derived from human dermal fibroblasts by episomal 

plasmid vector reprogramming as per Okita et al., 2011 were generated by Dr 

Lucy Crompton at the University of Bristol (Table 2.1.1. and Appendix 1). The E4E4 

homozygous participant donated skin cells after learning of their APOE genotype 

following a free genome screen via 23andMe. Genotype was confirmed by Dr 

Crompton using a Taqman PCR SNP genotyping kit. 

 

All cell culture techniques were carried out in a sterile laminar flow hood (Nuaire, USA). 

All materials used were autoclaved and sterile to prevent bacterial or fungal 

contamination. Aseptic techniques were used throughout cell culture. Materials entering 

the laminar flow hood were sprayed with 70% ethanol to maintain sterile conditions. Cells 

were incubated in a humidified (37°C, 5% CO2) incubator (Nuaire, USA). 
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 NAS2 (E3E3) E4E4 
Age 30-34 49 

Sex Female Male 

Ethnic Origin Iowa kindred Unknown 

Medical History 

Strong family history of 
Parkinson’s disease due to 
autosomal dominant 
inheritance of SNCA 
triplication. This donor did 
not inherit the mutation. 

No record of disease onset 
at time of cell donation. 

Medication Unknown Unknown 

Tissue Origin Fibroblast of dermis 
Dermal punch (anterior 
forearm) to isolate 
fibroblasts 

Reprogramming methods 

Retroviral transduction of  
the four Yamanaka 
reprogramming factors; 
OCT4, SOX2, KLF4 and c-
MYC 

Episomal plasmid vector 
was used to introduce 
embryonic genes – OCT4, 
SOX2, KLF4 and l-Myc – 
according to Okita et al. 
2011 

Table 2.1.1. iPSC donor information. 

 

2.1.1 iPSC maintenance and passaging 

iPSC were cultured in complete Essential 8TM flex media (E8; Thermo Fisher Scientific, 

USA) on Vitronectin (VTN; 0.5 µg/cm2; Thermo Fisher Scientific, USA) coated 6-well plates 

(Chen et al., 2011a). Media was changed daily (2 mL) and cells were given extra media for 

weekend breaks (2 mL/day). Cells were passaged upon reaching 80% confluency following 

the E8 culture system protocol suggested by the manufacturer. Spent media was removed 

and discarded, cells were washed once with phosphate buffered saline (PBS; 1 mL; 

Thermo Fisher Scientific, USA), once with ethylenediaminetetraacetic acid (EDTA; 0.5 

mM; 1 mL; Thermo Fisher Scientific, USA), and then cells were dissociated by incubation 

with EDTA (1 mL, 4 min, RT). EDTA was removed and cells washed once with fresh E8 (1 

mL) to remove remaining EDTA which might affect adherence. Cells were then detached 

from the culture vessel with 2 mL of fresh E8 media, collected in a falcon tube and plated 

on a new VTN-coated plate at an appropriate split ratio. 1:4 is the classic split ratio for 

expanding iPSC, while lower densities are used on the passage before initiating the neural 

induction protocol. 
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2.2 NPC cell culture 

2.2.1 Neural induction for the generation of cortical neural progenitor cells 

Prior to neural induction iPSC should be passaged at a lower density such that 4 d 

following passage colonies are numerous but small with smooth defined edges. iPSC with 

these characteristics are ideal for neural induction (Figure 2.2.1). 

 

Figure 2.2.1. NAS2 iPSC colonies ready for neural patterning. 

Colonies are small and well-spaced (A). Colonies have a dense centre with smooth edges (B). Images 

taken at passage 58. Scale bar represents 200 μm. 

Neural induction, protocol optimisation and associated troubleshooting is described in 

full in Section 3.1.8 of this thesis. 

 

2.2.2 Expansion of NPC and plating for terminal differentiation 

From D11 onwards, NPC were cultured in neural maintenance media [NMM; 1:1 

DMEM/F-12 + Glutamax and Neurobasal media, 1% non-essential amino acids (NEAA), 

0.5% Glutamax, 1% penicillin-streptomycin (pen/strep), 0.5% N2, 1% B27, β-

mercaptoethanol (75 μM), insulin (5 μg/mL)] on polyornithine (PO; 1 µg/cm2; 1 h, 37°C; 

Sigma-Aldrich, UK) and laminin (1 µg/cm2; Engelbreth-Holm-Swarm murine sarcoma 

basement membrane; 2 h, 37⁰C; Thermo Fisher, USA) coated 6-well plates (Nunc by 

Thermo Fisher Scientific, USA). Cells were fed every other day (2 mL) and extra media was 

given for weekend breaks (2 mL/day). 

NPC were passaged upon reaching 100% confluency. Spent media was removed and 

discarded, cells were washed once with PBS, and then cells were dissociated by 

incubation with Accutase (1 mL, 3-4 min, RT; Thermo Fisher Scientific, USA). Accutase was 

removed, cells were washed once with NMM then lifted with NMM, collected in a falcon 

BA
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tube and transferred onto a fresh PO/laminin coated plate at an appropriate split ratio 

(usually 1:3). RevitaCell (1:100; Thermo Fisher Scientific, USA) or ROCK inhibitor Y-27632 

(10 µM; Bio-Techne, USA) was added after passaging to aid cell survival (Watanabe et al., 

2007). 

NPC were plated on 24-well plates for maturation and subsequent treatment. Cells were 

dissociated as described for passaging and centrifuged (1000 rpm, 3 min, RT). Once 

pelleted, cells were resuspended in 1 mL NMM. The cell suspension was further diluted 

1:10 with NMM, RevitaCell (1:100) added and cells were plated on PO/laminin coated 

coverslips at a density of 100 µL cells per coverslip. Cells were incubated overnight to 

adhere, with PBS between the wells to increase humidity. Next morning, wells were 

topped up with NMM (500 µL/well). NPC were left untouched for 3-5 d before 

characterisation or treatment. 
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2.3 Astrocyte cell culture 

NPC may stimulated to induce differentiation into glial precursor cells. The astrocyte 

progenitor differentiation protocol, along with optimisation and troubleshooting steps 

will be discussed later in Section 3.1.10 of this thesis. 

 

2.3.1 Expansion of APC and plating for terminal differentiation 

Astrocyte progenitor cells (APC) were passaged upon reaching 100% confluency onto 

Geltrex (1X; 2 hr; 37°C) coated plates. Spent media was removed and discarded, cells were 

washed once with PBS, and then incubated with Accutase (1 mL, 3-4 min, RT; Thermo 

Fisher Scientific, USA). Accutase was removed and cells lifted with Serio, collected in a 

falcon tube and centrifuged (1000 rpm, 3 min). The supernatant was removed and 

discarded, and the cells resuspended in 1 mL and transferred onto a fresh Geltrex coated 

plate at an appropriate split ratio (usually 1:4). RevitaCell (1:100; Thermo Fisher Scientific, 

USA) or Y-27632 (10 µM; Bio-Techne, USA) was added after each passage to aid cell 

survival (Watanabe et al., 2007). APC were expanded until D80 before plating for terminal 

differentiation and characterisation experiments (described later in Section 3.2.5). 

APC were plated from D80 for terminal differentiation prior to characterisation and 

stimulation studies. Cells were dissociated and detached as for passaging. Once pelleted 

cell supernatant was removed and discarded, and the cell pellet resuspended in 1 mL 

fresh Serio media. Cells were prepared for counting by first taking a 10 μL aliquot of cell 

suspension, diluting 1:5 in Serio media and subsequently diluting 1:2 in trypan blue (0.4%; 

Thermo Fisher Scientific, USA) to give a final dilution factor of 10. Cells were counted using 

a haemocytometer. Cells were plated on oven autoclaved, Geltrex coated (10X; 2 h, 37°C) 

coverslips at a density of 5 × 104 cells per coverslip for immunofluorescence staining. Cells 

were plated on Geltrex coated (1X; 2 h, 37°C) 24-well plates at a cell density of 2 × 105 

cells per well for qPCR analysis. Cells were incubated for 30 min to adhere, then wells 

were topped up with Serio (500 µL/coverslip or 1 mL/well). Once cells reached confluency 

media was changed to terminal differentiation media, Serio supplemented with BMP4 (20 

ng/mL; R&D Systems, UK) and human LIF (hLIF; 20 ng/mL). Cells were matured for 7 d 

followed by 3 d in Serio media without factors prior to experimentation (Figure 2.4). 

Mature astrocytes may be used in experiments up to D120, after which they reach the 

end of their life span in culture. 
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2.3.2 Cryopreservation of cells 

iPSC, NPC past D20 and APC may be cryopreserved in liquid nitrogen for long term 

storage. Cells are dissociated as per the appropriate passaging protocol, detached with 

media, collected in a 15 mL Falcon tube and centrifuged (1000 rpm, 3 min, RT). Media 

was removed, taking care not to disturb the cell pellet and cells resuspended in CryoStor 

cell cryopreservation media (500 μL; Sigma-Aldrich, USA). Resuspended cells were 

transferred into a re-labelled cryovial (Thermo Fisher Scientific, USA), which was then put 

in a Nalgene Mr Frosty cryo freezing container (Thermo Fisher Scientific, USA) containing 

propanol (200 mL) in the -80°C freezer to freeze at a rate of 1°C per minute. Once frozen, 

cryovials were transferred into liquid nitrogen for long term storage.  

 

2.3.2.1 Recovery of frozen cell stocks 

Cells were quickly defrosted by incubating in a water bath (37°C) until the contents are 

almost fully defrosted. The cryovial is transferred to a sterile culture hood to ensure cells 

are maintained under sterile conditions. Defrosted cells in CryoStor media are transferred 

to a 15 mL falcon tube and warm culture media is added (1:10) to dilute the dimethyl 

sulfoxide (DMSO) containing CryoStor media and prevent cytotoxicity. Media is added 

dropwise to prevent osmotic shock. Cells are centrifuged (1000 rpm, 3 min, RT), DMSO 

contaminated media is removed and discarded and cells are resuspended in fresh media 

and added to pre-coated plates (usually 1 cryovial = 1 well of a 6-well plate). 

 

2.3.3 Quality Control 

2.3.3.1 Mycoplasma testing 

Mycoplasma is a genus of bacteria that lack a cell wall, providing them with resistance 

against antibiotics which target bacterial cell walls. Mycoplasma cells are approximately 

1 µm in size meaning they cannot be visualised using an inverted light microscope. This 

characteristic combined with resistance to antibiotics commonly used in cell culture, i.e. 

penicillin and streptomycin, means that mycoplasma infection can go undetected without 

regular screening. 

Cultures were regularly tested for mycoplasma infection using the PlasmoTest™ 

Mycoplasma Detection Kit (InvivoGen, USA) as per the manufacturer’s instructions. 

Briefly, HEK-Blue™-2 cells were thawed and maintained in DMEM (high glucose) 
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supplemented with FBS (10%), pen/strep (1%) and Normocin™ (100 μg/mL). Media 

exposed to cell cultures for at least 24 h was collected (500 μL) and samples were heated 

(100°C, 15 min) prior to testing. HEK-Blue™ Detection solution was prepared by 

solubilising the powder in HEK-Blue™ water (50 mL) then filtering before use. Samples 

and positive control (50 μL) were loaded onto a 96-well plate. A cell suspension of HEK-

Blue™-2 cells in HEK-Blue™ Detection medium was prepared, added to samples and 

controls (200 μL), and incubated (16-24 h, 37°C, 5% CO2). Presence of mycoplasma 

contamination was assessed by examining the colour of the samples. The test is based off 

TLR2 signalling whereby mycoplasma binding to TLR2 results in a colour change which can 

be compared to a pre-prepared positive control; purple/blue indicates presence of 

mycoplasma, and pink indicates absence of mycoplasma. 
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2.4 Molecular biology methods 

2.4.1 Analysis of gene expression by quantitative polymerase chain reaction 

Messenger RNA (mRNA) expression was determined in cell lysates by quantitative 

polymerase chain reaction (qPCR) following RNA isolation and complementary DNA 

(cDNA) manufacture. Invented by Kary Mullis in 1983, PCR is a molecular biological 

technique used to study gene expression in a population of cells. By rapidly copying a DNA 

sample, a very small starting sample of DNA may be amplified enough to study its gene 

expression in detail. Since the original sample is mRNA isolated from the cell population 

of interest, PCR can be used to determine what genes are being expressed at the time of 

sample harvest. 

 

2.4.1.1 Sample collection and preparation 

Cells were lysed in lysis buffer consisting of RA1 lysis buffer (350 µL per sample) and β-

mercaptoethanol (3.5 µL per sample) and lysates stored at -80⁰C prior to RNA isolation. 

All RNA isolation, cDNA manufacture and qPCR setup procedures were carried out in a 

designated molecular biology fume hood (Premier, Scotland) cleaned with 70% ethanol 

and RNase-away (VWR International, UK) to remove RNAase and DNases that breakdown 

RNA and DNA respectively. 

 

2.4.1.2 RNA isolation 

RNA was isolated using a NucleoSpin® total RNA isolation kit (Macherey-Nagel, Germany) 

as per the manufacturer's instructions. Each new kit was completed by reconstituting 

rDNase with RNase-free H2O (550 μL) then dispensing into aliquots and storing at -20⁰C, 

and preparing RA3 buffer by adding molecular biology grade ethanol (ethyl alcohol, 200 

proof; 48 mL; Sigma Aldrich, UK). Before each isolation, DNase reaction mixture was 

prepared by combining reconstituted rDNase (10 μL per sample) and reaction buffer (90 

μL per sample), and 70% ethanol was prepared by adding ethyl alcohol (7 mL) to RNase-

free H2O (3 mL). Cell lysates were added to pink NucleoSpin® filter units in collection tubes 

and centrifuged (11000 x g, 1 min) to filter the lysate. The filter tubes were discarded and 

70% ethanol (350 μL) was added to adjust RNA binding conditions and triturated. The 

lysates were loaded into blue NucleoSpin® RNA II columns in collection tubes to bind the 

RNA and centrifuged (11000 x g, 30 s). The columns were placed into new collection tubes, 
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membrane desalting buffer (350μL) was added to desalt the membrane and the tubes 

were centrifuged (11000 x g, 1 min). DNase reaction mixture (95 μL) was added to the 

centre of the column and incubated (15 min, RT) to digest DNA. RAW2 buffer (200 μL) 

was added to the column to inactivate the rDNase and centrifuged (11000 x g, 30 s). The 

blue columns were placed in new collection tubes. RA3 buffer (600 μL) was added to the 

column and centrifuged (11000 x g, 30 s). The blue columns were placed in new collection 

tubes. RA3 buffer (250 μL) was added to the column and centrifuged (11000 x g, 2 min) 

to dry the membrane. The columns were placed into nuclease-free micro centrifuge tubes 

(1.5 mL). RNase-free H2O (40 μL) was added to the column and centrifuged (11000 x g, 1 

min) to elute the RNA. The concentrations of RNA isolated from each sample were 

assessed using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, USA) and then 

equalised to 40 ng/mL by adding the appropriate amount of RNase-free H2O. Equalised 

RNA was stored at -80⁰C prior to cDNA manufacture. 

 

2.4.1.3 cDNA manufacture 

Isolated RNA was reverse transcribed into cDNA using a High-Capacity cDNA manufacture 

kit (Applied Biosystems, USA) as per manufacturer’s instructions. 2X RT reaction mix was 

prepared by adding 10X RT buffer (2 μL per reaction), 25X dNTP mix (100 mM, 0.8 μL per 

reaction), 10X RT random primers (2 μL per reaction), MultiScribe RT (1 μL per reaction) 

and nuclease-free H2O (4.2 μL). 2X RT reaction mix (10 μL) was added to equalised RNA 

(10 μL), the tubes were centrifuged to mix the contents (1000 rpm, 1 min) and loaded in 

the thermal cycler (PTC-200 Peltier Thermal Cycler, MJ Research, USA) to run on the AB-

cDNA program (25°C for 10 min, 37 °C for 120 min, 95 °C for 5 min, 4 °C for ∞). cDNA was 

diluted 1:4 with nuclease-free H2O and stored at -20⁰C prior to qPCR analysis. 

 

2.4.1.4 Quantitative polymerase chain reaction 

The manufactured cDNA was amplified using multi-target qPCR. PCR mastermix was 

prepared by adding target primer (0.5 μL per sample), endogenous primer (0.5 μL per 

sample), and Taqman mastermix (5 μL per sample). cDNA samples (4 μL) were loaded on 

a 96-well PCR fast plate (Thermo Fisher Scientific, USA) in an ice block. PCR mastermix (6 

μL) was added and the plate centrifuged (1000 rpm, 1 min). The plate was then inserted 

into an ABI Prism 7300 Fast Track Sequence Detection System (v1.4.1, Applied 

Biosystems, USA). The Step One Real Time PCR System was run (Comparative Ct program) 
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using GAPDH (Hs02786624_g1, VIC) as the endogenous control with the following stages: 

holding stage 1, 50°C, 120 s; holding stage 2, 95°C, 20 s; cycling stage 95°C, 1 s and 60°C, 

20 s for 40 cycles. Gene expression data was analysed using the Livak ΔΔCt method to 

produce a relative quantity (RQ) value of target gene expression relative to GAPDH 

expression as per formulae in Figure 2.4.1. 

 

ΔCt = CtTARGET – CtENDOGENOUS 

ΔΔCt = ΔCtSAMPLE – ΔCtCONTROL SAMPLE 

RQ = 2-ΔΔCt 

Figure 2.4.1. Livak Method. 

Cycle threshold (Ct) values of target and endogenous gene expression were used to calculate 

relative quantity (RQ) against the control sample. 
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2.5 Protein analysis 

2.5.1 Analysis of cytokine secretion by enzyme-linked immunosorbent assay 

(ELISA) 

Enzyme-linked immunosorbent assay (ELISA; R&D Systems, USA) was used to assess the 

concentrations of IL6, RANTES (Regulated upon activation, normal T cell expressed and 

presumably secreted) and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

secreted into the supernatant obtained from cultured astrocytes. 

First described in 1971 by Engvall and Perlmann, the ELISA is a quantitative biochemical 

assay used to detect and quantify the presence of a ligand of interest in a liquid sample, 

e.g. protein, peptide, hormones, etc. ELISA uses a plate-based enzyme immunoassay and 

antibodies directed against the protein of interest to quantify the concentration within 

the sample. The antigen is first immobilised on a plate then complexed with an enzyme-

linked antibody to produce a colour change dependent on the quantity of the antigen 

present. 

 

2.5.1.1 Sample collection and preparation 

Following stimulation, supernatants were collected, frozen and stored at -20°C prior to 

ELISA analysis. 

 

2.5.1.2 ELISA protocol 

Capture antibody (50 μL) was added to a 96-well ELISA plate (Nunc by Thermo Fisher 

Scientific, USA), the plate was covered with an adhesive strip and incubated at room 

temperature (RT) overnight. The plate was washed and aspirated three times with wash 

buffer (0.05% Tween-20 in PBS; Sigma Aldrich, UK). The plate was blocked with reagent 

diluent (150 μL; 1% bovine serum albumin (BSA) in PBS; 1 h, RT). The plate was washed 

as above, the standards (50 μL) and samples (50 μL, diluted 1:5 in reagent diluent for IL6 

ELISA) were loaded, and the plate was incubated (2 h, RT). The plate was washed as 

before, detection antibody (50 µL) was applied to each well and incubated (2 h, RT). The 

plate was washed and aspirated as before, streptavidin conjugated to horseradish 

peroxidase (Strep-HRP; 1:40 in reagent diluent; 100 μL) was added and the plate was 

incubated (20 min, RT, in dark). The plate was washed, substrate solution 
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(tetramethylbenzidine; TMB; 100 μL; Sigma-Aldrich, UK) was added and the plate was 

incubated (20 min, RT, in the dark). The reaction was stopped by adding stop solution (1 

M H2SO4; 50 μL). The plate was read at 450 nm absorbance using a microplate reader 

(Synergy HT, BioTek Instruments, USA) and the Gen 5 program, wavelength correction 

was set to 540 nm absorbance to maximise accuracy. Cytokine concentrations in samples 

were calculated from the standard curve produced. 

 

2.5.2 Immunocytochemistry 

Immunocytochemistry (ICC) is a laboratory technique widely used to anatomically 

visualise the specific protein or antigen localisation within cells. A protein specific primary 

antibody is used to bind to the protein of interest. A secondary antibody specific to the 

species of the primary antibody is then used to apply a colour via a conjugated 

fluorophore. The now immune-labelled protein may be visualised using the appropriate 

microscope. A fluorescent microscope is required to visualise fluorescently labelled 

proteins while a standard light microscope may be used to visualise proteins labelled with 

DAB, which forms a visible brown precipitate in its oxidised form. 

 

2.5.2.1 Sample preparation 

Cells on coverslips were fixed with 4% paraformaldehyde (PFA; 25 min, RT). 

 

2.5.2.2 Immunostaining protocol 

Cells were washed with PBS (3 x 5 min washes). Cells were blocked with 10% normal goat 

serum (NGS) and permeabilised with Triton X-100 (0.3% in PBS; PTx; Sigma-Aldrich) for 2 

h. They were then stained with primary antibodies against the neuronal and astrocytic 

antigens of interest in NGS (2%) and PTx (0.06%) at 4⁰C overnight, a negative control 

without primary antibody was used as a control to reveal any non-specific staining. Cells 

were washed (3 x 10 min) with wash buffer (0.02% PTx) followed by incubation with 

species-specific secondary antibodies in PTx (0.02%) for 2 h in the dark. Cells were washed 

as before and nuclear stained with Hoechst (1:1000 in PBS, 30 min, RT; Cell Signalling 

Technology, USA). Cells were washed once with wash buffer and stored in PBS (500 µL) 

until mounting. Coverslips were mounted on slides in mounting media (5 µL; 1:1 PBS-

glycerol), sealed with clear nail varnish and stored at 4⁰C in the dark. 



Chapter 2 – Materials and Methods 

65 
 

2.5.2.3 Image acquisition 

Cells were imaged using a fluorescent microscope (Carl Zeiss Axio Imager Z1 microscope, 

x20-x40 objectives) with attached camera (AxioCam HRm; Carl Zeiss, Germany). All 

images were taken at the same magnification and exposure times while collecting images 

for each experiment. Cells were counted manually using the ImageJ (ImageJ 1.50i) 

counting tool, and all analysis was performed on unmodified images. 

 

2.5.3 Western blotting 

Western blotting is an analytical technique used to detect specific proteins in a sample of 

tissue homogenate or extract. The samples, once equalised in terms of total protein 

concentration, undergo protein denaturation followed by gel electrophoresis in order to 

separate out the proteins in the sample by size. To make the proteins accessible for 

antibody detection, they are transferred from within the gel onto a nitrocellulose 

membrane. The membrane is then stained first with a protein-specific primary antibody 

and then with a secondary antibody which may be visualised to allow for indirect 

measurement of the target protein. 

 

2.5.3.1 Sample preparation and protein equalisation 

Following stimulation, media was removed and the cells washed with PBS (300 µL). Cells 

were lysed in RIPA lysis buffer (50 µL; Thermo Scientific, USA) containing a protease and 

phosphatase inhibitor cocktail (1%; Sigma-Aldrich, UK) to prevent degradation of the 

proteins of interest. Lysates were centrifuged (1000 rpm, 1 min, RT) and the resulting 

supernatant collected and stored at -20°C prior to protein quantification assay. 

A bicinchoninic acid (BCA) assay was used to determine the concentration of total protein 

in each sample. Protein samples were first diluted (1:10 in dH2O) to ensure they fell within 

the range of the standard curve. BSA (Sigma-Aldrich, UK) was used as the protein standard 

for generation of a standard curve, by preparing a top standard of 2 mg/mL and carrying 

out a serial dilution to 0.015625 mg/mL. RIPA lysis buffer (10% in dH2O) was used as a 

blank standard.  Pierce BCA reagent was prepared by mixing 50 parts of BCA reagent A 

(Thermo Scientific, USA) with 1 part BCA reagent B (Thermo Scientific, USA). Standards 

and diluted samples (25 µL) were loaded in duplicate on a 96-well plate (Bio-Sciences Ltd., 

Ireland), Pierce BCA reagent (200 µL) added, the plate was sealed with an adhesive 
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covering (Bio-Sciences Ltd., Ireland) and mixed thoroughly on an orbital plate shaker (1 

min) followed by incubation (30 min, 37°C).  Absorbance was measured at 562nm on a 

plate reader (Synergy HT, Biotek, USA) and the protein concentration of each sample was 

determined from the standard curve produced. Protein concentration was equalised to 

15 µg/10 µL with RIPA lysis buffer.  

Sample buffer was prepared by adding β-mercaptoethanol to protein loading dye (1:10, 

Appendix 4). Sample buffer (5 µL) was then added to each sample (25 µL) then samples 

were boiled (5 min, 85-95°C) on a heat block (VWR, USA) to denature the protein. 

 

2.5.3.2 Gel electrophoresis and semi-dry transfer 

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis was used to separate 

proteins based on size. The gel electrophoresis apparatus was cleaned with dH2O and 70% 

ethanol prior to use.  

In the fume hood, separating gel (10% for proteins between 15-100 kDa; see Appendix 4) 

was prepared, and applied between two transfer glass plates (Bio-Rad, USA) assembled 

in a gate (Rio-Rad, USA) using a Pasteur pipette until it was approximately ¾ full. A layer 

of isopropanol (Hazardous Materials Facility TCD, Ireland) was placed over the gel to 

prevent dehydration and the gel allowed to set (30 min). Isopropanol was removed and 

any remnants rinsed with dH2O. A 4% stacking gel (see Appendix 4) was prepared and 

layered on top of the stacking gel. A comb was placed into the gel to create wells and the 

gel was allowed to set (30 min). Once set the gels were transferred into the 

electrophoresis tank, the tank was flooded with 1X electrode running buffer (Appendix 4) 

and the samples were loaded (15 µL). A spectra multicolour broad range molecular weight 

marker was loaded for reference (7 µL; Thermo Scientific, USA). The gel was run (35 mÅ) 

until the dye front reached the bottom of the gel. 

The resolved protein was then electrotransferred from the gel onto a nitrocellulose 

membrane (0.22 μm pore size; GE Healthcare Life Sciences, USA). Filter paper and the 

nitrocellulose membrane were soaked in dH2O then transfer buffer (1X, see Appendix 4) 

prior to assembling the transfer sandwich. The transfer sandwich (filter paper, gel, 

nitrocellulose membrane, filter paper) was prepared from the positive anode base of the 

semi-dry transfer unit (Trans-blot SD cell; Bio-Rad, USA) and rolled to removed bubbles. 

The transfer sandwich was then soaked in transfer buffer (1X, see Appendix 4). The 
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negative cathode plate was placed on top of the sandwich, the transfer unit was closed 

and sealed and run (constant current 6V, 75 min). 

 

2.5.3.3 Western blotting protocol 

To prevent non-specific protein binding, the nitrocellulose membrane was blocked in 5% 

Marvel in PBS-T (10 mL, 1 h, RT; see Appendix 4) on a rocker (see-saw rocker SSL4; Stuart 

Scientific, USA). Primary antibody against the protein of interest was used to blot the 

membrane. Primary antibodies were diluted in 5% Marvel in PBS-T (overnight, 4°C). The 

membrane was washed with PBS-T (3 x 5 min). Horseradish peroxidase-conjugated 

secondary antibodies against the species of the primary antibody were used. Membranes 

were incubated with the appropriate secondary antibody diluted in 5% Marvel in PBS-T 

(5 mL, 1 h, RT). The membrane was washed again with PBS-T (3 x 5 min). Protein bands 

were visualised using chemiluminescent substrate (Western Blotting Detection kit) and 

images were captured using a FujiFilm intelligent dark box and LAS-3000 image reader 

(Fujifilm, Japan). Membranes were stored in PBS at 4°C in case of future re-probing. To 

strip a membrane, PBS was discarded and Reblot stripping buffer (5 mL, 10 min, RT; 

Thermo Scientific, USA) was applied. Following stripping, membranes were rinsed in PBS-

T before probing for the next protein began, starting with the blocking step. 

Densitometry analysis was carried out using Image Studio Lite (v 5.2) using B-actin as a 

loading control and normalising the signal to control. 
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2.6 Statistical analysis 

Data is expressed as mean ± standard error of the mean (SEM). At least three neural 

induction and astrocyte differentiations (N) were performed per iPSC line.  'n' values 

denote experimental or biological replicates and are representative of different thaws or 

passage numbers, while 'reps' denotes technical replicates within each experimental 

group, i.e. cells from the same plate but separate wells. 

Outliers were determined using the Grubb’s test, also called the extreme studentised 

deviate method. Significant outliers were excluded from analysis. 

Unpaired student t-test were used to analyse differences between two groups. One-way 

analysis of variance (ANOVA) was used for statistical analysis of means of more than two 

treatment groups with a single variable, followed by appropriate post hoc analysis if 

significance was inferred. Newman-Keuls post hoc was used for groups less than 5 and 

Tukey post hoc for more than 5 groups. Two-way ANOVA was used for statistical analysis 

when two experimental conditions were used, followed by Bonferroni post hoc if 

significance was inferred. Three-way ANOVA was used for statistical analysis when three 

experimental conditions were used, followed by Bonferroni post hoc if significance was 

inferred. Significance was set at p < 0.05. Statistical analysis was performed using 

GraphPad Prism 8 (GraphPad Software). 
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3. Neuroinflammatory astrocytes generated from fibroblast-

derived human induced pluripotent stem cells 

3.1 Introduction 

In response to CNS injury or disease, astrocytes can undergo a phenotypic change known 

as reactive astrogliosis. Reactive astrogliosis may be triggered by small molecules such as 

purines and transmitters, as well as large polypeptide growth factors and cytokines. 

Factors such as TGFa (Rabchevsky et al., 1998), CNTF (Winter et al., 1995), IL6, LIF and 

oncostatin M induce astrocyte activation in vivo (Pekny et al., 2014). These factors act via 

the STAT3 signalling pathway (Sriram et al., 2004). It is important to note that while these 

factors may act directly on astrocytes, they may also act on other cell types including 

neurons, microglia and endothelial cells. These other cells may, in turn, secrete factors 

which can activate astrocytes which complements the inflammatory cascade hypothesis 

of neuroinflammation. This evidence suggests that reactive astrogliosis is neither an all-

or-nothing phenomenon nor the result of a simple on-off mechanism, but rather is 

regulated by a number of mechanisms in a context specific manner. This begs the 

question: how can reactive astrocytes be characterised relative to their quiescent 

counterparts? 

 

3.1.1 Concept of A1 and A2 reactive astrocyte phenotypes 

Reactive astrocytes may play a protective or detrimental role within the CNS. This is highly 

dependent on minute changes in the microenvironment associated with the area of 

damage. Stimulation of purified and genetically profiled mouse astrocytes with either LPS 

to induce an inflammatory response, or with middle cerebral artery occlusion (MCAO) as 

a method of simulating ischemic stroke, induced two distinct reactive phenotypes in 

astrocytes (Zamanian et al., 2012). 

Astrocyte activation and reactive gliosis may be beneficial and protective to the 

surrounding brain tissue via regulation of inflammation, promoting repair of damaged 

neurons and by the formation of glial scars to inhibit the axonal regeneration of injured 

neurons. Reactive astrocytes induced by ischemia, were shown to up-regulate expression 

of neurotrophic factors which promote neuronal outgrowth, including thrombospondins 

(Zamanian et al., 2012) which are important in synapse formation and repair (Clarke & 

Barres, 2013). These phenotypically neuroprotective reactive astrocytes have been 
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classified by Liddelow and colleagues as displaying an “A2” phenotype (Liddelow et al., 

2017), analogous to previous characterisation of M1/M2 macrophages and microglia 

(Mills et al., 2000; Mosser & Edwards, 2008; Murray et al., 2014). However, if not 

resolved, in time reactive gliosis can have detrimental effects on several aspects of 

plasticity and regeneration. Maladaptive reactive astrocytes, which exacerbate damage, 

have been described as displaying an “A1” phenotype and may be triggered by a number 

of stimuli, e.g. the inflammatory mediator IL1α released from activated microglia 

(Liddelow et al., 2017). The reactive astrocytes produced as a result of inflammation were 

shown to up-regulate the expression of factors, such as C1q which is known to be involved 

in synapse elimination (Fourgeaud & Boulanger, 2007). These neurotoxic astrocytes also 

secrete toxic materials which can induce cell death in neurons and oligodendrocytes 

(Satoh et al., 2013). 

Liddelow and colleagues described the mechanism by which A1 astrocytes could be 

generated, i.e. LPS caused increased secretion of cytokines IL1α, complement component 

1q (C1q), and tumor necrosis factor alpha (TNFα) by activated microglia. They proposed 

that these microglia-secreted cytokines result in reactive astrogliosis and subsequently 

neuronal cell death. A highly pure population of A1 astrocytes was created using these 

three cytokine following refined immunopanning protocols (Liddelow et al., 2017). 

Alternatively, the MCAO model of ischaemic stroke was found to produce a 

neuroprotective A2 phenotype (Liu & Chopp, 2016; Liddelow et al., 2017; Tyzack et al., 

2017). They distinguished these polarised astrocyte phenotypes in terms of gene 

expression. An A1 neurotoxic phenotype associated with inflammation was linked to 

elevated levels of gene transcripts such as Amigo2, Gbp2, Fbln5 and Sgrn, while the A2 

neuroprotective phenotype showed elevated levels of genes including Ptx3, Cd14, Clcf1 

and Emp1 (Zamanian et al., 2012; Liddelow et al., 2017).  

In contrast to results generated in the Barres laboratory, the Angelo All laboratory found 

up-regulation of FGF2, BDNF and nerve growth factor (NGF), and down-regulation of 

axonal inhibitory molecules such as ROBO1/2, which shows that the reactive astrocyte 

profile has yet to be definitively characterised (Teh et al., 2017). While this A1/A2 

characterisation may be useful for in vitro studies, it is now accepted that such distinct 

phenotypes are unlikely to exist in vivo, with M1/M2 classification of activated microglia 

also accepted to be an oversimplification of the in vivo scenario.  
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3.1.2 Alternative methods of characterising reactive astrocytes 

The heterogeneity described in astrocytes across brain regions is likely to persist in the 

reactive phenotype (Trias et al., 2018) and as has already been determined in vitro, is 

highly influenced by the disease condition or cause of injury. As such astrocyte reactivity 

cannot be simply defined by two set phenotypes, rather a shifting continuum between 

quiescent and active states with varying degrees of reactivity is more likely and therefore 

characterisation should account for the whole astrocyte phenotype from morphology to 

function. Astrocyte activation is known to cause a change in morphology, function and 

production of secretory products, particularly of pro-inflammatory cytokines (Liddelow & 

Barres, 2017). 

 

3.1.2.1 Proliferation and morphological changes are associated with 

astrogliosis 

Excessive proliferation, loss of spatial domain exclusivity with process interdigitation, 

reorganisation of parenchymal architecture and disruption of astrocytic networks are 

associated with reactive astrogliosis. Considerable proliferation of astrocytes is seen after 

trauma as cells respond to produce a protective glial scar around the injury site (Anderson 

et al., 2016). Several promoters of reactive astrocyte proliferation have been identified 

including EGF, FGF, endothelin 1 and adenosine triphosphate (ATP) (Ciccarelli et al., 1994; 

Gadea et al., 2008; Herrero-Gonzalez et al., 2009). 

Further to proliferation, the stellate morphology of astrocytes has been found to change 

in response to conditions of stress or degeneration. A well characterised feature of 

astrocyte activation is the increased production of intermediate filament proteins and 

remodelling of the filament system (Pekny et al., 2014) in astrocytes leading to 

morphological changes. The most prominent morphological features of activated 

astrocytes are: hypertrophied astrocyte cellular processes and cell soma, coupled with 

up-regulation of intermediate filament proteins, e.g. GFAP, vimentin, nestin and S100β 

(Liddelow & Barres, 2017). The individual change in morphology is believed to be related 

to the expression of GFAP, the up-regulation of which depends on the nature of the 

damage, the distance between the astrocyte and site of injury and the time after injury 

(Becerra-Calixto & Cardona-Gomez, 2017). As a result increased GFAP expression has long 

been considered a marker of astrocyte reactivity. However, this characterisation of 

reactive astrocytes is flawed, as GFAP is also up-regulated during proliferation and glial 
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scar formation (Anderson et al., 2016). It is therefore important to consider other genes 

which may be altered in response to injury or disease. 

 

3.1.2.2 Altered gene expression may act as a readout of astrocyte activation 

Astrocyte activation results in widespread changes in gene expression. Depending on the 

activating stimulus, astrogliosis has been linked with up-regulation of genes associated 

with repair and genes associated with inflammation. These altered transcripts may be 

one approach used to define the phenotype of activated astrocytes.  

Activation via inflammatory insult leads to the production of a wide array of mediators of 

inflammation as well as transcriptional changes of a variety of genes, e.g. connexins, 

which are involved in cell-cell communication and GFAP. Combined exposure of mouse 

primary astrocytes to TGFβ1, LPS, and interferon-gamma (IFNγ) significantly altered 

astrocyte expression of > 6800 gene probes. Bioinformatics analyses revealed that these 

inflammatory stimuli up-regulate astrocyte molecular networks associated with immune 

and injury related functions including Cxcl10, Tlr2, Myd88, IL6 and Gp130 (Hamby et al., 

2012). Cxcl10 encodes a pro-inflammatory chemokine (Koper et al., 2018), Tlr2 and 

Myd88 are involved in TLR signalling pathways of the innate immune system (Hoffmann 

et al., 2007; Liu et al., 2012), and IL6 and Gp130 activate the JAK/STAT pathways with 

many resultant pro-inflammatory effects (Heinrich et al., 1998; Sriram et al., 2004). 

Expression of Serpina3N and Lipocalin-2 (LCN2) in astrocytes was induced by injury and 

could not be found in healthy brain sections (Liddelow et al., 2017). Genes such as these 

may be useful for distinguishing between quiescent and activated astrocytes. Pentraxin-

3 (PTX3) is seen to be highly up-regulated 1 day after MCAO and remains elevated 7 days 

post infarction (Zamanian et al., 2012). PTX3, a member of the pentraxin family, plays a 

role in acute immune response by facilitating pathogen recognition by macrophages. 

PTX3 has been classified as an A2 specific marker (Liddelow et al., 2017) although it has 

also been found highly expressed after treatment with IL1β (Skelly et al., 2013) and is up-

regulated in conjunction with STEAP4 following exposure to nanoparticles (Hawkins et al., 

2018) so may act as a more general pan reactive marker of astrocyte activation. TNFα 

triggers reactivity in human PSC-derived spinal astrocytes resulting in increased 

expression of RANTES, CXCL8, and LCN2. In the same study IL1β stimulation also resulted 

in up-regulated expression of LCN2 (Roybon et al., 2013). A more rounded picture of 

astrocytic changes as a result of reactivity may be achieved by changes in gene expression. 
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3.1.2.3 The astrocyte secretome is altered following activation - IL6 as a marker 

of astrocyte reactivity 

The increase in gene expression of inflammatory cytokines is often coupled with an 

increase in secretion of their respective immunomodulatory agents. It follows that with 

astrocyte activation comes altered cytokine secretion therefore the secretome may be 

utilised as a means to characterise reactive astrocytes. Stimulation with TNFα results in 

secretion of the pro-inflammatory cytokines IL1β, IL8, and IFNγ (Trindade et al., 2020). In 

an AD model, it has been shown that Aβ species are capable of inducing the release of 

several pro-inflammatory agents from glial cells, including NO, IL1β, IL6 and TNFα 

(Gonzalez-Reyes et al., 2017). Astrocytes are a major source of IL6 in the CNS (Van 

Wagoner et al., 1999), therefore it is of interest how its secretion is altered in reactive 

astrocytes.  

IL6 levels are commonly elevated in cases of injury, infection and inflammation (Van 

Wagoner & Benveniste, 1999), with increased secretion detected in human PSC-derived 

spinal astrocytes following stimulation with inflammatory mediators TNFα or IL1β 

(Roybon et al., 2013). IL6 production may be high under inflammatory conditions due to 

its autocrine mechanism of action, whereby it stimulates its own production (Van 

Wagoner & Benveniste, 1999). 

IL6 has been shown to act as both a pro- and anti-inflammatory cytokine. IL6 has two 

forms of signalling, classical and trans. Classic signalling acts via the IL6 receptor and is 

associated with regenerative and anti-inflammatory processes. Trans-signalling acts via 

the soluble IL6 receptor and is associated with pro-inflammatory processes (Scheller et 

al., 2011). Classic IL6 signalling involves IL6 binding of the membrane bound IL6 receptor 

(IL6R) which associates with gp130. Gp130 then dimerises activating JAK which results in 

phosphorylation of tyrosine residues in the cytoplasmic portion of gp130. This engages 

Src which activates the Ras/Raf/MAPK pathway and subsequently STAT which 

translocates to the nucleus where it activates target genes (Scheller et al., 2011). In trans-

signalling gp130 interacts with IL6 bound to a soluble form of the IL6R (sIL6R). The soluble 

sIL6R is generated following proteolytic cleavage of a membrane bound precursor 

protein. Gp130 can be activated by sIL6R-ligand complex in an autocrine and paracrine 

manner (Scheller et al., 2011), therefore IL6 is influential over numerous different cell 

types given the presence of the soluble receptor. 
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3.1.3 Modelling the role of reactive astrocytes in vitro using human induced 

pluripotent stem cells 

The models available for the study of astrocytes have expanded greatly in recent years. 

Several avenues of research were previously explored including rodent models 

(Oberheim et al., 2012; Chandrasekaran et al., 2016), immortalised cell lines (Kaur & 

Dufour, 2012) and post-mortem disease tissue (Crompton et al., 2017). However these 

were limited in their ability to faithfully represent living human tissue to an appropriate 

degree of integrity (Zhang et al., 2016a). ESC were the first source of cultured PSC which 

laid the groundwork for modern day differentiation protocols (Chambers et al., 2009). 

However, as they demand the destruction of the human embryo they have raised 

controversy on ethical grounds. Human iPSC represent an advantage over ESC as they can 

be derived from patient tissue thus rendering them invaluable as a source of personalised 

drug discovery; cells derived from patients suffering from a neurodegenerative disease 

may be grown in vitro and used for the testing of new treatments which otherwise could 

not be authorised for clinical trials. It is hoped in future years that they may be used for 

therapeutic purposes via autologous transplant (Singh et al., 2015), with the first clinical 

trial using iPSC-derived cell transplants for neurodegenerative diseases currently 

underway in Japan (Morizane, 2019). In the meantime, these cells are providing an 

efficient in vitro human model. Once formed, iPSC can spontaneously differentiate in 

culture due to intrinsic signalling, however, by mimicking developmental cues iPSC may 

be used to derive a specific cell type for modelling a “disease in a dish”.  

Most existing research regarding the role of reactive astrocytes in AD is largely based on 

animal model studies, specifically, rodent studies. Although rodent models and 

corresponding primary cultures have provided a valuable tool for studying 

neurodegenerative disease, the use of non-human models for human diseases presents 

a barrier, because human diseases such as AD, do not naturally occur in most model 

organisms. Furthermore, rodent astrocytes differ greatly from human astrocytes in 

morphology, such as number and thickness of branches, in their ratio to neurons and in 

their gene expression patterns (Chandrasekaran et al., 2016). As such we here describe a 

human in vitro model of reactive astrogliosis, a key driving force in the progression of AD, 

which will offer important insight into the response of human iPSC-derived astrocytes to 

an inflammatory insult and the subsequent effect on surrounding neurons. 
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3.1.4 Aims 

The objectives of this chapter can be separated into three primary aims: 

1. To generate cortical neurons and astrocytes from human fibroblast-derived iPSC, 

2. To stimulate iPSC-derived astrocytes with inflammatory microglial factors (IL-1a, 

TNFa and C1q) and characterise their response at the gene, protein and 

morphological level, 

3. To assess the effect of reactive astrocyte conditioned media on human iPSC-

derived cortical neurons. 

 

The hypothesis pertaining to these aims are that using modified and optimised versions 

of already established and published protocols, it will be possible to derive regionally 

defined neurons and astrocytes from human iPSC. PCR, ELISA and immunocytochemical 

analysis will give insight into the reactivity profile of stimulated astrocytes and it follows 

from the literature that neurotoxic astrocytes will be detrimental to neuronal cells. The 

overarching premise of this study will address whether strict reactive astrocyte 

phenotypes exist and whether the induction of a neurotoxic phenotype by inflammation 

is partially responsible for cell death in neurodegeneration. 

  



Chapter 3 – Generating and characterising reactive astrocytes   
 

77 
 

3.2 Materials and Methods 

3.2.1 Cell lines 

Characterisation experiments were carried out using the NAS2 iPSC line kindly gifted by 

the Kunath laboratory. This iPSC line was generated as part of a PD study where it served 

as the control for a PD patient with a triple α-synuclein mutation and as such the 

pluripotent nature of this iPSC line is well established (Devine et al., 2011). For the 

purpose of this study the NAS2 iPSC line was genotyped by the Seth Loves laboratory 

group, University of Bristol, and found to be APOE3 homozygous, and so is considered the 

control genotype. 

 

3.2.2 Cell culture and neural patterning 

All cell culture techniques were carried out in a sterile laminar flow hood (Nuaire, USA). 

All materials used were autoclaved and sterile to prevent bacterial or fungal 

contamination. Aseptic techniques were used throughout cell culture. Materials entering 

the laminar flow hood were sprayed with 70% ethanol to maintain sterile conditions. Cells 

were incubated in a humidified (37°C, 5% CO2) incubator (Nuaire, USA). NAS2 iPSC were 

expanded and passaged and stocks were banked as described in the main methods 

section of this thesis. 

 

3.2.3 Cortical neuralisation of human iPSC 

Prior to beginning the neural induction protocol iPSC were prepared by passaging at a 

lower density, e.g. using a split ratio of 1:5 instead of 1:4, and cultured for 4 d in E8 media 

without ROCK inhibitor. Once iPSC had reached a confluency of 70-80%, with numerous 

small colonies in culture rather than fewer larger colonies, and the colonies had defined 

smooth rounded edges (Figure 3.2.1) they were ready for neuralisation. 

iPSC were patterned towards a cortical fate for 10 d in Neural Maintenance Media (NMM; 

1:1 DMEM/F-12 + Glutamax and Neurobasal media, 1% NEAA, 0.5% Glutamax, 1% 

pen/strep, 0.5% N2, 1% B27, β-mercaptoethanol (75 μM), insulin (5 μg/mL)) 

supplemented with SB431542 (10 µM; Bio-Techne, USA) to inhibit pluripotency and 

LDN193189 (100 nM; Sigma-Aldrich, UK) to inhibit mesoderm differentiation. On day 10 

(D10), cells were passaged onto PO/laminin coated 6-well plates as described in Section 

2.2.2. NPC are maintained in NMM without SMAD inhibitors from D11 onwards. 
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This cortical neuralisation protocol is based on those published by Chambers et al. and 

Shi et al., with modifications made by Paul Nistor (past member of the Caldwell 

Laboratory Group) detailed in Nistor et al. (Chambers et al., 2009; Shi et al., 2012; Nistor 

et al., 2015). Further modification to the neuralisation timeline with respect to passaging 

days was inspired by a protocol published by the Kirkeby group (Nolbrant et al., 2017). 

Table 3.2.1 summarises the media changes and passaging days during neural 

differentiation of iPSC towards a cortical NPC state. 

 

 

Figure 3.2.1. NAS2 iPSC colonies ready for neural patterning. 

Colonies are small and well-spaced (A). Colonies have a dense centre with smooth edges (B). Images 

were taken at passage 58. Scale bar represents 200 μm. 

 

Day Media Passage 

-4 E8 Media P 

-3 E8 Media  

-2 E8 Media  

-1 E8 Media  

0 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

1 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

2 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

3 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL) + Laminin 

4 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

5 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

6 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL) + Laminin 

7 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

BA
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8 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

9 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL)  

10 NMM + SB431542 (10 µM) + LDN193189 (100 ng/mL) P 

11 NMM  

12 NMM  

13 NMM  

14 NMM P 

15 NMM  

16 NMM * 
Table 3.2.1. Neural differentiation timeline showing media supplements and passaging days. 

iPSC were passaged at D-4 into E8 media in preparation for neural differentiation. Patterning 

factors SB431542 and LDN193189 were added to NMM from D0-D10 to induce neural 

differentiation of iPSC. Addition of laminin (10 µg/mL) at D3 and D6 aids cell adherence while over 

confluent. Cells must also be over confluent before passaging at D14. NPC can be terminally 

differentiated from D16 by plating in NMM, or cryopreserved and banked for future use (*). 

 

3.2.3.1 Expansion of NPC and plating for terminal differentiation 

From D11 onwards, NPC were cultured in NMM on PO/laminin coated 6-well plates (Nunc 

by Thermo Fisher Scientific, USA). Cells were fed every other day (2 mL) and extra media 

was given for weekend breaks (2 mL/day). NPC were passaged upon reaching 100% 

confluency as described in Section 2.2.2. From D20 onwards, NPC can be cryopreserved 

to generate stocks or plated for terminal differentiation and characterisation. Neural 

differentiation, NPC expansion and plating procedures required optimisation across 

several stages of the protocol as described in the following sections. 

 

3.2.3.2 Optimisation of neuralisation timeline 

iPSC were patterned towards a neural fate by addition of NMM supplemented with 

SB431542 and LDN193189 for 9 d. Media was changed daily to provide adequate nutrition 

as cells are highly proliferative and metabolic during the neural differentiation process. 

Cells were passaged on D3 and D7 as denoted in the timeline (Figure 3.2.2). It was noted 

that a significant amount of cell death occurred around D7 and continued through to D9, 

visualised as cell debris suspended in the media. Upon inspection under the light 

microscope, it was determined that this cell debris was likely due to the death of non-
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neural cells, but suggested that passaging should be avoided at this time point while cells 

are at their most sensitive. 

Following the publication of a neuralisation protocol by the Kirkeby laboratory, the 

neuralisation protocol was modified by increasing the length of patterning to 10 d as well 

as refraining from passaging during the neural patterning process (Nolbrant et al., 2017). 

This optimised timeline is denoted in Figure 3.2.3 and improved NPC yield. 

 

 

Figure 3.2.2. Original neuralisation timeline. 

The initial neural patterning protocol involved addition of SB431542 and LDN193189 to NMM for 

9 days with passaging at D3 and D7. Protocol modified from Chambers et al., 2009. 

 

 

Figure 3.2.3. Optimised neuralisation timeline. 

The optimised neural patterning protocol involved addition of SB431542 and LDN193189 to NMM 

for 10 days with no passaging until D10 and addition of laminin at D3 and D6 to aid cell adherence. 

Protocol modified from Nolbrant et al., 2017. 

 

Stage

Factors

Medium

Day 9-4 0 30+Passage at D3 and D7

Stage

Factors

Medium

Day 10-4 0 30+Laminin added at D3 and D6
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3.2.3.3 Troubleshooting cell adherence issues 

Patterning for 10 d without passage resulted in issues relating to cell adherence due to 

high confluency. Cells began to lift from the edges of the well from D3. Laminin (10 μg/mL) 

was added to media when feeding on D3 and D6. 

Plastic ware was changed from Corning (cat no. 10578911) to Nunc (cat no. 140675) to 

further aid cell adherence and neuralisation yield. iPSC were passaged onto Nunc 6-well 

plates on the passage before initiating the neuralisation protocol, i.e. D -4. 

 

3.2.4 Characterisation of iPSC-derived neurons 

Human iPSC-derived neurons were characterised by immunocytochemical staining for 

neuronal marker β-tubulin III and cortical marker TBR1 (Yan et al., 2018). Refer to Section 

2.5.2 for staining and imaging protocol. 

 

3.2.5 Astrocyte progenitor differentiation 

NPC were patterned towards a glial fate from D30 in modified ‘Serio’ media (Serio; 

Advanced DMEM/F-12 (Thermo Fisher Scientific, USA); 1% Glutamax ; 1% NEAA; 1% 

pen/strep; 0.2% B27; 1% N2) supplemented with EGF (20 ng/mL; Sigma-Aldrich, UK) a 

potent driver of glial cell differentiation and hLIF (20 ng/mL; PeproTech, UK) a strong 

mitogen to maintain cell proliferation during long-term culture (Serio et al., 2013). Serio 

base media supplemented with EGF and hLIF will be referred to as SerioEL throughout. 

On the first passage after addition of SerioEL, differentiating APC were transitioned from 

PO/laminin coated 6-well plates to Geltrex coated 6-well plates.  

Geltrex is a soluble basement membrane matrix derived from murine Engelbreth-Holm-

Swarm tumors, with major components including laminin, collagen IV, entactin, and 

heparin sulfate proteoglycans making it ideal for a number of culture systems including 

iPSC culture. Differentiating APC were expanded on Geltrex (1X; Thermo Fisher Scientific, 

USA) coated 6-well plates in SerioEL. Standard Corning plastic ware is sufficient for 

expansion of APC. Cells were fed every other day by removing spent media and replacing 

with fresh SerioEL (2 mL); extra media was given for weekend breaks (2 mL/day). 
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3.2.5.1 Passaging for expansion of APC cultures 

APC were passaged upon reaching 100% confluency onto Geltrex (1X; 2 hr; 37°C) coated 

plates. Spent media was removed and discarded, cells were washed once with PBS, and 

then incubated with Accutase (1 mL, 3-4 min, RT; Thermo Fisher Scientific, USA). Accutase 

was removed and cells lifted with Serio, collected in a falcon tube and centrifuged (1000 

rpm, 3 min). The supernatant was removed and discarded, and the cells resuspended in 

1 mL SerioEL and transferred onto a fresh Geltrex coated plate at an appropriate split 

ratio (usually 1:4). RevitaCell (1:100; Thermo Fisher Scientific, USA) or Y-27632 (10 µM; 

Bio-Techne, USA) was added after each passage to aid cell survival (Watanabe et al., 

2007). APC were then expanded until D80 before plating for terminal differentiation and 

characterisation experiments. 

 

3.2.5.2 Plating and terminal differentiation 

APC were plated from D80 for terminal differentiation prior to characterisation and 

stimulation studies. Cells were dissociated and detached as for passaging. Once pelleted 

cell supernatant was removed and discarded, and the cell pellet resuspended in 1 mL 

fresh Serio media. Cells were prepared for counting by first taking a 10 μL aliquot of cell 

suspension, diluting 1:5 in Serio media and subsequently diluting 1:2 in trypan blue (0.4%; 

Thermo Fisher Scientific, USA) to give a final dilution factor of 10. Cells were counted using 

a haemocytometer. Cells were plated on Geltrex coated (10X; 2 h, 37°C) coverslips for 

immunofluorescence staining at a density of 5 × 104 cells per coverslip in a 100 μL droplet. 

Cells were plated on Geltrex coated (1X; 2 h, 37°C) 24-well plates at a cell density of 2 × 

105 cells per well for qPCR analysis. Cells were incubated for 30 min to adhere, then wells 

were topped up with SerioEL (500 µL/coverslip or 1 mL/well). Once cells reached 

confluency media was changed to terminal differentiation media, Serio supplemented 

with BMP4 (20 ng/mL; R&D Systems, UK) and hLIF (20 ng/mL). Cells were matured for 7 d 

followed by 3 d in Serio media without factors, to remove any potential priming effect of 

maturation factors (Tyzack et al., 2017), prior to experimentation (Figure 3.2.4). Mature 

astrocytes may be used in experiments up to D120, after which they reach the end of 

their life span in culture. 

Difficulties with cell adhesion on glass ware for immunocytochemical analysis meant that 

a number of different plating procedures were trialled during optimisation. These 

optimisation steps are described in the subsequent section. 
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Figure 3.2.4. Differentiation timeline for generation of mature quiescent-like astrocytes. 

APC are derived from NPC by addition of 'Serio' media supplemented with EGF (20 ηg/mL) and hLIF 

(20ηg/mL) from D30. APC may be terminally differentiated to mature astrocytes from D80 by 

plating in 'Serio' media supplemented with BMP4 (20 ηg/mL) and hLIF (20 ηg/mL) for 7 d followed 

by 72 h in Serio media without factors prior to experiments to generate a mature quiescent-like 

astrocyte. Mature astrocytes are optimal for use in experiments up to D120. 

 

3.2.5.3 Optimisation of plating protocol and cell adherence for terminal 

differentiation and characterisation of astrocytes 

iPSC-derived astrocytes were observed to have an aversion to seeding on glass coverslips. 

Plating on coverslips coated on Geltrex (1% in Serio media) was not sufficient to maintain 

astrocytes as an adherent monolayer for the duration of the maturation protocol, with 

astrocytes branching and clumping together and sometimes lifting completely from the 

coverslip. A number of alternative coating procedures were trialled in order to optimise 

seeding on coverslip for ICC, detailed as follows: 

1. Coverslips were pre-coated with PO (1 μg/cm2) followed by laminin (1 μg/cm2) 

2. Coverslips were pre-coated with PO (1 μg/cm2) followed by Geltrex (1% in Serio 

media) 

3. Coverslips were coated with Geltrex at 2%, 5% and 10% in Serio media 

It was found that 2-5% Geltrex in Serio media was sufficient to maintain astrocytes on 

coverslips as a monolayer for the duration of the astrocyte maturation and ICC protocols, 

and this increased percent of Geltrex did not affect the quality and clarity of captured 

images. 

Serio + EGF + hLIF

D30+ D80+
Astrocyte Progenitor Cell

Serio
+ BMP4
+ hLIF

7 d

Mature
Astrocyte

3 d
Serio

Mature
Quiescent
Astrocyte

Neural
Progenitor Cell
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Having resolved the issue of cell adhesion to glass coverslips, two terminal differentiation 

protocols were compared to determine which was most appropriate for the generation 

of mature quiescent-like astrocytes. The timelines are presented schematically in Figure 

3.2.5 below. 

 

 

Figure 3.2.5. Timeline for optimisation of astrocyte terminal differentiation protocol. 

APC are derived from NPC by addition of 'Serio' media supplemented with EGF (20 ηg/mL) and hLIF 

(20ηg/mL) from D30. APC may be terminally differentiated to mature astrocytes from D80 by 

plating in 'Serio' media supplemented with BMP4 (20 ηg/mL) and hLIF (20 ηg/mL). The initial 

terminal differentiation protocol involved maturation for 10 d prior to stimulation. This was 

optimised to maturation for 7 d followed by 72 h in Serio media without factors prior to experiments 

to generate a mature quiescent-like astrocyte, without any potential priming effect that may be 

induced by the maturation factors BMP4 and hLIF. Mature astrocytes are optimal for use in 

experiments up to D120. 

 

3.2.6 Characterisation of iPSC-derived astrocytes 

Human iPSC-derived astrocytes were characterised by immunocytochemical staining for 

classical astrocyte markers GFAP, Connexin-43, EAAT1 and S100β. Refer to Section 2.5.2 

for staining and imaging protocol. Figure 3.2.6 denotes some important time points in the 

characterisation protocol. 
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3.2.7 Cell treatment for generation of reactive astrocytes 

Astrocytes were stimulated with inflammatory microglial factors interleukin-1 alpha 

(IL1α; 3 ng/mL; PeproTech, UK), tumor necrosis factor alpha (TNFα; 30 ng/mL; Cell 

Signalling Technology, USA) and complement component 1q (C1q; 400 ng/mL; 

MyBioSource, USA) for 24 h. Concentrations of IL1α, TNFα and C1q were chosen based 

on a study carried out in mouse primary astrocytes (Liddelow et al., 2017), a 10-factor 

dilution of these concentrations was also used to test the sensitivity of iPSC-derived 

astrocytes to this inflammatory insult. These treatments are denoted as “Factors High” 

(Liddelow et al., 2017) and “Factors Low” where appropriate. 

Post stimulation, media was collected and stored at -20˚C. Cells were prepared for 

immunostaining (described in Section 2.5.2 – main methods) and qPCR (Section 2.4.1 – 

main methods). 

 

 

Figure 3.2.6. Experimental timeline for generation of mature quiescent-like and reactive 

astrocytes. 

APC were expanded in Serio media supplemented with EGF and hLIF. From D80 APC are plated and 

terminally differentiated in Serio media supplemented with BMP4 and hLIF for 7 d. Factors where 

then withdrawn for 72 h to ensure a mature quiescent-like astrocyte. Mature astrocytes were fixed 

to confirm cell fate (A). Alternatively astrocytes are stimulated for 24 h in order to generate a 

reactive astrocyte. Media and lysates may be harvested to examine the reactive astrocyte profile 

or cells fixed for immunostaining (B). NMM may be added to reactive astrocytes for 24 h to collect 

conditioned media (C). 

 

Serio + EGF + hLIF

D80+

Astrocyte
Progenitor Cell

Serio
+ BMP4
+ hLIF

7 d

Mature
Astrocyte

3 d
Serio

Mature
Quiescent-like

Astrocyte

24 h
Serio
+ IL1α
+ TNFα
+ C1q Reactive

Astrocyte

24 h
NMM

Harvest ACM

Collect media
Harvest lysates

Fix cells

Fix cells(A) (B)

(C)



Chapter 3 – Generating and characterising reactive astrocytes   
 

86 
 

3.2.8 Cell treatment to demonstrate neurodegeneration 

iPSC-derived astrocytes were stimulated with inflammatory microglial factors for 24 h, as 

described above. Post stimulation media was removed and the astrocytes were washed 

with PBS (1 mL, 1X) in order to remove remaining media containing microglial factors 

IL1a, TNFa and C1q. Following this wash step, the PBS was replaced with NMM for 24 h 

in order to collect astrocyte conditioned media (ACM) devoid of microglial factors, this 

media change ensures that ACM later applied to neurons contains only astrocyte secreted 

factors (Figure 3.2.6). ACM was stored at -20˚C. Conditioned media (100% ACM) from 

control and reactive astrocytes was applied to iPSC-derived E3E3 neuronal cultures and 

incubated for 48 h (Figure 3.2.7). Post stimulation, cells were prepared for 

immunocytochemical staining (see Section 2.5.2 – main methods). 

 

 

Figure 3.2.7. Experimental timeline for characterisation of iPSC-derived neurons and effect of 

reactive astrocyte conditioned media on neurons. 

NPC were expanded in NMM until D20 when they were seeded on coverslip and subsequently left 

to settle for 3-5 d prior to fixation for characterisation or treatment with ACM. 

 

3.2.9 Analysis of gene expression by quantitative polymerase chain reaction 

Cells were lysed in lysis buffer consisting of RA1 lysis buffer (350 µL per sample) and β-

mercaptoethanol (3.5 µL per sample) and lysates stored at -80⁰C prior to RNA isolation. 

mRNA expression was determined in cell lysates by quantitative polymerase chain 

reaction (qPCR) following RNA isolation and cDNA manufacture. All RNA isolation, cDNA 

manufacture and qPCR setup procedures were carried out in a designated molecular 

biology fume hood (Premier, Scotland) cleaned with 70% ethanol and RNase-away (VWR 

International, UK) to remove RNase and DNases that breakdown RNA and DNA 

respectively. RNA isolation, cDNA manufacture and qPCR protocols are detailed in 
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Chapter 2 (Section 2.4). Table 3.2.2 details the target primers used for gene expression 

analysis. GAPDH was used as the endogenous control reference. 

 

Gene Cat No. Gene Code 

C3 4453320 Hs00163811_m1 

CXCL10 4453320 Hs00171042_m1 

GFAP 4453320 Hs00909233_m1 

ICAM1 4453320 Hs00164932_m1 

IL1B 4453320 Hs01555410_m1 

IL6 4453320 Hs00174131_m1 

LCN2 4453320 Hs01008571_m1 

PTX3 4453320 Hs00173615_m1 

SERPINA3 4453320 Hs00153674_m1 

VIM 4448892 Hs00958111_m1 
Table 3.2.2. Target primers used for qPCR analysis of astrocyte gene expression profile. 

 

3.2.10 Analysis of cytokine secretion by enzyme-linked immunosorbent assay 

ELISA analysis (R&D Systems, USA) was used to assess the concentrations of IL6, RANTES 

and GM-CSF secreted into the supernatant obtained from cultured astrocytes. The ELISA 

protocol is detailed in Chapter 2 (Section 2.5.1). 
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3.2.11 Immunocytochemistry 

Cells on coverslips were fixed with 4% paraformaldehyde (PFA; 25 min, RT) in preparation 

for immunocytochemistry (Chapter 2, Section 2.5.2). Primary and secondary antibodies 

are detailed in Tables 3.2.3 and 3.2.4 respectively. 

 

Antigen Dilution Manufacturer 

Chicken anti-GFAP 1:1000 DAKO, Denmark 

Rabbit anti-Connexin-43 1:1500 Sigma-Aldrich, USA 

Mouse anti-S100β 1:1000 Sigma-Aldrich, USA 

Rabbit anti-EAAT1 1:1500 Novus Biologicals, USA 

Hoechst 1:1000 Cell Signaling Technology, 
USA  

Mouse anti-β-tubulin III 1:1000 Merck-Millipore, USA 

Rabbit anti-TBR1 1:1500 Abcam, UK 
Table 3.2.3. Primary antibodies. 

 

Antigen Dilution Manufacturer 

Alexa Fluor 488 donkey anti-
mouse 1:500 Molecular Probes 

Alexa Fluor 488 goat anti-
chicken IgG 1:500 Life Technologies, USA 

Alexa Fluor 568 donkey anti-
rabbit IgG 1:500 Molecular Probes 

Table 3.2.4. Secondary antibodies. 

 

3.2.11.1 Quantification of GFAP expression 

GFAP expression was determined by measuring its fluorescent signal in the acquired 

images. ImageJ software was used to carry out this densitometry analysis, whereby each 

individual cell was traced and the integrated density and cell area noted. Three 

measurements of background fluorescence were also used to calculate mean background 

fluorescence. GFAP expression was then calculated as corrected total cell fluorescence 

(CTCF). 

CTCF = Integrated	density
Area	of	cell	x	Mean	background	fluorescence 
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3.2.11.2 Quantification of morphological changes via nuclear:cytoplasm ratio 

Total cell and nuclear areas were measured in ImageJ by tracing the cell perimeter and 

nuclear perimeter respectively. Cytoplasm area was then calculated by subtracting the 

nuclear area of each cell from its total cell area. The nuclear:cytoplasm ratio was then 

calculated by dividing nuclear area by cytoplasm area for each cell. Morphological 

changes as a result of astrocyte reactivity will be reflected in altered nuclear:cytoplasm 

ratios. 

 

 

Figure 3.2.8. Morphological analysis of iPSC-derived astrocytes. 

Images were acquired at x40 magnification (A). Cells were measured by tracing both the nucleus 

and cell membrane (B), and from this cytoplasm volume and nuclear:cytoplasm ratio were 

calculated. 

 

3.2.11.3 Quantification of neuronal clusters 

Cortical neurons tended to cluster rather than remaining on coverslips as a monolayer. 

Therefore, traditional manual total cell counting could not be used for quantification. 

Instead neuronal cultures were quantified by first characterising the clusters in terms of 

size by manually counting the number of nuclei visible on the surface of each cluster; 

small clusters consisted of < 10 cells, medium clusters have 10-50 cells, large clusters have 

50-100 cells and extra-large clusters have more than 100 cells (Figure 3.2.9). Clusters were 

also characterised as having extending processes or not. Clusters were then quantified by 

counting the number of small, medium, large and extra-large clusters with and without 

extending processes across each treatment group (Park et al., 2009; Tornero et al., 2013). 

 

A B
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Figure 3.2.9. Neuronal clusters may be characterised by size. 

Small clusters (A) have 10 or less cells, medium clusters (B) have 10-50 cells, large clusters (C) have 

50-100 cells and extra-large (D) clusters have more than 100 cells. Images were taken at x5 

magnification. 

 

3.2.12 Statistical analysis 

Data is expressed as mean ± SEM. At least three neural induction and astrocyte 

differentiations (N) were performed per iPSC line.  'n' values denote experimental or 

biological replicates and are representative of different thaws or passage numbers, while 

'reps' denotes technical replicates within each experimental group, i.e. cells from the 

same plate but separate wells. 

An unpaired student t-test was used for statistical analysis of the effect of microglial 

factors compared to control. One-way ANOVA was used when both low and high 

concentrations of factors were compared to control or each other, followed by Newman-

Keuls post hoc if significance was inferred. Two-way ANOVA was used for analysis 

pertaining to the effect of astrocyte maturation factors on reactivity markers, with 

Bonferroni post hoc where appropriate. Two-way ANOVA was also applied to analysis of 

the effect of ACM on neuronal clusters with respect to size, with Bonferroni post hoc. 

Significance was set at p < 0.05. Statistical analysis was performed using GraphPad Prism 

8 (GraphPad Software).  

A B C D
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3.3 Results 

3.3.1 iPSC-derived neurons are positive for classical neuronal markers 

Cortical neurons were successfully derived from human iPSC. The neuralisation protocol 

used combined aspects of protocols originally published by the Studer and Livesey 

laboratories (Chambers et al., 2009; Shi et al., 2012), and modified by Paul Nistor, 

previously of the Caldwell Laboratory (Nistor et al., 2015) (Figure 3.3.1). Cell fate was 

confirmed by immunofluorescent staining for classical neuronal marker β-tubulin III and 

cortical marker TBR1 (Figure 3.3.2). 

 

 

Figure 3.3.1. Neuralisation timeline and characterisation of iPSC-derived neurons. 

The original (A) and optimised (B) neural patterning protocols involve addition of SB431542 and 

LDN193189 to NMM at D0. The protocol was optimised in terms of the number of days in 

patterning media, passaging and managing cell adherence. 
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Figure 3.3.2. iPSC-derived cortical neurons stain positive for classical neuronal and cortical 

markers. 

iPSC-derived cortical neurons stained positive for classical neuronal marker B-tubulin III (green 

channel) and cortical marker TBR1 (red channel). Nuclear stain hoechst also shown (blue channel). 

White arrows denote B-tub+ TBR1+. Images shown are x20 magnification. 
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3.3.2 iPSC-derived astrocytes are positive for classic astrocyte markers 

In order to confirm cell fate, iPSC-derived astrocytes were fluorescently-labelled with 

astrocytic markers GFAP, connexin-43 (Cx43), S100β and EAAT1 and the nuclear marker 

hoechst. iPSC-derived cortical astrocytes were positive for the markers GFAP and Cx43 

(Figure 3.3.3. A), S100β and EAAT1 (Figure 3.3.3. B). 

 

 

 

Figure 3.3.3. iPSC-derived cortical astrocytes stain positive for classical astrocyte markers. 

iPSC-derived cortical astrocytes stained positive for classical astrocyte markers GFAP and Cx43 (A), 

and S100β and EAAT1 (B). Images shown are x40 magnification. 
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3.3.3 Maturation factors BMP4 and hLIF significantly affect IL6 secretion in 

stimulated iPSC-derived astrocytes 

Once cell fate was confirmed, it was ensured that matured astrocytes were quiescent-like 

prior to stimulation. Basal reactivity was assessed following an indication that hLIF may 

induce reactivity via STAT3 (Tyzack et al., 2017). In order to ascertain whether maturation 

factors were inducing any baseline reactivity in matured astrocytes, iPSC-derived cortical 

astrocyte progenitor cells were matured in Serio media supplemented with BMP4 and 

hLIF for either 10 d, or 7 d then changed to Serio only media for 72 h prior to stimulation 

with inflammatory microglial factors as per the timeline (Figure 3.3.4. A). iPSC-derived 

astrocytes responded robustly with significantly increased secretion of IL6, GM-CSF and 

RANTES (p < 0.001, Figure 3.3.4. B-D). With regards to the effect of maturing factors, 

BMP4 and hLIF withdrawal had a significant effect on IL6 secretion. Withdrawal of the 

maturing factors 72 h prior to stimulation led to significantly reduced secretion of IL6 

following stimulation compared astrocytes matured in BMP4 and hLIF for 10 d (p < 0.01). 

The maturing factors BMP4 and hLIF did not affect the secretion of GM-CSF or RANTES at 

baseline or following stimulation (Figure 3.3.4. B-D). 
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3.3.4 Maturation factors BMP4 and hLIF did not significantly affect expression 

of classical and reactive astrocyte markers in stimulated iPSC-derived 

astrocytes 

Expression at the mRNA level of reactive astrocyte marker PTX3 tended to decrease when 

astrocytes were matured for 7 d compared to 10 d but this effect is not significant (Figure 

3.3.5. A). SERPINA3 and AMIGO2 mRNA expression at baseline and following 24 h 

stimulation with inflammatory microglial factors were unaffected by astrocyte 

maturation protocol (Figure 3.3.5. B, C). Expression of astrocyte marker GFAP tended to 

increase when astrocyte maturation factors were withdrawn prior to simulation but this 

effect was not significant, maturation similarly have no effect on GFAP mRNA expression 

following stimulation (Figure 3.3.5. D). VIM mRNA expression was not affected by 

incubation time with maturation factors BMP4 and hLIF (Figure 3.3.5. E). 

Taken together this data does not indicate that the astrocyte maturation protocols are 

drastically affecting basal reactivity or response to inflammation, however, BMP4 and 

hLIF may be having a priming effect with regards to IL6 secretion. This coupled with a 

trend for reduced PTX3 following withdrawal indicated that the 7 d maturation followed 

by 3 d rest is best to ensure a quiescent-like mature astrocyte is produced prior to 

stimulation. As such this protocol was applied for the remainder of the study. 
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Figure 3.3.4. Maturation factors BMP4 and hLIF significantly affect IL6 secretion in stimulated 

iPSC-derived astrocytes. 

iPSC-derived cortical astrocyte maturation and stimulation timeline (A). IL6 secretion was 

significantly increased following stimulation with inflammatory microglial factors, this increase is 

significantly reduced as a result of withdrawing BMP4 and hLIF 72 h prior to stimulation (B). GM-

CSF (C) and RANTES (D) secretion is significantly increased following stimulation with inflammatory 

microglial factors but is unaffected by maturation factors. Data expressed as mean ± SEM (N=3, 

n=3). *** p < 0.001 vs control ++ p < 0.01 vs 10 d maturation. IL6 effect of maturation factors F(1, 

8) = 19.65, p = 0.0022; effect of factors F(1, 8) = 1349, p = < 0.0001; interaction effect F(1, 8) = 

22.59, p = 0.0014. GM-CSF effect of maturation factors F(1, 8) = 0.009043, p = 0.9266; effect of 

factors F(1, 8) = 135.8, p = < 0.0001; interaction effect F(1, 8) = 0.1224, p = 0.9146. RANTES effect 

of maturation factors F(1, 8) = 0.02441, p = 0.8797; effect of factors F(1, 8) = 128.6, p = < 0.0001; 

interaction effect F(1, 8) = 0.02331, p = 0.8824 (Two-way ANOVA with Bonferroni post hoc). 
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Figure 3.3.5. Maturation factors BMP4 and hLIF do not affect mRNA expression in stimulated 

iPSC-derived astrocytes. 

Baseline levels of PTX3 (A) tended to decrease when astrocytes were matured for 7 d compared to 

10 d but this effect is not significant. Expression of SERPINA3 (B) and AMIGO2 (C) were not affected 

by maturation factors. Expression of astrocyte markers GFAP (D) and VIM (E) were not affected by 

incubation time with maturation factors BMP4 and hLIF. Data expressed as mean ± SEM (N=3, n=3-

5). PTX3 effect of maturation factors F(1, 8) = 0.2433, p = 0.6351; effect of factors F(1, 8) = 07692, 

p = 0.4060; interaction effect F(1, 8) = 5.351, p = 0.0494. SERPINA3 effect of maturation factors F(1, 

16) = 0.06034, p = 0.8091; effect of factors F(1, 16) = 4.852, p = 0.0426; interaction effect F(1, 16) 

= 0.2753, p = 0.6070. AMIGO2 effect of maturation factors F(1, 16) = 0.4471, p = 0.5133; effect of 

factors F(1, 16) = 0.2137, p = 0.6501; interaction effect F(1, 16) = 0.02193, p = 0.8841. GFAP effect 

of maturation factors F(1, 15) = 0.8019, p = 0.3847; effect of factors F(1, 15) = 0.6587, p = 0.4297; 

interaction effect F(1, 15) = 6.756, p = 0.0201. VIM effect of maturation factors F(1, 16) = 0.005011, 

p = 0.9444; effect of factors F(1, 16) = 0.9159, p = 0.3528; interaction effect F(1, 16) = 2.513, p = 

0.1325 (Two-way ANOVA with Bonferroni post hoc). 
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3.3.5 iPSC-derived reactive astrocytes display morphological changes 

Morphological changes were quantitatively analysed as nuclear:cytoplasm ratio 

(Hallmann et al., 2017). Nuclear area was quantified and found to be significantly 

decreased in reactive astrocytes (p < 0.05) compared to control astrocytes. Cytoplasm 

area was also reduced in reactive astrocytes compared to control (p = 0.0525). 

Subsequently, the nuclear:cytoplasm ratio was increased in reactive astrocytes (Figure 

3.3.6). 

In order to ascertain the effect of microglial factors on GFAP protein expression, a 

commonly used marker of astrocyte reactivity, densitometry analysis of GFAP 

fluorescence was carried out and presented as CTCF (Hawkins et al., 2018). No significant 

difference in GFAP fluorescence was found in stimulated astrocytes compared to control 

(Figure 3.3.7). 

  



Chapter 3 – Generating and characterising reactive astrocytes   
 

99 
 

 

Figure 3.3.6. Stimulation with inflammatory microglial factors results in significant 

morphological changes in iPSC-derived cortical astrocytes. 

iPSC-derived astrocytes have significantly altered morphology following stimulation with 

inflammatory microglial factors. Nuclear area (C) is significantly reduced. Cytoplasm area (D) tends 

to decrease in stimulated astrocytes compared to control. Nuclear:cytoplasm ratio tends to 

increase in stimulated astrocytes compared to control (E). Representative images display control 

astrocytes (A) and stimulated astrocytes (B) at x40 magnification. Data expressed as mean ± SEM 

(N=3, n=3). * p < 0.05 vs control. Nuclear area t = 3.924, df = 4, p = 0.0172; cytoplasm area t = 

2.730, df = 4, p = 0.0525; nuclear:cytoplasm area t = 1.378, df = 4, p = 0.2402 (Unpaired student t-

test). 
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Figure 3.3.7. Stimulation with inflammatory microglial factors does not affect GFAP fluorescence 

in iPSC-derived cortical astrocytes. 

Representative images shown for control quiescent astrocytes (A) and stimulated reactive 

astrocytes (B) imaged at x40 magnification. GFAP fluorescence is not significantly altered in 

reactive astrocytes compared to control (C). Data expressed as mean ± SEM (N=3, n=3). t = 0.2926, 

df = 4, p = 0.7844 (Unpaired student t-test). 
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3.3.6 iPSC-derived reactive astrocytes show increased expression IL6 and 

secretion of pro-inflammatory mediators 

IL6 is a major cytokine associated with astrocytes, which has been shown to be a key 

player in astrocyte-mediated neurodegeneration (Hawkins et al., 2018) and as such, it 

was important to show that human iPSC-derived astrocytes respond in the same fashion. 

iPSC-derived astrocytes were stimulated with inflammatory microglial factors (IL1α, 3 

ng/mL; TNFα, 30 ng/mL; C1q, 400 ng/mL) and the subsequent effect on IL6 was examined 

via qPCR and ELISA. 

IL6 mRNA expression is significantly increased (p < 0.01) as a result of microglial factor 

stimulation (Figure 3.3.8. A). Coupled with this, IL6 secretion is also significantly increased 

(p < 0.001) in astrocytes stimulated with inflammatory microglial factors (Figure 3.3.8. B). 

This robust IL6 signal prompted further investigation of protein secretion in iPSC-derived 

reactive astrocytes. Levels of the inflammatory chemokine RANTES and the inflammatory 

cytokine GM-CSF secreted by stimulated astrocytes were examined via ELISA. Secretion 

of these proteins also significantly increased (p < 0.01) in response to inflammatory insult 

(Figure 3.3.9). 

Cytokine levels ranging in the thousands of ρg/mL are extraordinarily high and as such the 

concentrations used for subsequent stimulation included at 10-fold titrated down 

stimulation for comparison (IL1α, 0.3 ng/mL; TNFα, 3 ng/mL; C1q, 40 ng/mL). Treatments 

are subsequently denoted as high (Liddelow et al., 2017) and low (1:10 dilution of 

Liddelow factors). IL6 mRNA expression is increased at both concentration of microglial 

factors but this increase is significant at the higher concentration only (p < 0.001). IL6 

secretion is significantly increased in astrocytes stimulated with inflammatory microglial 

factors at both low and high concentrations (p < 0.001) (Figure 3.3.10). 
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Figure 3.3.8. Inflammatory microglial factors significantly increase IL6 mRNA expression and 

secretion in iPSC-derived cortical astrocytes. 

Stimulation with inflammatory microglial factors significantly increases IL6 mRNA expression (A) 

and protein secretion (B). Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01, *** p < 0.001 

vs control. IL6 mRNA t = 5.612, df = 5, p = 0.0025; IL6 protein t = 61.10, df = 4, p = < 0.0001 (Unpaired 

t-test). 

 

 

Figure 3.3.9. Inflammatory microglial factors significantly increase secretion of RANTES and GM-

CSF in iPSC-derived cortical astrocytes. 

Secretion of inflammatory chemokine RANTES (A) and inflammatory cytokine GM-CSF (B) is 

significantly increased in astrocytes following stimulation with inflammatory microglial factors. 

Data expressed as mean ± SEM (N=3, n=3). *** p < 0.001 vs control. RANTES t = 7.215, df = 4, p = 

0.0020; GM-CSF t = 7.795, df = 4, p = 0.0015 (Unpaired t-test). 
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Figure 3.3.10. Inflammatory microglial factors significantly increase IL6 secretion and expression 

in iPSC-derived cortical astrocytes. 

IL6 mRNA expression is increased at both concentration of microglial factors but this increase is 

significant at the higher concentration only (A). IL6 secretion is significantly increased in astrocytes 

stimulated with inflammatory microglial factors at both low and high concentrations (B). Data 

expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 vs control, +++ p < 0.001 vs factors low. IL6 

mRNA F(2, 8) = 28.15, p = 0.0002; IL6 protein F(2, 9) = 144.1, p = < 0.0001 (One-way ANOVA with 

Newman-Keuls post hoc). 

  

Control Low High

0

1000

2000

3000

Factors

***
+++

IL
6 

m
R

N
A 

(R
Q

)

A B

Control Low High

0

2000

4000

6000

8000

10000

Factors

***
***

IL
6 

(r
g/

m
L)



Chapter 3 – Generating and characterising reactive astrocytes   
 

104 
 

3.3.7 iPSC-derived reactive astrocytes show increased expression of genes 

associated with reactive astrogliosis 

The secretion of potent levels of inflammatory mediators seen here, combined with the 

previously discussed morphological changes complement the existing literature which 

shows that these inflammatory microglial factors IL1α, TNFα and C1q are sufficient to 

generate a reactive astrocyte (Zamanian et al., 2012; Liddelow et al., 2017). However, it 

is necessary to further consolidate this data by examining gene expression. A number of 

genes associated with reactive astrogliosis were chosen from the literature in order to 

construct a more rounded inflammatory profile for human iPSC-derived astrocytes. 

Stimulation with microglial factors significantly increased mRNA expression of IL1β (p < 

0.01), CXCL10 (p < 0.001) and ICAM1 (p < 0.001) at the high concentration only. C3 (p < 

0.001), SERPINA3 (p < 0.001) and LCN2 (p < 0.01, p < 0.001) mRNA expression were 

significantly induced at both concentrations. PTX3 mRNA expression was significantly 

increased (p < 0.05) at the low concentration only. Stimulation with microglial factors 

significantly decreased mRNA expression of GFAP (p < 0.001) at both concentrations, but 

had no effect on VIM mRNA expression (Figure 3.3.11). 

This data supports the hypothesis that IL1α, TNFα and C1q are sufficient to induce a 

reactive phenotype in iPSC-derived astrocytes. 
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Figure 3.3.11. Inflammatory microglial factors significantly increase expression of reactive genes 

in iPSC-derived cortical astrocytes. 

Stimulation with microglial factors significantly increased mRNA expression of IL1β (A), CXCL10 (B) 

and ICAM1 (C) at the high concentration. Stimulation with inflammatory microglial factors 

significantly increased mRNA expression of C3 (D), LCN2 (E) and SERPINA3 (F) at both 

concentrations. PTX3 mRNA expression was significantly increased at the low concentration only 

(G). GFAP mRNA expression was significantly decreased upon stimulation (H). mRNA expression of 

VIM was unaffected (I). Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, ** p < 0.01, *** p 

< 0.001 vs control; + p < 0.05, ++ p < 0.01, +++ p < 0.001 vs factors low. IL1β F(2, 7) = 12.40, p = 0.0050; 

CXCL10 F(2, 9) = 22.27, p = 0.0003; ICAM1 F(2, 7) = 54.96, p = < 0.0001; C3 F(2, 9) = 79.54, p = < 

0.0001; LCN2 F(2, 9) = 114.2, p = < 0.0001; SERPINA3 F(2, 9) = 18.51, p = 0.0006; PTX3 F(2, 9) = 

5.692, p = 0.0253; GFAP F(2, 9) = 565.5, p = < 0.0001; VIM F(2, 9) = 0.5780, p = 0.5806 (One-way 

ANOVA with Newman-Keuls post hoc). 
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3.3.8 iPSC-derived reactive astrocyte conditioned media causes detrimental 

effects to iPSC-derived neurons 

Having shown that stimulation with microglial factors IL1α, TNFα and C1q generates a 

reactive astrocyte, it was next determined whether these reactive astrocytes were 

detrimental to neurons as is the case throughout much of the literature. Conditioned 

media from control and reactive astrocytes was applied to neurons for 48 h. The impact 

of reactive ACM was assessed via ICC and quantification of neuronal clusters in terms of 

total clusters, clusters with extending processes and cluster size. 

Stimulation with ACM from reactive astrocytes resulted in a significant reduction in the 

total number of neuronal clusters (p < 0.001; Figure 3.3.12. D, E), a significant reduction 

in the number of clusters with extending processes (p < 0.001; Figure 3.3.12. F) as well as 

a reduced number of smaller and medium sized clusters (p < 0.01, p < 0.001; Figure 3.3.12. 

G). 
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Figure 3.3.12. Stimulation with reactive astrocyte conditioned media results in smaller and 

significantly less clusters of iPSC-derived cortical neurons. 

Representative images from each treatment group NMM (A), Serio (B), ACM control (C) and 

reactive ACM (D) were captured at x5 magnification. Stimulation with astrocyte conditioned media 

from reactive astrocytes resulted in a significant reduction in the total number of neuronal clusters 

(D, E), a significant reduction in the number of clusters with extending processes (F). With regards 

to classification of clusters by size, reactive ACM resulted in a significant reduction in small and 

medium sized clusters compared to control (G). Data expressed as mean ± SEM (N=3, n=4). *** p < 

0.001 vs NMM, +++ p < 0.001 vs Serio, ^^ p < 0.01 vs ACM Control. Clusters F(3, 7) = 13.90, p = 

0.0025; Clusters with processes F(3, 7) = 18.03, p = 0.0011 (One-way ANOVA with Newman-Keuls 

post hoc). Classification by size: effect of cluster size F(3, 40) = 66.95, p = < 0.0001; effect of ACM 

F(3, 40) = 15.75, p = < 0.0001; interaction effect F(9, 40) = 3.636, p = 0.0022 (Two-way ANOVA with 

Bonferroni post hoc). 
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3.4 Discussion 

Astrocytes are the homeostatic regulators of the CNS, but there is more and more 

evidence in the literature supporting a detrimental role of astrocytes in 

neurodegenerative diseases (Roybon et al., 2013; Osborn et al., 2016; Liddelow et al., 

2017). Many studies support a reactive astrocyte phenotype in disease, for example, the 

Barres laboratory group found significant C3 (a marker for reactive astrocytes) 

immunoreactivity in post mortem tissue from patients of AD, PD and HD, compared to 

healthy counterparts (Liddelow et al., 2017). The same lab attempted to characterise 

activated astrocytes into two broad categories, A1 reactive astrocytes produced following 

an inflammatory insult and A2 protective astrocytes resulting from ischemic shock 

(Zamanian et al., 2012). These astrocyte phenotypes were characterised via their gene 

expression profiles where genes related to inflammation were up-regulated in the A1 

phenotype and genes related to repair were up-regulated in the A2 phenotype. This 

classification of activated phenotypes follows the previous characterisation of polarised 

macrophages and microglia (Kanazawa et al., 2017), and while this may be an 

oversimplification of the in vivo environment it provides strong evidence for different 

reactive phenotypes in disease, thereby supporting the concept of an astrocytic 

functional switch in disease. 

The aim of this study was to generate and characterise human iPSC-derived astrocytes 

and subsequently stimulate them to produce a reactive astrocyte phenotype 

representative of a disease state. Reactivity was characterised by examining astrocyte 

morphology, protein secretion and gene expression, and the effect of reactive astrocytes 

on neurons was examined. 

 

3.4.1 iPSC-derived neurons and astrocytes are positive for classical markers 

iPSC-derived neurons (D20+) stained positive for the classical neuronal marker β-tubulin 

III, and the cortical markers TBR1 confirming successful differentiation of the target cell 

population. β-tubulin III is a constituent of neuronal microtubules frequently used as a 

marker of neuronal populations (Prokosch et al., 2019). During neurogenesis, β-tubulin III 

is neuron associated but also has transient expression in putative neuronal and glial cells 

(Vinores et al., 1995). In the CNS, β-tubulin III is expressed by NPC as well as glial 

progenitor cells, however, in the adult CNS is almost exclusively neuron specific and 

expressed neither in adult glia nor vascular cells (Prokosch et al., 2019). Besides specific 
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marker proteins that define cell type in the CNS, different regions of the CNS have specific 

expression patterns. The numerous areas and layers of the cerebral cortex are defined by 

specific genetic programs which are initiated in the relevant progenitor cells then 

implemented in post-mitotic neurons. One of these such genetic programs is TBR1, a 

transcription factor expressed in post-mitotic projection neurons (Bedogni et al., 2010). 

TBR1 is therefore used as a deep cortical layer VI marker (Yan et al., 2018).  

Further to the characterisation of iPSC-derived neurons, iPSC-derived astrocytes stained 

positive for traditional astrocyte markers GFAP, Cx43, S100β and EAAT1. Integral to the 

astrocyte cytoskeleton, intermediate filament protein GFAP, involved in cell migration 

and motility, anchors the highly expressed glutamate transporter EAAT1 in the cell 

membrane (Hol & Pekny, 2015; Ghanavatinejad et al., 2019). Cx43 is an astrocyte specific 

connexin, and the most widely and abundantly expressed gap junction protein in 

astrocytes (Almad et al., 2016). S100β, a glial-specific calcium-binding protein, is primarily 

expressed in astrocytes, most commonly co-localised with GFAP (Shaltouki et al., 2013). 

Furthermore, S100β is considered a mature astrocyte marker as it is highly expressed in 

the adult CNS (Raponi et al., 2007). As well as expressing astrocyte associated markers, 

iPSC-derived astrocytes were observed to have a stellate morphology characteristic of 

this cell type (Matyash & Kettenmann, 2010). Taken together this confirms astrocyte cell 

fate. 

 

3.4.2 Withdrawal of maturation factors prior to stimulation ensures a mature 

quiescent-like astrocyte is achieved at baseline 

BMP4 is a member of the TGFβ superfamily, which mediates the suppression of neural 

fate acquisition by ectodermal cells (Wilson & Hemmati-Brivanlou, 1995). It has 

additionally been found to induce the elaboration and differentiation of the astroglial 

lineage (Gomes et al., 2003). LIF is a member of the IL6 family of cytokines that has been 

shown to promote cell survival and influence cell fate. It acts through the JAK-STAT3 

pathway (Majumder et al., 2013) which is involved in mediating astrocyte reactivity and 

is activated in many models of neurodegenerative disease (Okada et al., 2006). LIF is 

included in the protocol of astrocyte maturation as it prevents the fate transition of neural 

stem cells into neurons (Palm et al., 2015). 

It has recently been questioned if the presence of these factors in the astrocyte 

maturation protocol may increase the baseline reactivity of astrocytes. A 2017 publication 
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indicated that hLIF activates STAT3 signalling and may result in up-regulation of 

inflammatory mediators such as IL6 (Tyzack et al., 2017). To ensure astrocytes were 

quiescent at the time of stimulation two terminal differentiation protocols were 

compared. iPSC-derived astrocytes were either matured for 10 d then stimulated or 

matured for 7 d followed by a 72 h rest period without any additional factors prior to 

stimulation. While gene expression of classical and reactive astrocyte markers were not 

significantly affected, baseline expression of PTX3 mRNA tended to decrease when 

astrocytes were matured for 7 d followed by a 72 h “cooling-off” period. Subsequent to 

this, IL6 secretion was significantly reduced following stimulation with inflammatory 

microglial factors when maturation was carried out for only 7 d. Surprisingly, unlike IL6, 

secretion of GM-CSF and RANTES – direct targets of the NF-kB pathway like IL6 – was 

unaffected by withdrawal of the maturing factors BMP4 and hLIF prior to stimulation. 

Taken together, this data indicates that maturation for 7 d followed by a 72 h period 

without factors produces a more “quiescent-like” astrocyte at baseline. It was determined 

that this quiescent-like astrocyte was the more desirable control and as such the 7 d 

maturation protocol was followed for all subsequent experiments. 

 

3.4.3 Characterisation of astrocyte reactivity 

With the characterisation of reactive astrocytes as A1 or A2 phenotypes in terms of their 

gene expression now widely considered to be an oversimplification of in vivo scenarios, it 

is of interest to more thoroughly explore the reactive astrocyte phenotype from form to 

function. 

 

3.4.3.1 GFAP, a classical astrocyte marker but flawed reactivity marker 

GFAP is an intermediate filament protein constituent of astrocytes, widely used as an 

astrocytic marker and also as a common indicator of astrocyte reactivity. There is a body 

of literature which report significant increases in GFAP expression following astrocyte 

activation (Zamanian et al., 2012; Anderson et al., 2014; Ben Haim et al., 2015; Anderson 

et al., 2016). Furthermore, the density of GFAP fluorescence has been shown to be up-

regulated in a post mortem HD study where GFAP co-localisation with mutant HTT protein 

was found in striatal astrocytes of HD patients (Faideau et al., 2010). Measured as CTCF, 

no significant difference in GFAP fluorescence was found in microglial factor-stimulated 

CTX astrocytes compared to control. Subsequent to this, GFAP mRNA expression was 
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found to be down-regulated in human iPSC-derived astrocytes in response to an 

inflammatory insult. Down-regulation of GFAP was also recorded in human iPSC-derived 

astrocytes subjected to treatment with TNFα and IL1β (Hyvarinen et al., 2019). Other 

research has reported similar findings, where different stimulators of astrocyte reactivity 

led to similar degrees of GFAP up-regulation while causing substantially different changes 

in transcriptome profiles and cell function (Anderson et al., 2014), highlighting the 

unpredictability of GFAP as a marker of astrocyte reactivity. There is also great 

heterogeneity in GFAP expression in adjacent astrocytes in all brain regions under normal 

physiological conditions (John Lin et al., 2017), there are even certain subpopulations of 

astrocytes which do not express GFAP at all (Walz & Lang, 1998). Taken together this 

suggests that GFAP is not a clear marker of astrocyte reactivity. Different stimuli which 

result in astrocyte reactivity and similar responses in GFAP can have notably different 

changes in gene expression and subsequently cell function. As such GFAP is no longer 

acceptable as a marker of astrocyte reactivity in its own right, but is rather considered 

one of many possible markers of reactivity. 

 

3.4.3.2 Reactive astrocytes undergo morphology changes 

Reactive astrogliosis is associated with significant morphological changes in the affected 

astrocyte population. In vivo, these morphological changes include hypertrophied 

processes and interdigitation (Anderson et al., 2014). Control iPSC-derived astrocytes 

displayed the classic star-shaped morphology associated with this cell type, while reactive 

astrocytes had more pronounced longer and extending processes. Nuclear:cytoplasm 

ratio provides a quantitative evaluation of the morphological changes induced by 

microglial factors (Hallmann et al., 2017). Following stimulation, a significant decrease in 

nucleus area coupled with a decrease in cytoplasm area compared to control resulted in 

a trend towards an increased nuclear:cytoplasm ratio. This converges from a similar study 

which observed increased nucleus and cytoplasm area following astrocyte stimulation 

(Hawkins et al., 2018). Altered morphology may in turn alter function in astrocytes. 

Compromised astrocytic function has been proposed as a mechanism of neuronal death 

via astrocytes (Liddelow et al., 2017). 
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3.4.3.3 The astrocyte secretome is a viable indicator of astrocyte reactivity 

The inflammatory cytokine IL6 is considered a canonical marker of reactivity, associated 

with context-specific induced signalling which can result in deleterious pro-inflammatory 

processes or neuroprotective anti-inflammatory processes (Tyzack et al., 2017). IL6 

expression and secretion was significantly increased in iPSC-derived astrocytes following 

stimulation with inflammatory microglial factors IL1α, TNFα and C1q. This corresponds 

with a study carried out in rat astrocytes which showed that IL1β and TNFα have a strong 

induction on IL6 secretion (Benveniste et al., 1990). Similarly, LPS-induced inflammation 

results in increased IL6 mRNA and secretion in glial cultures from adult rat brains, with 

aging having a significant effect on IL6 in its own right and in conjunction with LPS-induced 

inflammation (Xie et al., 2003). Furthermore, IL1β and TNFα have independently been 

demonstrated to induce increased mRNA expression and secretion of numerous 

inflammatory associated cytokines including IL6 in embryonic brain-derived human 

astrocytes (Aloisi et al., 1992). More recently it has been elucidated that IL6 can exert  

pro- and anti-inflammatory responses depending on its method of activation, with 

regenerative anti-inflammatory processes mediated by classical signalling via JAK/STAT 

pathways and pro-inflammatory processes mediated by trans signalling via a complex 

consisting of IL6 bound to sIL6R (Scheller et al., 2011). IL6 can also induce its own 

production in an autocrine manner dependent on the presence of sIL6R (Van Wagoner et 

al., 1999; Roybon et al., 2013), this may explain the potent levels of IL6 secretion observed 

in iPSC-derived reactive astrocytes. 

GM-CSF is a pro-inflammatory cytokine which signals via STAT3 and STAT5 to stimulate 

the production of monocytes, which may then migrate through the circulation and 

mature into macrophages in tissue, thus forming part of an inflammatory cascade 

(Fleetwood et al., 2005; Choi et al., 2014). GM-CSF is also a potent mitogen for microglia 

(Lee et al., 1994; Fan et al., 2018) dependent on p38 MAPK and NF-κB activation (Zaheer 

et al., 2007), and has also been shown to prime microglia via the same ERK1/2 and p38 

pathway (Parajuli et al., 2012). As a result, an increase in GM-CSF secretion by astrocytes 

can drive microglia activation and proliferation, exacerbating inflammation and 

subsequently degeneration. While non-activated astrocytes and neurons have been 

shown to have low basal secretion levels of GM-CSF, increased GM-CSF has been linked 

to a number of neurodegenerative diseases including AD, PD and MS (Tarkowski et al., 

2001; Kempuraj et al., 2016; Ifergan et al., 2017). Furthermore, the GM-CSF-dependent 

secretion of a number of inflammatory cytokines, including IL1β and IL6, is cytotoxic to 
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neurons (Zaheer et al., 2007). This study found significant GM-CSF secretion from iPSC-

derived astrocytes upon inflammatory insult which corresponds to a study carried out in 

the human astrocyte Ntera2 cell-line which found increased secretion of GM-CSF 

following IL1β or TNFα stimulation (Burkert et al., 2012). Taken together, our results 

combined with the literature may be indicative of a role for astrocytes in the recruitment 

and subsequent activation of microglia during the inflammatory response to 

neurodegeneration. 

RANTES, also known as CCL5 (chemokine C-C motif ligand 5), is a chemokine which plays 

a role in the peripheral immune system as a chemoattractant molecule. In the CNS, 

RANTES is multifunctional with roles including the promotion of inflammation, insulin 

signalling, modulation of synaptic activity as well as providing protection against a variety 

of neurotoxins (Lanfranco et al., 2017). RANTES expression is localised in 

oligodendrocytes, astrocytes and microglia (Lanfranco et al., 2017). Its expression by 

astrocytes is of particular interest as RANTES is a potent chemoattractant of monocytes 

and CD4+ T lymphocytes (Tokami et al., 2013), which breach the BBB to enter the brain 

under neuroinflammatory conditions. The proposed mechanism for its chemoattractant 

abilities is via interaction with G-protein coupled receptors (GPCR): CCR1, CCR3, CCR4 and 

CCR5. An astrocytoma cell-line, as well as human and rat primary astrocytes, produce 

RANTES following stimulation with TNFα and IL1β (Barnes et al., 1996). This corresponds 

with the significantly increased RANTES secretion detected in our iPSC-derived astrocytes 

following stimulation with inflammatory microglial factors (IL-1α, TNFα and C1q). Further 

evidence pertaining to a role for RANTES in neurodegeneration has been found in the 

MPTP mouse model of PD (Chandra et al., 2016), as well as in PD where a study correlated 

elevated serum RANTES levels with Hoehn-Yahr score and disease duration (Tang et al., 

2014). A chemotactic role of RANTES has been suggested in MS (Barnes et al., 1996) while 

elevated cytosolic RANTES levels have been seen in the brain of HD mouse models and 

human HD patients (Chou et al., 2008). There is also some literature claiming high levels 

of RANTES are secreted in response to MCAO leading to a neuroprotective state (Tokami 

et al., 2013), however, RANTES is more consistently characterised as an inflammatory 

chemokine (Choi et al., 2014; Tarassishin et al., 2014; Hennessy et al., 2015). 
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3.4.3.4 Reactive astrocyte gene expression profile 

A 2017 study characterised activated astrocytes into two categories, an A1 reactive 

astrocyte phenotype induced by inflammatory insult which is pro-inflammatory and an 

A2 neuroprotective astrocyte induced following ischemic stroke which is anti-

inflammatory and reparative (Liddelow et al., 2017). The astrocytes were characterised 

according to their gene expression profile following activation. Numerous genes were 

described as PAN reactive because their expression was up-regulated regardless of 

activated phenotype, these included GFAP, STEAP4 and VIM. Further to this, a panel of 

genes were denoted as either A1-specific (e.g. SERPING1, LIGP1 and AMIGO2) or A2-

specific (e.g. CLCF1, PTX3 and CD14). Given that this study was carried out in mouse 

primary astrocytes, it was of interest to determine whether a reactive phenotype could 

similarly be induced in human iPSC-derived astrocytes. From the extensive list of genes 

probed by Liddelow and colleagues, ten genes were selected and used as a panel of 

markers to verify that stimulated astrocytes were activated. 

GFAP and VIM encode the intermediate filament proteins GFAP and vimentin 

respectively. They are both considered canonical astrocytic markers widely used in the 

literature to confirm astrocyte cell fate (Roybon et al., 2013). GFAP and VIM are typically 

found to be up-regulated when astrocytes become reactive, and are thus regarded as 

pan-reactive markers (Liddelow et al., 2017). In this study, GFAP mRNA expression was 

significantly decreased following stimulation with inflammatory microglial factors, while 

VIM mRNA was unchanged. While this result contrasts with the expected increase in 

GFAP in response to activation (Zamanian et al., 2012; Ben Haim et al., 2015), it does 

concur with the results of a fronto-temporal dementia study which also utilised iPSC-

derived astrocytes (Hallmann et al., 2017) as well as confirming the outcome of the 

densitometry analysis in this study where GFAP was unchanged in reactive astrocytes 

compared to control. Following microglial factor stimulation, the expression of VIM 

mRNA did not change in astrocytes compared to control. This differs from the expected 

result of increased expression as the intermediate filament system, which includes both 

GFAP and vimentin, is known to be up-regulated and rearranged during reactive 

astrogliosis (Hol & Pekny, 2015). However GFAP is also up-regulated in proliferating cells 

which clouds its ability to represent reactivity (Janeczko, 1993; Liddelow & Barres, 2017). 

The remaining genes which were probed – IL6, IL1β, CXCL10, ICAM1, C3, LCN2, SERPINA3 

and PTX3 – were all increased in stimulated astrocytes and therefore provide a useful 

panel for confirmation of astrocyte reactivity state. 
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IL6 mRNA expression was significantly increased following stimulation with inflammatory 

microglial facts. This complements the already discussed significant increase in IL6 

secretion, a major astrocyte cytokine. Another cytokine whose transcript was induced is 

IL1β. IL1β is a pro-inflammatory cytokine and a key molecule in systemic immune 

responses in health and disease. IL1 has been associated with AD where a number of 

different polymorphisms associated with IL1α and IL1β are implicated in excessive 

synthesis, translation, and processing of neuronal APP as well as other plaque-associated 

proteins (Griffin et al., 2000; Griffin & Mrak, 2002). IL1β mRNA expression was 

significantly induced in iPSC-derived astrocytes following stimulation with inflammatory 

microglial factors IL1α, TNFα and C1q. Increased IL1β expression has been associated with 

Multiple Sclerosis (MS) where patient peripheral immune cells were found to express 

significantly greater levels of IL1β mRNA compared to controls (Heidary et al., 2014). IL1β 

is a product of NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) inflammasome 

activation and assembly. NLRP3 and its molecular components, as well as IL1β, have been 

found in spinal cord astrocytes of the SOD1 mouse model of ALS. Further, evidence for 

NLRP3 activation has been detected in ALS patient tissue suggesting that astroglial NLRP3 

inflammasome complexes and IL1β are critically involved in neuroinflammation in ALS 

(Johann et al., 2015).  

CXCL10 is a chemokine responsible for attracting peripheral monocytes such as T-helper 

(Th) cells expressing chemokine receptor 3 (CXCR3), key examples being Th1 and Th17 

cells which then proceed to breakdown cell debris at the site of induced inflammation 

(Groom & Luster, 2011). CXCL10 mRNA expression was significantly increased in iPSC-

derived astrocytes following inflammatory insult, corresponding with much of the related 

literature. CXCL10 has been shown in many studies to be up-regulated in reactive 

astrocytes following stimulation with either LPS or microglial factors (Zamanian et al., 

2012; Clarke et al., 2018). Additionally, CXCL10 expression has previously been shown to 

be up-regulated at a higher rate in aged reactive astrocytes, when AD prominently occurs, 

and is also expressed at higher levels in mice hippocampal and striatal reactive astrocytes 

in comparison to cortical astrocytes (Clarke et al., 2018). CXCL10 immunoreactivity was 

found to be markedly elevated in astrocytes in AD post-mortem brain samples compared 

to control, these CXCL10+ astrocytes were found to be associated with senile plaques (Xia 

et al., 2000). CXCL10 has also been shown to be elevated in the CSF of AD patients and 

subjects with mild cognitive impairment compared to healthy controls (Galimberti et al., 

2003). This high expression of CXCL10, coupled with BBB breakdown seen in AD and other 
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neurodegenerative disorders, could result in mass invasion of peripheral immune cells 

into the CNS and irreversible damage. 

ICAM1 (intercellular adhesion molecule-1) is a cell surface glycoprotein which contributes 

to the mediation of cellular signalling through integrin binding. It is typically expressed on 

endothelial cells and cells of the immune system (Long, 2011). ICAM1 additionally forms 

part of the STAT3 signalling pathway (Hashioka et al., 2011; Tyzack et al., 2017) and so is 

associated with inflammation. ICAM1 expression was significantly increased in iPSC-

derived astrocytes following stimulation. This is congruent with the findings of studies in 

primary rat astrocytes (Shrikant et al., 1994) and human astrocyte cultures (Aloisi et al., 

1992). Constitutively expressed by astrocytes, ICAM1 expression is known to be up-

regulated in an inflammatory environment (Shrikant et al., 1994) and is aberrantly 

induced in CNS pathologies, including AD, with ligation of the molecule even leading to 

IL6 secretion (Lee et al., 2000). Additionally, reactive astrocytes in the substantia nigra of 

PD and MPTP-treated monkeys have high levels of ICAM1, which is shown to be induced 

by secreted α-synuclein (Klegeris et al., 2006). 

C3 is a member of the complement system. In the developing CNS, C1q promotes 

activation of C3 which in turn marks subsets of synapses for pruning. However, 

inappropriate activation of this pathway by soluble Aβ has been linked to synaptic loss in 

AD (Hong et al., 2016). More recently, C3 has been proposed as a new marker of astrocyte 

reactivity following detection of high levels of C3+ astrocytes in post mortem brain 

samples from AD, PD and ALS patients (Liddelow et al., 2017). C3 mRNA expression was 

significantly induced in this study, which complements the existing literature pertaining 

to C3 as a reactive astrocyte marker. High levels of C3 expression have also been reported 

in human iPSC-derived astrocytes following stimulation with microglial factors IL1β and 

TNFα (Hyvarinen et al., 2019). The C3 receptor (C3aR) which is highly expressed by 

astrocytes and microglia in the CNS has been suggested as a target for therapies aiming 

to reduce reactive astrogliosis in neurodegeneration. A recent study demonstrated that 

C3aR deletion in the tau PS19 mouse model of AD resulted in the rescue of tau pathology 

and attenuation of neuroinflammation, synaptic deficits, and neurodegeneration 

(Litvinchuk et al., 2018). However, this is contrasted in a mouse model of prion disease 

where abolishing A1 astrocytes led to an accelerated disease course (Hartmann et al., 

2019). So while C3 may act as a useful reactive astrocyte marker, its use as a therapeutic 

target requires further investigation. 
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Lipocalin-2 (LCN2) is a secretory protein involved in the regulation of diverse cellular 

processes including cell death and survival, cell migration and invasion, cell 

differentiation, inflammation, and tissue regeneration. LCN2 secreted by astrocytes 

under inflammatory conditions promotes apoptosis, morphological changes, and 

migration in astrocytes both in vitro and in vivo (Lee et al., 2009; Lee et al., 2015). LCN2 is 

an innate immunity-associated gene and inducible factor in reactive astrocytes which is 

selectively neurotoxic in neurodegenerative diseases (Bi et al., 2013; Tong et al., 2015), 

however, LCN2 has also been shown to serve as a potent protective factor in the CNS in 

response to systemic injury (Kang et al., 2018). Up-regulation of LCN2 has previously been 

observed following stimulation with TNFα and IL1β amongst other inflammatory 

microglia secreted factors, while it is undetectable in quiescent astrocytes (Zamanian et 

al., 2012; Roybon et al., 2013; Liddelow et al., 2017). LCN2 secreted under inflammatory 

conditions promotes morphology changes associated with reactive astrocytosis and 

apoptosis, further promoting astrocytic death (Lee et al., 2015) so it was expected that 

LCN2 would be up-regulated in stimulated iPSC-derived astrocytes. As expected, LCN2 

mRNA expression was significantly induced in iPSC-derived astrocytes following 

inflammatory insult with microglial factors IL1α, TNFα and C1q. 

SERPINA3, which codes for the expression of the protease-inhibitory glycoprotein serpin 

peptidase inhibitor clade A member-3 (SEPRINA3), was significantly increased in iPSC-

derived astrocytes following stimulation with inflammatory microglial factors. According 

to the Barres laboratory, SERPINA3 is highly up-regulated in both a MCAO and LPS model 

of trauma, indicating that it may be used as an indicator of pan-reactivity in astrocytes 

(Liddelow et al., 2017). SERPINA3 has been proposed as a therapeutic target and indicator 

of prognosis for glioblastoma (Li et al., 2018). Raised SERPINA3 has also been associated 

with neuroinflammation in schizophrenia (Trepanier et al., 2016; Purves-Tyson et al., 

2019), has been proposed as an indicator of MS severity (Masvekar et al., 2019), and is 

up-regulated in the motor cortex of sporadic ALS patients (Sanfilippo et al., 2017).   

PTX3 plays an acute role in the innate immune response binding apoptotic cells in order 

to regulate their clearance. The exact role of PTX3 in the CNS remains undetermined but 

several studies have linked its function in astrocytes with maintaining BBB integrity 

(Rodriguez-Grande et al., 2014). It has also been hypothesised that PTX3 may contribute 

to preventing an autoimmune response in inflamed tissue (Rovere et al., 2000). While 

PTX3 has previously been characterised as an A2-specific marker of reactive astrocytes 

(Zamanian et al., 2012; Liddelow et al., 2017), there is evidence in the literature for its 
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increased expression and secretion following an inflammatory stimulus (Skelly et al., 

2013; Rodriguez-Grande et al., 2014) which would support the findings of this study 

where low concentrations of the microglial factors were sufficient to significantly increase 

PTX3 mRNA expression. This is in line with previous studies where PTX3 has been shown 

to be induced by inflammatory signals including IL1β, IL6, TNFα, and LPS (Rovere et al., 

2000; Hughes et al., 2010; Hennessy et al., 2015). Interestingly, a previous study has 

linked increased PTX3 expression with a 20% increase in cognitive decline in elderly 

individuals across 1,315 participants, suggesting PTX3 may be a viable inflammatory 

biomarker for measuring cognitive decline (Sharma et al., 2016). 

Taken together this data, along with the previously discussed increased secretion of pro-

inflammatory cytokines and chemokines (IL6, GM-CSF and RANTES), supports the 

hypothesis that IL1α, TNFα and C1q may be used in combination to induce reactivity in 

human iPSC-derived astrocytes in order to facilitate the study of astrocyte reactivity in 

vitro. In order to determine the impact of these astrocyte secreted produces on neuronal 

health, ACM was collected from control and reactive astrocytes and the effect on 

neuronal cultures was examined. 

 

3.4.4 iPSC-derived reactive astrocyte conditioned media compromises 

neuronal health 

After demonstrating that iPSC-derived astrocytes release inflammatory cytokines and 

chemokines following stimulation, it was key to investigate the effect of reactive 

astrocytes in our human iPSC-derived model of neuroinflammation. To estimate the 

possible neurodetrimental effect of activated astrocytes in our model, mature iPSC-

derived neurons were incubated with reactive ACM. Neuronal cell viability was quantified 

by immunofluorescent labelling with the neuronal marker β-tubulin III and subsequently 

counting the number of neuronal clusters in culture (Park et al., 2009; Belinsky et al., 

2013; Tornero et al., 2013). Quantification of neuronal clusters confirmed that ACM from 

reactive astrocytes has a detrimental effect on neurons resulting in an overall reduction 

in the total number of clusters as well as the size of clusters, and the observed extension 

of processes. This result follows the abundance of literature pertaining to the neurotoxic 

effect of astrocytes in an inflammatory or disease environment. 

Previously, it has been demonstrated in a murine model by the Barres laboratory group 

that astrocytes activated following inflammatory insult are detrimental to neuronal 
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viability. They found significant cell death across retinal ganglion cells (RGC), cortical 

neurons, and ESC, which was attributed to loss of astrocyte homeostatic functions or 

potential secretion of a neurotoxic agent (Liddelow et al., 2017). Numerous other studies 

have demonstrated neurotoxic effects of reactive astrocytes (Lobsiger & Cleveland, 2007; 

Marchetto et al., 2008). Subsequently, reactive astrocytes have been documented in post 

mortem brain tissue of numerous neuroinflammatory disorders including AD (Osborn et 

al., 2016), PD (Teismann & Schulz, 2004), ALS (Almad et al., 2016) and HD (Faideau et al., 

2010). Future studies should pursue the effects of IL6, RANTES and GM-CSF on neuronal 

health as these factors were potently secreted by iPSC-derived reactive astrocytes. 

Exogenous application of these astrocyte-secreted factors to neuronal cultures could 

provide some insight on whether these are neurodegeneration inducing factors. 

It was interesting to find that ACM from control astrocytes did not exert trophic effects 

on neuronal cultures. The literature indicates that ACM from healthy astrocytes typically 

promotes neuronal survival and neurite outgrowth (Gray & Patel, 1992; Yoshida et al., 

1995; Dhandapani et al., 2003; Cordero-Llana et al., 2011; Yan et al., 2013). It is positive 

to note that the ACM from our control astrocytes also had no detrimental effect on 

neurons. Perhaps collecting the ACM in neuron base media would yield a different result, 

or indeed incubating neurons in ACM for a longer period, e.g. 7 days, may have a greater 

effect on neuron survival and growth of processes. The impact of ACM on neuronal cell 

adherence and apoptosis could be examined by quantification of apoptotic markers such 

as caspase-3, this would consolidate our conclusions that reactive astrocyte ACM has a 

detrimental effect on the health of iPSC-derived neuronal cultures. Taken together, this 

study further validates the use of human iPSC-derived neurons and astrocytes as an in 

vitro model system of neuroinflammation. 

 

3.4.5 Concluding remarks 

The reactivity of astrocytes in response to brain insult or injury is now recognised as a key 

contributor to neurodegeneration. Generation of an effective astrocyte model of 

neurodegeneration will be invaluable in future neurodegenerative research to contribute 

to the identification of potential novel targets for the development of neurodegenerative 

disease therapies. This study has shown that iPSC-derived reactive astrocytes may be 

generated by stimulation with inflammatory microglial factors IL1α, TNFα and C1q (Figure 

3.4.1). These reactive astrocytes may be characterised in terms of morphology, 
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presenting with an increased nuclear:cytoplasm ratio, as well as increased secretion of 

inflammatory mediators and increased expression of a number of genes associated with 

a reactive phenotype. 

In conclusion, these iPSC-derived reactive astrocytes are representative of a disease 

condition where inflammation is a known factor and provide a useful “disease in a dish” 

model to further investigate the role of astrocytes in AD. By comparing the responses of 

astrocytes with different genotypes for the AD risk factor APOE, this model will be a useful 

means to elucidate the effect of APOE genotype on astrocyte reactivity. 

 

 

Figure 3.4.1. Schematic of results. 

Inflammatory microglial factors IL1α, TNFα and C1q are sufficient to induce reactivity in iPSC-

derived astrocytes to generate a “disease in a dish” model of astrogliosis. Reactive astrocytes can 

be characterised by their inflammatory profile which includes changes in morphology, protein 

secretion, gene expression and ultimately resulting in neuronal cell death. 
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4. Delineation of the effect of apolipoprotein E genotype on 

astrocyte reactivity following an inflammatory insult 

4.1 Introduction 

AD was first described in 1907 by Alois Alzheimer (Penney et al., 2020). Over 100 years 

later, our understanding of the disease has improved, although there is still much to 

uncover. In recent years, research has moved away from a neuron-centric approach to 

focus more on glial cell involvement in AD. While most research focuses on the less 

prevalent familial AD which is genetically inherited and associated with an earlier age of 

onset (< 65 years) (Essayan-Perez et al., 2019), over 95% of AD patients suffer from late-

onset sporadic AD (Lin et al., 2018). 

The current FDA approved drugs for AD target neuronal function which provide modest 

cognitive aid but do not alter the disease course or underlying neurodegeneration 

(Penney et al., 2020). Additionally, the persistent failure of neuron-targeting therapeutics 

in AD clinical trials has seen a shift towards more research investigating the roles of glial 

cells, in particular astrocytes. Astrocytes are the most abundant glial cells in the human 

brain and are essential for maintaining brain homeostasis. In AD, astrocytes are believed 

to be instrumental to the pathology of AD and are thought to contribute to AD 

neurodegeneration via their reactivity and APOE genotype. 

APOE4 is the single greatest genetic risk factor for sporadic AD. By age 85, ~11% of the 

general population will develop late-onset AD, compared to 25% of individuals 

heterozygous for APOE4 and 55% of those homozygous for APOE4 (Genin et al., 2011). 

APOE is mainly expressed by astrocytes within the CNS, and yet the exact mechanisms 

underlying how APOE4 contributes to reactive astrogliosis and AD pathogenesis has not 

been established. 

 

4.1.1 APOE4 – evidence for a role in AD pathogenesis 

The APOE gene is located on chromosome 19, and within an area of the genome that has 

already been strongly linked to familial AD (Poirier et al., 1993). While differences in terms 

of the primary structure of the three major APOE isoforms are extremely subtle, this has 

a marked effect on the risk of developing AD later in life. APOE3 is the most prevalent 

isoform in the general population (~78%), presents a neutral risk for developing AD and 

as such is considered the normal isoform (Liu et al., 2013). APOE2 frequency is about 8% 
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and is considered neuroprotective, resulting in a lower than average risk of developing 

AD (Corder et al., 1994; Liu et al., 2013). GWAS studies have identified APOE4 as a major 

genetic risk factor for late-onset AD (Lambert et al., 2013; Kunkle et al., 2019b), present 

in 20% of the general population (Lane-Donovan & Herz, 2017; Jeong et al., 2019). APOE4 

increases the risk of developing AD in a gene-dose dependent manner (Corder et al., 

1993), where people homozygous for APOE4 are at a greater risk than those heterozygous 

for APOE4 or non-carriers (Liu et al., 2013). This increased AD frequency is coupled with 

a reduced average age of onset of clinical symptoms, whereby 91% of APOE4 

homozygotes develop AD with a mean age at clinical symptom onset of 68 years (Table 

4.1.1). In the 25 years since APOE4 was first associated with AD many studies have tried 

to unravel the reason why one amino acid difference between APOE4 and APOE3 can 

have such a profound effect on AD risk. However, recent data would suggest that APOE4 

disrupts normal glial function alongside changes associated with the aging brain that may 

lead to neurodegeneration (Fernandez et al., 2019), with links to disrupted cholesterol 

homeostasis, compromised Aβ handling and implications on glial reactivity. 

 

 APOE4 

 Not present Heterozygous Homozygous 

AD Frequency (%) 20 47 91 

Age of Onset of Clinical 

Symptoms (year) 84 76 68 

Table 4.1.1. AD frequency has a positive correlation with number of APOE4 genes. 

APOE4 increases AD risk in a gene-dose dependent manner, this is coupled with a reduced age of 

clinical symptom onset. Adapted from Liu et al., 2013.  

 

4.1.1.1 Brain cholesterol dysregulation by APOE4 

Abnormal cholesterol metabolism by APOE4 could be linked to AD-associated pathology. 

Within the CNS, cholesterol is mainly transported from astrocytes to neurons by 

lipoprotein particles. APOE is a major component of these particles (Vance, 2012; Liu et 

al., 2013), forming a lipoprotein complex with cholesterol and is secreted through the 

function of ABCA. Of the three APOE isoforms, APOE4 has a lower transport affinity and 

binding capacity for lipids (Hatters et al., 2006; Vance, 2012), which may result in reduced 

cholesterol transport from astrocytes to neurons. This reduction in cholesterol delivery 
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to neurons may affect formation of neuronal lipid rafts which are cholesterol-rich 

microdomains within the plasma membrane. Such lipid rafts are thought to be important 

for cell adhesion, axon guidance, synaptic transmission and signal transduction (Tsui-

Pierchala et al., 2002). 

Recent studies using human iPSC-derived astrocytes showed increased intracellular and 

extracellular cholesterol accumulation in APOE4 astrocytes compared to isogenic APOE3 

control astrocytes (Lin et al., 2018). With regards to cholesterol secretion, Lin and 

colleagues showed that APOE4 astrocytes had increased extracellular cholesterol as 

determined by measuring cholesterol levels in the culture media (Lin et al., 2018). In 

contrast, the Goate laboratory associated APOE4 with increased lysosomal cholesterol 

and decreased cholesterol secretion which they postulated was due to a reduction in total 

APOE protein as well as reduced Abca1 expression [(Tcw et al.) 2019 preprint]. 

Intracellular cholesterol accumulation in APOE4 astrocytes has also been proposed to be 

as a result of impaired efflux as well as increased expression of genes associated with 

cholesterol biosynthesis (Jeong et al., 2019), however the precise mechanisms are 

unknown.  

 

4.1.1.2 APOE and Aβ – production, clearance, deposition, aggregation and 

toxicity 

The effects of APOE genotype on circulating Aβ, as well as CSF levels of Aβ is quite 

conflicting in the literature with some studies indicating an APOE-dependent effect (Lin 

et al., 2018) and others showing an APOE-independent effect (Lautner et al., 2014). 

Aβ levels within the CNS are representative of the homeostatic balance of Aβ production 

and clearance. Aβ build-up may be indicative of overproduction, compromised clearance 

or a combination of both. There is increasing evidence in the literature to support a role 

for APOE and APOE receptors in these processes. Many of the APOE receptors interact 

with APP thereby affecting its processing. This affect is thought to be isoform specific, 

where APOE4 increases APP internalisation resulting in increased Aβ production via the 

LRP1 receptor interaction with APP (Ye et al., 2005). A study in a rat neuroblastoma cell 

line showed that APOE4 increased Aβ production; blocking the LRP pathway and reducing 

LRP1 expression attenuated the APOE4 effect on Aβ production indicating this process 

may be LRP1-dependent. Amino acid replacement to disrupt domain interaction within 

the LRP1 receptor gave further proof that LRP1 is heavily involved (Ye et al., 2005). 
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Increased Aβ production in the APOE4 phenotype has also been linked to the APOE-

binding protein TMCC2 (Hopkins et al., 2011). Huang and colleagues found differential 

APP transcription across APOE genotypes, with an APOE4 > APOE3 > APOE2 potency rank 

order. They found that APOE activates a non-canonical MAPK signalling cascade which 

enhances APP transcription and subsequent Aβ synthesis (Huang et al., 2017). 

The APOE4 isoform is also associated with altered clearance of Aβ aggregates. APOE4 

astrocytes are less efficient at clearing Aβ42 which was shown to be a lysosome dependent 

effect (Lin et al., 2018). APOE4 has less affinity for Aβ compared to APOE3 and this 

combined with reduced APOE secretion may contribute to the impaired Aβ clearance (Lin 

et al., 2018). The research group also noted age-dependent and APOE4-dependent 

elevations of Aβ and phosphorylated tau which were found to correspond temporally to 

the appearance of astrocytes, indicating the critical importance of APOE to astrocytic 

function (Lin et al., 2018). APOE4 has also been shown to form smaller lipoprotein 

complexes with reduced affinity for Aβ, as well as reduced binding affinity for APOE 

receptors, compared to APOE3 (Kim et al., 2009). 

Evidence from clinical studies have shown a positive correlation between APOE4 

genotype and Aβ deposition (Kantarci et al., 2012; Murphy et al., 2013). Subsequent to 

this, Aβ deposition appears to begin earlier in individuals with at least one APOE4 gene 

compared to non-carriers (Fleisher et al., 2013). The results from these clinical studies 

support the hypothesis that APOE4 contributes to the risk of AD as a result of early 

initiation and accelerated deposition of Aβ. In contrast, APOE2 is thought to have a 

protective effect with reduced Aβ deposition (Corder et al., 1994; Serrano-Pozo et al., 

2015). The mechanisms underlying the neuroprotective characteristics of APOE2 may be 

the key to understanding the compromised cognitive function and increased AD risk seen 

in APOE4 carriers, however they remain unknown due to its low incidence in the 

population therefore large scale APOE2 studies are few. 

It has been suggested that Aβ metabolism is compromised in APOE4 carriers as it was 

demonstrated that AD brains from APOE4 homozygous individuals have 2.7 times more 

oligomeric Aβ compared to APOE3 counterparts (Hashimoto et al., 2012). The 

aggregation of Aβ plaques is more abundant in APOE4 carriers than in either of the other 

two isoforms because it is less effective at clearing soluble Aβ from the extracellular 

space, due to its poorly lipidated structure (Hauser & Ryan, 2013). In cognitively normal 

individuals, and in transgenic mice, a differential rate of clearance and synthesis of Aβ in 

early life resulted in an APOE isoform-dependent rate of Aβ aggregation in later life, with 
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APOE4 showing the poorest ability to remove soluble Aβ from the interstitial fluid 

(Castellano et al., 2011; Youmans et al., 2012). The binding abilities of APOE3 and APOE4 

have been compared and APOE3 has a 5-fold higher binding affinity for both Aβ40 and 

Aβ42, the two most common Aβ species seen in AD (Tokuda et al., 2000). These 

observations suggest that APOE4 may further contribute to Aβ load in AD as a result of 

compromised clearance and breakdown. 

 

4.1.1.3 APOE genotype – implications in tauopathy 

Given that Aβ pathology is thought to drive tau pathology in AD, it is likely that APOE also 

plays a role in tauopathy. APOE has been shown to co-localise with and bind to tau in vitro 

(Strittmatter et al., 1993; Strittmatter et al., 1994), while in vivo, transgenic mice 

expressing neuron-specific human APOE resulted in hyperphosphorylation of tau in the 

manner of APOE4 > APOE3 (Brecht et al., 2004). Lin and colleagues found increased Aβ 

accumulation coupled with elevated levels of phosphorylated tau in APOE4 iPSC-derived 

organoids compared to their APOE3 controls (Lin et al., 2018). Shi and colleagues showed 

that APOE4 leads to accelerated hyperphosphorylation of tau and tau-mediated 

neurodegeneration in a transgenic mouse model of tauopathy. By co-culturing tau-

expressing neurons with APOE4-expressing astrocytes they found a significant increase in 

TNFα secretion and subsequent decrease in neuron viability (Shi et al., 2017b). TNFα is 

one of the factors shown to evoke reactivity in astrocytes (Liddelow et al., 2017) and so it 

is highly likely that reactive astrogliosis is a contributing factor to this APOE4 induced 

pathology in AD. 

 

4.1.1.4 APOE, astrocytes and neuroinflammation 

The mechanisms underpinning APOE4 associated AD risk are not yet understood but it 

has been proposed to be a combination of a loss of neurotrophic functions as well as a 

gain of toxic function (Holtzman et al., 2012; Liu et al., 2017; Zhao et al., 2017). Barger 

and Harmon found that soluble APP activated microglia. This effect was blocked by 

incubating microglia with exogenous APOE3 protein but not APOE4, indicating a potential 

lack of immunomodulation by APOE4 which in turn may result in chronic 

neuroinflammation (Barger & Harmon, 1997). Some studies have suggested that APOE4 

astrocytes are more pro-inflammatory in nature compared to APOE3 astrocytes which 

could contribute to AD pathology (Dorey et al., 2014). Another study demonstrated that 
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neurons co-cultured with APOE4 astrocytes expressed decreased amounts of neuronal 

and synaptic markers and had lower viability rates than neurons co-cultured with APOE3 

isogenic astrocytes (Zhao et al., 2017). This suggests that APOE4 astrocytes have a 

decreased ability to support neuronal and synaptic homeostasis. However, the evidence 

pertaining to the impact of APOE genotype on astrocyte reactivity is inconsistent and 

warrants further investigation. This confusion surrounding the narrative of the APOE 

inflammatory response amongst the literature has been suggested to arise from the lack 

of human APOE models available (Tai et al., 2015). 

 

4.1.2 Modelling genetic variants using human iPSC 

Most existing research regarding the involvement of reactive astrocytes and APOE in AD 

is largely based on animal model studies, specifically rodent studies. Although rodent 

models and corresponding primary cultures have provided a valuable tool for studying 

neurodegenerative disease, the use of non-human models for human diseases presents 

a barrier to what we can learn. Furthermore, rodents possess only one APOE isoform 

which most closely resembles that of the human APOE3 isoform making it difficult to 

compare genotypes in rodent models (Raffai et al., 2001; Fernandez et al., 2019). The 

development of iPSC technology has become a vital tool for the generation of disease- 

and patient- specific in vitro models and subsequent analysis of genetic variants 

(Takahashi & Yamanaka, 2006; Takahashi et al., 2007). Specifically, it has been shown that 

iPSC-derived astrocytes are a valid model for studying the effect of APOE genotype on 

astrocytic function. 

Recently, several studies have used human iPSC-derived astrocytes to investigate the 

effects of APOE genotype on in vitro cultures. Zhao and colleagues found that APOE4 

carrying astrocytes were less effective at supporting neuron growth and synaptogenesis 

compared to APOE3 carriers (Zhao et al., 2017). In a comprehensive study carried out by 

Lin and colleagues, it was found that APOE4 affects transcription of hundreds of genes 

and leads to increased Aβ burden (Lin et al., 2018). Wang and colleagues found they could 

use a small molecule corrector to re-conform APOE in human iPSC-derived astrocytes in 

vitro and ameliorate AD-associated pathology of cells (Wang et al., 2018). To this author’s 

knowledge, no human iPSC model has been used to investigate the impact of APOE 

genotype on astrocyte reactivity. 
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4.1.3 Aims 

The objectives of this chapter can be separated into two primary aims: 

1. To generate APOE4 homozygous cortical astrocytes from human iPSC, 

2. To stimulate APOE3 and APOE4 homozygous iPSC-derived astrocytes with 

inflammatory microglial factors (IL1α, TNFα and C1q) and compare their reactivity 

profile at the gene, protein and morphological level in order to determine 

whether APOE genotype affects reactivity in our model. 

 

The hypothesis pertaining to these aims are that APOE4 will be inherently reactive 

compared to APOE3 astrocytes at a basal level as well as following stimulation.  
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4.2 Materials and Methods 

4.2.1 Cell lines 

Human iPSC homozygous for APOE3 and APOE4 were used in this study to generate 

astrocytes and subsequently reactive astrocytes. E3E3 astrocytes were derived from the 

NAS2 iPSC line previously described. E4E4 astrocytes were derived from an APOE4 

homozygous iPSC line generated by Dr Lucy Crompton of the Caldwell laboratory in the 

University of Bristol. The original fibroblasts were donated by a participant on the premise 

of receiving a free 23andMe genome screen, the APOE genotype was confirmed by Dr 

Crompton. 

 

4.2.2 Astrocyte progenitor cell culture and terminal differentiation 

Human E3E3 and E4E4 iPSC were patterned towards a neural fate and subsequently 

differentiated along a glial lineage as described in sections 3.2.8 and 3.2.10. APC were 

seeded from D80 onwards for terminal differentiation to produce mature astrocytes as 

described in section 3.2.5. Cell fate was confirmed by immunofluorescent staining. 

 

4.2.3 Astrocyte stimulation to examine reactivity in E3E3 and E4E4 astrocytes 

Astrocytes were stimulated with inflammatory microglial factors IL1α (3 ng/mL), TNFα (30 

ng/mL) and C1q (400 ng/mL) for 24 h in order to generate reactive astrocytes. A 10-factor 

dilution of these concentrations was also used. These treatments are denoted as “Factors 

High” and “Factors Low” where appropriate. Post stimulation, media was collected and 

cells were lysed as appropriate for qPCR and Western blotting analysis of reactivity 

markers (see Figure 4.2.1 for timeline).  
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Figure 4.2.1. Experimental timeline to test the effect of microglial factors on astrocyte reactivity 

in E4E4 astrocytes. 

APC were expanded in Serio media supplemented with EGF and hLIF. From D80 APC are plated and 

terminally differentiated for 7 d, followed by 3 d in Serio media without factors to ensure a 

quiescent-like astrocyte at time of stimulation. Astrocytes are stimulated for 24 h to generate a 

reactive astrocyte. Post-stimulation media was collected for ELISA analysis and cell lysates were 

harvested for qPCR and Western Blotting analysis. 

 

4.2.4 Analysis of mRNA expression by qPCR 

The mRNA expression of a panel of eight reactivity markers (C3, CXCL10, GFAP, ICAM1, 

IL1β, IL6, LCN2 and PTX3) were assessed by qPCR (Table 4.2.1). Gene expression 

concentrations were analysed using the comparative Ct method. The target genes from 

each sample were compared with GAPDH, which acted as the endogenous control. The 

Ct values of each target gene and control gene were compared and expressed as a RQ. 

The full qPCR protocol is described in detail in the main methods section of this thesis 

(Sections 2.4.1). 
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Gene Cat No. Gene Code 

C3 4453320 Hs00163811_m1 

CXCL10 4453320 Hs00171042_m1 

GFAP 4453320 Hs00909233_m1 

ICAM1 4453320 Hs00164932_m1 

IL1B 4453320 Hs01555410_m1 

IL6 4453320 Hs00174131_m1 

LCN2 4453320 Hs01008571_m1 

PTX3 4453320 Hs00173615_m1 

Table 4.2.1. Target genes used for qPCR analysis of E4E4 astrocyte reactivity profile. 

 

4.2.5 Analysis of cytokine secretion by ELISA 

ELISA analysis was used to assess the concentration of IL6 secreted into the supernatant 

obtained from cultured E4E4 astrocytes. The ELISA protocol is detailed in Chapter 2 

(Section 2.5.1). 

 

4.2.6 Immunocytochemistry 

Cells on coverslips were fixed with 4% PFA (500 μL, 25 min, RT) in preparation for 

immunocytochemistry (Chapter 2, Section 1.5.2). Primary and secondary antibodies are 

detailed in Tables 4.2.2 and 4.2.3 respectively. 

 

Antigen Dilution Factor Manufacturer 

Chicken anti-GFAP 1:1000 Abcam, UK 

Goat anti-GFAP 1:1000 DAKO, Denmark 

Rabbit anti-Connexin-43 1:1500 Sigma-Aldrich, USA 

Mouse anti-S100β 1:1000 Sigma-Aldrich, USA 

Rabbit anti-EAAT1 1:1500 Novus Biologicals, USA 

Hoechst 1:1000 Cell Signaling Technology, 
USA  

Table 4.2.2. Primary antibodies. 
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Antigen Dilution Factor Manufacturer 

Alexa Fluor 488 donkey anti-mouse 1:500 Molecular Probes 
Alexa Fluor 488 goat anti-chicken 
IgG 1:500 Life Technologies, USA 

Alexa Fluor 568 donkey anti-rabbit 
IgG 1:500 Molecular Probes 

Table 4.2.3. Secondary antibodies. 

 

4.2.7 Analysis of GFAP protein expression by Western blotting 

The protein expression of GFAP was assessed by Western blotting (Table 4.2.4). 

Densitometry analysis was carried out on protein bands using Image Studio Lite (v 5.2) 

with β-actin acting as a loading control. Densitometry signals for GFAP were divided by β-

actin signals and then normalised to control in order to present data as fold change. The 

full Western blotting protocol is described in detail in the main methods section of this 

thesis (Sections 2.5.3). 

 

Antibody Dilution Factor Manufacturer 

Goat anti-GFAP 1:1000 DAKO, Denmark 

Mouse anti-β-actin 1:2000 Sigma-Aldrich, USA 

Goat anti-rabbit HRP-conjugated 1:2000 Thermo Scientific, USA 

Goat anti-mouse HRP-conjugated 1:2000 Thermo Scientific, USA 
Table 4.2.4. Antibodies used for Western blotting analysis of GFAP expression. 
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4.2.8 Statistical analysis 

Data is expressed as mean ± SEM. At least three neural induction and astrocyte 

differentiations (N) were performed per iPSC line.  'n' values denote experimental or 

biological replicates and are representative of different thaws or passage numbers, while 

'reps' denotes technical replicates within each experimental group, i.e. cells from the 

same plate but separate wells. 

One-way ANOVA was used to analyse the effect of two concentrations of inflammatory 

microglial factors on markers of astrocyte reactivity, with Newman-Keuls post hoc analysis 

to decipher significance. An unpaired Student’s t-test was used to compare baseline levels 

of reactive astrocyte markers in E3E3 versus E4E4 astrocytes. Two-way ANOVA was used 

for statistical analysis of the effect of inflammatory insult with respect to APOE genotype, 

followed by Bonferroni post hoc if significance was inferred. Significance was set at p < 

0.05. Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software). 
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4.3 Results 

APOE is most highly expressed in the CNS by astrocytes. APOE3 is considered the normal 

genotype as it is expressed most prevalently in the general population, while the APOE4 

genotype presents the greatest genetic risk for sporadic AD. The effects of APOE genotype 

on astrocyte response to an inflammatory stimulus remains incompletely understood, as 

such this study aimed to assess the response of inflammatory insult in APOE4 astrocytes 

and compare this to their APOE3 controls. Inflammatory insult was delivered via 

microglial factors IL1α, TNFα and C1q. 

 

4.3.1 iPSC-derived E4E4 astrocytes are positive for classical astrocyte markers 

In order to confirm cell fate, iPSC-derived astrocytes were fluorescently-labelled with 

classical astrocytic markers. E4E4 astrocytes are positive for GFAP, Cx43 and EAAT1 

(Figure 4.3.1).  

 

 

Figure 4.3.1. E4E4 iPSC-derived cortical astrocytes are positive for classical astrocyte markers. 

E4E4 astrocytes show positive immunostaining for classical astrocyte markers GFAP and Connexin-

43 (A), as well as EAAT1 (B). Images were taken at x40 magnification. 
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Part 1: E4E4 Astrocyte Reactivity Profile 

4.3.2 iPSC-derived E4E4 astrocytes are capable of responding to inflammatory 

insult and displaying a reactive phenotype 

Prior to generating a reactivity profile, it was first determined that E4E4 astrocytes were 

capable of responding to an inflammatory insult in the same manner as their E3E3 

counterparts as characterised in the previous chapter. Inflammatory insult was delivered 

as a combined dose of microglial factors IL1α (3 ng/mL), TNFα (30 ng/mL) and C1q (400 

ng/mL) as per Liddelow et al., 2017, denoted as “Factors High” and a lower dose IL1α (0.3 

ng/mL), TNFα (3 ng/mL) and C1q (40 ng/mL), denoted as “Factors Low”. As IL6 is the main 

cytokine produced and secreted by astrocytes it was analysed in media collected from 

reactive astrocytes. IL6 mRNA expression (p < 0.001) and secretion (p < 0.01) was 

significantly increased in a dose dependent manner in response to stimulation with 

inflammatory microglial factors (Figure 4.3.2). 

Stimulation with inflammatory microglial factors also induced increased mRNA 

expression of reactive astrocyte markers CXCL10 (p < 0.001), C3 (p < 0.001), LCN2 (p < 

0.001), IL1β (p < 0.001), ICAM1 (p < 0.001) and PTX3 (p < 0.001; Figure 4.3.3. A-F). 

Interestingly, GFAP mRNA expression was significantly decreased in E4E4 astrocytes 

following inflammatory insult (p < 0.001; Figure 4.3.3. G). This data indicates that E4E4 

astrocytes are capable of responding to inflammatory insult and generating a reactive 

phenotype much like their E3E3 counterparts. 
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Figure 4.3.2. Reactive E4E4 astrocytes show increased IL6 mRNA expression and secretion. 

Stimulation with inflammatory microglial factors increased IL6 mRNA expression (A) and secretion 

(B) in E4E4 reactive astrocytes. Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01, *** p < 

0.001 vs control; ++ p < 0.01, +++ p < 0.001 vs low concentration. IL6 mRNA F(2, 6) = 196.0, p = < 

0.0001; IL6 protein F(2, 8) = 15.83, p = 0.0017 (One-way ANOVA with Newman-Keuls post hoc). 
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Figure 4.3.3. E4E4 reactive astrocytes show increased mRNA expression of reactive astrocyte 

markers. 

Stimulation with inflammatory microglial factors increased mRNA expression of reactive astrocyte 

markers CXCL10 (A), C3 (B), LCN2 (C), IL1β (D), ICAM1 (E) and PTX3 (F) in E4E4 reactive astrocytes. 

GFAP mRNA expression was significantly reduced in E4E4 reactive astrocytes compared to control 

(G). Data expressed as mean ± SEM (N=3, n=3). ** p < 0.01, *** p < 0.001 vs Control; +++ p < 0.001 

vs Low concentration. CXCL10 F(2, 6) = 1415, p = < 0.0001; C3 F(2, 6) = 236.3, p = < 0.0001; LCN2 

F(2, 6) = 151.6, p = < 0.0001; IL1β F(2, 6) = 461.5, p = < 0.0001; ICAM1 F(2, 6) = 159.6, p = < 0.0001; 

PTX3 F(2, 6) = 128.7, p = < 0.0001; GFAP F(2, 6) = 58.69, p = 0.0001 (One-way ANOVA with Newman-

Keuls post hoc). 
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4.3.3 iPSC-derived E4E4 reactive astrocytes do not display cytoskeletal 

alterations 

The effect of astrocyte reactivity state on morphology of E4E4 astrocytes was assessed as 

a measure of nuclear:cytoplasm ratio (Hallmann et al., 2017). Both nuclear and cytoplasm 

areas were marginally but not significantly decreased in reactive astrocytes compared to 

control. As such nuclear:cytoplasm ratio was unaffected by astrocyte reactivity (Figure 

4.3.4). This lack of significant morphological change in reactive astrocytes is mirrored in 

protein analysis of the cytoskeletal protein GFAP. 

In order to ascertain the effect of microglial factors on GFAP protein expression, a 

commonly used marker of astrocyte reactivity, densitometry analysis of GFAP 

fluorescence was carried out and presented as CTCF (Hawkins et al., 2018), as well as via 

Western blotting which is presented as fold change compared to control. No significant 

difference in GFAP protein was found compared to control (Figure 4.3.5). This data 

indicates that E4E4 reactive astrocytes do not undergo the same cytoskeletal 

restructuring which was detected in E3E3 astrocytes, and suggests differences in the 

reactivity profiles of the two genotypes. 

 

 

Figure 4.3.4. Reactivity state does not affect morphology in E4E4 iPSC-derived astrocytes. 

Nuclear:cytoplasm ratio is unaffected by reactivity state in E4E4 astrocytes (A). Nuclear area (B) 

and cytoplasm area (C) are marginally decreased as a result of astrocyte reactivity but not 

significantly. Data expressed as mean ± SEM (N=3, n=3). N:C ratio F(2, 6) = 0.02774, p = 0.9728; 

Nuclear area F(2, 6) = 0.8638, p = 0.4681; Cytoplasm area F(2, 6) = 2.984, p = 0.1260 (One-way 

ANOVA). 
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Figure 4.3.5. Reactivity does not affect GFAP expression in E4E4 iPSC-derived astrocytes. 

Representative images of GFAP+ staining (x40 magnification) in control astrocytes (A), and 

following stimulation with inflammatory microglial factors at a low (B) and high (C) concentrations. 

GFAP protein levels as assessed by immunofluorescent staining were not affected by astrocyte 

reactivity state (A-D). Furthermore, GFAP densitometry as assessed by Western blotting was 

unchanged in reactive astrocytes compared to control (E). Data expressed as mean ± SEM (N=3, 

n=3). GFAP CTCF F(2, 6) = 0.3717, p = 0.7044. GFAP expression F(2, 6) = 0.1274, p = 0.8827 (One-

way ANOVA).  
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Results Part 2: The effect of APOE genotype on iPSC-derived 

astrocyte baseline reactivity 

E4E4 astrocytes are capable of responding to inflammatory insult and show increased 

expression of some key reactive astrocyte markers as a result. In order to more fully 

understand any effect APOE genotype may have on astrocyte reactivity, it is first 

important to consider whether E4E4 astrocytes carry any basal reactivity which may have 

an effect much like priming on later insult. Increased basal inflammatory activation state 

could contribute to the increased AD risk for APOE4 carriers, therefore base line reactivity 

states of E4E4 astrocytes were compared to E3E3 astrocytes in order to determine 

whether APOE genotype impacted basal inflammatory states in these astrocytes.  

 

4.3.4 E4E4 astrocytes have greater base line secretion and expression of 

reactivity markers compared to E3E3 astrocytes 

E4E4 astrocytes display a heightened basal reactivity state in terms of IL6, with 

significantly increased resting levels of IL6 mRNA expression (p < 0.001) coupled with 

increased IL6 secretion (p < 0.05) into media detected via ELISA (Figure 4.3.6). 

GFAP is a commonly used astrocyte marker, also widely considered a reactive astrocyte 

marker. While its efficacy as a reactivity marker has been called in to question by many, 

basal levels of GFAP were compared between E3E3 and E4E4 astrocytes. E4E4 astrocytes 

had significantly higher basal GFAP mRNA expression compared to E3E3 astrocytes (p < 

0.01), this increased GFAP at mRNA level did not however translate to increased GFAP 

protein as detected by Western blotting (Figure 4.3.7). 

Following on from this the mRNA expression levels of six genes chosen from multiple 

astrocyte transcriptomic studies as indicative markers of astrocyte reactivity were 

compared in E3E3 and E4E4 astrocytes while in their unstimulated quiescent state. It was 

found that basal mRNA expression of IL1β (p < 0.01), CXCL10 (p < 0.001), C3 (p < 0.01) and 

ICAM1 (p < 0.01) were significantly greater in E4E4 astrocytes compared to E3E3 

astrocytes (Figure 4.3.8. A-D). PTX3 (p < 0.01) mRNA expression was significantly lower in 

E4E4 astrocytes while LCN2 basal mRNA levels were not affected as a function of 

genotype (Figure 4.3.8. E, F). This data indicates that E4E4 astrocytes have an increased 

basal inflammatory activation state. It was next assessed how this might affect their 

response to inflammatory stimulus. 
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Figure 4.3.6. E4E4 iPSC-derived astrocytes show increased baseline IL6 secretion and expression. 

Baseline mRNA expression of IL6 is significantly greater in E4E4 astrocytes compared to E3E3 

astrocytes (A). Baseline secretion of IL6 is greater in E4E4 astrocytes compared to E3E3 astrocytes 

(B). Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs E3E3 astrocytes. IL6 

secretion t = 2.992, df = 6, p = 0.0243; IL6 mRNA t = 28.22, df = 5, p = < 0.0001 (Unpaired students 

t-test). 

 

 

Figure 4.3.7. E4E4 iPSC-derived astrocytes show increased baseline GFAP expression. 

Baseline mRNA expression of GFAP is significantly greater in E4E4 astrocytes compared to E3E3 

astrocytes (A). Baseline protein expression of GFAP is not different between genotypes at baseline 

(B). Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01 vs E3E3 astrocytes. GFAP mRNA t = 

4.790, df = 5, p = 0.0049; GFAP protein t = 0.8025, df = 4, p = 0.4672 (Unpaired students t-test). 
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Figure 4.3.8. E4E4 iPSC-derived astrocytes show increased baseline expression of reactivity 

markers. 

E4E4 astrocytes have significantly increased basal mRNA expression of IL1β (A), CXCL10 (B), C3 (C) 

and ICAM1 (D) compared to E3E3 astrocytes. E4E4 astrocytes have significantly decreased PTX3 

expression compared to E3E3 astrocytes (E). LCN2 mRNA expression does not differ between 

genotypes (F). Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01, *** p < 0.001 vs E3E3 

astrocytes. IL1β t = 4.673, df = 4, p = 0.0095; CXCL10 t = 9.483, df = 5, p = 0.0002; C3 t = 6.469, df – 

5, p = 0.0013; ICAM1 t = 6.431, df = 5, p = 0.0014; PTX3 t = 5.204, df = 5, p = 0.0035; LCN2 t = 1.324, 

df = 5, p = 0.2428 (Unpaired students t-test).  
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Results Part 3: The effect of APOE genotype on iPSC-derived 

astrocyte reactivity in response to an inflammatory signal 

E4E4 astrocytes appear to be somewhat inflammatory at base line compared to their 

E3E3 counterparts. Whether this translates to an exaggerated response to inflammatory 

insult is important to consider given the well-established role of neuroinflammation in AD 

pathogenesis. E4E4 reactive astrocytes were generated by stimulating with inflammatory 

microglial factors IL1α, TNFα and C1q as previously described (Liddelow et al., 2017) and 

their reactivity profile was examined and compared to that of E3E3 astrocytes in order to 

more conclusively determine the effect of APOE genotype on astrocyte reactivity. 

 

4.3.5 E4E4 iPSC-derived astrocytes show increased IL6 expression following 

inflammatory insult 

E4E4 astrocytes had significantly greater IL6 mRNA expression in response to stimulation 

with inflammatory microglial factors compared to E3E3 astrocytes (p < 0.001). With 

regards to the lower dose of microglial factors this exaggerated response was more than 

10-fold greater in E4E4 astrocytes compared to E3E3 astrocytes, and 5-fold greater at the 

high dose of microglial factors (Figure 4.3.9. A). However, this drastic difference in IL6 

mRNA expression was not seen at the protein level as detected by ELISA. IL6 secretion 

was comparable across both APOE genotype and dose of factors (Figure 4.3.9. B). 
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Figure 4.3.9. E4E4 iPSC-derived astrocytes show increased IL6 expression following inflammatory 

insult. 

IL6 mRNA expression is significantly greater in E4E4 astrocytes in response to inflammatory 

microglial factors compared to E3E3 astrocytes (A). E3E3 and E4E4 astrocytes secrete significantly 

greater IL6 compared to control with no difference between genotypes (B). Data expressed as mean 

± SEM (N=3, n=3-4). ** p < 0.01, *** p < 0.001 vs E3E3 control; +++ p < 0.001 vs E4E4 control; ^^^ p 

< 0.001 vs E3E3. IL6 mRNA: APOE effect F(1, 14) = 289.5, p = < 0.0001; factors effect F(2, 14) = 

237.6, p = < 0.0001; interaction effect F(2, 14) = 102.6, p = < 0.0001. IL6 secretion: APOE effect F(1, 

18) = 2.261, p = 0.1500; factors effect F(2, 18) = 205.5, p = < 0.0001; interaction effect F(2, 18) = 

0.4464, p = 0.6468 (Two-way ANOVA with Bonferroni post hoc). 
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4.3.6 E4E4 iPSC-derived astrocytes show enhanced expression of some 

reactivity markers following inflammatory insult compared to E3E3 iPSC-

derived astrocytes 

There is evidence in the literature indicating that APOE4 is inherently pro-inflammatory 

compared to APOE3, a characteristic which may contribute to the increased AD risk 

associated with APOE4 genotype. In order to test this in our model system, E4E4 and E3E3 

astrocytes were exposed to inflammatory insult and their reactivity compared in order to 

determine whether APOE genotype affected astrocyte reactivity. 

E4E4 astrocytes have significantly greater basal GFAP mRNA expression (p < 0.001) 

compared to E3E3 astrocytes but this significant effect of genotype does not apply 

following stimulation, interestingly GFAP mRNA expression is significantly decreased as a 

result of stimulation. The trend for increased GFAP expression in E4E4 astrocytes 

compared to E3E3 astrocytes is apparent in the protein data, however no significant 

effect of genotype or stimulation was detected thereby calling to question its role as a 

reactive astrocyte marker (Figure 4.3.10). 

E4E4 reactive astrocytes express significantly more CXCL10 (p < 0.001) at the mRNA level 

compared to E3E3 reactive astrocytes, a difference of almost 40-fold and 12-fold when 

stimulated at the low and high dose respectively (Figure 4.3.11. A). The same trend 

follows with regards to C3 mRNA expression (p < 0.001), with E4E4 astrocytes expressing 

at least 10-fold more C3 compared to E3E3 astrocytes (Figure 4.3.11. B). With regards to 

ICAM1 mRNA expression, E4E4 astrocytes tend to express more than E3E3 astrocytes 

when stimulated with a low dose of inflammatory microglial factors, however the 

opposite is the case when stimulated with a high dose of factors (Figure 4.3.11. C). This 

data supports the theory that E4E4 astrocytes are more reactive than E3E3 astrocytes, 

but this striking trend is not the case for all reactivity markers analysed. 

When mRNA expression levels of IL1β, LCN2 and PTX3 are considered, E4E4 astrocytes 

have a relatively weak response to inflammatory insult compared to E3E3 astrocytes. 

E4E4 astrocytes express up to 10-fold less IL1β (p < 0.01), 2-fold less LCN2 (p < 0.001) and 

5-fold less PTX3 compared to E3E3 astrocytes (Figure 4.3.12). Taken together this data is 

indicative of a genotype effect on astrocyte reactivity state and gives weight to the 

hypothesis that E4E4 astrocytes are pro-inflammatory compared to E3E3 astrocytes with 

respect to several indicators of astrocyte reactivity. 

  



Chapter 4 – APOE4 and reactive astrocytes 

146 
 

 

 

Figure 4.3.10. GFAP mRNA and protein expression does not differ between E4E4 and E3E3 iPSC-

derived reactive astrocytes. 

GFAP mRNA expression is significantly greater in E4E4 astrocytes at base line, GFAP expression is 

reduced in response to stimulation but there is no effect of APOE genotype (A). GFAP protein 

expression is not significantly different in E3E3 and E4E4 reactive astrocytes (B). Data expressed as 

mean ± SEM (N=3, n=3-4). *** p < 0.001 vs E3E3 control; +++ p < 0.001 vs E4E4 control; ̂ ^^ p < 0.001 

vs E3E3. GFAP mRNA APOE effect F(1, 15) = 41.87, p = < 0.0001; factors effect F(2, 15) = 199.9, p = 

< 0.0001; interaction effect F(2, 15) = 12.79, p = 0.0006. GFAP protein APOE effect F(1, 12) = 1.289, 

p = 0.2783; factors effect F(2, 12) = 0.2024, p = 0.8195; interaction effect F(2, 12) = 0.06957, p = 

0.9332 (Two-way ANOVA with Bonferroni post hoc). 
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Figure 4.3.11. E4E4 iPSC-derived astrocytes show increased expression of CXCL10 and C3 

compared to E3E3 iPSC-derived astrocytes in response to inflammatory insult. 

E4E4 astrocytes show an enhanced response to inflammatory microglial factors compared to E3E3 

astrocytes in terms of CXCL10 (A) and C3 (B) mRNA expression. E4E4 astrocytes tend to have a 

greater increase in ICAM1 mRNA expression when stimulated with a low dose of microglial factors, 

while E3E3 astrocytes tend to have a greater increase in ICAM1 mRNA expression when stimulated 

with the high dose of microglia factors (C). Data expressed as mean ± SEM (N=3, n=3-4). *** p < 

0.001 vs E3E3 control; +++ p < 0.001 vs E4E4 control; ^^^ p < 0.001 vs E3E3. CXCL10: APOE effect 

F(1, 15) = 1618, p = < 0.0001; factors effect F(2, 15) = 1197, p = < 0.0001; interaction effect F(2, 15) 

= 842.6, p = < 0.0001. C3: APOE effect F(1, 15) = 1081, p = < 0.0001; factors effect F(2, 15) = 379.9, 

p = < 0.0001; interaction effect F(2, 15) = 270.4, p = < 0.0001. ICAM1: APOE effect F(1, 13) = 0.4938, 

p = 0.4946; factors effect F(2, 13) = 119.2, p = < 0.0001; interaction effect F(2, 13) = 7.525, p = 

0.0067 (Two-way ANOVA with Bonferroni post hoc). 
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Figure 4.3.12. E4E4 iPSC-derived astrocytes show decreased expression of IL1β, LCN2 and PTX 

compared to E3E3 iPSC-derived astrocytes in response to inflammatory insult. 

E4E4 astrocytes do not respond as robustly as E3E3 astrocytes in terms of IL1β (A) and LCN2 (B) 

mRNA expression. There is no effect of APOE genotype on PTX3 mRNA expression in response to 

microglial factors, although E3E3 astrocytes tend to have greater PTX3 expression compared to 

E4E4 astrocytes following insult (C). Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01, *** 

p < 0.001 vs E3E3 control; +++ p < 0.001 vs E4E4 control; ^^ p < 0.01, ^^^ p < 0.001 vs E3E3. IL1β: 

APOE effect F(1, 13) = 10.43, p = 0.0066; factors effect F(2, 13) = 12.89, p = 0.0008; interaction 

effect F(2, 13) = 8.306, p = 0.0047. LCN2: APOE effect F(1, 15) = 54.40, p = < 0.0001; factors effect 

F(2, 15) = 176.5, p = < 0.0001; interaction effect F(2, 15) = 15.05, p = 0.0003. PTX3: APOE effect F(1, 

15) = 4.709, p = 0.0465; factors effect F(2, 15) = 6.191, p = 0.0110; interaction effect F(2, 15) = 

3.152, p = 0.0720 (Two-way ANOVA with Bonferroni post hoc). 

  

Con
tro

l

Fac
tor

s L
ow

Fac
tor

s H
igh

0

50000

100000

150000
IL

1b
 m

R
N

A 
(R

Q
)

***

^̂

Con
tro

l

Fac
tor

s L
ow

Fac
tor

s H
igh

0

1000

2000

3000

4000

LC
N

2 
m

R
N

A 
(R

Q
) *** ***

+++ +++
^^̂ ^̂

A B

Con
tro

l

Fac
tor

s L
ow

Fac
tor

s H
igh

0

50

100

150

PT
X3

 m
R

N
A 

(R
Q

)

**

C



Chapter 4 – APOE4 and reactive astrocytes 

149 
 

4.4 Discussion  

The APOE4 genotype carries the greatest genetic risk for sporadic AD and the effect of 

APOE4 on glial response has been proposed as a potential mechanism, yet its involvement 

in the inflammatory response in astrocytes is not well defined. The elusive narrative of 

the APOE inflammatory response in the literature may be attributed in part to a lack of 

tractable human APOE models that may have clouded the effect of APOE on AD relevant 

inflammatory pathways (Tai et al., 2015). Thus, this study aimed to examine the reactivity 

profile of E4E4 astrocytes and compare it to that of E3E3 astrocytes in order to discern 

any genotype effect on reactivity state. Reactivity was measured by examining alterations 

in IL6 mRNA expression and secretion as well as other previously established reactive 

astrocyte markers including CXCL10, C3, ICAM1, etc. 

Astrocyte cell fate was confirmed via immunofluorescent staining for classical astrocyte 

markers GFAP, Cx43, S100β and EAAT1, all of which E4E4 astrocytes were found to be 

positive for. Following confirmation of cell fate it was next established whether E4E4 

astrocytes are capable of responding to inflammatory insult delivered via microglial 

factors IL1α, TNFα and C1q. Base line reactivity was examined as a function of APOE 

genotype then astrocyte response to inflammatory insult was again assessed across both 

genotypes. 

 

4.4.1 E4E4 astrocytes are capable of responding to inflammatory insult 

It was determined that E4E4 astrocytes are capable of responding to inflammatory insult 

by stimulating with inflammatory microglial factors IL1α, TNFα and C1q (Liddelow et al., 

2017) and subsequently assessing reactivity markers. E4E4 astrocytes responded with 

increased IL6 mRNA expression and secretion as well as up-regulation of reactivity genes 

CXCL10, C3, LCN2, IL1β, ICAM1 and PTX3 mRNA expression.  

C3 has been identified as a key marker for reactive astrocytes in a variety of 

neurodegenerative diseases, including AD, where prefrontal cortex astrocytes are 

positive for C3 (Liddelow et al., 2017). C3 is part of the complement system which 

enhances the body’s ability to target and destroy pathogens (Ricklin et al., 2016). Direct 

interaction of APOE4 and C3 has been shown in both CSF Aβ and phosphorylated tau 

aggregates resulting in the theory that a synergistic relationship exists between C3 and 
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APOE4 resulting in elevated AD associated neurodegeneration and in turn, Aβ regulates 

the effect of the complement cascade on tau pathology (Bonham et al., 2016). 

CXCL10 has previously been associated with early AD, where increased CSF levels of 

CXCL10 were found in individuals with mild cognitive impairment and mild AD but not 

those with severe AD (Galimberti et al., 2006). This increased CXCL10 was specific to the 

CNS, as serum levels were not affected (Galimberti et al., 2007) and could contribute to 

high levels of infiltrating peripheral immune cells. While Galimberti and colleagues did 

not assess the influence of APOE genotype, our data would suggest that it is a contributing 

factor to raised CXCL10 in AD. Similarly raised levels of CSF ICAM1 have been detected in 

patients with preclinical, prodromal and dementia stages of AD (Janelidze et al., 2018). 

Therefore, ICAM1 has been flagged as a potential early biomarker for AD. ICAM1 has been 

linked to BBB breakdown, neuroinflammation and cognitive decline in AD (Bowman et al., 

2018).  

The research pertaining to a link between APOE and LCN2 has been carried out with 

respect to atherosclerosis and cardiovascular disease models, i.e. the role of APOE in the 

periphery as opposed to the CNS. Serum LCN2 has been positively correlated with 

coronary artery disease severity and accelerates formation of atherosclerosis, an effect 

which is coupled with increased expression of ICAM1, PTX3 and NF-κB and exacerbated 

in Apoe knockout mice (Shibata et al., 2020). Interestingly, this effect is ameliorated by 

dietary curcumin via down-regulation of LCN2 (Wan et al., 2016), this plant-derived 

polyphenol has also demonstrated anti-inflammatory effects on human immune cells 

(Campbell et al., 2018; Campbell et al., 2019). Successfully delivery of curcumin to the 

CNS in exosomes has ameliorated tau pathology in AD mice (Wang et al., 2019). Our data 

now also provides evidence of a link between LCN2, neuroinflammation and APOE 

genotype. 

IL1β is among the cytokines that display significant up-regulation in AD patients, and its 

potential role has been extensively researched and reviewed by Di Bona and colleagues 

(Di Bona et al., 2008). IL1β and IL18 are downstream products of NLRP3 inflammasome 

activation where inflammasome assembly activates caspase-1 which in turn cleaves the 

pro/inactive form of these cytokines into their active secreted forms (Ojala et al., 2009). 

Raised levels of IL1β, IL18 and caspase-1 were detected in the frontal cortex of AD brain 

samples compared to control, with no detected correlation with APOE genotype (Ojala et 

al., 2009). Raised IL1β levels have also been found in the plasma of patients with late-

onset AD, as well as those with vascular dementia and cerebrovascular disease in the 
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absence of dementia (Zuliani et al., 2007). Overexpression of IL1β has been implicated in 

increased tau phosphorylation, neuritic plaque development and exacerbated cognitive 

decline (Ojala et al., 2009). 

High levels of pentraxins and pro-inflammatory cytokines are thought to contribute to the 

acceleration of disease progression in AD (Osera et al., 2012). PTX3 specifically has been 

poorly studied in relation to AD, however its involvement in neurodegeneration is well 

characterised with Cunningham and colleagues noting its involvement in Prion disease 

(Cunningham et al., 2005), and Liddelow and colleagues identifying PTX3 as a reactive 

astrocyte marker (Liddelow et al., 2017). PTX3 has been associated with cognitive decline, 

presenting a 20% increased risk of cognitive decline in individuals with mild cognitive 

impairment. Although no association was found when APOE4 genotype was considered 

(Sharma et al., 2016).  

E4E4 astrocytes are capable of responding to an inflammatory insult and express reactive 

astrocyte markers much like their E3E3 counterparts characterised in the previous 

chapter. It was next established whether quiescent E4E4 astrocytes are more 

inflammatory at base line compared to E3E3 astrocytes, and furthermore whether the 

APOE4 genotype heightens astrocytic response to inflammatory insult. 

 

4.4.2 E4E4 astrocytes have a higher level of basal reactivity compared to E3E3 

astrocytes 

The effect of APOE genotype on astrocyte reactivity is a growing topic of interest in the 

fight against AD. With astrocyte reactivity considered to be an important contributing 

factor to AD pathogenesis and APOE4 genotype a major genetic risk factor, it is worth 

considering that APOE4 may predispose astrocytes to becoming reactive in the AD brain. 

High base line expression of pro-inflammatory mediators in an APOE4 carrier may over a 

lifetime contribute to chronic inflammation, which in turn may lead to irreversible cell 

damage or death and thus contribute to increased AD risk. As such, basal levels of 

astrocyte reactivity markers were assessed in E4E4 astrocytes and compared to their 

APOE3-expressing counterparts. 

In a quiescent state, E4E4 astrocytes express genes associated with reactivity at a 

significantly higher level compared to their E3E3 counterparts. Base line mRNA expression 

and protein secretion of IL6 were significantly greater in E4E4 astrocytes. It was 

subsequently found that E4E4 astrocytes also had exaggerated expression of IL1β, 
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CXCL10, C3, ICAM1 and GFAP in their quiescent state. Taken together this would indicate 

that E4E4 astrocytes have inherent inflammatory characteristics which may have 

profound effects in the AD brain and potentially explain why APOE4 carriers have such a 

high risk of developing AD. 

Literature pertaining to APOE genotype and astrocyte reactivity by in large supports the 

suggestion that E4E4 astrocytes are pro-inflammatory compared to their E3E3 

counterparts. Exogenous human APOE has been shown to induce IL1β in rat glial cultures, 

with APOE4 inducing significantly greater levels compared to APOE3 (Guo et al., 2004; 

Dorey et al., 2014). In mice expressing either human APOE3 or APOE4 it was found that 

the APOE4 isoform induced significantly greater central and peripheral levels of TNFα and 

IL6 in response to LPS insult delivered intravenously, indicating an isoform dependent 

inflammatory response. Interestingly, an APOE-mimetic peptide was capable of 

suppressing this response thereby indicating that targeting APOE may be viable 

therapeutically (Lynch et al., 2003). 

 

4.4.3 E4E4 astrocytes show an enhanced IL6 response to inflammatory insult 

Another pressing question in the characterisation of the APOE3 and APOE4 astrocyte 

inflammatory response debate is whether APOE4 astrocytes are less anti-inflammatory 

or more pro-inflammatory in response to reactive stimuli. To date, studies have examined 

inflammatory responses of the APOE3 and APOE4 astrocyte homologues with data 

suggesting that APOE4 may have pro-inflammatory or less effective anti-inflammatory 

functions compared to the APOE3 (Dorey et al., 2014). However, some APOE knock-out 

models support an anti-inflammatory role. Exogenous APOE applied to microglia and 

macrophage cultures down-regulated their activation (Baitsch et al., 2011). 

With regards to IL6, E4E4 astrocytes have increased basal expression and secretion 

compared to E3E3 astrocytes. Furthermore, E4E4 reactive astrocytes expressed greater 

levels of IL6 mRNA compared to E3E3 astrocytes which interestingly did not translate to 

the protein level. IL6 secretion by astrocytes at a basal level is thought to be neurotropic 

in the CNS, however, overexpression of IL6 has long been shown to have damaging effects 

on neurons (Van Wagoner et al., 1999) with high serum IL6 associated with various 

astrocyte pathologies. 

Since IL6 secretion by reactive astrocytes was not affected by APOE genotype it may be 

the case that this increase in IL6 is a general pro-inflammatory response rather than 
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APOE4 and AD specific. Raised plasma levels of IL6 have been found in patients with 

vascular dementia, at a significantly higher level to patients with late-onset AD (Zuliani et 

al., 2007). Perhaps levels of other cytokines and chemokines may be altered in an APOE 

genotype-dependent manner, making them more specific to the AD condition. High 

plasma concentrations of pro-inflammatory cytokines and chemokines have previously 

been positively correlated with APOE genotype in AD patients. Specifically, AD patients 

expressing the APOE4 genotype have been found to have elevated circulating IL18 levels 

compared to patients expressing the APOE3 or APOE2 genotypes (Reale et al., 2012). 

Furthermore, the common p.D358A variant of the IL6R is associated with increased 

shedding of the receptor resulting in sIL6R and its associated pro-inflammatory trans 

signalling pathway. This variant and associated increase in sIL6R is enriched in APOE4+ AD 

populations and may form a part of the associated AD risk for APOE4 carriers (Haddick et 

al., 2017). So while IL6 secretion was not affected by APOE genotype, perhaps its 

downstream effects are. 

 

4.4.4 E4E4 astrocytes show greater reactivity with regards to certain reactive 

astrocyte markers compared to E3E3 astrocytes  

The mRNA expression profile of E4E4 reactive astrocytes compared to E3E3 reactive 

astrocytes does little to settle the debate of which genotype is more inflammatory. E4E4 

reactive astrocytes dominate in terms of CXCL10, C3 and ICAM1 mRNA expression, while 

E3E3 reactive astrocytes show enhanced expression of IL1β, LCN2 and PTX3.  

The literature surrounding the inflammatory response of APOE astrocytes is similarly 

ambiguous. The LPS-induced inflammatory response in an APOE targeted replacement 

mouse model showed that APOE3 > APOE4 for IL1β and IL6 expression (Maezawa et al., 

2006). However, APOE has also been demonstrated to act as an anti-inflammatory agent, 

as reactivity was reduced when exogenous APOE was added to microglia and macrophage 

cultures (Baitsch et al., 2011). In a post-mortem study of AD brains, it was noted that 

there was no difference in the number of GFAP positive astrocytes between APOE4 

carriers and non-APOE4 carriers, the authors also found no indication for APOE-

dependent astrogliosis or interactions of astrocytes with plaques in an APOE-dependent 

fashion (Serrano-Pozo et al., 2013). 

However, a growing body of literature points to an APOE4 > APOE3 astrocyte 

inflammatory response (Dorey et al., 2014; Tai et al., 2015), with a 2008 study indicating 
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that non-steroidal anti-inflammatory drugs benefitting AD risk in APOE4 carriers (Szekely 

et al., 2008). Tai and colleagues provide evidence from mixed glial in vitro cultures that 

for neuroinflammation, APOE4 involves a relative loss of positive function compared to 

the APOE3 cell types (Tai et al., 2015). Specifically, TNFα secretion is significantly 

increased in the order of APOE knockout > APOE4 > APOE3, supporting the idea that 

APOE4 is anti-inflammatory compared to a total loss of APOE but less anti-inflammatory 

compared to APOE3 cells. A study carried out in APOE4 knock-in mice showed increased 

glial activation and greater secretion of pro-inflammatory cytokines following LPS 

administration compared to APOE3 or APOE2, and furthermore that APOE knockout 

yielded similar results prompting the authors to suggest that APOE4 protein may lack anti-

inflammatory properties compared to the other genotypes (Zhu et al., 2012). Shi and 

colleagues also found that APOE4 increased activation of glial cells (Shi et al., 2017b).   

Our data supports a pro-inflammatory phenotype for E4E4 astrocytes with respect to 

some reactive astrocyte indicators and provides further insight into the potential role of 

this APOE genotype in AD pathology. This possibly reflects the heterogeneity observed in 

reactive astrocytes, which is often underappreciated (Anderson et al., 2014). It is worth 

remembering that astrocyte reactivity is a graded and complex response, and 

undoubtedly contributes to our difficulty defining an inflammatory profile for APOE4 

astrocytes. 

 

4.4.5 Concluding remarks 

Human iPSC-derived E3E3 and E4E4 astrocytes appear to exhibit different inflammatory 

profiles in response to pro-inflammatory microglial factors. The induction and 

characterisation of an inflammatory profile in response to these specific factors has 

recently been characterised for astrocytes (Liddelow et al., 2017). However, to this 

author’s knowledge, this study is the first to compare the high-risk APOE4 homologue to 

the APOE3 homologue in terms of astrocytic response to these factors in a human iPSC 

model. The data presented here begins to tease out some of the mechanisms which may 

contribute to its associated AD risk, with APOE4 astrocytes appearing inherently pro-

inflammatory at basal levels and displaying some exaggerated responses to 

inflammation. In conclusion, astrocyte reactivity and importantly APOE4 astrocyte 

reactivity should be considered a therapeutic target for modulation which may prove 

useful in future attempts to augment its associated AD risk. 
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5. Modulating astrocyte reactivity in a human iPSC-derived model 

of Alzheimer’s disease 

5.1 Introduction 

With reactive astrogliosis shown to play a prominent role in neurodegenerative diseases, 

particularly in AD, developing drug therapies that can target reactive astrocytes is of the 

utmost importance. Current AD therapies are limited and primarily target the cholinergic 

system (Ferreira-Vieira et al., 2016), as well as some success with drugs targeting NMDA 

receptors (Olivares et al., 2012; Zhang et al., 2016b). Choosing appropriate astrocytic 

targets however has proved difficult, with some progress being made targeting S100β and 

activated cannabinoid receptors to reduce reactive astrogliosis (Zhang et al., 2019). 

 

5.1.1 Fibroblast growth factors constitute a large family of molecules 

Fibroblast growth factor (FGF) and their receptors combine to create an elaborate 

signalling system which is involved in numerous developmental processes and repair. FGF 

is a growth factor and signalling protein which has been implicated in many diverse 

biological processes including limb and nervous system development, wound healing, and 

tumour growth (Guillemot & Zimmer, 2011). In the developing CNS, FGF plays a crucial 

role in processes including neurogenesis, axon growth and differentiation. In addition to 

their role in development, FGF are paramount for neuronal survival throughout 

adulthood with FGF1 playing a crucial role in regulation of synaptic plasticity, learning and 

memory, along with FGF2 which is paramount for adult neurogenesis. 

FGF2 was the first member of the FGF family to be isolated in the 1980s (Abraham et al., 

1986) and as such is commonly referred to as basic FGF, it is the most studied FGF. Since 

then this family of signalling molecules has grown significantly in both number and 

complexity. To date there are 23 known members of the FGF family, 22 of which are 

expressed in humans (FGF15 has not been found in the human genome) and 10 of which 

have been found to be expressed in the brain (Reuss & von Bohlen und Halbach, 2003). 

Subsequent to FGF there are four FGF receptors (FGFR), FGFR1-4 (Ford-Perriss et al., 

2001). FGF is widely expressed throughout the CNS where FGF2 is expressed and 

synthesised predominantly by astrocytes, while other members of the FGF family such as 

FGF5, FGF8 and FGF9 are expressed by neurons (Reuss & von Bohlen und Halbach, 2003). 
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5.1.2 FGF genes and proteins are structurally comparable 

All known FGF genes have the same basic structure, consisting of three coding exons with 

exon 1 containing the start codon. FGF2 and FGF3 have an additional 5’ untranscribed 

regions while some of the FGF subfamilies have subdivisions in their exon 1, e.g. FGF8, 

with exon 1A containing the start codon in this case (Reuss & von Bohlen und Halbach, 

2003). Localisation of the various FGF on the human chromosome are known for all 

members with the exception of FGF16 (Table 5.1.1). 

 

FGF Chromosome localisation 

FGF1 5q31 

FGF2 4q26-27 

FGF3 11q13 

FGF4 11q13 
FGF5 4q21 

FGF6 12p13 

FGF7 5q15-21.1 

FGF8 10q24 

FGF9 13q11-q12 

FGF10 5p12-p13 

FGF11 17p13.1 

FGF12 3q28 

FGF13 Xq26 

FGF14 13q34 

FGF15 * 

FGF16 Unknown 
FGF17 8p21 

FGF18 5q34 

FGF19 11q13 

FGF20 8p22 

FGF21 19q13.1-qter 

FGF22 19p13.3 

FGF23 12p13 
Table 5.1.1. FGF chromosomal localisation in humans. 

* not expressed in humans. Modified from Ornitz & Itoh, 2001.  
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FGF-like genes have also been found in certain viral DNA (Li et al., 2002) but not in 

unicellular organisms such as E. coli and S. cerevisiae (Ornitz & Itoh, 2001; Itoh, 2007), and 

FGF-like genes have been found in the model systems Drosophila (Sutherland et al., 1996) 

and Caenorhabditis elegans (Burdine et al., 1997). With regards to vertebrates, twenty-

two FGF genes have been identified in mice, four have been identified in zebrafish, six in 

Xenopus and seven in chicken (Reuss & von Bohlen und Halbach, 2003). Across these 

species FGF proteins share more than 90% homology, this gives some insight into the 

evolutionary development of the FGF family indicating that they likely evolved in 

invertebrates and as such are considered old molecules. 

The FGF protein in vertebrates has a molecular weight range of 17-34 kDa. The general 

protein structure is consistent across all FGF molecules with two core domains separated 

by a spacer region which varies in length, similarly the C- and N-terminal regions vary in 

length. Some FGF, namely FGF2, FGF3 and FGF9 have alternative N-terminal splicing sites 

(Li & Murphy, 2000; Zhang et al., 2007). Most FGF can be secreted from cells as a result 

of amino-terminal signal peptides; the FGF containing this signal peptide include FGF3-8, 

FGF10, FGF15, FGF17-19 and FGF21-23. Those lacking the conventional signal peptide are 

not readily secreted and include FGF1, FGF2, FGF9, FGF16 and FGF20; it is thought that 

alternative methods, e.g. exocytosis, are required for secretion of FGF1 and FGF2 for 

example which have extracellular roles, while secretion of FGF that act intracellularly may 

be indicative of cellular damage (Mignatti et al., 1992; Ornitz & Itoh, 2001). 

 

5.1.3 FGF Receptors – There are four known FGF receptors 

Four FGF receptors have been identified to date (Reuss & von Bohlen und Halbach, 2003), 

these receptors come from the tyrosine kinase class of receptor. The structure of the 

FGFR family is homologous (Itoh & Ornitz, 2004), with three extracellular immunoglobulin 

(Ig)-like domains (IgI, IgII and IgIII), four acidic amino acids between IgI and IgII, a 

hydrophobic transmembrane domain, and two intracellular tyrosine kinase domains 

divided by a fourteen amino acid insert which allows for heparin binding (Reuss & von 

Bohlen und Halbach, 2003). Both heparin and heparin sulfate proteoglycans bind FGF and 

FGFR to enhance the signal by regulating the formation of the ligand-receptor complex 

(Loo et al., 2001). 

Binding affinity of the FGF ligands to their receptors is highly diverse with different ligands 

having different binding affinity or no affinity for each of the four identified receptors (see 
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Table 5.1.2). Ligand binding is dependent on heparin sulphate proteoglycans. These 

heparin compounds act as low affinity FGF receptors. A 14 amino acid insert in the 

tyrosine kinase domains of the FGF receptors is important for heparin binding and as such 

is required for receptor dimerisation (Olsen et al., 2004). Specificity of FGFR is dependent 

on the third extracellular Ig-like domain, this part of the receptor complex is prone to 

structural variability across the FGFR family as a result of alternative splicing (Reuss & von 

Bohlen und Halbach, 2003; Farrell & Breeze, 2018). The effect the different FGF members 

exert is dependent on the structural and functional diversity of the FGF receptors. This 

diversity is as a result of alternative splice variants within the FGFR gene. The variant with 

the highest impact on receptor specificity relates to the IgIII domain which has three splice 

variants, namely IgIIIa, IgIIIb and IgIIIc. FGFR1 and FGFR2 have all three splice variants, 

while FGFR3 only has the IgIIIb and IgIIIc variants and FGFR4 only has the IgIIIc variant 

(Wang et al., 1995; Olsen et al., 2004). 

FGFR binding results in the formation of a receptor complex containing two FGF 

molecules bound to a receptor with a heparin sulphate proteoglycan molecule linking the 

two FGF molecules. Complex formation leads to the activation of the receptor via 

phosphorylation and subsequent intracellular signal transduction following 

phosphorylation of intracellular signalling molecules. FGFR activation results in the 

initiation of several intracellular signalling cascades, including phosphorylation of src and 

PLCg subsequently activating protein kinase C (PKC). It is thought that src and PLCg 

signalling plays a role in cytoskeleton alteration (Wells, 2000; Davies et al., 2008). Crk and 

Shc can also be activated in this manner, which may have a mitogenic effect (Hart et al., 

2001). Alternatively, PKC may be activated via SNT/FRS2 which also initiates the Ras 

signalling cascade (Reuss & von Bohlen und Halbach, 2003). The SNT1/FRS2 signalling 

pathway offers an alternative link between FGFR signalling and the Ras/MAPK signalling 

pathway in a tyrosine-phosphorylation-independent manner (Wang et al., 1996; Kouhara 

et al., 1997). This pathway is important for cell cycle progression, where SNT1/FRS2 

activation recruits the adaptor protein Grb2/Sos which in turn recruits Ras. Activation of 

the Ras/MAPK signalling cascade is essential for growth factor-induced cell proliferation 

and differentiation (Kouhara et al., 1997). 

As members of the tyrosine kinase receptor family, FGFR propagate their signal via 

phosphotyrosine-induced activation of their target proteins. Given the homology of the 

FGFR family it is thought that the intracellular signalling cascade is the same, with the 

main difference lying in the transduction of the signal meaning that receptor binding 
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affects the same downstream molecules but to various degrees of strength in the signal 

(Raffioni et al., 1999; Reuss & von Bohlen und Halbach, 2003). The Bradshaw laboratory 

group compared the intracellular responses of three FGFR chimeras (PRF1, PRF3 and 

PRF4) to ligand binding and found that all chimeras activated PLCg, Shc, FRS2, and the 

MAP kinases, ERK1 and 2 in a PC cell line (Raffioni et al., 1999) giving weight to the theory 

that the main difference between FGFR1, FGFR3 and FGFR4 is in the strength of the 

tyrosine kinase activity. 

 

 FGFR1 FGFR2 FGFR3 FGFR4 

FGF1 Ö Ö Ö Ö 

FGF2 Ö Ö Ö Ö 

FGF3 Ö Ö   

FGF4 Ö Ö Ö Ö 

FGF5 Ö Ö   

FGF6 Ö Ö  Ö 

FGF7  Ö   

FGF8 Ö Ö Ö Ö 

FGF9  Ö Ö Ö 

FGF10  Ö   

FGF11 Unknown Unknown Unknown Unknown 

FGF12 Unknown Unknown Unknown Unknown 

FGF13 Unknown Unknown Unknown Unknown 

FGF14 Unknown Unknown Unknown Unknown 

FGF15 Unknown Unknown Unknown Unknown 

FGF16 Unknown Unknown Unknown Unknown 

FGF17  Ö Ö Ö 

FGF18   Ö Ö 

FGF19 Unknown Unknown Unknown Unknown 

FGF20 Unknown Unknown Unknown Unknown 

FGF21 Unknown Unknown Unknown Unknown 

FGF22 Unknown Unknown Unknown Unknown 

FGF23 Unknown Unknown Unknown Unknown 
Table 5.1.2. Binding of the various members of the FGF family to the four FGF receptors. 

Modified from Reuss & von Bohlen und Halbach, 2003. 
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5.1.4 FGF plays numerous important roles in development 

The biological significance of this family of molecules and their receptors during 

development has been greatly advanced through the use of knockout animals. Fgf10 and 

Fgf18 knockout mice died shortly after birth, indicating a crucial developmental role of 

these molecules (Itoh, 2007). FGF10 is required for limb and lung development, hence a 

foetus is capable of developing to term but Fgf10 knockout is lethal upon birth (Min et 

al., 1998). FGF18 is required for normal skeletal development in vertebrates, appearing 

to promote osteogenesis and inhibit chondrogenesis (Ohbayashi et al., 2002). Since 

FGF18 is a ligand for FGFR3, disruption of Fgfr3 also results in skeletal defects (Liu et al., 

2002). Fgf9 knockout also results in death shortly after birth. FGF9 plays a key role in 

embryonic testicular development with male-to-female sex reversal occurring in some 

Fgf9 knockout models (Colvin et al., 2001). Interestingly, loss of FGFR2 also results in 

partial sex reversal indicating that FGFR2 acts as a receptor for FGF9 in testes 

development (Bagheri-Fam et al., 2008). In contrast, Fgf4 and Fgf8 knockout mice die 

during early embryonic development. FGF4 plays a role in cell proliferation of the inner 

cell mass, therefore knockout impairs development following implantation (Feldman et 

al., 1995). FGF8 is required for gastrulation, therefore Fgf8 knockout results in failure of 

cell migration which is necessary for proper development of the germ layers (Sun et al., 

1999). Fgf15 and Fgf23 knockout mice are capable of developing to term but typically 

gradually die in the postnatal stages due to abnormal cardiac functioning, and growth 

retardation and compromised phosphate and vitamin D metabolism respectively (Itoh, 

2007). The effects of knocking out FGF11, FGF13, FGF20 and FGF22 are currently 

unknown. Knockout of the remaining FGF molecules (FGF1-3, FGF5-7, FGF12, FGF14-17 

and FGF21) result in viable mice with non-lethal developmental anomalies (Itoh, 2007). 

 

5.1.5 FGF and the CNS 

The major roles of FGF during neural development have been researched quite 

thoroughly. Out of the numerous molecules involved in neural development, FGF have 

possibly the most diverse roles in the formation of the complex CNS (Guillemot and 

Zimmer, 2011). During embryonic development FGF are vital for modulating cell 

proliferation, migration and differentiation (Ornitz & Itoh, 2001). In the developing brain, 

FGF plays a major role in developmental processes including neurogenesis, axon growth, 

differentiation, as well as neuronal survival (Reuss & von Bohlen und Halbach, 2003). 
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The effect of FGF molecules on differentiation is highly time dependent. In mouse, FGF2 

along with EGF drive stem cell proliferation in the striatum. Findings from the Aebischer 

Laboratory suggest that insulin-like growth factor (IGF)-1 is a key factor in the regulation 

of NSC activation, and that EGF and FGF2 drive NSC proliferation in the striatum via 

distinct intracellular mechanisms (Arsenijevic et al., 2001). Basic FGF, i.e. FGF2, is thought 

to play a role in astrocyte maturation after it was shown to up-regulate microRNA-134 in 

astrocytes via extracellular signal-regulated kinase and phosphatidylinositol 3-kinase 

signalling (Numakawa et al., 2015). 

In the adult brain, FGF is involved in adult neurogenesis, learning and memory processes, 

as well as having roles in areas such as synaptic functions, behaviours and neurological 

disorders (Guillemot & Zimmer, 2011; Turner et al., 2012; Kang et al., 2014a). Overall, in 

the adult brain it is believed that FGF act as homeostatic factors with roles in tissue repair 

and injury response (Ornitz & Itoh, 2001). Neurogenesis has been found to occur in the 

hippocampus and the subventricular zone of the forebrain of the adult CNS. Adult 

neurogenesis is highly dependent on FGF2 (Kuhn et al., 1996; Reuss & von Bohlen und 

Halbach, 2003), which is not surprising when you consider its crucial role in CNS 

development. FGF2 has been implicated in adult neurogenesis as a result of evidence of 

changes in proliferation and differentiation of adult neural stem and progenitor cells (Rai 

et al., 2007; Werner et al., 2011). FGF1 and FGF2 are thought to be involved in modulating 

processes attributed to learning and memory (Reuss & von Bohlen und Halbach, 2003) as 

well as the regulation of synaptic plasticity both in vitro and in vivo. For example, when 

applied to cerebral cortical neurons of rats, FGF2 enhanced neurite growth (Morrison et 

al., 1986). 

 

5.1.5.1 FGF2 – a growth factor with the potential of modulating iPSC-derived 

astrocyte reactivity 

The ability to ameliorate or decrease reactivity in neurotoxic astrocytes holds great 

potential as a therapeutic target in order to reduce the detrimental effect of reactive 

astrogliosis. A role for FGF in repair processes has been identified (Haynes, 1988) in 

particular following trauma to the CNS (Mocchetti & Wrathall, 1995), which highlights its 

therapeutic potential. FGF2 is a growth factor and signalling protein which has been 

implicated in many diverse biological processes including limb and nervous system 

development, wound healing, and tumour growth (Guillemot & Zimmer, 2011). FGF2 
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signalling is initiated upon the molecule binding to its receptor tyrosine kinase, which 

activates its downstream signal extracellular signal-regulated kinase 1/2 (ERK1/2), a 

member of the MAPK family (Johnson-Farley et al., 2007). 

Numerous studies have uncovered evidence that FGF signalling mediates morphological 

changes in reactive astrocytes. It has also been shown that FGF ligand or receptor 

expression is affected by various types of CNS injury (Reilly & Kumari, 1996; Goldshmit et 

al., 2012; Kang et al., 2014a; Kang et al., 2014b). As a result of the many similarities 

between the processes of astrocyte glycogenesis and reactive astrocyte gliosis, there are 

also similarities in the molecules which modulate these processes, including FGF and 

STAT3 (Kang et al., 2014a). Similarities between these processes are seen with regards to 

gene expression, mitotic responses, morphological changes and, electrophysiological 

properties. It has also been highlighted via genome-wide analysis of gene expression that 

over half of the genes expressed by dividing glial cells in vitro are also expressed in 

reactive astrocytes in vivo (Cahoy et al., 2008). 

The neuroprotective properties of FGF2 have been demonstrated over a wide range of 

neuronal phenotypes. Mouse primary astrocytes cultured in serum-free medium 

supplemented with FGF2 and EGF displayed enhanced glycolytic metabolism, higher 

glycogen content, lower GFAP expression, increased glutamine synthase and Glt1 mRNA 

levels compared to astrocytes cultured in serum enriched DMEM, indicating a quiescent 

astrocyte was produced under these culture conditions (Prah et al., 2019). 

In terms of FGF2 ameliorating the negative effects of reactive astrocytes, this has been 

shown in several animal studies both in vitro and in vivo. The Hébert Laboratory 

demonstrated that FGF signallling could suppress astrocyte activaton in the healthy and 

injured brain. Loss- and gain-of-function genetics revealed that FGF signalling was 

necessary to maintain quiescent astrocytes in the unperturbed adult neocortex. It was 

further shown that FGF signalling delays the astrocytic response to insult, increases the 

rate of “deactivation”, and decreases glial scar size without affecting neuronal survival 

(Kang et al., 2014b).  In a study carried out in rats by Ye and colleagues, it was revealed 

that exogenous FGF2 attenuated astrocyte activation by reducing GFAP expression, as 

well as some other astrocytic markers such as neurocan and vimentin (Ye et al., 2015). 

This study also showed a decrease in the expression of inflammatory cytokines, including 

IL6 and TNFα, potentially via the upstream TLR4/NF-κB signaling pathway. As a whole, 

this study provided strong evidence that FGF2 is capable of inhibiting excessive 

astrogliosis and glial scarring following CNS injury (Ye et al., 2015). 



Chapter 5 – Modulating astrocyte reactivity 

164 
 

Furthermore, Shi and colleagues examined the role of the FGF2/FGFR1 signalling pathway 

in an in vitro and in vivo model of infrasound exposure, whereby astrocytes were exposed 

to low frequency sound waves which have previously been shown to cause CNS injury via 

astrocyte activation (Shi et al., 2018). They elucidated a role of FGF2 in infrasound-

induced astrocyte activation and neurodegeneration as it counteracted the infrasound-

induced decrease in FGFR1 expression and attenuated levels of pro-inflammatory 

cytokines TNFα, IL1β, IL18, IL6, and IFNγ both in vitro and in vivo (Shi et al., 2018). FGF2 

has also shown potential in an ischemic model. FGF2 overexpression improved neural 

stem cell survival and subsequently improved brain function in a mouse model of 

neonatal hypoxia-ischemia (Ye et al., 2018), indicating a protective role of FGF following 

neural trauma. This protective role may extend to modulating astrocyte reactivity. 

The ability to ameliorate or decrease reactivity of neurotoxic astrocytes could prove 

extremely beneficial for the management of conditions and diseases in which astrocytes 

play a detrimental role. Evidence in the literature pertaining to the role of FGF2 in altering 

astrocyte reactive state led us to believe it worth investigating in our human iPSC-derived 

reactive astrocyte model. 
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5.1.6 Cannabidiol – a cannabinoid with the potential of modulating iPSC-

derived astrocyte reactivity 

The cannabinoid system has recently gained traction in the fields of immunology and 

inflammatory disorders research. This system consists of two membrane bound 

cannabinoid receptors (CB1 and CB2), their endogenous ligands, and the agents involved 

in the synthesis and degradation of these receptors and ligands (Booz, 2011). Endogenous 

ligands include anandamide and 2-arachidonoylglycerol, while hundreds of exogenous 

ligands also exist with various affinities for the CB1 and CB2 receptors, a major source of 

which is the Cannabis sativa plant (Kozela et al., 2017). Cannabidiol (CBD) and 

tetrahydrocannabinol (THC) are the main phytocannabinoids in Cannabis. THC is the main 

psychotomimetic component in Cannabis, while CBD is non-psychotomimetic. Both are 

on the market in various forms for the treatment and management of inflammatory 

disorders including MS. Epidiolex was the first Food and Drug Administration (FDA) 

approved drug derived from the Cannabis plant. This drug is CBD-based, and is approved 

for the treatment of the epileptic disorders Lennox-Gastaut and Dravet syndrome as it 

has shown success in reducing the frequency of epileptic seizures in patients (Devinsky et 

al., 2018). Nabiximol, a combination therapeutic containing both CBD and THC, has been 

approved for the management of nausea and chronic pain as a result of chemotherapy in 

cancer patients, and has also been successful in management of neuropathic pain and 

spasticity relating to MS (Whiting et al., 2015). 

 

5.1.6.1 CBD and the cannabinoid receptors 

CBD was first isolated from the Cannabis plant in 1940 by Roger Adams, with its structure 

later determined in 1963 (Burstein, 2015). The endogenous production of CBD (Figure 

5.1.1) begins with the condensation of hexanoyl-coenzyme A (CoA) and three malonyl-

CoA, catalysed by tetraketide synthase. Olivetoic acid cyclase completes the conversion 

of hexanoyl-CoA to olivetolic acid. Aromatic prenyltransferase with the addition of 

geranyldiphosphate converts olivetolic acid to cannabigerolic acid, which is further 

converted to cannabidiolic acid by cannabidiolic acid synthase. The final step in this 

pathway is the decarboxylation of cannabidiolic acid to CBD (Gagne et al., 2012). 

To date five cannabinoid receptors have been identified. In addition to CB1 and CB2 which 

share 44% homology (Console-Bram et al., 2012), G-protein coupled receptor 55 (GPR55) 

(Yang et al., 2016a), and vanilloid receptor 1 and 2 (VR1/2) also respond to cannabinoids 
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(Burstein, 2015). CBD has no affinity for CB1 due to its non-planar molecular 

conformation. However, several hydrogenated CBD analogs bind to CB1 with some 

affinity (Burstein, 2015). CBD is reported to act as a functional antagonist to the GPR55 

receptor, a receptor with prominent roles in inflammatory pain, gut and bone physiology, 

as well as cancer. Through the antagonism of CBD it was found that GPR55 is pro-

inflammatory (Chiurchiu et al., 2015). CBD activates VR1 and VR2 at high micro molar 

concentrations thereby inhibiting uptake and degradation of anandamide. CBD exerts 

anti-hyperalgesia effects via the vanilloid receptor TRPV1 (Costa et al., 2004), while 

vanilloid receptor TRPV2 is also activated by CBD (Qin et al., 2008). 

In addition CBD has been shown to act via hetero dimers of the CB2 and serotonin 1A 

receptors. In a hypoxic-ischaemic brain injury model, CBD provided neuroprotection by 

modulating inflammation, excitotoxicity and oxidative stress. Since these protective 

effects were counteracted with CB2 and serotonin 1A receptor antagonists, the authors 

proposed roles of these receptors which was confirmed via bioluminescence analysis in 

HEK-293T cells showing CB2 and serotonin 1A receptors form heteromers (Pazos et al., 

2013). It has also been reported that CBD enhances adenosine signalling by inhibiting 

uptake and therefore provides a CB receptor-independent mechanism by which CBD can 

decrease inflammation since adenosine agonists have anti-inflammatory effects (Carrier 

et al., 2006; Castillo et al., 2010). 

CBD is devoid of direct CB1 and CB2 receptor activity, but exerts a number of important 

effects in the brain (Kozela et al., 2017). Since CBD is lipophilic and therefore readily 

crosses the BBB (Cabral & Jamerson, 2014; Aparicio-Blanco et al., 2019), it is of interest 

how this interacts with cells in the CNS and furthermore whether it has the potential to 

modulate astrocyte reactivity.  
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Figure 5.1.1. Biosynthesis of CBD. 

The biosynthesis of CBD begins with the condensation of hexanoyl-CoA and two malonyl-CoA, 

catalysed by TKS, to yield intermediate compound 1. The hydrolysis of intermediate compound 1 

yields the by-product PDAL. Intermediate compound 1 is further condensed with one malonyl-CoA, 

also catalysed by TKS, to yield intermediate compound 2. The hydrolysis of intermediate compound 

2 yields the by-product HTAL, while olivetol is yielded is catalysed by TKS. OAC completes the 

conversion of hexanoyl-CoA to olivetolic acid. Aromatic prenyltransferase with the addition of 

geranyldiphosphate converts olivetolic acid to cannabigerolic acid, which is further converted to 

CBDA by CBDA synthase. The final step in this biosynthesis pathway is the non-enzymatic 

decarboxylation of CBDA to CBD. TKS: tetraketide synthase, PDAL: pentyl diacetic lactone, HTAL: 

hexanoyl triacetic acid lactone, OAC: olivetoic acid cyclase, CBDA: cannabidiolic acid, CBD: 

cannabidiol. 
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5.1.6.2 CBD in the CNS 

The cannabinoid system and its ligands have been shown to interact with and affect the 

activities of astrocytes. CBD does not directly interact with CB1 or CB2 due to its molecular 

conformation but is capable of carrying out a number of important effects in the CNS 

(Kozela et al., 2017). CBD has been show to affect microglia and astrocyte function. 

Within the CNS, neurons express mainly CB1, microglia mainly express CB2 and astrocytes 

express both CB1 and CB2 (Kozela et al., 2017). CB2 expression has been shown to be up-

regulated in microglia and astrocytes under neuroinflammatory conditions (Shohami et 

al., 2011). Since CB2 activation typically suppresses activity of immune cells this could be 

detrimental to immune management of infection but may prove beneficial for 

management of chronic neuroinflammation in diseases such as AD (Benito et al., 2005; 

Cassano et al., 2017). The literature pertaining to CBD and astrocyte reactivity shows that 

increased astrocyte activity is suppressed in the presence of CBD in models of ischemic 

stroke, AD-like and MS-like neurodegenerations, as well as in models of epilepsy and 

schizophrenia (Kozela et al., 2017), indicating potential for this compound to modulate 

astrocyte reactivity. 

 

5.1.6.3 CBD as a modulator of astrocyte reactivity 

The endocannabinoid system and its associated ligands have been shown to interact and 

affect astrocyte activities (Kozela et al., 2017). Moreover, CBD has been shown to 

decrease pro-inflammatory functions and signalling in astrocytes (Kozela et al., 2017). 

CBD has been shown to limit the harmful effects of an exacerbated inflammatory 

response in the TMEV mouse model of MS. CBD attenuated microglial activation and 

subsequent release of pro-inflammatory cytokines TNFα and IL1β (Mecha et al., 2013). 

Iuvone and colleagues have shown that CBD decreases levels of Aβ-associated ROS and 

lipid peroxidation in vitro in PC12 cells and in vivo (Iuvone et al., 2004). Neuroprotective 

effects of CBD have been further demonstrated in the PC12 rat cell line, stimulation with 

Aβ resulted in significant increase in nitrite production which was attenuated by CBD 

decreasing levels of p38 MAPK and NF-κB which are involved in the oxidative stress 

response (Esposito et al., 2006). An expansion of this study found that CBD exerts anti-

inflammatory actions in a mouse model of AD neuroinflammation induced by Aβ injection 

into the hippocampus. In a dose-dependent manner, CBD attenuated GFAP mRNA 

expression, iNOS and IL1β protein expression, and NO and IL1β release (Esposito et al., 



Chapter 5 – Modulating astrocyte reactivity 

169 
 

2007). More recently, CBD has been demonstrated to attenuate microglial activation in 

both in vitro and in vivo models of AD (Martin-Moreno et al., 2011).  

The bulk of the literature pertaining to the anti-inflammatory and immunosuppressive 

effects of CBD have utilised rodent models of peripheral and CNS inflammatory disorders, 

showing promising results in neurodegenerative and neuroinflammatory settings. 

Therefore it is of interest to examine the effect of CBD on human astrocytes. Given that 

CBD readily crosses the BBB to enter the CNS, it will be important to examine its effects 

on quiescent astrocytes, and furthermore examine whether it is capable of modulating 

reactivity in astrocytes following inflammatory insult. 

 

5.1.7 Aims 

While there is currently an abundance of literature pertaining to the neuroprotective role 

of FGF2 in rodents, there is limited literature supporting this role translates into the 

human CNS.  

Human iPSC provide a valuable model system for the investigation of the effect 

neuroprotective agents on human cells, therefore the objectives of this chapter can be 

separated into two primary aims: 

1. To investigate the ability of FGF2 to modulate human iPSC-derived astrocyte 

reactivity, 

2. To trial CBD as a potential agent capable of modulating reactivity in human iPSC-

derived astrocytes. 

 

The hypothesis pertaining to these aims are that FGF2 and CBD will be capable of 

modulating astrocyte reactivity. It is expected that FGF2 will reduce expression of reactive 

astrocyte markers, and CBD will reduce expression of pro-inflammatory and immune 

related reactivity markers, e.g. IL1β, ICAM1, and CXCL10.  
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5.2 Materials and Methods 

5.2.1 Cell lines 

Human iPSC homozygous for APOE3 and APOE4 were used in this study to generate 

astrocytes and subsequently reactive astrocytes. 

 

5.2.2 Astrocyte progenitor cell culture and terminal differentiation 

Human E3E3 and E4E4 iPSC were patterned towards a neural fate and subsequently 

differentiated along a glial lineage as described in sections 3.2.3 and 3.2.5. 

 

5.2.3 Astrocyte stimulation to examine the effect of FGF2 on astrocyte 

reactivity 

Astrocytes were stimulated with inflammatory microglial factors IL1α (3 ng/mL), TNFα (30 

ng/mL) and C1q (400 ng/mL) for 24 h, as per Liddelow et al., 2017 in order to induce 

reactivity. A 10-factor dilution of these concentrations was also used; IL1α (0.3 ng/mL), 

TNFα (3 ng/mL) and C1q (40 ng/mL). These treatments are denoted as “Factors High” and 

“Factors Low” where appropriate. Astrocytes were treated with FGF2 (50 ng/mL; 

PeproTech, UK) alone and in combination with both concentrations of factors for 24 h in 

order to assess its ability to modulate the astrocyte response to inflammatory insult 

(Figure 5.2.1). Post stimulation, media was collected and stored at -20˚C. Cells were 

prepared for qPCR (Section 2.4.1 – main methods). 

FGF2 concentration was chosen based on that used by Roybon et al. They found that 50 

ng/mL of FGF2 aided in the maturation of quiescent astrocytes in their astrocyte 

differentiation protocol (Roybon et al., 2013). 

 

5.2.4 Astrocyte stimulation to examine the effect of CBD on astrocyte reactivity 

Astrocytes were stimulated with inflammatory cytokines IL1α (0.3 ng/mL) and TNFα (3 

ng/mL) and treated with CBD (0.1, 1, 5 and 10 μM; Tocris, UK) for 24 h (Figure 5.2.1). 

Cytokines were chosen because they have previously been shown to induce a reactive 

phenotype in astrocytes, and CBD has been shown to counteract the effect of these 

inflammatory mediators in other cell types (Khaksar & Bigdeli, 2017; Chiricosta et al., 

2019). A range of CBD concentrations were chosen to trial as per the literature (Petrosino 
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et al., 2018; Fitzpatrick et al., 2020). Post stimulation, media was collected and stored at 

-20˚C. Cells were prepared for qPCR (Section 2.4 – main methods). 

 

 

Figure 5.2.1. Experimental timeline to test the effect of immunomodulatory agents on astrocyte 

reactivity. 

Astrocyte progenitor cells were expanded in Serio media supplemented with EGF and hLIF. From 

D80 APC were plated and terminally differentiated for 7 d, followed by 3 d in Serio media without 

factors to ensure a quiescent-like astrocyte at time of stimulation. Astrocytes were stimulated for 

24 h in order to generate a reactive astrocyte and assess the ability of FGF2 or CBD to modulate 

reactivity. Media and lysates were harvested to examine the reactive astrocyte profile. 

 

5.2.5 Analysis of astrocyte reactivity by qPCR 

mRNA was isolated from human cortical astrocyte lysates. Total mRNA was reverse 

transcribed into cDNA. The expression of 10 genes (ICAM1, IL1β, LCN2, PTX3, C3, CXCL10, 

GFAP, SERPINA3, VIM and IL6) was assessed by qPCR (Table 5.2.1). Gene expression 

concentrations were analysed using the comparative Ct method. The target genes from 

each sample were compared with GAPDH, which acted as an endogenous control. The Ct 

values of each target gene and control gene were compared and expressed as a ratio 

known as RQ. The full qPCR protocol is described in detail in the main methods section of 

this thesis (Section 2.4.1). 
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Gene Cat No. Gene Code 

C3 4453320 Hs00163811_m1 

CXCL10 4453320 Hs00171042_m1 

GFAP 4453320 Hs00909233_m1 

ICAM1 4453320 Hs00164932_m1 

IL1B 4453320 Hs01555410_m1 

IL6 4453320 Hs00174131_m1 

LCN2 4453320 Hs01008571_m1 

PTX3 4453320 Hs00173615_m1 

SERPINA3 4453320 Hs00153674_m1 

VIM 4448892 Hs00958111_m1 
Table 5.2.1. Target genes used for qPCR analysis of E4E4 astrocyte reactivity profile. 

 

5.2.6 Analysis of astrocyte reactivity by ELISA 

The levels of IL6 secretion in human cortical astrocytes was determined via ELISA in order 

to assess whether or not FGF2 (or CBD) had an effect on IL6 protein secretion following 

administration of an inflammatory signal. The full ELISA protocol is described in detail in 

the main methods section of this thesis (Section 2.5.1). 

 

5.2.7 Statistical analysis 

Data is expressed as mean ± SEM. At least three neural induction and astrocyte 

differentiations (N) were performed per iPSC line.  'n' values denote experimental or 

biological replicates and are representative of different thaws or passage numbers, while 

'reps' denotes technical replicates within each experimental group, i.e. cells from the 

same plate but separate wells. 

Two-way ANOVA was used for statistical analysis of the effect of factors and FGF2 on 

astrocytes, followed by Bonferroni post hoc if significance was inferred. One-way ANOVA 

was used to assess the effect of two concentrations of CBD on basal reactivity in 

astrocytes, with Newman-Keuls post hoc if significance was inferred. One-way ANOVA 

was used to determine whether CBD at four concentrations significantly attenuated 

inflammatory cytokine induced reactivity in astrocytes, with Tukey post hoc. Significance 

was set at p < 0.05. Statistical analysis was performed using GraphPad Prism 8 (GraphPad 

Software). 
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5.3 Results 

Part 1 – Effect of FGF2 on astrocyte reactivity 

Recently FGF2 was demonstrated to reduce astrocyte reactivity and redirect mature 

astrocytes towards a more quiescent phenotype (Roybon et al., 2013). If FGF2 was 

capable of maintaining a quiescent phenotype in astrocytes following inflammatory 

insult, this could be extremely beneficial for modulating reactive astrogliosis in 

neurodegenerative diseases such as AD. FGF2 (50 ng/mL) was administered alone or in 

combination with microglial factors at both a high (3 ng/mL of IL1α, 30 ng/mL of TNFα 

and 400 ng/mL of C1q) and low concentration (0.3 ng/mL of IL1α, 3 ng/mL of TNFα and 

40 ng/mL of C1q) to investigate whether is attenuate expression of reactive astrocyte 

markers in E3E3 and E4E4 astrocytes. 

 

5.3.1 FGF2 does not alter IL6 secretion and expression in E3E3 astrocytes 

IL6 is regarded as the primary cytokine secreted by astrocytes in response to injury, 

disease or stress, and is significantly up-regulated in our reactive astrocyte model, 

therefore a therapeutic treatment that would reduce both its expression and secretion 

would be extremely beneficial for CNS disorders. To explore the effects of FGF2 on IL6 

expression and secretion in reactive astrocytes, human cortical E3E3 astrocytes were 

stimulated ± inflammatory microglial factors and ± FGF2. 

FGF2 had no significant effect on the factors induced expression of IL6 (Figure 5.3.1. A). 

Similarly, the significant increase in IL6 secretion as a result of stimulation (p < 0.01) was 

not attenuated by FGF2 (Figure 5.3.1. B). FGF2 did however tend to decrease IL6 

expression and secretion, therefore warranting further investigation into the potential 

modulatory effects of this growth factor. 
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Figure 5.3.1. FGF2 does not significantly attenuate the microglial factors induced expression and 

secretion of IL6 in E3E3 astrocytes. 

FGF2 does not affect the inflammatory microglial factors induced expression (A) and secretion (B) 

of IL6. Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs control; + p < 0.05 

vs factors low. IL6 mRNA effect of factors F(2, 16) = 12.78, p = 0.0005; effect of FGF2 F(1, 16) = 

1.556, p = 0.2302; interaction effect F(2, 16) = 1.088, p = 0.3605. IL6 secretion effect of factors F(2, 

18) = 386.3, p = < 0.0001; effect of FGF2 F(1, 18) = 4.140, p = 0.0569; interaction effect F(2, 18) = 

1.381, p = 0.2768 (Two-Way ANOVA with Bonferroni post hoc). 
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5.3.2 FGF2 significantly attenuates the microglial factors induced expression of 

reactive astrocyte markers in E3E3 astrocytes 

To explore the effects of FGF2 on astrocyte reactivity, human cortical E3E3 astrocytes 

were stimulated ± inflammatory microglial factors and ± FGF2. The reactive astrocyte 

gene expression profile was used as an indicator of any modulatory effect of FGF2. 

Consistent with results previously presented, inflammatory microglial factors IL1α, TNFα 

and C1q significantly increased mRNA expression of a number of reactivity markers, 

including CXCL10, LCN2, ICAM1 IL1β and PTX3. FGF2 significantly attenuated this 

microglial factor induced increase in mRNA expression of CXCL10 (p < 0.001), LCN2 (p < 

0.001), ICAM1 (p < 0.05), SERPINA3 (p < 0.01) and C3 (p < 0.001) (Figure 5.3.2. A-E). FGF2 

also significantly decreased basal mRNA expression of GFAP (p < 0.001, Figure 5.3.2. F). 

The remaining inflammatory markers assessed, IL1β, PTX3 and VIM, were unaffected by 

FGF2, although the attenuation of PTX3 almost reached significance (p = 0.06) (Figure 

5.3.3). 
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Figure 5.3.2. FGF2 significantly attenuates the microglial factors induced expression of reactive 

astrocyte markers in E3E3 astrocytes. 

FGF2 significantly attenuates the microglial factors induced expression of CXCL10 (A), LCN2 (B), 

ICAM1 (C), SERPINA3 (D) and C3 (E). FGF2 significantly decreases basal expression of GFAP (F). Data 

expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs control; + p < 0.05, ++ p < 0.01, 
+++ p < 0.001 vs factors low; ^ p < 0.05, ^^ p < 0.01, ^^^ p < 0.001 vs without FGF2. CXCL10 mRNA 

effect of factors F(2, 17) = 23.04, p = < 0.0001; effect of FGF2 F(1, 17) = 17.13, p = 0.0007; interaction 

effect F(2, 17) = 14.72, p = 0.0002. LCN2 mRNA effect of factors F(2, 18) = 107.7, p = < 0.0001; effect 

of FGF2 F(1, 18) = 168.8, p = < 0.0001; interaction effect F(2, 18) = 42.17, p < 0.0001. ICAM1 mRNA 

effect of factors F(2, 16) = 19.64, p = < 0.0001; effect of FGF2 F(1, 16) = 4.510, p = 0.0496; interaction 

effect F(2, 16) = 4.067, p = 0.0373. SERPINA3 mRNA effect of factors F(2, 18) = 19.52, p = < 0.0001; 

effect of FGF2 F(1, 18) = 19.52, p = < 0.0001; interaction effect F(2, 18) = 3.783, p = 0.0425. C3 

mRNA effect of factors F(2, 16) = 49.42, p = < 0.0001; effect of FGF2 F(1, 16) = 93.48, p = < 0.0001; 

interaction effect F(2, 16) = 27.17, p = < 0.0001. GFAP mRNA effect of factors F(2, 18) = 98.48, p = 

< 0.0001; effect of FGF2 F(1, 18) = 52.95, p = < 0.0001; interaction effect F(2, 18) = 56.93, p = < 

0.0001 (Two-Way ANOVA with Bonferroni post hoc). 
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Figure 5.3.3. FGF2 does not affect mRNA expression of inflammatory astrocyte markers IL1β, 

PTX3 and VIM in E3E3 astrocytes. 

FGF2 does not affect the inflammatory microglial factors induced mRNA expression of IL1β (A) and 

PTX3 (B). FGF2 has no effect on VIM mRNA expression (C). Data expressed as mean ± SEM (N=3, 

n=3-4). ** p < 0.01 vs control; + p < 0.05 vs factors low. IL1β mRNA effect of factors F(2, 15) = 11.74, 

p = < 0.0009; effect of FGF2 F(1, 15) = 1.636, p = 0.2202; interaction effect F(2, 15) = 2.512, p = 

0.1146. PTX3 mRNA effect of factors F(2, 16) = 5.076, p = 0.0196; effect of FGF2 F(1, 16) = 6.371, p 

= 0.0226; interaction effect F(2, 16) = 3.037, p = 0.0762. VIM mRNA effect of factors F(2, 16) = 

2.284, p = 0.1341; effect of FGF2 F(1, 16) = 2.075, p = 0.1690; interaction effect F(2, 16) = 0.07107, 

p = 0.9317 (Two-Way ANOVA with Bonferroni post hoc). 
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5.3.3 FGF2 significantly attenuates the microglial factors induced expression of 

reactive astrocyte markers in E4E4 astrocytes 

To further explore the effects of FGF2 on IL6 in reactive astrocytes, human cortical E4E4 

astrocytes were stimulated ± inflammatory microglial factors and ± FGF2. FGF2 

exacerbated the increase in IL6 mRNA expression following stimulation with 

inflammatory microglial factors at a high dose (p < 0.01; Figure 5.3.1. A). As with E3E3 

astrocytes, the significant increase in IL6 secretion as a result of stimulation (p < 0.01) was 

not attenuated by FGF2 (Figure 5.3.4. B).  

FGF2 had no effect on ICAM1 mRNA expression in E4E4 astrocytes (Figure 5.3.4. C) but 

resulted in significantly increased IL1β mRNA expression following inflammatory insult 

compared to stimulation alone (p < 0.001; Figure 5.3.4. D). This may point to a synergistic 

interaction between FGF2 and IL1β, which interestingly was not the case in E3E3 

astrocytes. 

Similar to the effects found in E3E3 astrocytes, FGF2 significantly attenuated the 

microglial factor induced increase in mRNA expression of CXCL10 (p < 0.001), C3 (p < 0.05), 

LCN2 (p < 0.001) and PTX3 (p < 0.001) (Figure 5.3.5. A-D). FGF2 also significantly decreased 

basal expression of GFAP (p < 0.001, Figure 5.3.5. E). 
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Figure 5.3.4. FGF2 significantly increases IL6 and IL1β mRNA expression in E4E4 reactive 

astrocytes. 

FGF2 significantly increases the IL6 mRNA response to stimulation with a high concentration of 

inflammatory microglial factors (A), but has no effect on IL6 secretion (B). FGF2 has no effect on 

ICAM1 mRNA expression (C). FGF2 affects IL1β expression in E4E4 astrocytes resulting in 

significantly increased expression in response to inflammatory insult (D). Data expressed as mean 

± SEM (N=3, n=3). ** p < 0.01 vs control, *** p < 0.001; ++ p < 0.01, +++ p < 0.001 vs factors low; ^^ 

p < 0.01, ^^^ p < 0.001 vs without FGF2. IL6 mRNA effect of factors F(2, 12) = 805.9, p = < 0.0001; 

effect of FGF2 F(1, 12) = 12.59, p = 0.0040; interaction effect F(2, 12) = 5.879, p = 0.0166. IL6 

secretion effect of factors F(2, 18) = 171.5, p = < 0.0001; effect of FGF2 F(1, 18) = 0.08824; p = 

0.7698, interaction effect F(2, 18) = 0.07708, p = 0.9261. ICAM1 mRNA effect of factors F(2, 12) = 

362.5, p = < 0.0001; effect of FGF2 F(1, 12) = 0.3643, p = 0.5574; interaction effect F2, 12) = 0.6693, 

p = 0.5302.IL1β mRNA effect of factors F(2, 12) = 592.8, p = < 0.0001; effect of FGF2 F(1, 12) = 538.7,  

p = < 0.0001; interaction effect F(2, 12) = 307.8, p = < 0.0001 (Two-way ANOVA with Bonferroni 

post hoc). 
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Figure 5.3.5. FGF2 significantly attenuates inflammatory microglial factor induced expression of 

reactivity markers CXCL10, C3, LCN2 and PTX3 in E4E4 astrocytes. 

FGF2 significantly decreases mRNA expression of CXCL10 (A), C3 (B), LCN2 (C), and PTX3 (D) 

following inflammatory insult. FGF2 significantly decreases control levels of GFAP mRNA expression 

(E) but has no effect on GFAP following stimulation with inflammatory microglial factors. Data 

expressed as mean ± SEM (N=3, n=3). *** p < 0.001 vs control; +++ p < 0.001 vs factors low; ^ p < 

0.05, ^^ p < 0.01, ^^^ p < 0.001 vs without FGF2. CXCL10 mRNA effect of factors F(2, 12) = 767.9, p 

= < 0.0001; effect of FGF2 F(1, 12) = 153.5, p = < 0.0001; interaction effect F2, 12) = 197.7, p = < 

0.0001. C3 mRNA effect of factors F(2, 12) = 489.0, p = < 0.0001; effect of FGF2 F(1, 12) = 17.07, p 

= 0.0014; interaction effect F(2, 12) = 4.292, p = 0.0393. LCN2 mRNA effect of factors F(2, 12) = 

195.3, p = < 0.0001; effect of FGF2 F(1, 12) = 95.19, p = < 0.0001; interaction effect F(2, 12) = 28.28, 

p = < 0.0001. PTX3 mRNA effect of factors F(2, 12) = 308.8, p = < 0.0001; effect of FGF2 F(1, 12) = 

16.11, p = 0.0017; interaction effect F(2, 12) = 11.21, p = 0.0018. GFAP mRNA effect of factors F(2, 

12) = 64.87, p = < 0.0001; effect of FGF2 F(1, 12) = 74.58, p = < 0.0001; interaction effect F(2, 12) = 

34.02, p = < 0.0001 (Two-way ANOVA with Bonferroni post hoc). 
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Part 2 – Effect of CBD on astrocyte reactivity 

CBD has been shown to modulate inflammation with respect to immune cells of the 

periphery, is approved as a treatment for spasticity in the inflammatory disorder MS, and 

currently under investigation for further potential therapeutic uses. As a lipophilic 

compound CBD readily crosses the BBB and as such is likely to evoke effects on cells of 

the CNS. With this in mind it was postulated that CBD may be capable of modulating 

reactivity in astrocytes following inflammatory insult and thereby present viable 

therapeutic potential for modulating neuroinflammation. The ability of CBD (0.1, 1, 5 and 

10 μM) to modulate astrocyte reactivity was investigated in iPSC-derived astrocytes in 

their quiescent-like state as well as following inflammatory insult with cytokines IL1α (0.3 

ng/mL) and TNFα (3 ng/mL). 

 

5.3.4 CBD has varied effects on astrocyte basal reactivity 

It was first established whether CBD had any effect on basal reactivity in iPSC-derived 

astrocytes. CBD marginally increased IL6 mRNA expression although marginally decreased 

IL6 secretion (Figure 5.3.6. A, B). CBD had no significant effect on IL1β, C3 or CXCL10 mRNA 

expression although CBD tended to decrease IL1β mRNA expression at a dose of 10 μM, 

and CXCL10 mRNA expression at a dose of 5 μM (Figure 5.3.6. C-E). CBD significantly 

decreases basal GFAP mRNA expression (p < 0.05) at a dose of 10 μM (Figure 5.3.6. F). 

Taken together this data indicates that CBD does not significantly affect basal reactivity 

in astrocytes but if anything marginally reduces expression of reactive astrocyte markers. 

However, CBD significantly increased mRNA expression of LCN2 (p < 0.001), ICAM1 (p < 

0.05) and PTX3 (p < 0.001) at both doses and 10 μM respectively (Figure 5.3.6. G-I). This 

indicates that CBD might increase reactivity in human iPSC-derived astrocytes. 

 

  



Chapter 5 – Modulating astrocyte reactivity 

182 
 

 

Figure 5.3.6. Effect of CBD on baseline reactivity in iPSC-derived astrocytes. 

CBD does not affect basal mRNA expression (A) or secretion (B) of IL6. CBD does not affect basal 

mRNA expression IL1β (C), C3 (D) and CXCL10 (E). CBD decreases basal GFAP mRNA expression at 

a dose of 10 μM. CBD increases basal mRNA expression of LCN2 (G) at 5 and 10 μM, and ICAM1 (H) 

and PTX3 (I) at 10 μM. Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs 

control; +++ p < 0.001 vs CBD (5 μM). IL6 mRNA F(2, 8) = 3.191, p = 0.0597; IL6 secretion F(2, 6) = 

2.214, p = 0.1904; IL1β F(2, 7) = 1.720, p = 0.2469; C3 F(2, 8) = 2.960, p = 0.1091; CXCL10 F(2, 8) = 

3.799, p = 0.0692; GFAP F(2, 7) = 6.151, p = 0.0287; LCN2 F(2, 8) = 70.34, p = < 0.0001; ICAM1 F(2, 

7) = 7.021, p = 0.0212; PTX3 F(2, 7) = 174.9, p = < 0.0001 (One-way ANOVA with Newman-Keuls 

post hoc). 
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5.3.5 CBD tends to reduce astrocyte reactivity following inflammatory insult 

After establishing that CBD had an effect on basal reactivity in human astrocytes, 

particularly at the higher dose of 10 μM, it was next determined whether CBD was capable 

of modulating astrocyte response to inflammatory insult. Inflammatory insult was 

delivered via cytokines IL1α (0.3 ng/mL) and TNFα (3 ng/mL), the effects of which CBD has 

previously been shown to counteract in human mesenchymal stem cells and a mouse 

model of MS (Khaksar & Bigdeli, 2017; Chiricosta et al., 2019). CBD was trialled at four 

doses; 0.1, 1, 5 and 10 μM. 

Inflammatory cytokines induced a significant increase in IL6 mRNA expression (p < 0.05) 

and IL6 secretion (p < 0.001), and CBD significantly attenuated this increase in IL6 

secretion (p < 0.001) at a dose of 10 μM (Figure 5.3.7. A, B). Inflammatory cytokines 

significantly induced CXCL10 (p < 0.05) and C3 (p < 0.01) mRNA expression which tended 

to be attenuated by CBD in a dose dependent manner (Figure 5.3.7. C, D). Inflammatory 

cytokines significantly induced mRNA expression of LCN2 (p < 0.01), ICAM1 (p < 0.05), and 

PTX3 (p < 0.001). While CBD tended to attenuate LCN2 the effect was not significant and 

CBD had no effect on ICAM1 or PTX3 mRNA expression (Figure 5.3.8). Stimulation with 

inflammatory factors significantly decreased GFAP mRNA expression (p < 0.001), while 

CBD had no significant effect it tended to further decrease GFAP mRNA expression at a 

dose of 10 μM (Figure 5.3.9. A). Inflammatory factors tend to increase IL1β mRNA 

expression but not significantly, CBD had no effect (Figure 5.3.9. B). Taken together this 

data provides some preliminary insights into the effect of CBD on astrocytes and their 

reactivity state. 
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Figure 5.3.7. CBD tends to decrease reactive markers IL6, CXCL10 and C3 in iPSC-derived reactive 

astrocytes. 

Inflammatory factors significantly increase mRNA expression and secretion of IL6. CBD has no 

significant effect on IL6 mRNA (A), but IL6 secretion is attenuated by CBD at 10 μM (B). 

Inflammatory factors significantly increase mRNA expression of CXCL10 (C) and C3 (D) but CBD has 

no significant effect. Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, ** p < 0.01, *** p < 

0.001 vs control; ^^^ p < 0.001 vs stimulation with factors only. IL6 mRNA F(5, 15) = 6.665, p = 

0.0019; IL6 secretion F(5, 12) = 20.51, p = < 0.0001; CXCL10 F(5, 15) = 7.992, p = 0.0008; C3 F(5, 15) 

= 10.68, p = 0.0002 (One-way ANOVA with Tukey post hoc). 
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Figure 5.3.8. CBD does not affect mRNA expression of reactive markers LCN2, ICAM1 and PTX3 

in iPSC-derived reactive astrocytes. 

Inflammatory factors significantly increase mRNA expression of LCN2 (A), ICAM1 (B) and PTX3 (C) 

while CBD has no effect. Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, ** p < 0.01, *** 

p < 0.001 vs control. LCN2 F(5, 15) = 6.953, p = 0.0015; ICAM1 F(5, 14) = 4.803, p = 0.0091; PTX3 

F(5, 15) = 12.94, p = < 0.0001 (One-way ANOVA with Tukey post hoc). 
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Figure 5.3.9. CBD does not affect mRNA expression of reactive markers GFAP and IL1β in iPSC-

derived reactive astrocytes. 

Stimulation with inflammatory factors significantly decreased GFAP mRNA expression while CBD 

had no significant effect (A). Inflammatory factors tend to increase IL1β mRNA expression but not 

significantly, CBD had no effect (B). Data expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 vs 

control. GFAP F(5, 14) = 17.62, p = < 0.0001; IL1β F(5, 13) = 2.369, p = 0.0976 (One-way ANOVA 

with Tukey post hoc). 
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5.4 Discussion 

Reactivity in astrocytes was previously characterised in terms of protein secretion, gene 

expression and morphology changes. It was further demonstrated that reactive 

astrocytes are detrimental to neurons via a conditioned media study and that APOE 

genotype might predispose astrocytes to becoming reactive following inflammatory 

insult. Following on from this, it was the objective of this study to investigate a number 

of potential immunomodulatory agents on reactivity in iPSC-derived E3E3 and E4E4 

astrocytes. 

FGF2 was chosen as it has previously be used in astrocyte maturation protocols to 

generate mature quiescent astrocytes (Roybon et al., 2013) and has been demonstrated 

to supress reactive astrogliosis (Kang et al., 2014b). FGF2 is endogenously produced 

within the CNS and has important roles in neural development, however importantly it 

has been demonstrated that exogenous FGF2 is capable of crossing the BBB (Deguchi et 

al., 2000). 

CBD was also investigated due to the abundance of literature pertaining to its anti-

inflammatory effects. Given that CBD and other cannabinoids are readily available as 

treatments for MS (Fitzpatrick & Downer, 2017), and have shown promise in models of 

inflammatory disorders (Ceprian et al., 2017; Al-Ghezi et al., 2019), we were interested 

to determine whether their anti-inflammatory effect extended to astrocytes in a 

neurodegeneration model. 

 

5.4.1 FGF2 holds promise as a modulator of astrocyte reactivity 

Several studies have demonstrated in vitro and in vivo that FGF2 has the ability to 

ameliorate astrocyte reactivity. Interesting research carried out by Kang and colleagues 

revealed that FGF signalling could suppress astrocyte activation in both the healthy and 

injured brain (Kang et al., 2014b). This study revealed that FGF signalling was required in 

order to maintain astrocytes in a quiescent state in the unperturbed adult neocortex. It 

was further shown that FGF signalling delayed astrocyte response as well as aiding quick 

return to their resting state. Lastly, astrocytic FGF receptors were disrupted which 

resulted in decreased glial scar area without compromising neuronal survival (Kang et al., 

2014b). The FGF2-FGFR1 pathway has also been implicated as having inhibitory effects 

on astrocyte-regulated neuroinflammation caused by infrasound CNS injury (Shi et al., 
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2018). As such FGF2 was selected to test as a potential modulator of astrocyte reactivity 

in our iPSC-derived reactive astrocyte model. 

 

5.4.1.1 FGF2 has no effect on cytokine secretion 

Pro-inflammatory cytokines have many roles, including attracting leukocytes to 

inflammation sites, stimulating leukocyte proliferation, inducing cytotoxicity, stimulating 

release of proteolytic enzymes and producing prostaglandins and secondary cytokines. 

Activated astrocytes, along with microglia, are the primary sources of cytokine production 

within the CNS (Singhal et al., 2014), with IL6 considered the main astroglial cytokine (Van 

Wagoner & Benveniste, 1999). IL6 is considered both a pro- and anti-inflammatory 

cytokine as it plays a key role in both the homeostasis of neural tissue, acts as a 

neurotrophic factor for differentiating oligodendrocytes and regenerating peripheral 

nerves (Rothaug et al., 2016), however is also involved in the pathogenesis of various 

inflammatory disorders including MS, PD and AD (Gonzalez-Reyes et al., 2017; Green et 

al., 2019; von Essen et al., 2019). These pro- and anti-inflammatory characteristics of IL6 

have been attributed to its signalling where classical signalling via the membrane bound 

IL6R is usually associated with anti-inflammatory processes important for bacterial 

defence, while trans-signalling occurs through the soluble IL6R and is associated with pro-

inflammatory processes such as neurodegeneration (Rothaug et al., 2016). 

It was previously established that IL6 mRNA and protein expression is significantly 

increased in the presented model of reactive astrocytes. Therefore it was of interest to 

examine where FGF2 was capable of modulating this cytokine. The effect of FGF2 on 

astrocyte IL6 production and secretion was examined and it was found to have no effect 

at the mRNA or protein level. IL6 mRNA expression and protein secretion was significantly 

elevated upon stimulation with inflammatory microglial factors, but FGF2 failed to 

attenuate this response. FGF2 increased IL6 mRNA expression in E4E4 astrocytes when 

combined with a high dose of microglial factors, an effect which did not occur in E3E3 

astrocytes. A link between APOE and FGF has already been established in AD, where 

concurrent expression of APOE4 and FGF1 was linked to episodic memory impairment in 

AD patients (Chang et al., 2019). It has also been reported that FGF1 up-regulates 

synthesis and secretion of APOE protein in cultured astrocytes following injury (Tada et 

al., 2004; Ito et al., 2005). It is interesting to find that a link between APOE4 and FGF2 

might also exist in astrocytes in response to insult. 
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IL6 is downstream of numerous signalling cascades including the MyD88-dependent TLR4 

signalling pathway (Nyati et al., 2017; Zhang et al., 2018a). It may well be the case that 

FGF2 acts independently from one or more these pathways and thus cannot alter IL6. This 

theory contradicts that of Ye and colleagues who showed a decrease in the expression of 

inflammatory cytokines IL6 and TNFα in rats following treatment with exogenous FGF2 

via regulation of the upstream TLR4/NF-κB signalling pathway (Ye et al., 2015). 

Interestingly, they found that low concentrations of FGF2 (10-50 ng/mL) induced 

activation of astrocytes while higher concentrations (100-200 ng/mL) attenuated 

astrocyte activation. The concentration of FGF2 used in the present study was 50 ng/mL 

which might explain the different results and furthermore the FGF2 induced increase in 

IL6 mRNA. 

FGF2 has previously been shown to modulate microglial activation. In an LPS-induced 

model of depression, exogenous FGF2 infusions counteracted the effect of LPS by 

decreasing levels of pro-inflammatory cytokines IL1β, IL6 and TNFα, and increasing levels 

of anti-inflammatory cytokine IL10 resulting in reversal of depressive-like behaviour in 

treated animals (Tang et al., 2018). By inhibiting microglial activation, FGF2 may be in turn 

more effective at modulating astrocyte activation as reactive microglia have been shown 

to induce astrocyte activation (Liddelow et al., 2017). A more complex model system 

utilising 3D-organoid structures with iPSC-derived microglia introduced to the system 

would allow for the study of the effect of FGF2 on microglia-astrocyte interactions. 

While FGF2 failed to significantly attenuate IL6 expression and secretion in reactive 

astrocytes, analysis of expression of reactive astrocyte markers provided some interesting 

results. 

 

5.4.1.2 FGF2 attenuates expression of reactive astrocyte genes 

In this study, FGF2 significantly attenuated mRNA expression of CXCL10, LCN2, ICAM1, 

SERPINA3 and C3 in E3E3 reactive astrocytes. This result followed through to the E4E4 

astrocytes with regards to CXCL10, C3 and LCN2, and also included attenuation of PTX3 

expression. This data indicates that while FGF2 does not affect IL6 at the protein level, it 

still appears to have the ability to modulate astrocyte reactivity via other mechanisms.  

CXCL10 mRNA expression was significantly up-regulated following inflammatory insult in 

E3E3 and E4E4 astrocytes, FGF2 treatment was able to subsequently decrease this up-

regulation. Given the role of CXCL10 as a chemokine involved in the recruitment of T cells 
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into the CNS it follows that its expression would be increased after inflammatory insult. 

It has been shown that CXCL10 is strongly induced by INFγ and acts by binding to the G-

protein coupled receptor CXCR3 (Koper et al., 2018). In a study which aimed to investigate 

the potential use of cytokine patterns to differentiate CNS infections from other CNS 

disorders, it was discovered that CNS infections can be identified by significantly higher 

concentrations of CXCL10 in the CSF compared to non-infectious disorders (Fortuna et al., 

2018). Excessive levels of CXCL10 has also been linked to MS, as concentrations of CXCL10 

and CXCR3 were found to be elevated in active MS lesion sites and actually co-localised 

with the lesions (Sorensen et al., 2002). It is thought that CXCL10 may play a role in AD as 

CSF concentrations of the chemokine are significantly higher in AD patients, as well as in 

patients with mild-cognitive impairment, compared to the controls. For this reason it is 

hypothesised that it may be involved in early stages of AD when inflammation is elevated 

(Koper et al., 2018). 

FGF2 significantly attenuated the factor induced mRNA expression of LCN2 in E3E3 and 

E4E4 reactive astrocytes. LCN2 is an acute phase protein with multiple functions, 

expressed and produced by reactive astrocytes in response to infection, inflammation or 

injury (Jha et al., 2015). LCN2, along with SERPINA3, has been labelled a marker for 

reactive astrocytes in mouse (Zamanian et al., 2012). In a study using transgenic rats, 

LCN2 was found to be an inducible factor released by reactive astrocytes and selectively 

neurotoxic towards neurons (Bi et al., 2013). The authors concluded that during neuronal 

death and neurodegeneration, dying neurons communicate with and activate quiescent 

astrocytes resulting in astrocyte activation and secretion of LCN2 which acts as a potent 

neurotoxic mediator and further propagates neuronal death (Bi et al., 2013). LCN2 

expression has been shown to be increased in various pathologies including cancer, 

neuroinflammatory conditions, neurodegeneration, brain injury and schizophrenia (Jha 

et al., 2015). LCN2 gene expression is thought to be regulated cooperatively by a network 

of different transcription factors including NF-κB and CCAAT/enhancer binding protein 

(Sunil et al., 2007). The fact that FGF2 was able to significantly decrease expression of this 

reactivity gene in our reactive astrocyte model suggests a possibly promising role for FGF2 

in the modulation of astrocyte reactivity. 

When stimulated with inflammatory microglial factors ICAM1 mRNA expression was 

significantly up-regulated and FGF2 treatment was able to significantly attenuate this up-

regulation in E3E3 astrocytes. Following injury, astrocytes have been shown to express 

many adhesion molecules, including ICAM1. ICAM1 is an immunoglobulin protein 
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expressed on the cell surface of leukocytes and endothelial cells (Pflugfelder et al., 2017). 

ICAM1 can bind to leukocyte β-2 integrins as well as plasma fibrinogen and subsequently 

becomes activated (Turowski et al., 2005). It is thought that adhesion molecules like 

ICAM1 may aid in astrocyte-lymphocyte communications and the recruitment of immune 

cells into the CNS (Liddelow & Hoyer, 2016). Many diseases such as MS, AD and PD have 

a neuroinflammatory component in their pathology which requires the migration of 

leukocytes from the blood, across the BBB into the neural parenchyma, a process in which 

ICAM1 plays a key role. As a result of this central role in leukocyte migration, ICAM1 is 

considered an attractive target for the development of anti-inflammatory drugs 

(Turowski et al., 2005). Considering the effect FGF2 had on ICAM1 expression, this could 

lead to progressions in the production of drugs which target this gene. 

SERPINA3 mRNA expression was significantly up-regulated following inflammatory insult 

with microglial factors in E3E3 astrocytes and FGF2 significantly attenuated this response. 

SERPINA3 functions as a secreted peptidase inhibitor. Its expression has been shown to 

be up-regulated after inflammation and nerve injury (Gesase & Kiyama, 2007), as well as 

in neurodegenerative disorders including ALS (Fukada et al., 2007). In a study carried out 

in the MCAO mouse model of ischaemic stroke and the LPS mouse model of 

neuroinflammation, SERPINA3 was identified as a marker of early phase reactive 

astrogliosis (Zamanian et al., 2012). A role for SERPINA3 has also been implicated in 

tumour progression as the cytokine has been found to be overexpressed in many different 

tumour types (Li et al., 2018). SERPINA3 expression has been shown to strongly correlate 

with glioma invasion and may play a role in the initiation or progression of these common 

brain tumours (Li et al., 2018).  

Complement component C3 is the pivotal protein in the complement cascade which plays 

a major role in the immune system. C3 carries out many immunological roles including 

triggering phagocytosis or cell lysis (Shi et al., 2017a), however abnormal initiation of the 

complement system has been shown to contribute to some CNS disorders. An example 

of this may be complement overexpression, which has been linked to AD, HD and acute 

brain injury. C3 concentrations in CSF functions as a stage-biomarker of AD (Nitkiewicz et 

al., 2017). It has also been shown, using mouse models of AD, that C3 released from 

astrocytes binds to microglial C3a receptors in order to modulate neuroinflammation and 

β-amyloid pathology, which ultimately contributes to disrupting cognitive function in AD 

(Lian et al., 2016). In a 2017 study using C3 as a marker for reactive astrogliosis, C3+ 

immunostaining was found in post-mortem brain slices from patients with the 
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neurodegenerative disorders AD, PD, HD and ALS (Liddelow et al., 2017). The ability of 

FGF2 to attenuate C3 expression following stimulation with inflammatory factors 

highlights the potential of FGF2 to modulate astrocyte reactivity. 

PTX3 is an acute phase protein which has both neuroprotective and detrimental effects 

in CNS disorders (Rajkovic et al., 2016). PTX3 is undetectable in the brain under normal 

physiological conditions but becomes significantly up-regulated in neuropathology and 

the precise role of PTX3 in the CNS is still largely unknown (Rajkovic et al., 2016). It has 

been uncovered that reactive astrocytes are the primary source of PTX3 in the brain 

(Polentarutti et al., 2000), therefore it is considered a potential marker for reactive 

astrogliosis (Zamanian et al., 2012). A link has previously been investigated between PTX3 

and FGF2 in the context of cancer therapy which identified PTX3 as a potential 

therapeutic. PTX3 was shown to inhibit angiogenesis and tumorigenesis by interfering 

with FGF2 which promotes these processes in cancers (Ronca et al., 2015). It is interesting 

that in the context of our reactive astrocyte model, FGF2 down-regulates PTX3 mRNA 

expression and thus appears to have an anti-inflammatory effect. 

Interestingly, FGF2 tended to decrease IL1β mRNA expression in E3E3 astrocytes but 

further increased IL1β mRNA expression in E4E4 astrocytes when in conjunction with 

microglial factors. IL1β was successfully up-regulated following stimulation with 

microglial factors but FGF2-treatment was unsuccessful in significantly decreasing this 

pro-inflammatory cytokine, in fact FGF2 further increased levels of IL1β expressed by 

E4E4 reactive astrocytes. IL1β is a pro-inflammatory cytokine which has been implicated 

in numerous CNS diseases, including traumatic brain injury, and neurodegenerative 

diseases such as MS and AD (Licastro et al., 2000). IL1β has already been identified as a 

promising therapeutic target for neuroinflammatory conditions ranging from 

neurodegenerative diseases to traumatic brain injury and diabetic retinopathy (DR) 

following promising blockade of IL1β in DR patients with canakinumab, an IgG1 antibody 

against IL1β (Stahel et al., 2016; Mendiola & Cardona, 2018). Increased expression of the 

transcription factor NF-κB has been seen following astrocytic activation, which in turn 

elevates levels of IL6 and IL1β (Singh et al., 2011). IL1β contributes to neuronal injury and 

death by inducing the production of neurotoxic molecules such as nitric oxide and TNFα 

through MAPK pathways in glial cells (Temporin et al., 2008). It has also been uncovered 

that IL1β increases BBB permeability through the suppression of astrocytic SHH 

production (Wang et al., 2014), a morphogenic factor released from astrocytes which up-

regulates the production of tight junction proteins in endothelial cells and in turn 
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promotes BBB formation and maintenance (Alvarez et al., 2011). IL1β may be produced 

following activation of the NLRP3 inflammasome – a protein complex which activates 

caspase-1, which in turn cleaves the precursor proteins of several pro-inflammatory 

cytokines, including IL1β, into their active forms (Singhal et al., 2014). It is likely that FGF2 

does not interact with the inflammasome and therefore cannot down-regulate IL1β 

production via this mechanism. The surprising increase in IL1β following FGF2 treatment 

is potentially explained by the fact that both IL1β and FGF2 are capable of activating the 

MAPK signalling pathways. FGF2 signalling is initiated upon the molecule binding to its 

receptor tyrosine kinase, which activates its downstream signal ERK1/2, a member of the 

MAPK family (Johnson-Farley et al., 2007). A synergistic effect of IL1β and FGF2 has 

previously been described in fibroblasts with regards to S100A8 expression, this effect 

was attributed to their converging signalling, i.e. MAPK signalling (Rahimi et al., 2005). 

FGF2 significantly reduced baseline expression of GFAP in both E3E3 and E4E4 astrocytes. 

The intermediate filament protein GFAP is expressed almost exclusively by adult CNS 

astrocytes and is widely used as an astrocyte marker (Gruol, 2016). It is believed that 

GFAP functions include providing mechanical strength, contributing to the BBB, 

suppressing neuronal proliferation in the mature brain and supporting myelination 

(Brenner, 2014). GFAP expression is highly regulated by the GFAP promotor and is 

induced by numerous factors, including brain injury and disease (Eng et al., 2000). As a 

result it is sometimes considered a reactive astrocyte marker, however there is still some 

debate among the community as to how effective a marker it is and there are some issues 

with reproducibility. The results of our study complement that of a 2015 study in rats 

which revealed that exogenous FGF2 attenuated astrocyte activation by reducing GFAP 

expression following inflammatory insult with LPS (Ye et al., 2015). Ye et al. also found 

that FGF2 reduced expression of vimentin and neurocan in LPS-treated astrocytes. While 

VIM mRNA expression was also analysed in our study, FGF2 had no effect on its 

expression. Vimentin is another major intermediate filament protein expressed by 

astrocytes (Middeldorp & Hol, 2011), with functions including organising several critical 

proteins which are involved in cell signalling, attachment and cell migration (Sun & Jakobs, 

2012). Vimentin has been described as a reactive astrocyte marker but this characteristic 

does not present in our human astrocyte model. 

Taken together, this data indicates that FGF2 is capable of modulating aspects of 

astrocyte reactivity and should be taken under consideration for further study. 
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5.4.2 The ability of CBD to modulate reactivity in astrocytes warrants further 

investigation 

CBD, the non-psychoactive component of cannabis, is currently available on prescription 

as Sativex® for the treatment of symptoms associated with MS (Fitzpatrick & Downer, 

2017). It has also shown promise in preclinical and clinical studies for the management of 

PD and L-DOPA induced dyskinesia (Junior et al., 2020). Given that CBD is a highly 

lipophilic compound therefore readily crosses the BBB (Cabral & Jamerson, 2014; 

Aparicio-Blanco et al., 2019), and cannabinoid receptors are highly expressed within the 

CNS (Kozela et al., 2017) it is now of interest to determine whether CBD may be useful in 

modulating the neuroinflammation which is associated with many neurodegenerative 

diseases, including AD (Kim et al., 2019; Schubert et al., 2019). 

In a rodent model of neonatal ischemic brain damage, CBD was shown to be 

neuroprotective by inhibiting astrogliosis and microglial activation (Ceprian et al., 2017). 

Therefore it was of interest to determine whether CBD might modulate astrocyte 

reactivity in our human iPSC-derived model system. Inflammatory insult was delivered via 

cytokines IL1α (0.3 ng/mL) and TNFα (3 ng/mL), the effects of which CBD has previously 

been shown to counteract (Khaksar & Bigdeli, 2017; Chiricosta et al., 2019). The 

concentrations of CBD to be trialled were chosen from the literature, with 10 μM 

previously attenuating activation of peripheral immune cells (Fitzpatrick et al., 2020). It 

was decided to also include some lower doses to examine any dose response of CBD. 

It was first determined whether CBD (5 and 10 μM) had any effect on expression of 

reactive astrocyte markers in quiescent-like astrocytes. CBD had no effect on basal IL6 

mRNA expression or secretion and no effect on IL1β, C3 or CXCL10 mRNA expression. CBD 

significantly decreased basal GFAP mRNA but significantly increased mRNA expression of 

LCN2, ICAM1 and PTX3. This data indicates that CBD has varied effects on reactivity 

markers and is therefore not an all-encompassing inhibitor of pro-inflammatory 

mediators. Astrocytes were subsequently stimulated and four doses of CBD (0.1, 1, 5, and 

10 μM) were trialled for their ability to modulate reactive astrocyte markers. This again 

generated some mixed results. IL6 mRNA expression and secretion as well as CXCL10, C3 

and LCN2 mRNA expression data indicate that CBD may be capable of modulating these 

inflammatory markers, although only IL6 secretion was significantly attenuated by CBD at 

10 μM. Data pertaining to mRNA expression of ICAM1, PTX3, GFAP and IL1β indicate that 

CBD is not modulating astrocyte reactivity. 
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Von Widdern and colleagues also found mixed effects of CBD in an in vitro LPS model of 

neuroinflammation using rodent astrocyte-microglia co-cultures. CBD attenuated the 

LPS-induced production of TNFα and nitrite but not IL6. The study reported some 

interesting effects of mono- versus co-cultures, where pro-inflammatory mediators were 

more highly induced in co-cultures versus astrocyte monocultures and only TNFα was 

attenuated by CBD in isolated astrocytes (Cardinal von Widdern et al., 2020). The anti-

inflammatory effects of CBD may predominantly act via microglia-mediated mechanisms 

with a limited direct effect on astrocytes, this would explain the lack of positive results 

found in this study. Similarly, CBD has been shown to be neuroprotective in rodent 

models of newborn hypoxic-ischemic brain damage and adult stroke. CBD administered 

following MCAO in neonatal rats proved beneficial by reducing perilesional gliosis, and 

preserving astrocyte function by inhibiting astrogliosis and microglial activation (Ceprian 

et al., 2017). Again perhaps CBD affected the interplay between microgliosis and 

astrogliosis to induce its effect. 

With regards to a lack of effect on IL1β expression following insult, this contrasts a study 

carried out in human mesenchymal stem cells which found that CBD suppresses 

activation of the NLRP3 inflammasome and subsequently inhibit release of its 

downstream products IL18 and IL1β (Libro et al., 2016). CBD was also found to suppress 

IL1β expression and secretion in a mouse model of AD, this was coupled with inhibition 

of GFAP mRNA and protein expression, and impairment of iNOS expression and NO 

release (Esposito et al., 2007). In an experimental autoimmune encephalomyelitis mouse 

model of MS, combination therapy with THC and CBD reduced neuroinflammation by 

decreasing levels of pro-inflammatory molecules such as IL17, TNFα and IL6 as well as 

increasing levels of anti-inflammatory molecules such as IL4, IL10, and TGFβ (Al-Ghezi et 

al., 2019). Notably, neither THC nor CBD alone provided these anti-inflammatory effects 

suggesting that combination therapy is required to significantly reduce 

neuroinflammation. It has been suggested that the combination of CBD with THC shows 

better therapeutic potential compared to the actions of each cannabinoid component 

alone (Russo & Guy, 2006; Aso et al., 2015). 

CBD significantly increased basal expression of ICAM1, LCN2 and PTX3, a surprising result 

considering its widely accepted anti-inflammatory effects. Cannabinoids have previously 

been shown to promote expression of ICAM1 in lung cancer cells. CBD evoked ICAM1 

expression resulted in adhesion of cancer cells to lymphokine-activated killer cells and 

their subsequent lysis, in this case CBD exerts anti-invasive and antimetastatic actions 
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(Haustein et al., 2014). At the time of writing, no literature linking CBD or cannabinoids 

and PTX3 or LCN2 could be found, therefore the finding that CBD increases basal LCN2 

and PTX3 mRNA expression appears to be novel. 

Although this study provided no conclusive findings, this data provides some preliminary 

insights into the effect of CBD on astrocyte reactivity state.  

 

5.4.3 Concluding remarks 

This study provided some insight into the ability of FGF2 and CBD to modulate reactivity 

in iPSC-derived astrocytes. FGF2 shows promise as an agent capable of modulating 

reactivity in astrocytes while data pertaining to CBD indicates that it requires further 

investigation, perhaps taking advantage of the latest in iPSC technology where microglia 

may be incorporated in to organoids (Raja et al., 2016; Lin et al., 2018). 
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6. Glutamate dynamics in human iPSC-derived astrocytes is 

affected by APOE genotype 

6.1 Introduction 

6.1.1 Glutamate homeostasis – one of the key functions of astrocytes 

Astrocytes provide physical and metabolic support for neurons, and along with pericytes 

and vascular endothelium they make up the BBB. Astrocytes exhibit an ever increasing 

amount of functions at the synapse (Khakh & Sofroniew, 2015). They respond to and 

modulate neuronal excitation via gliotransmitters such as glutamate and ATP, they 

regulate synaptic remodeling as well as synaptic [K+] and [Ca2+] levels (Benarroch, 2016; 

Verkhratsky et al., 2019). At a higher level, this enables astrocytes to regulate processes 

including breathing and memory (Bliss & Collingridge, 1993).  

A primary role for astrocytes in the CNS is the removal of excess glutamate from the 

extracellular space, particularly the synaptic cleft  in order to maintain optimal neuronal 

functioning (Mark et al., 2001) (Figure 6.1.1). Glutamate is the main excitatory 

neurotransmitter in the CNS, and while this is considered its major function it has many 

other fates in the CNS. Glutamate may be used as a precursor for glutamine, GABA and 

glutathione, it can be oxidised and used for energy production or incorporated into 

proteins (McKenna, 2007). Glutamate as a neurotransmitter has far reaching effects 

owing to the fact that almost all neurons in the CNS express the NMDA receptor (Hynd et 

al., 2004) and are therefore sensitive to changes in extracellular glutamate. Therefore, it 

is vital that glutamate homeostasis be maintained. 

When glutamate is not effectively and efficiently buffered away from the synapse, 

excessive activation of NMDA receptors leads to large influxes of Ca2+ in postsynaptic 

neurons which in turn activates enzymes such as phospholipases (Lazarewicz et al., 1990; 

Conway, 2020), resulting in the eventual degeneration of brain cells (Figure 6.1.1). Such 

mechanisms of neurodegeneration are implicated in AD pathology and may explain the 

specific loss of glutamatergic neurons in cortical layers III and IV during AD pathogenesis 

(Hynd et al., 2004).  
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Figure 6.1.1. Healthy and dysfunctional astrocytes in AD. 

Astrocytes maintain glutamate homeostasis by buffering synaptic glutamate levels thereby 

preventing glutamate reaching excitotoxic levels. Glutamate is then converted to glutamine by 

glutamine synthetase (GS) which can be recycled by neurons. In AD, calcium-mediated 

excitotoxicity can occur when glutamate homeostasis is dysregulated. Proposed mechanisms 

include reduced EAAT expression and GS activity. 
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6.1.2 Glutamate Transporters 

Glutamate transporters can be broadly characterised as Na+-independent and Na+-

dependent glutamate uptake transporters. Na+-dependent glutamate uptake 

transporters include the already mentioned EAAT glutamate transporters of which there 

are five. EAAT1 and EAAT2 are expressed by astrocytes within the CNS, and are 

responsible for up to 90% of glutamate uptake within the CNS (Mahmoud et al., 2019). 

EAAT3 is expressed by neurons and is a means of glutamate sequestration by presynaptic 

neurons (Kanai & Hediger, 1992). EAAT4 and EAAT5 are expressed by purkinje cells 

(Fairman et al., 1995), and by retinal cells (Arriza et al., 1997) respectively, and are 

minimally involved in CNS glutamate homeostasis.   

 

6.1.2.1 Excitatory amino acids transporters 1 and 2 

EAAT1 and EAAT2 have a similar structure and share 65% homology at the amino acid 

level (Gegelashvili & Schousboe, 1997). Functionally, EAAT1 and EAAT2 have the same 

affinity for glutamate. EAAT1 has a glutamate Km value of 10-77 µM, while EAAT2 has a 

Km of 36-97 µM (Arriza et al., 1994). As such, both are capable of reducing extracellular 

glutamate to the same level (Table 6.1.1). 

EAAT1/GLAST expression has been detected in radial glial cells and immature astrocytes 

of the forebrain and cerebellum in postnatal mice (Shibata et al., 1997). In the adult brain, 

EAAT1/GLAST is predominately expressed by mature astrocytes (Schmitt et al., 1997; 

Lehre & Danbolt, 1998), and to a lesser extent by oligodendrocytes and microglia (Kondo 

et al., 1995), suggesting that glutamate uptake is not an essential function of these cells. 

In the adult CNS, EAAT1 expression is highest in the cerebellum (Rothstein et al., 1994; 

Lehre & Danbolt, 1998), but it is also expressed in areas such as the retina (Derouiche & 

Rauen, 1995) and in cochlear glial cells (Glowatzki et al., 2006). EAAT1 expression in the 

forebrain is limited (Mahmoud et al., 2019). In contrast to EAAT1, EAAT2/GLT-1 is not 

detected in postnatal rat CNS but only at 3-5 weeks of age (Furuta et al., 1997). In the 

mature CNS, EAAT2 is the major glutamate transporter expressed by mature astrocytes 

in most regions however there are some regions where EAAT1 dominates (Rothstein et 

al., 1994). EAAT expression in astrocytes is associated with clustering of both EAAT1 and 

EAAT2 on perisynaptic processes proximal to active glutamatergic synapses (Minelli et al., 

2001; Zhou & Sutherland, 2004). EAAT1 and EAAT2 are expressed on cortical astrocytes, 

as determined by electron microscopy of human post-mortem brain samples (Roberts et 
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al., 2014). Interestingly, EAAT1 expression is relatively constant in the adult CNS, while 

EAAT2 expression appears to be dependent on synaptic activity (Swanson et al., 1997). 

EAAT2 up-regulation is associated with increased glutamate release from neighbouring 

glutamatergic neurons (Schlag et al., 1998; Poitry-Yamate et al., 2002). 

Several mechanisms are involved in the regulation of transcription, translation, post-

translational modification, and activity of EAAT1 and EAAT2 glutamate transporters. The 

extracellular concentration of glutamate has been shown to increase protein expression 

of GLAST/EAAT1 in rats (Gegelashvili et al., 1996; Duan et al., 1999). Glutamate receptor 

stimulation has also been demonstrated to affect transporter expression. Activation of 

group II mGluRs enhance GLAST via ERK/P13K/NF-κB, activation of group I mGluRs inhibit 

GLAST and GLT-1 expression via the same pathway (Aronica et al., 2003; Lin et al., 2014), 

and activation of iGluRs down-regulate GLAST expression (Lopez-Bayghen et al., 2003). 

Cell culture conditions, growth factors such as EGF and FGF, hormones including 

oestrogen and glucocorticoids, and constitutively active GSK3β are all important in 

controlling the expression of functional glutamate transporters on the plasma membrane 

(Jimenez et al., 2014). 

 

 EAAT1 EAAT2 Reference 

Structure Share 65% homology (Gegelashvili & 
Schousboe, 1997) 

Glutamate Affinity 

(Km) 
10 to 77 µM 36 to 97 µM 

(Arriza et al., 
1994; Gegelashvili 
& Schousboe, 
1997; Mahmoud 
et al., 2019) 

Expression after 

birth 
High Low 

(Furuta et al., 
1997; Shibata et 
al., 1997) 

Expression in 

adulthood 

High in specific 
regions High 

(Rothstein et al., 
1994; Lehre & 
Danbolt, 1998) 

Expression in CNS Constant 
Changes as a 
function of 
synaptic activity 

(Swanson et al., 
1997) 

Table 6.1.1. Comparison of excitatory amino acid transporters 1 and 2. 

EAAT1 and EAAT2 have similar structure and affinity to glutamate while their expression levels vary 

throughout the lifespan and CNS. 
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6.1.2.2 Glutamate dynamics in astrocytes 

Glutamate is the primary excitatory neurotransmitter of the CNS. It mediates neuron-to-

neuron signalling at the synapse as well as astrocyte-to-neuron signalling and large-scale 

processes like plasticity and memory (Khakh & Sofroniew, 2015). Excessive release of 

transmitter in glutamatergic circuits, or insufficient removal of glutamate from the 

synapse can result in excitotoxicity-induced cell death. Glutamatergic neurotoxicity is 

suspected to play a role in neurodegenerative diseases such as AD (Shigeri et al., 2004). 

To avoid this, and to terminate the excitatory signal, the CNS relies primarily on astrocytes 

and specifically astrocytic EAAT1 and EAAT2 to remove excess glutamate from the 

synapse (Shigeri et al., 2004). 

 

6.1.2.3 Mechanisms of glutamate uptake in astrocytes 

Glutamate uptake from the extracellular space involves inward transport of glutamate, 

along with three Na+ ions and one H+ ion, coupled with the outward transport of two K+ 

ions. These ions move along their concentration gradients while glutamate moves against 

its concentration gradient – μM in extracellular space versus mM intracellularly 

(Mahmoud et al., 2019). As a result, glutamate uptake is one of the highest energy 

consuming processes in the CNS as more than one molecule of ATP is required per 

glutamate molecule (Sibson et al., 1998).  

 

6.1.2.4 Mechanisms of glutamate release in astrocytes 

In addition to glutamate uptake, astrocytes are also capable of releasing glutamate which 

may provide a mechanism for astrocytic modulation of neuronal activity. Six possible 

mechanisms of glutamate release by astrocytes have been described, including (i) reverse 

glutamate uptake by glutamate transporters, (ii) opening of anion channels induced by 

cell swelling, (iii) Ca2+-dependent exocytosis, (iv) glutamate exchange via the cysteine-

glutamate antiporter, (v) glutamate release through ionotropic purinergic receptors, and 

(vi) functional unpaired connexin “hemichannels” on the cell surface (Malarkey & 

Parpura, 2008). Although these various pathways have been defined, it is not clear how 

often and to what extent astrocytes employ them. It will be necessary to determine 

whether the same glutamate release mechanisms that operate under physiological 
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conditions operate during pathological conditions or whether there are specific release 

mechanisms that operate under specific conditions. 

 

6.1.3 Glutamate metabolism in astrocytes 

Once released into the synaptic cleft, glutamate can bind to ionotropic glutamate 

receptors (e.g. AMPA, NMDA, and kainate) and metabotropic glutamate receptors (i.e. 

mGluR1-8) localised to plasma membranes of neurons and glial cells, initiating various 

responses (Nicoletti et al., 2011; Popoli et al., 2011; Charsouei et al., 2020). Excess 

glutamate is then cleared from the synapse. In astrocytes, glutamate may be broken 

down to glutamine by glutamine synthetase (GS) and released into the synapse for uptake 

by neurons where it is used to resynthesise glutamate. This process is known as the 

glutamate-glutamine cycle. Alternatively, glutamate can be oxidised to yield α-

ketoglutarate which can then be utilised in the tricarboxylic acid (TCA) cycle to produce 

ATP. The determining factor for which pathway is used to metabolise glutamate within 

astrocytes is extracellular glutamate concentrations. Glutamine cycling is favoured when 

the extracellular concentration is less than 0.2 mM in order to provide glutamine to 

neurons, while oxidative metabolism of glutamate is favoured when extracellular 

glutamate is greater than 0.2 mM in order to generate the energy required for glutamate 

uptake (McKenna et al., 1996). 

 

6.1.3.1 Glutamate-glutamine cycle 

The majority of glutamate enters the glutamate-glutamine cycle to be converted to 

glutamine. Upon glutamate uptake by the astrocyte, GS catalyses the conversion of 

glutamate to glutamine (Figure 6.1.2). Glutamine is released into the extracellular space 

via system N transporters, electroneutral Na+-dependent transporters. Glutamine is then 

taken up by neurons via system A transporters (Popoli et al., 2011). In neurons, glutamine 

is used to synthesise the neurotransmitters glutamate or GABA, for synaptic transmission 

(Mahmoud et al., 2019). Glutamate metabolism further supports the astrocytes role as a 

regulator of homeostasis as activated GS breaks down ammonia and ammonium to 

prevent against ammonium neurotoxicity. 
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6.1.3.2 Tricarboxylic acid cycle 

Glutamate may be oxidized to α-ketoglutarate which serves as a substrate to ATP 

production in the TCA cycle (Figure 6.1.2). This oxidative metabolism of glutamate is 

mediated by the mitochondrial enzyme glutamate dehydrogenase (Mahmoud et al., 

2019). Partial oxidation of glutamate can also be achieved with the enzymes aspartate 

aminotransferase, alanine aminotransferase and branched chain aminotransferase via 

the process of transamination (Popoli et al., 2011). 

 

 

Figure 6.1.2. Glutamate uptake and metabolism by astrocytes. 

Glutamate uptake by astrocytes – After release of glutamate from the presynaptic neuron, only 

20% of glutamate is taken up by post-synaptic glutamate receptors to transmit excitatory impulses, 

while astrocytes uptake most of the remaining glutamate via the glutamate uptake transporters, 

EAAT1 and EAAT2, expressed on the surface of the astrocytic perisynaptic processes. Glutamate 

metabolism in astrocytes – In astrocytes, glutamate can be metabolised to glutamine by glutamine 

synthetase (GS), then glutamine is released to the extracellular space to be taken up by neurons 

and used to resynthesise glutamate or GABA. Alternatively, glutamate may be oxidatively 

metabolised to α-ketoglutarate, which is used in ATP synthesis. Figure modified from (Mahmoud 

et al., 2019).  
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6.1.4 Dysfunctional glutamate cycling and excitotoxicity in Alzheimer’s disease 

In healthy astrocytes, glutamate is sequestered from the synapse via glutamate 

transporters EAAT1 and EAAT2, then converted to glutamine by GS for return to the 

neuron. GS activity is decreased in the AD brain (Butterfield et al., 1997), potentially as a 

result of oxidative modification (Castegna et al., 2002). Additionally, altered expression 

of glutamate transporters has also been noted in the brains of AD patients (Jacob et al., 

2007). This may cause a build-up of glutamate in the synapse, activating NMDA receptors 

on the post synaptic neuron and resulting in excess Ca2+ influx (Figure 6.1.3). Increased 

Ca2+ is associated with membrane permeabilisation, and cytochrome c release, which 

actives caspase 9 and sequentially caspase-3 resulting in apoptosis (Brustovetsky et al., 

2002; Yoon et al., 2003; Madeddu et al., 2004). 

Neuroinflammation may contribute to the excitotoxic neurodegeneration characteristic 

of AD. It has been shown that TNFα stimulates extensive glutamate release from microglia 

in an autocrine manner by up-regulating glutaminase (Takeuchi et al., 2006). TNFα has 

also been shown to affect EAAT expression. Wang and colleagues demonstrated that 

TNFα reduces the expression of EAAT1 and EAAT2 in human astrocytes (Wang et al., 

2003). There is also evidence that reactive oxygen species (ROS) contribute to the 

reduction in GS-dependent breakdown of glutamate, reinforcing glutamate neurotoxicity 

(Castegna et al., 2002). 

Interestingly, there is some evidence that APP cleavage products are protective against 

excitotoxicity, raising the possibility that increased Aβ production stems from an attempt 

at alleviating pathology initiated by excitotoxicity. This may result in a positive-feedback 

mechanism whereby Aβ renders neurons susceptible to glutamatergic cytotoxicity 

(Mattson et al., 1993). The role of APOE in this pathologic pathway in AD has not been 

properly explored. Loss of ability to buffer glutamate should now be seriously considered 

as an adjunct to rectifying mechanisms of excitotoxic neurodegeneration in AD. 
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Figure 6.1.3. Dysfunctional glutamate cycling in Alzheimer’s disease results in excitotoxicity. 

Reduced EAAT expression alters glutamate uptake dynamics in astrocytes in the AD brain This 

coupled with decreased glutamine synthetase (GS) activity results in compromised glutamate 

cycling. Excess synaptic glutamate leads to increased intracellular [Ca2+] in the post-synaptic 

neuron, excitotoxicity and ultimately neuronal cell death. 

 

6.1.5 Role of APOE in astrocyte glutamate handling 

Several reports indicate reduction in EAAT levels, down-regulation of NMDA receptors 

(Jacob et al., 2007; Hoshi et al., 2018), and loss of glutamate receptor proteins in the AD 

brain as a result of APOE genotype (Chen et al., 2010). APOE4 genotype also facilitates 

excessive long-term potentiation via stabilisation of NMDA receptors (Chen et al., 2010). 

Together, these reports suggest that glutamate uptake and breakdown are hindered in 

the AD brain and that APOE may play a role. However, there appears to be a gap in the 

literature pertaining to a link between APOE genotype and glutamate dynamics. Given 

that APOE4 is the single greatest genetic risk factor associated with AD and that 

excitotoxicity has been proposed as one of the initiating steps in AD pathology (Zoltowska 

et al., 2018), it is not a far reach to suggest that APOE4 genotype may predispose 

astrocytes to mishandle glutamate. iPSC provide a valuable model system suited to 

examining the effect of genotype on functionality in human cells. 
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6.1.6 Aims 

The objectives of this chapter can be separated into three primary aims: 

1. To investigate levels of glutamate transporter expression at the RNA (SLC1A3, 

SLC1A2) and protein level (EAAT1, EAAT2) in E3E3 and E4E4 astrocytes, 

2. To elucidate any effect of APOE genotype and astrocyte reactivity state on 

glutamate transporter expression, 

3. To delineate any effect of APOE genotype and astrocyte reactivity state on 

functionality of glutamate transporters. 

 

The hypothesis pertaining to these aims are that APOE genotype and astrocyte reactivity 

state will affect glutamate transporter expression and subsequently glutamate dynamics. 

There are some limitations in the current literature but the information put out so far 

would indicate that APOE genotype and astrocyte reactivity negatively impact glutamate 

homeostasis. Therefore, we hypothesise that glutamate transporter expression will be 

reduced in E4E4 and reactive astrocytes. It is expected that E4E4 and reactive astrocytes 

will have a compromised ability to uptake glutamate from the extracellular environment. 
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6.2 Materials and Methods 

6.2.1 Cell lines 

Human iPSC homozygous for APOE3 and APOE4 were used in this study to generate 

astrocytes and subsequently reactive astrocytes. 

 

6.2.2 Astrocyte progenitor cell culture and terminal differentiation 

Human E3E3 and E4E4 iPSC were patterned towards a neural fate and subsequently 

differentiated along a glial lineage as described in sections 3.2.3 and 3.2.5. 

 

6.2.3 Astrocyte stimulation to examine the effect of astrocyte reactivity on 

glutamate dynamics 

Astrocytes were stimulated with inflammatory microglial factors IL1α (3 ng/mL; 

PeproTech, UK), TNFα (30 ng/mL; Cell Signalling Technology, USA) and C1q (400 ng/mL; 

MyBioSource, USA) for 24 h as per Liddelow et al., 2017 to generate reactive astrocytes 

in order to determine whether astrocyte reactivity state affected glutamate transporter 

expression and glutamate dynamics. A 10-factor dilution of these concentrations was also 

used. These treatments are denoted as “Factors High” and “Factors Low” where 

appropriate. Post stimulation, cells were lysed as appropriate for qPCR and Western 

blotting analysis of glutamate transporter expression. Alternatively, media and cell lysates 

were collected, snap frozen in liquid nitrogen and stored at -80˚C for later analysis of 

extracellular and intracellular glutamate concentrations via glutamate assay (Figure 

6.2.1). 

To further assess the efficacy of glutamate transport in the astrocytes, and any effect of 

reactivity state, extracellular glutamate was altered. Serio media components Advanced 

DMEM and NEAA contain L-glutamic acid at a concentration of 50 μM and 10 μM 

respectively. GlutaMAX contains L-alanyl-L-glutamine dipeptide at a concentration of 2 

mM that is broken down by cells to release L-glutamine as needed. By removing 

GlutaMAX and NEAA the extracellular concentration of glutamate was reduced to 

approximately 50 μM. This reduced glutamate media (Serio media minus GlutaMAX and 

NEAA) was applied to astrocytes for 3 h prior to stimulation. Astrocytes were then 

stimulated with inflammatory microglial factors at low and high concentrations for 24 h, 

astrocytes were maintained in reduced glutamate media for this time. Post stimulation, 
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media and cell lysates were collected, snap frozen in liquid nitrogen and stored at -80˚C 

for later analysis of extracellular and intracellular glutamate concentrations via glutamate 

assay (Figure 6.2.1). 

 

6.2.4 Astrocyte stimulation to examine the effect of FGF2 on glutamate 

transporter expression in iPSC-derived astrocytes 

Astrocytes were stimulated with inflammatory microglial factors IL1α, TNFα and C1q at 

high and low concentrations for 24 h as described above. Astrocytes were treated with 

FGF2 (50 ng/mL; PeproTech, UK) alone and in combination with both concentrations of 

factors in order to assess its ability to modulate glutamate transporter expression. Post 

stimulation, cells were lysed as appropriate for qPCR and Western blotting analysis of 

glutamate transporter expression (Figure 6.2.1).  

 

 

Figure 6.2.1. Experimental timeline to test the effect of astrocyte reactivity on glutamate 

transporter expression and glutamate dynamics. 

Astrocyte progenitor cells were expanded in Serio media supplemented with EGF and hLIF. From 

D80 APC are plated and terminally differentiated for 7 d, followed by 3 d in Serio media without 

factors to ensure a quiescent-like astrocyte at time of stimulation. Astrocytes are stimulated for 24 

h in order to assess the effect of reactivity (±FGF2) on glutamate dynamics. Cell lysates were 

harvested for qPCR and Western blotting (WB) analysis of glutamate transporter expression (A). 

Media and cell lysates were harvested for analysis of [glutamate]i and [glutamate]e (B). 
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6.2.5 Analysis of glutamate transporter mRNA expression by qPCR 

The mRNA expression of SLC1A3, SLC1A2 and GLUL which encode the proteins EAAT1, 

EAAT2 and GS respectfully were assessed by qPCR (Table 6.2.1). Gene expression 

concentrations were analysed using the comparative Ct method. The target genes from 

each sample were compared with GAPDH, which acted as an endogenous control. The Ct 

values of each target gene and control gene were compared and expressed as RQ ratio. 

The full qPCR protocol is described in detail in the main methods section of this thesis 

(Section 2.4.1). 

 

Gene Primer Code 

SLC1A3 Hs00904823_g1  

SLC1A2 Hs01102423_m1 

GLUL Hs00365928_g1 
Table 6.2.1. Target genes used for qPCR analysis of glutamate transporter and glutamine 

synthetase expression. 

 

6.2.6 Analysis of glutamate transporter protein expression by Western blotting 

The protein expression of EAAT1 was assessed by Western blotting (Table 6.2.2). 

Densitometry analysis was carried out on protein bands using Image Studio Lite (v 5.2) 

with β-actin acting as a loading control. Densitometry signals for EAAT1 were divided by 

β-actin signals and normalised to control in order to present data as fold change. The full 

Western blotting protocol is described in detail in the main methods section of this thesis 

(Section 2.5.3). 

 

Antibody Dilution Factor Manufacturer 

Rabbit anti-EAAT1 1:1000 Novus Biologicals, USA 

Mouse anti-β-actin 1:2000 Sigma-Aldrich, USA 

Goat anti-rabbit HRP-conjugated 1:2000 Thermo Scientific, USA 
Goat anti-mouse HRP-
conjugated 

1:2000 Thermo Scientific, USA 

Table 6.2.2. Antibodies used for Western blotting analysis of EAAT1 expression. 
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6.2.7 Glutamate assay 

The glutamate assay kit (fluorometric, ab138883, Abcam, UK) takes advantage of the 

reaction between L-glutamic acid and NADP+, which results in the production of NADPH. 

Assuming that the samples/standards are the source of glutamate, the reaction mix 

contains NADP+, an enzyme mix to catalyse the reaction and an NADPH sensor. During 

the reaction, a red fluorescence product is produced (NADPH + sensor) which can be 

detected at Ex/Em = 540/590 nm (Figure 6.2.2). The fluorescence reading is then used to 

infer the concentration of glutamate in the samples via a standard curve. The protocol 

states that the assay can detect as little as 1 μM glutamic acid.  

 

6.2.7.1 Sample preparation 

Following stimulation, supernatant was removed and snap frozen in liquid nitrogen to 

preserve protein content. Cells were lysed by incubation in 5X Mammalian cell Lysis Buffer 

diluted to 1X in dH2O (100 uL, 20 min, RT; Abcam, UK). Cells were abraded, lysates 

collected and snap frozen in liquid nitrogen. A sample of Serio media and 1X lysis buffer 

not exposed to cells were also snap frozen for use as negative controls. Samples were 

stored at -80oC until assaying. 

 

6.2.7.2 Glutamate assay procedure 

Glutamate concentrations in media and lysate samples were determined using a 

glutamate assay kit (Abcam, UK) as per the manufacturer’s instructions. Preparation of 

the kit prior to its first use involved reconstitution of the glutamic acid standard by 

addition of dilution buffer (200 μL) to generate a 100 mM stock solution. This was 

subsequently aliquoted and stored at -20oC protected from the light. A 50X enzyme 

mixture stock was prepared with the addition of dH2O (200 μL) and the stock aliquoted 

and stored at -20oC. A 200X NADP+ stock solution was prepared by the addition of dilution 

buffer (100 μL) to the stock vial provided and subsequently aliquoted and stored at -20oC 

protected from light. 

On the day of assaying all samples and reaction components were thawed on ice. 

Glutamic acid standards were prepared by first diluting the stock to a 300 μM top 

standard followed by serial dilution (300-1 μM) in dilution buffer. Dilution buffer was used 

as a blank. Reaction mix was prepared by combining NADP+ (0.25 μL per reaction), enzyme 
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mix (1 μL per reaction) and assay buffer (48.75 μL per reaction). Lysate samples were 

diluted (1:2) in dilution buffer to ensure their glutamate concentration fell within the 

standard curve. Samples and standards were loaded (50 μL) onto a 96-well black-walled 

clear-bottomed plate. Reaction mix (50 μL) was loaded to begin the redox reaction 

between glutamate and NADP+, the plate was shaken on an orbital shaker to mix and then 

incubated (1 h, RT, protected from light). The fluorescence of each sample was measured 

on a Spectramax M3 microplate reader (Molecular Devices, USA) with SoftMax Pro (6.2.1) 

software at Ex/Em = 540/590 nm. The glutamate concentration of each sample was 

determined from the standard curve produced. Glutamate concentration in the media 

was considered a measure of extracellular glutamate, while glutamate concentration in 

the cell lysates was considered a measure of intracellular glutamate. 

 

 

Figure 6.2.2. Glutamate assay mechanism. 

The reaction between L-glutamic acid and NADP+ results in the production of NADPH. The 

glutamate assay uses a reaction mix containing NADP+, an enzyme mix to catalyse the reaction and 

an NADPH sensor, with the samples and standards providing the L-glutamic acid. The red 

fluorescent product produced (NADPH + sensor) can be detected at Ex/Em = 540/590nm. 
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6.2.8 Statistical analysis 

Data is expressed as mean ± SEM. At least three neural induction and astrocyte 

differentiations (N) were performed per iPSC line.  'n' values denote experimental or 

biological replicates and are representative of different thaws or passage numbers, while 

'reps' denotes technical replicates within each experimental group, i.e. cells from the 

same plate but separate wells. 

An unpaired t-test was used to analyse baseline expression of glutamate transporters in 

E3E3 and E4E4 astrocytes, as well as analysing expression of EAAT1 versus EAAT2. One-

way ANOVA was used to analyse the effect of microglial factors. Two-way ANOVA was 

used for statistical analysis of two variables, i.e. APOE genotype and microglial factors, 

and FGF2 and microglial factors, followed by Bonferroni post hoc if significance was 

inferred. Three-way ANOVA was used to analyse the interaction of APOE genotype, 

microglial factors and FGF2, followed by Bonferroni post hoc. Significance was set at p < 

0.05. Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software). 
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6.3 Results 

A central task of astrocytes in the CNS is to maintain homeostatic concentrations of the 

neurotransmitter glutamate in the extracellular space. There is evidence that this 

function is compromised in the AD brain. Here, we investigated whether APOE genotype 

influences glutamate dynamics in astrocytes, and whether inflammatory insult impacted 

glutamate dynamics. Glutamate transporter expression were examined at mRNA and 

protein levels, via qPCR and Western blotting. Glutamate dynamics was assessed using a 

glutamate assay. 

 

6.3.1 APOE3 and APOE4 homozygous astrocytes show differential expression 

of glutamate transporters, EAAT1 and EAAT2 

In order to ascertain whether APOE genotype had any effect on EAAT expression, levels 

of the major glutamate transporters EAAT1 and EAAT2 were assessed in iPSC-derived 

astrocytes by carrying out qPCR analysis on their respective genes, SLC1A3 and SLC1A2. 

SLC1A3 showed greater levels of mRNA expression in both APOE3 (p < 0.001; Figure 6.3.1. 

A) and APOE4 (p < 0.001; Figure 6.3.1. B) homozygous astrocytes as compared to SLC1A2, 

indicating that EAAT1 is more highly expressed in these cells. When transporter 

expression was expressed as a ratio of SLC1A3:SLC1A2 (SLC1A3 RQ ÷ SLC1A2 RQ) it could 

be determined that E3E3 astrocytes have significantly greater overall transporter 

expression compared to E4E4 astrocytes (p < 0.05). E3E3 astrocytes have a ratio of 

approximately 140:1, while E4E4 astrocytes have a ratio of approximately 60:1 (Figure 

6.3.1. C). Baseline mRNA expression levels of SLC1A3 are greater in E3E3 astrocytes 

compared to E4E4 astrocytes (p < 0.001; Figure 6.3.2. A), with the same trend holding for 

SLC1A2 expression (p < 0.01; Figure 6.3.2. B). These trends indicate that APOE genotype 

affects transporter expression. This reduced SLC1A3 expression in E4E4 astrocytes did not 

translate to reduced EAAT1 protein when assessed by Western blotting (Figure 6.3.2. C). 

Taken together this data indicates that APOE genotype impacts glutamate transporter 

expression at the mRNA level. Having examined baseline expression of glutamate 

transporters, we next examined EAAT expression in astrocytes following inflammatory 

insult. 
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Figure 6.3.1. SLC1A3 expression is greater than SLC1A2 mRNA expression in E3E3 and E4E4 

astrocytes. 

SLC1A2 mRNA expression is significantly lower than SLC1A3 expression in E3E3 (A) and E4E4 (B) 

astrocytes. The SLC1A3:SLC1A2 ratio is significantly reduced in E4E4 astrocytes compared to E3E3 

astrocytes (C). Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs E3E3. E3E3 

t = 11.23, df = 6, p = < 0.0001. E4E4 t = 26.70, df = 4, p = < 0.0001. Ratio t = 3.310, df = 5, p = 0.0212 

(Unpaired t-test). 
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Figure 6.3.2. E4E4 astrocytes have significantly reduced glutamate transporter mRNA expression 

but no change in EAAT1 protein expression. 

E4E4 astrocytes have significantly less baseline mRNA expression of glutamate transporters SLC1A3 

(A) and SLC1A2 (B) compared to E3E3 astrocytes. EAAT1 transporter expression does not 

significantly differ between E3E3 and E4E4 astrocytes (C). Data expressed as mean ± SEM (N=3, 

n=3-4). ** p < 0.01, *** p < 0.001 vs E3E3. SLC1A3 t = 8.214, df = 5, p = 0.0004; SCL1A2 t = 5.914, 

df = 5, p = 0.0020; EAAT1 t = 0.7381, df = 4, p = 0.5014 (Unpaired t-test). 
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6.3.2 Inflammatory insult affects glutamate transporter expression 

Given that astrocyte reactivity state has previously been shown to impact glutamate 

transporter expression in rodents, levels of EAAT1 and EAAT2 were examined following 

inflammatory insult delivered via microglial factors IL1α, TNFα and C1q. 

Initial one-way ANOVA analysis carried out to assess the effect of inflammatory factors 

on SLC1A3 and SLC1A2 mRNA expression independently from genotype indicated that 

astrocyte reactivity increased transporter expression. In E3E3 astrocytes, SLC1A3 was not 

affected (Figure 6.3.3. A) but SLC1A2 mRNA expression significantly increased following 

inflammatory insult (p < 0.001; Figure 6.3.3. B). In E4E4 astrocytes, both SLC1A3 and 

SLC1A2 mRNA expression was increased in reactive astrocytes (p < 0.001; Figure 6.3.3. C-

D). When the combined impact of APOE genotype and astrocyte reactivity state were 

examined by the more powerful two-way ANOVA, the effect of inflammatory insult on 

SLC1A3 mRNA expression is lost (Figure 6.3.4. A). However astrocyte reactivity 

significantly increases SLC1A2 mRNA expression in both E3E3 and E4E4 astrocytes (p < 

0.001; Figure 6.3.4. B). Analysis of EAAT1 at the protein level showed no effect of 

reactivity on transporter expression in E3E3 or E4E4 astrocytes (Figure 6.3.5).  
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Figure 6.3.3. Inflammatory microglial factors affect SLC1A3 and SLC1A2 mRNA expression in E3E3 

and E4E4 astrocytes. 

Inflammatory microglial factors do not affect SLC1A3 mRNA expression in E3E3 astrocytes (A) but 

significantly increase SLC1A2 mRNA expression at a high dose (B). Inflammatory microglial factors 

significantly increase SLC1A3 (C) and SLC1A2 (D) mRNA expression in E4E4 astrocytes. Data 

expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 vs control; + p < 0.05, ++ p < 0.01, +++ p < 0.001 

vs factors low. E3E3 SLC1A3 F(2, 9) = 3.563, p = 0.0725; SLC1A2 F(2, 9) = 287.7, p = < 0.0001. E4E4 

SLC1A3 F(2, 6) = 75.07, p < 0.0001; SLC1A2 F(2, 6) = 350.5, p < 0.0001 (One-way ANOVA with 

Newman-Keuls post hoc). 
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Figure 6.3.4. Inflammatory microglial factors do not affect SLC1A3 mRNA expression but 

significantly increase SLC1A2 mRNA expression in E3E3 and E4E4 astrocytes. 

SLC1A3 mRNA expression is unchanged following stimulation with inflammatory microglial factors 

but is significantly reduced in E4E4 astrocytes compared to E3E3 astrocytes (A). SLC1A2 mRNA 

expression is significantly increased following stimulation with inflammatory microglial factors in 

both E3E3 and E4E4 astrocytes (B). Data expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 vs 

E3E3 control; +++ p < 0.001 vs E4E4 control; ̂ ^^ p < 0.001 vs E3E3 genotype. SLC1A3 genotype effect 

F(1, 15) = 281.2, p = < 0.0001; effect of factors F(2, 15) = 3.606, p = 0.0527; Interaction effect F(2, 

15) = 2.320, p = 0.1325. SLC1A2 genotype effect F(1, 15) = 222.3, p = < 0.0001; effect of factors F(2, 

15) = 298.8, p = < 0.0001; Interaction effect F(2, 15) = 140.3, p = < 0.0001 (Two-way ANOVA with 

Bonferroni post hoc). 
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Figure 6.3.5. EAAT1 protein expression in E3E3 and E4E4 astrocytes following inflammatory 

insult. 

Inflammatory microglial factors do not effect EAAT1 expression in E3E3 (A) or E4E4 (B) astrocytes. 

APOE genotype does not impact the effect of factors on EAAT1 protein expression (C). Data 

expressed as mean ± SEM (N=3, n=3). E3E3 F(2, 6) = 0.5209, p = 0.6186; E4E4 F(2, 6) = 0.7983, p = 

0.4927 (One-way ANOVA). Genotype effect F(1, 12) = 0.5459, p = 0.4746; Factor effect F(2, 12) = 

1.116, p = 0.3593; Interaction effect F(2, 12) =0.1952, p = 0.8252 (Two-way ANOVA). 
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6.3.3 FGF2 decreases glutamate transporter expression 

In the previous chapter, FGF2 was presented as a potential modulator of astrocyte 

reactivity having attenuated mRNA expression of some reactive astrocyte markers 

following inflammatory insult. As such, we next aimed to assess the effect of FGF2 on 

glutamate transporter expression to determine whether it might affect glutamate 

dynamics in astrocytes. FGF2 (50 ng/mL) was co-administered with microglial factors at 

both a high (3 ng/mL IL1α, 30 ng/mL TNFα and 400 ng/mL C1q) and low concentration 

(0.3 ng/mL IL1α, 3 ng/mL TNFα and 40 ng/mL C1q). 

FGF2 significantly decreased baseline SLC1A3 (p < 0.01) and SLC1A2 (p < 0.001) mRNA 

expression in both E3E3 and E4E4 astrocytes (Figure 6.3.6). Further to this, FGF2 tends to 

counteract the increase in transporter mRNA expression induced by inflammatory 

microglial factors (Figure 6.3.7). The effect of FGF2 on SLC1A3 mRNA expression remains 

when a more powerful three-way ANOVA is used to examine all three variables. 

Interestingly the effect of APOE4 genotype (p < 0.001) also persists (Figure 6.3.8). 

However the effect of FGF2 and APOE genotype on SLC1A2 mRNA is lost when the more 

powerful statistical analysis is applied (Figure 6.3.9). 
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Figure 6.3.6. FGF2 significantly decreases SLC1A3 and SLC1A2 mRNA expression in E3E3 and E4E4 

astrocytes. 

FGF2 significantly reduced baseline SLC1A3 (A) and SLC1A2 (B) mRNA expression in E3E3 astrocytes. 

FGF2 significantly reduced baseline mRNA levels of SLC1A3 (C) and SLC1A2 (D) in E4E4 astrocytes. 

Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01, *** p < 0.001 vs control. E3E3 SLC1A3 t 

= 3.803, df = 6, p = 0.0089; SLC1A2 t = 9.176, df = 6, p < 0.0001. E4E4 SLC1A3 t = 20.46, df = 4, p < 

0.0001; SLC1A2 t = 13.71, df = 4, p = 0.0002 (Unpaired t-test). 
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Figure 6.3.7. FGF2 significantly reduces the factor-induced up-regulation of SLC1A3 and SLC1A2. 

FGF2 significantly reduces baseline expression of SLC1A3 in E3E3 astrocytes (A). FGF2 tends to 

decrease SLC1A2 expression in E3E3 astrocytes but does not counteract the factor-induced increase 

(B). FGF2 counteracts the factor-induced increase in SLC1A3 (C) and SLC1A2 (D) expression in E4E4 

astrocytes. Data expressed as mean ± SEM (N=3, n=3-4). * P < 0.05, ** p < 0.01, *** p < 0.001 vs 

control; ++ p < 0.01, +++ p < 0.001 vs FGF2 control; ^ p < 0.05, ^^ p < 0.01, ^^^ p < 0.001 vs without 

FGF2. E3E3 SLC1A3 FGF2 effect F(1, 18) = 30.84, p = < 0.0001; effect of factors F(2, 18) = 12.71, p = 

0.0004; Interaction effect F(2, 18) = 2.419, p = 0.1174. SLC1A2 FGF2 effect F(1, 18) = 7.231, p = 
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0.0150; effect of factors F(2, 18) = 16.18, p = < 0.0001; Interaction effect F(2, 18) = 0.6696, p = 

0.5242. E4E4 SLC1A3 FGF2 effect F(1, 12) = 69.51, p = < 0.0001; effect of factors F(2, 12) = 58.95, p 

= < 0.0001; Interaction effect F(2, 12) = 2.515, p = 0.1224. SLC1A2 FGF2 effect F(1, 12) = 165.6, p = 

< 0.0001; effect of factors F(2, 12) = 320.9, p = < 0.0001; Interaction effect F(2, 12) = 64.27, p = < 

0.0001. (Two-way ANOVA with Bonferroni post hoc). 
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Figure 6.3.8. APOE genotype, astrocyte reactivity state and FGF2 treatment affects SLC1A3 

expression. 

Astrocytes were treated with FGF2 (50 ng/mL) either alone or in combination with inflammatory 

microglial factors (IL1α, TNFα and C1q) at two doses for 24 h. FGF2 significantly reduced SLC1A3 

mRNA expression at baseline in E3E3 astrocytes. Stimulation with a low concentration of 

inflammatory microglial factors increased SLC1A3 mRNA expression, which was attenuated by 

FGF2 treatment. Overall, E4E4 astrocytes expressed significantly less SLC1A3 compared to E3E3 

astrocytes. Data expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 denotes significant effect 

of APOE genotype; +++ p < 0.001 denotes significant effect of factors; ^^^ p < 0.001 denotes 

significant effect of FGF2. Effect of factors F(2, 30) = 15.94, p = < 0.0001; effect of APOE genotype 

F(1, 30) = 734.1, p = < 0.0001; effect of FGF2 F(1, 30) = 38.24, p = < 0.0001; interaction effect F(2, 

30) = 1.021, p = 0.3723. (Three-way ANOVA with Bonferroni post hoc). Full three-way ANOVA 

readout and Bonferroni post hoc can be found in Appendix 6.  
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Figure 6.3.9. FGF2 treatment does not alter SLC1A2 expression. 

Astrocytes were treated for 24 h with FGF2 (50 ng/mL) either alone or in combination with 

inflammatory microglial factors (IL1α, TNFα and C1q) at two doses. FGF2 tends to decrease SLC1A2 

expression in E3E3 and E4E4 astrocytes but does not counteract the factor-induced increase. Data 

expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 denotes significant effect of APOE genotype; 
+++ p < 0.001 denotes significant effect of factors; ^^^ p < 0.001 denotes significant effect of FGF2. 

Effect of factors F(2, 30) = 15.54, p = < 0.0001; effect of APOE genotype F(1, 30) = 8.608, p = 0.0064; 

effect of FGF2 F(1, 30) = 10.18, p = 0.0033; interaction effect F(2, 30) = 0.02959, p = 0.9709. (Three-

way ANOVA with Bonferroni post hoc). Full three-way ANOVA readout and Bonferroni post hoc can 

be found in Appendix 6. 
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6.3.4 APOE4 astrocytes show altered glutamate dynamics 

Uptake of glutamate from the extracellular space is an important physiological function 

of astrocytes which is key to maintaining low glutamate levels at the synapse and to 

preventing excitotoxicity. An investigation was carried out to see if a difference in 

glutamate uptake existed between the APOE genotypes in hiPSC-derived astrocytes 

which may contribute to increased AD risk for APOE4 carriers. 

E3E3 and E4E4 astrocytes show significantly different glutamate dynamics. In terms of 

glutamate release into the culture medium, E3E3 astrocytes have a net negative 

glutamate efflux of approximately 100 μM indirectly indicating glutamate uptake. In 

contrast, E4E4 astrocytes have a net positive glutamate efflux of approximately 200 μM 

suggesting glutamate release into the extracellular environment. This suggests a 

significant difference in glutamate release between genotypes (p < 0.05; Figure 6.3.10. A-

B). Glutamate uptake (as assessed from cell lysates) is also significantly different between 

genotypes with E3E3 astrocytes taking up approximately 120 μM of glutamate compared 

to 30 μM taken up by E4E4 astrocytes (p < 0.001; Figure 6.3.10. C-D). 

Reducing extracellular concentrations of glutamate did not alter this genotype-

dependent effect on glutamate dynamics. This reduction in extracellular glutamate was 

achieved by removing the glutamic acid containing media ingredients GlutaMAX and non-

essential amino acids for 24 h, and successfully reduced extracellular glutamate from 

approximately 200 μM to 100 μM. The same trend in glutamate release remained with 

E3E3 astrocytes presenting a net negative glutamate release of 50 μM and E4E4 

astrocytes had a net positive glutamate release of 20 μM (p < 0.001; Figure 6.3.11. A-B). 

As before, E3E3 astrocytes had significantly greater glutamate uptake of 250 μM 

compared to 20 μM in E4E4 astrocytes (p < 0.05; Figure 6.3.11. C-D).  
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Figure 6.3.10. APOE genotype affects glutamate dynamics in iPSC-derived astrocytes. 

Glutamate is taken up from media by E3E3 astrocytes while E4E4 astrocytes release glutamate (A, 

B). E4E4 astrocytes have reduced glutamate uptake compared to E3E3 astrocytes (C, D). Data 

expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs control. Glutamate release t = 

3.689, df = 5, p = 0.0142; glutamate uptake t = 13.66, df = 4, p = 0.0002 (Unpaired t-test). 
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Figure 6.3.11. Reducing extracellular glutamate does not alter the genotype effect on glutamate 

dynamics. 

There is a net glutamate uptake from media by E3E3 astrocytes while E4E4 astrocytes release 

glutamate (A, B). E4E4 astrocytes have significantly reduced glutamate uptake compared to E3E3 

astrocytes (C, D). Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs control. 

Glutamate release t = 24.24, df = 4, p = < 0.0001; glutamate uptake t = 4.251, df = 4, p = 0.0132 

(Unpaired t-test). 
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6.3.5 Astrocyte reactivity state does not affect glutamate dynamics 

In AD, high extracellular levels of glutamate have been reported in conjunction with 

alterations in astrocytic glutamate transporters EAAT1 and EAAT2 believed to have an 

important role. The role of neuroinflammation in altering glutamate transport in human 

iPSC-derived APOE3 and APOE4 homozygous astrocytes has yet to be established. In 

order to determine whether astrocyte reactivity state leads to a functional change in 

glutamate dynamics on iPSC-derived astrocytes, the astrocytes were stimulated with 

inflammatory microglial factors IL1α, TNFα and C1q. Media and lysates were then 

collected to read extracellular and intracellular glutamate concentration respectively. 

Astrocyte reactivity did not alter glutamate dynamics in E3E3 or E4E4 astrocytes with no 

discernible change in extracellular glutamate concentration across treatment groups. 

However, E3E3 astrocytes were clearly taking up glutamate from the media while the 

E4E4 astrocytes released glutamate into the media (Figure 6.3.12. A, C). There was a trend 

for reactivity to increase glutamate uptake in both E3E3 and E4E4 astrocytes but this did 

not translate to a significant effect of stimulation (Figure 6.3.12. B, D). There was no 

significant interaction of astrocyte reactivity state with APOE genotype, that is to say that 

APOE genotype did not affect glutamate dynamics as a function of exposure to 

inflammatory microglial factors. The levels of glutamate in the media of E3E3 and E4E4 

astrocytes suggested that the E3E3 astrocytes were again removing considerably more 

glutamate compared to their E4E4 counterparts. Analysis inferred that altered glutamate 

dynamics in E4E4 astrocytes is as a function of APOE genotype and independent of 

reactivity state (p < 0.001; Figure 6.3.13). 

Extracellular glutamate concentration was reduced in an attempt to tease out any effect 

astrocyte reactivity state may be having on glutamate dynamics. As before E3E3 

astrocytes removed glutamate from the media while E4E4 astrocytes effluxed glutamate 

into the media (Figure 6.3.14 A, C) but this did not change as a function of reactivity state. 

Both genotypes had some level of glutamate uptake, as determined from cell lysates, but 

with no significant effect of stimulation (Figure 6.3.14. B, D). Overall the data confirms 

the previous result that altered glutamate dynamics in E4E4 astrocytes compared to E3E3 

astrocytes is a genotype-specific effect and independent of inflammatory insult (p < 

0.001; Figure 6.3.15). 
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Figure 6.3.12. Inflammatory microglial factors do not affect glutamate dynamics in iPSC-derived 

astrocytes. 

Stimulation with inflammatory microglial factors did not alter glutamate release (A) or uptake (B) 

in E3E3 astrocytes, as determined from media and lysates respectively. There was a net decrease 

in glutamate concentration compared to the reference media sample (A). Inflammatory microglial 

factors did not affect glutamate release (C) or uptake (D) in E4E4 astrocytes compared to control. 

There was a net increase in media glutamate concentrations from these astrocytes compared to 

the reference media sample. Data expressed as mean ± SEM (N=3, n=3-4). E3E3 glutamate release 

F(3, 8) = 2.039, p = 0.1870; glutamate uptake F(2, 6) = 1.530, p = 0.2904. E4E4 glutamate release 

F(3, 12) = 2.806, p = 0.0849; glutamate uptake F(2, 7) = 1.023, p = 0.4075 (One-way ANOVA). 
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Figure 6.3.13. Glutamate dynamics which are altered in E4E4 astrocytes is independent of 

reactivity state. 

E3E3 astrocytes show net glutamate uptake while E4E4 astrocytes show net glutamate release as 

determined from extracellular media glutamate concentrations (A). E4E4 astrocytes show reduced 

glutamate uptake compared to E3E3 astrocytes, as determined from intracellular glutamate 

concentrations (B). Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, *** p < 0.001 vs E3E3 

control; ^^^ p < 0.001 vs E3E3 genotype. Glutamate release effect of factors F(2, 15) = 0.06909, p 

= 0.9335; effect of genotype F(1, 15) = 34.73, p = < 0.0001; interaction effect F(2, 15) = 0.1702, p = 

0.8451. Glutamate uptake effect of factors F(2, 13) = 1.917, p = 0.1864; effect of genotype F(1, 13) 

= 187.6, p = < 0.0001; interaction effect F(2, 13) = 0.5426, p = 0.5939 (Two-way ANOVA with 

Bonferroni post hoc). 
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Figure 6.3.14. Reducing extracellular glutamate does not alter the effect of inflammatory 

microglial factors on glutamate dynamics in iPSC-derived astrocytes. 

Reducing extracellular glutamate concentration prior to stimulation with inflammatory microglial 

factors does not alter glutamate dynamics in iPSC-derived E3E3 and E4E4 astrocytes. Stimulation 

with inflammatory microglial factors does not affect glutamate release (A) or uptake (B) in E3E3 

astrocytes, as determined from media and lysates respectively. There was a net decrease in 

glutamate concentration compared to the reference media sample (A). Inflammatory microglial 

factors did not affect glutamate release (C) or uptake (D) in E4E4 astrocytes compared to control. 

There was a net increase in media glutamate concentrations from these astrocytes compared to 

the reference media sample. Data expressed as mean ± SEM (N=3, n=3-4). E3E3 glutamate release 

F(3, 6) = 81.20, p = < 0.0001; glutamate uptake F(2, 6) = 0.3956, p = 0.6896. E4E4 glutamate release 

F(3, 6) = 1.602, p = 0.2849; glutamate uptake F(2, 6) = 1.077, p = 0.3984 (One-way ANOVA). 
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Figure 6.3.15. Reducing extracellular glutamate does not alter the APOE dependent effect on 

glutamate dynamics. 

E3E3 astrocytes show net glutamate uptake while E4E4 astrocytes show net glutamate release, as 

determined from extracellular media glutamate concentrations (A). E4E4 astrocytes show reduced 

glutamate uptake compared to E3E3 astrocytes as determined from intracellular glutamate 

concentrations (B). Data expressed as mean ± SEM (N=3, n=3-4). *** p < 0.001 vs E3E3 control; ^^^ 

p < 0.001 vs E3E3 genotype. Glutamate release effect of factors F(2, 12) = 0.1413, p = 0.8697; effect 

of genotype F(1, 12) = 543.4, p = < 0.0001; interaction effect F(2, 12) = 0.07042, p = 0.9324. 

Glutamate uptake effect of factors F(2, 12) = 0.3302, p = 0.7251; effect of genotype F(1, 12) = 19.23, 

p = < 0.0009; interaction effect F(2, 12) = 0.4658, p = 0.6385 (Two-way ANOVA with Bonferroni post 

hoc). 

 

  

A B

Control Low High

-100

-50

0

50

100
G

lu
ta

m
at

e 
R

el
ea

se
 (µ

M
)

Factors

*** ^^̂ ^^̂
^^̂

Control Low High

0

200

400

600

800

G
lu

ta
m

at
e 

Up
ta

ke
 (µ

M
)

Factors



Chapter 6 – Astrocyte functionality and glutamate dynamics 

235 
 

6.3.6 GLUL expression in E3E3 and E4E4 astrocytes  

With E3E3 and E4E4 astrocytes displaying a striking difference in glutamate dynamics we 

were interested to further investigate the glutamate-glutamine cycle in these cells. Once 

glutamate is taken up by the astrocyte it is converted to glutamine by the enzyme 

glutamine synthetase so GLUL mRNA expression was examined in our astrocytes. Baseline 

expression of GLUL mRNA was significantly greater in E4E4 astrocytes compared to E3E3 

astrocytes (p < 0.001; Figure 6.3.16). 

In order to examine whether astrocyte reactivity state may also affect GLUL mRNA 

expression we examined GLUL levels in astrocytes following stimulation with the 

inflammatory microglial factors IL1α, TNFα and C1q. Indeed reactivity had the effect of 

increasing GLUL mRNA expression in both E3E3 and E4E4 astrocytes (p < 0.001; Figure 

6.3.18. A-B) and to a greater extent in the E4E4 astrocytes when compared statistically by 

a two-way ANOVA (p < 0.05; Figure 6.3.17. C). 

Given that FGF2 had the effect of reducing glutamate transporter mRNA expression its 

effect on GLUL was also assessed. FGF2 tended to increase baseline GLUL in E3E3 

astrocytes but significantly decreased baseline GLUL in E4E4 astrocytes (p < 0.01; Figure 

6.3.18. A-B). FGF2 opposed the factor induced increase in GLUL expression in both E3E3 

and E4E4 astrocytes (p < 0.05; Figure 6.3.18. C-D). This effect of factors and FGF2 on GLUL 

mRNA expression remains when the more powerful three-way ANOVA analysis is applied 

in order to account for all three variables; APOE genotype, reactivity state and FGF2 

treatment (Figure 6.3.19).  
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Figure 6.3.16. E4E4 astrocytes have significantly increased baseline GLUL mRNA expression 

compared to E3E3 astrocytes. 

APOE genotype affects GLUL baseline mRNA with expression significantly greater in E4E4 

astrocytes compared to E3E3 astrocytes. Data expressed as mean ± SEM (N=3, n=3-4). *** p < 

0.001 vs E3E3; t = 8.849, df = 5, p = 0.0003 (Unpaired t-test). 
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Figure 6.3.17. Inflammatory microglial factors significantly increase GLUL mRNA expression in 

E3E3 and E4E4 astrocytes. 

Stimulation with inflammatory microglial factors increased GLUL mRNA expression in both E3E3 

(A) and E4E4 astrocytes (B). This reactivity induced increase in GLUL expression is comparable 

across both genotypes (C). Data expressed as mean ± SEM (N=3, n=3-4). ** p < 0.01, *** p < 0.001 

vs control/ E3E3 control; +++ p < 0.001 vs factors low/E4E4 control; ^ p < 0.05 vs E3E3 genotype. 

E3E3 F(2, 9) = 36.57, p = < 0.0001; E4E4 F(2, 6) = 141.8, p < 0.0001 (One-way ANOVA with Newman-

Keuls post hoc). Genotype effect F(1, 15) = 9.880, p = 0.0067; effect of factors F(2, 15) = 92.22, p = 

< 0.001; Interaction effect F(2, 15) = 6.421, p = 0.0097 (Two-way ANOVA with Bonferroni post hoc). 
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Figure 6.3.18. FGF2 attenuates the effect of reactivity on GLUL expression in iPSC-derived 

astrocytes. 

FGF2 tends to increase GLUL mRNA expression in E3E3 astrocytes (A), but decrease GLUL in E4E4 

astrocytes (B). FGF2 opposes the factor induced increase in GLUL expression in E3E3 astrocytes (C). 

FGF2 returns GLUL expression levels to control following stimulation with factors in E4E4 astrocytes 

(D). Data expressed as mean ± SEM (N=3, n=3-4). * p < 0.05, ** p < 0.01, *** p < 0.001  vs control; 

++ p < 0.001 vs FGF2 control; ^ p < 0.05, ^^^ p < 0.001 vs without FGF2. E3E3 GLUL t = 1.957, df = 

6, p = 0.0981; E4E4 GLUL t = 6.382, df = 4, p = 0.0031 (Unpaired t-test). E3E3 FGF2 effect F(1, 17) = 

13.23, p = 0.0020; effect of factors F(2, 17) = 56.81, p = < 0.0001; Interaction effect F(2, 17) = 9.819, 

p = 0.0015. E4E4 FGF2 effect F(1, 12) = 253.4, p = < 0.0001; effect of factors F(2, 12) = 122.2, p = < 

0.0001; Interaction effect F(2, 12) = 80.68, p = < 0.0001. 
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Figure 6.3.19. FGF2 tends to attenuate the factor induced increase in GLUL mRNA expression. 

Astrocytes were treated for 24 h with FGF2 (50 ng/mL) either alone or in combination with 

inflammatory microglial factors (IL1α, TNFα and C1q) at two doses. FGF2 attenuates the factor 

induced increase in GLUL mRNA expression in E3E3 and E4E4 astrocytes. Data expressed as mean 

± SEM (N=3, n=3-4). *** p < 0.001 denotes significant effect of APOE genotype; +++ p < 0.001 denotes 

significant effect of factors; ^ p < 0.05, ^^ p < 0.001; ^^^ p < 0.001 denotes significant effect of 

FGF2. Effect of factors F(2, 29) = 119.4, p = < 0.0001; effect of APOE genotype F(1, 29) = 1.246, p = 

0.2735; effect of FGF2 F(1, 29) = 100.8, p = < 0.0001; interaction effect F(2, 29) = 14.43, p = < 0.0001. 

(Three-way ANOVA with Bonferroni post hoc). Full three-way ANOVA readout and Bonferroni post 

hoc can be found in Appendix 6. 
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6.4 Discussion 

Alzheimer’s disease is a complex condition with several areas of neural homeostatic 

control becoming prone to dysregulation, dysfunction and leading to widespread cell 

death. Despite AD being the focus of intense research over recent decades, it has proven 

difficult to disentangle the mechanisms underlying its many pathological processes, 

including Aβ and tau deposition, neuroinflammation and excitotoxicity. The human 

APOE4 gene is one of the major genetic risk factors for sporadic AD, but the reason why 

remains poorly understood. In this study we aimed to elucidate the relationship between 

APOE genotype, astrocyte reactivity state, glutamate transporter expression and 

glutamate dynamics in human iPSC-astrocytes. We investigated whether astrocytic 

expression levels of the most important glutamate transporters and glutamate dynamics 

are modulated by APOE genotype and whether this changes with exposure to 

inflammatory insult. Data from this study indicates that astrocyte reactivity state has no 

effect on glutamate handling while APOE genotype impacts glutamate transporter 

expression levels and glutamate dynamics, when assessed by qPCR, Western blotting and 

glutamate assay. This genotype effect on glutamate dynamics may be a significant 

contributing factor to APOE dependent AD pathology. 

 

6.4.1 EAAT1 is more highly expressed than EAAT2 in human iPSC-derived 

astrocytes 

E3E3 and E4E4 iPSC-derived astrocytes express greater levels of EAAT1 compared to 

EAAT2, as assessed at the mRNA level. E3E3 astrocytes had significantly greater glutamate 

transporter expression overall with a SLC1A3:SLC1A2 ratio of 140:1, while E4E4 astrocytes 

had a SLC1A3:SLC1A2 ratio of 60:1. It is well documented that cultured astrocytes 

predominantly express EAAT1 (Kondo et al., 1995; Pathmajeyan et al., 2011; Mahmoud 

et al., 2019) with minimal expression of EAAT2, unless co-cultured with neurons. It is likely 

that the neuron-derived peptide pituitary adenylate cyclase-activating polypeptide, or 

PACAP, accounts for this difference (Figiel & Engele, 2000). Thus a limiting factor of 

monoculture experiments like the one presented here is that the results are more 

indicative of EAAT1 behaviour, than both EAAT1 and EAAT2. EAAT1 dysregulation is 

thought to contribute to the pathogenesis of many neurological disorders including 

schizophrenia, traumatic brain injury and AD (Shan et al., 2013; Karki et al., 2018; Parkin 
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et al., 2018). Consequently, the use of monocultures may be ideal for teasing out the 

underlying mechanisms of this dysfunction. 

 

6.4.2 APOE4 astrocytes have reduced glutamate transporter expression and 

altered glutamate dynamics 

APOE4 is one of the largest genetic risk factors for developing sporadic AD, and 

compromised glutamate dynamics are suspected to contribute to AD pathology (Hynd et 

al., 2004; Walton & Dodd, 2007; Tampellini, 2015). Altered expression of glutamate 

transporters is reported to provoke amyloid pathology and cognitive decline in transgenic 

mouse models of AD (Zoltowska et al., 2018). Based on this, it was thought that APOE 

may modulate expression of the astrocytic glutamate transporters, EAAT1 and EAAT2. 

 

6.4.2.1 E3E3 and E4E4 astrocytes differ significantly in their glutamate 

transporter expression 

It was found that astrocytes derived from human iPSC homozygous for APOE3 and APOE4 

have different expression levels of EAAT1 and EAAT2 at mRNA level as well as EAAT1 at 

protein level. E4E4 astrocytes had significantly reduced mRNA expression of SLC1A3 and 

SLC1A2 compared to E3E3 astrocytes. E4E4 astrocytes also tended to express lower levels 

of EAAT1 protein compared to E3E3 astrocytes. Taking E3E3 astrocytes as healthy control 

and E4E4 astrocytes as high risk for AD, this data complements that of Hoshi and 

colleagues who found reduced EAAT2 immunoreactivity in the temporal cortex of AD 

patient brain slices compared to control individuals (Hoshi et al., 2018). Jacob and 

colleagues also found impaired EAAT gene and protein expression in the hippocampus 

and gyrus frontalis medialis, but interestingly increased EAAT in the cerebellum of 

sporadic AD patients (Jacob et al., 2007). Reduced EAAT expression has also been linked 

to AD with cerebral amyloid angiopathy (CAA), where expression of perivascular EAAT2 

was reduced in cortical astrocytes of AD cases with CAA compared to cases lacking CAA 

and healthy controls (Thal et al., 2010). To this author’s knowledge, this data is the first 

to present glutamate transporter expression as a function of APOE genotype in an iPSC-

derived model. 
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6.4.2.2 E3E3 and E4E4 astrocytes differ significantly in their glutamate 

dynamics 

Analysis of glutamate uptake in E3E3 astrocytes indicated that approximately 100 µM 

glutamate was removed from the cell culture media that was applied to astrocytes. 

Assuming that not all glutamate is immediately recycled to glutamine within the 

astrocyte, it would be expected that intracellular glutamate would mirror this finding. 

Indeed it was found that this perceived glutamate uptake was accounted for in the cell 

lysates where 120-140 µM glutamate was detected. Taken together these two readings 

indicate that E3E3 astrocytes are functionally capable of glutamate uptake. In contrast, 

E4E4 astrocytes appear to have compromised glutamate uptake and are, in fact, secreting 

glutamate. The extracellular glutamate as determined from culture media applied to 

astrocytes indicated a glutamate efflux by E4E4 astrocytes of about 200 µM. This is 

surprising given an extracellular concentration of glutamate of 150 µM is well within 

physiological limits and a saturation point would not be expected at these levels (Yao et 

al., 2014). This is coupled with a small uptake of 20-40 µM as measured from cell lysates. 

This discrepancy between APOE genotypes shows that altered transporter expression is 

having a marked effect on glutamate uptake.  

In order to try and tease this out further, the study was repeated with altered extracellular 

glutamate by removing two sources of L-glutamic acid (GlutaMAX and NEAA) from the 

media recipe. Advanced DMEM and NEAA contain L-glutamic acid at concentrations of 50 

μM and 10 μM respectively. GlutaMAX contains L-alanyl-L-glutamine dipeptide at a 

concentration of 2 mM, which is broken down by cells to release L-glutamine as needed. 

By removing NEAA and GlutaMAX from the Serio media recipe the extracellular 

concentration of glutamate was reduced to approximately 50 μM. E3E3 astrocytes 

removed approximately 50 μM glutamate from the media which could be detected in the 

intracellular lysate samples. E4E4 astrocytes again showed glutamate efflux about 20 µM, 

coupled with a small uptake of approximately 20 µM as measured from cell lysates. Taken 

together this data indicates that APOE4 homozygous astrocytes have compromised 

glutamate dynamics. 

Comparing these values to other studies is difficult owing to a wide discrepancy in the 

literature regarding normal extracellular and intracellular concentrations of glutamate in 

and outside the astrocyte cell body. For extracellular concentrations, levels ranging from 

40 nM to 10 µM are recorded for resting states and up to 1 mM may be expected at the 

time of neuron firing which is rapidly returned to the nanomolar range (Hynd et al., 2004; 
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McKenna, 2007; Romanos et al., 2019). Astrocytes have been shown to successfully buffer 

extracellular concentrations of glutamate from 5-400 µM in culture (Yao et al., 2014). 

Homeostatic intracellular glutamate concentrations can lie in the millimolar range, as 

such glutamate uptake requires active transport of glutamate against its concentration 

gradient (Erecinska & Silver, 1990; Attwell et al., 2010; Mahmoud et al., 2019). These 

values give context to those presented in this study, and confirm that the concentrations 

of glutamate to which astrocytes were exposed are within physiological ranges and 

should therefore be within the functional capacity of astrocytes to buffer. This indicates 

that the reduced ability of E4E4 astrocytes to uptake glutamate compared to E3E3 

astrocytes is not due to glutamate overload or toxic levels, and therefore must be 

intrinsic. 

Again considering E3E3 astrocytes as controls, and E4E4 astrocytes as AD-like, this data 

complements the literature pertaining to compromised glutamate cycling in AD. Initial 

indications for altered glutamate dynamics in AD came from observations of reduced 

aspartate uptake, another amino acid transported by EAAT (Cowburn et al., 1988; Masliah 

et al., 1996). Liang and colleagues found reduced glutamate uptake in cultured human 

astrocytes derived from the cortex of AD patients (Liang et al., 2002). In the AβPP23 

transgenic mouse model of AD, decreased expression of glutamate transporters GLAST 

and GLT-1 was coupled with decreased glutamate reuptake in the hippocampus and 

cortex (Schallier et al., 2011). The same deficits in glutamate neurotransmission have also 

been reported in 3×Tg-AD mice (Cassano et al., 2012). Altered glutamate transport is 

proposed to have important consequences for memory and cognition. In agreement with 

this, EAAT1 knock-out mice display memory impairment (Chen et al., 2011c). Excessive 

glutamate at the synapse results in over activation of glutamate receptors on the 

postsynaptic neuron which in turn causes excessive Ca2+ influx and activation of a cascade 

leading to apoptotic or necrotic death of neurons (Fontana, 2015). This explains why 

memantine, an FDA approved AD treatment, offers some efficiency for cognition as it 

prevents excessive activation of NMDA receptors caused by increased glutamate at the 

synapse (Okada et al., 2019; Torrez et al., 2019). It would be interesting to examine the 

efficacy of memantine in AD cohorts of known APOE genotype. 

Taken together, the transporter expression and glutamate uptake data presented in this 

study provides preliminary evidence that APOE genotype affects glutamate transporters 

and subsequently glutamate dynamics. This finding that APOE has a genotype dependent 

effect on glutamate dynamics in astrocytes has potentially serious implications in AD 
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pathogenesis and highlights it as a target for future therapeutic strategies attempting to 

combat AD. 

 

6.4.2.3 Possible mechanisms for altered glutamate dynamics in APOE4 

astrocytes 

EAAT transporters are central to maintaining glutamate homeostasis in the CNS (Shigeri 

et al., 2004), and have exhibited the capacity to uptake and also efflux glutamate from 

astrocytes (Helms et al., 2012). This study shows that glutamate uptake and efflux from 

iPSC-derived astrocytes is dependent on APOE genotype, the following are some potential 

mechanisms via which APOE may influence EAAT function and subsequently glutamate 

dynamics.  

APOE genotype may impact post-translational modifications of glutamate transporters. 

For example, N-glycosylation has been shown to be critical for localisation of EAAT1 and 

EAAT2 to the plasma membrane and for increased stability of the transporters at the 

plasma membrane (Bauer et al., 2010). Disruptions of glycosylation have been implicated 

in AD with decreased glycosylation linked to decreased capacity for glutamate uptake 

(Bauer et al., 2010; Parkin et al., 2018). Perhaps this is dependent on APOE. 

Phosphorylation is another post-translational modification with implications for EAAT 

function (Spencer & Kalivas, 2017). EAAT in rats is known to be inhibited by 

phosphorylation, for example by PKC (Conradt & Stoffel, 1997). There is evidence for 

altered PKC dynamics in APOE4-expressing human SH-SY5Y neuroblastoma cells and 

fibroblasts. This coincides with increased translocation to the membrane (Cedazo-

Mıńguez et al., 2001) where it could affect function of membrane bound EAAT 

transporters. Calmodulin-dependent protein kinase II (CaMKII)-dependent 

phosphorylation is also important for constitutive transporter activity (Chawla et al., 

2017). Furthermore, EAAT2 is compartmentalised into endosomes following activation of 

the CaMKII pathway which itself is up-regulated by PKC activation (Underhill et al., 2015). 

In contrast, pharmacological inhibition of CaMKII reduces glutamate uptake mediated by 

EAAT1 in HEK293T cells (Chawla et al., 2017) and cortical astrocytes (Ashpole et al., 2013). 

Another reason to suspect endocytosis plays a role in APOE-dependent EAAT inhibition is 

that APOE4 causes disruption in endocytosis pathways in astrocytes (Cataldo et al., 2000) 

which may also affect metabolism of Aβ.  
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Arachidonic acid (AA) is an omega-6 polyunsaturated fatty acid. Present in phospholipids 

of cellular membranes, AA is highly expressed within the CNS and has functions including 

that of a second messenger (Rapoport, 2008; Tallima & El Ridi, 2018). AA has been shown 

to reduce EAAT1 affinity for glutamate by up to 30% while increasing the affinity of EAAT2 

(Zerangue et al., 1995). AA can facilitate prolonged reduction in glial glutamate buffering 

which was demonstrated using synaptosomes and cultured astrocytes from rat cerebral 

cortex (Volterra et al., 1992). AA has also been shown to modulate NMDA receptor 

activity and support long term potentiation at synapses, possibly promoting glutamate-

mediated excitotoxicity (Ramakers & Storm, 2002). One way in which APOE4 may affect 

glutamate dynamics is by modulation of levels of AA in the CNS. AA has been shown to 

have increased and altered distribution in APOE4 brain tissue (Abdullah et al., 2017). As 

such endogenous or exogenous imbalance of AA in APOE4 cell populations may manifest 

as dysregulated glutamate dynamics. Similar to AA, oxidative stress is known to affect 

EAAT function (Trotti et al., 1997). Oxidative stress has also been observed to be higher 

in isogenic E4 astrocytes compared to E3 astrocytes (Jofre-Monseny et al., 2008) 

suggesting a potential link to transporter dysfunction. 

Using isogenic human iPSC-derived astrocytes, it has been demonstrated that APOE4 

astrocytes express and secrete lower levels of APOE protein compared to APOE3 

astrocytes (Lin et al., 2018). Given the role of APOE as a cholesterol transporter, this 

results in altered cholesterol metabolism and higher cholesterol accumulation and 

secretion in APOE4 astrocytes (Lin et al., 2018). It has been suggested that this in turn 

affects plasma membrane composition and subsequently stability. In agreement with 

this, cholesterol levels in the cell membranes of AD patients are decreased compared to 

control (Zhao et al., 2017). This altered plasma membrane composition may play a key 

role in glutamate transport by affecting expression and function of EAAT1 and EAAT2 at 

the level of the astrocyte plasma membrane. Cholesterol-rich lipid raft micro-domains are 

crucial to trafficking of EAAT to the membrane, transporter localisation and function 

(Butchbach et al., 2004). Furthermore, association of EAAT2 with lipid rafts is disrupted 

in AD brains (Tian et al., 2010). It is possible that in APOE4-expressing astrocytes, lipid raft 

micro-domains are disrupted due to increased cholesterol secretion and altered plasma 

membrane composition. This may make EAAT1 and EAAT2 prone to dissociation from the 

membrane thereby disrupt transporter expression and function, in turn leading to 

impaired glutamate uptake and leaving the CNS more susceptible to excitotoxicity-

induced damage. 
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6.4.3 Reactive astrocytes display altered glutamate transporter expression 

which does not impact glutamate dynamics 

As APOE4 is inherently pro-inflammatory (Theendakara et al., 2016), and E4E4 astrocytes 

were found to express higher levels of certain astrocyte reactivity markers compared to 

E3E3 astrocytes, it is natural to suspect a role for APOE4 in modulating glutamate 

dynamics. Astrocyte reactivity state has previously been shown to impact glutamate 

transporter expression in rodents, thus levels of EAAT1 and EAAT2 were examined in our 

model system following inflammatory insult delivered via microglial factors IL1α, TNFα 

and C1q. Subsequently glutamate dynamics were investigated as a function of astrocyte 

reactivity. 

 

6.4.3.1 Glutamate transporter expression is not altered by inflammatory insult 

Inflammatory microglial factors do not affect SLC1A3 mRNA expression but significantly 

increase SLC1A2 mRNA expression in E3E3 and E4E4 astrocytes. Further to this EAAT1 

protein expression was not significantly affected by inflammatory insult as assessed by 

Western blotting. There may be a trend for inflammatory microglia factors to increase 

EAAT1 protein expression, which would contradict the theory that reactive astrocytes 

lead to neuronal excitotoxicity. However whole cell lysates were used for this experiment 

therefore it is not possible to discern whether the EAAT1 was membrane bound or 

intracellular, perhaps it is membrane bound but dysfunctional or the transporters have 

been endocytosed. Fractioning the cell lysates would allow for this to be clarified. 

Lee and colleagues also found no change in SLC1A3 and SLC1A2 mRNA expression or 

EAAT1/2 protein expression in rat cultured astrocytes stimulated with TNFα and IL1β for 

24 h. However stimulation with pro-inflammatory cytokines for 48 h resulted in significant 

reduction in glutamate transporter expression (Lee et al., 2017). Perhaps sustained 

inflammation is required to significantly alter glutamate transporter expression at both 

mRNA and protein level. 

Much of the literature pertaining to the effect of inflammation on EAAT expression 

supports an impact of inflammation on EAAT and glutamate uptake. A study carried out 

by the Volsky laboratory reported a reduction in EAAT1/2 protein and RNA expression in 

human primary astrocytes (foetal astrocytes of gestational week 18) following exposure 

to TNFα (Wang et al., 2003). TNFα has also been shown to potentiate motoneuron death 

in a rat spinal cord organotypic model of chronic glutamate excitotoxicity, an effect which 
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was found to be reversible upon inhibition of NF-κB (Tolosa et al., 2011). The Cavalla 

laboratory correlated activated microglia infiltration into cortical MS lesion sites with a 

focal loss of EAAT1, EAAT2 and synaptophysin as well as increased neuronal pJNK, which 

is involved in the neuronal response to excitotoxic injury (Vercellino et al., 2007). 

Infiltrating peripheral immune cells, such as IL17 secreting Th17 cells, have also been 

shown to promote glutamate excitotoxicity by reducing GLT-1 and GLAST expression in 

primary rat astrocytes (Kostic et al., 2017). The working theory in the literatutre is that 

inflammation results in a loss of functional neurotrophic support in astrocytes, e.g. 

glutamate homeostasis, and that this loss of homeostatic functioning might be due to 

down-regulation of glutamate transporters. However, we found no evidence to support 

this claim. The inflammatory insult exposure time could be prolonged to examine the 

effects of a sustained inflammatory state on glutamate transporter expression, for 

example 48 h (Lee et al., 2017). 

 

6.4.3.2 Glutamate dynamics are not affected by astrocyte reactivity state 

The effect of inflammatory insult on glutamate transporter mRNA expression did not 

translate to protein expression or altered glutamate dynamics in our reactive astrocyte 

model. We found that astrocyte reactivity state did not significantly alter glutamate 

dynamics in either E3E3 or E4E4 astrocytes. Previous reports vary widely and often 

contradict each other with regards to the effect of inflammation on glutamate dynamics. 

Some studies report reduced glutamate uptake following IL1β exposure in human 

astrocytes (Hu et al., 2009) and TNFα exposure in rat astrocytes (Zou et al., 2019), or a 

combination of both in iPSC-derived astrocytes (Hyvarinen et al., 2019). While TNFα insult 

has also been shown to increase glutamate uptake in rat astrocytes (Romera et al., 2004). 

Another study reported glutamate efflux following LPS insult in human astrocytes (Bal-

Price & Brown, 2001). It seems quite possible that the reason for these divergent results 

are a function of subtle differences, perhaps relating to species differences in rodent and 

human glutamate transporters or in the reactive profiles prompted by different 

inflammatory factors. 

Glutamate uptake has been shown to be comprimised in AD pathology (Hynd et al., 2004), 

although to this author’s knowledge the only post-mortem study to correlate EAAT 

expression with AD pathology found that the two did not correlate (Beckstrøm et al., 

1999). One of the proposed mechanisms for compromised glutamate uptake in 



Chapter 6 – Astrocyte functionality and glutamate dynamics 

248 
 

neuroinflammation is the ‘collusion’ hypothesis which is based on data indicating that 

activated microglia down-regulate EAAT via release of glutamate leading to subsequent 

increased intracellular astrocytic glutamate (Takaki et al., 2012). Though it is unclear how 

increased intracellular glutamate affects EAAT expression, it is possible that mGluR are 

involved due to their role in the regulation of EAAT transcription (Aronica et al., 2003). 

This raises the possibilty that glutamate dynamics are altered by factors other than 

expression of EAAT. One prominent possibility is that glutamate transporter expression 

remains constant while transporter function is compromised by exposure to 

inflammatory factors. It is reasonable that EAAT could be inhibited by allosteric 

modulation of the receptors (Conradt & Stoffel, 1997), or by means of transporter 

internalisation (Gosselin et al., 2013) for example. As discussed above, our data provides 

evidence that EAAT and glutamate dynamics are affected more by APOE genotype than 

exposure to inflammatory factors.  

 

6.4.4 FGF2 affects glutamate transporter expression 

Having shown that FGF2 modulates aspects of astrocyte reactivity we were interested to 

examine any effect of this growth factor on glutamate transporters and dynamics. FGF2 

was found to actively decrease glutamate transporter expression at the mRNA level as 

determined by qPCR analysis of SLC1A3 and SLC1A2 expression. The literature pertaining 

to FGF2 and EAAT is largely based on studies carried out in rodent models and shows 

conflicting evidence for and against a positive effect of FGF2 on glutamate transporter 

expression and function. 

Glial glutamate transporter expression has been found to be regulated by growth factors 

including EGF and FGF (Casper & Blum, 1995; Figiel et al., 2003). It has been found in a rat 

model of stress that FGF2 alleviates GLT-1 and GLAST dysfunction and behavioural 

symptoms by restoring GLAST function via the JAK/STAT signalling pathway (Feng et al., 

2015). The Engele laboratory found that FGF2 promoted GLT-1, but not GLAST expression 

and did not affect glutamate uptake. This effect was only seen with simultaneous 

inhibition of ERK signalling (Figiel et al., 2003). Liu and colleagues found that FGF2 up-

regulated the cysteine/glutamate antiporter on astrocytes thereby increasing cysteine 

uptake and glutamate release. In mixed neuronal and glial cultures derived from foetal 

mouse cortex, this resulted in neuronal death by AMPA receptor-mediated excitotoxicity 

supporting a negative impact of FGF2 on glutamate transporters (Liu et al., 2014). 
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Exposure to FGF1 for 7 days resulted in up-regulation of glutamate transporters, coupled 

with a 2-fold increase in glutamate transport (Roybon et al., 2013). Savchenko and 

colleagues demonstrated that while short-term FGF2 treatment (24 h) resulted in 

reduced expression of SLC1A2, long-term FGF2 treatment increased GLT-1 levels in 

astrocytes (Savchenko et al., 2019). Feng and colleagues also found that FGF2 

administered for 48 h alleviated symptoms in a rat model of post-traumatic stress 

disorder by restoring GLAST/GLT-1 dysfunction (Feng et al., 2015). Taken together, this 

would indicate that the ability of FGF2 to increase glutamate transporter expression is 

time sensitive. 

There are a number of other factors presented in the literature which display beneficial 

modulation of EAAT expression including arundic acid, TGFα and β-lactam antibiotics. A 

2018 study found that arundic acid up-regulated EAAT1 expression and enhanced 

transporter function via the Akt, ERK, and NF-κB signalling pathways in human H4 

astrocytes as well as primary human astrocytes (Karki et al., 2018). In human promoter 

constructs, db-cAMP, PACAP, EGF, and TGFα represent potent stimulators of endogenous 

EAAT1 expression (Unger et al., 2012). Pharmacological agents such as β-lactam 

antibiotics, selective oestrogen receptor modulators, growth factors, histone deacetylase 

inhibitors, and translational activators have been shown to enhance the expression and 

function of GLAST/GLT-1 and glutamate uptake both in vitro and in vivo (Pajarillo et al., 

2019). Further to this memantine, a glutamatergic NMDA receptor channel blocker, has 

been shown to mediate astrocytic response to excitotoxicity in a rat model of tauopathy 

(Torrez et al., 2019). These agents might be better suited to modulate the compromised 

glutamate dynamics we found in E4E4 astrocytes.  

 

6.4.5 GLUL expression is increased in APOE4 and reactive astrocytes 

Glutamine synthetase (GS) is an enzyme which plays a crucial role in the metabolism of 

nitrogen by catalysing the condensation of glutamate and ammonia to yield glutamine. 

Within the CNS, GS is predominantly expressed by astrocytes, in order to carry out the 

essential buffering of extracellular ammonia and glutamate. In healthy astrocytes, GS 

catalyses the rapid amidation of glutamate to form the non-neurotoxic amino acid, 

glutamine. Through this conversion, GS helps maintain the correct level of glutamate and 

ammonia, preventing excitotoxicity (Castegna et al., 2002). 
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In an attempt to elucidate the underpinning mechanisms for altered glutamate dynamics 

as a function of APOE genotype, GS expression was assessed by probing for the GLUL gene 

via qPCR. At baseline, E4E4 astrocytes had significantly higher GLUL mRNA expression. 

This was increased upon stimulation with inflammatory microglial factors and then 

returned to approximate baseline levels when FGF2 was applied. This contrasts a study 

carried out using APOE-targeted replacement mice where no difference was found in 

GLUL levels between APOE3 and APOE4 genotypes (Dumanis et al., 2013). And further, a 

study showing decreased GS expression in astrocytes derived from iPSC of sporadic AD 

patients compared to healthy controls (Jones et al., 2017). An inflammatory environment, 

induced by ischemia, resulted in increased GS levels (Petito et al., 1992) which 

corresponds to the effect of inflammatory microglial factors found in this study. The effect 

of FGF2 on GLUL mRNA expression corresponds with the results of a study carried out on 

a chick neural retina tissue. Treatment with exogenous FGF2 resulted in a significant 

decrease in GLUL mRNA expression due to inhibition of hormonal induction of GS 

(Kruchkova et al., 2001). 

Assuming that the GLUL mRNA translates to functional protein then the observed up-

regulation of GLUL may represent a compensatory mechanism of rapid conversion of 

glutamate to glutamine in E4E4 astrocytes in an attempt to balance reduced transporter 

expression. The E4E4 astrocytes may be capable of quicker conversion of glutamate to 

glutamine which is one explanation for the decreased intracellular glutamate detected in 

E4E4 astrocytes compared to their E3E3 counterparts. One means of testing this theory 

is by the addition of the GS inhibitor methionine sulfoximine in order to give a measure 

of glutamate uptake without conversion (Ghoddoussi et al., 2010). An alternative method 

to analyse GS would be to measure protein expression by Western blotting for example, 

or isolate the protein and assess its enzymatic activity (Kingdon et al., 1968; Bender et al., 

1977; Harth et al., 1994). The conversion of glutamate to glutamine does not however 

account for the fact that E4E4 astrocytes were releasing glutamate into the media which 

in an in vivo scenario would lead to increased extracellular glutamate and potential 

excitotoxicity. This supports the idea that the APOE4 genotype predisposes astrocytes to 

altered glutamate handling. 
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6.4.6 Concluding remarks 

The data presented in this chapter indicate that APOE4 homozygous astrocytes have 

altered glutamate transporter expression and glutamate dynamics compared to APOE3 

homozygous astrocytes. We have also provided evidence against modulation of astrocytic 

EAAT expression and glutamate dynamics as a function of exposure to inflammatory 

microglial factors. Data from this study has for the first time, to this author’s knowledge, 

definitively demonstrated that APOE4 results in considerable loss of glutamate buffering 

function in human astrocytes in vitro using an iPSC-derived model. It represents an 

important breakthrough in this field and suggests that ameliorating glutamate transport 

is an important therapeutic target, and sheds further light on the mechanisms of APOE 

dependent pathology in AD. 
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7. Final discussion 

Alzheimer’s diease is the leading cause of dementia world wide and the current therapies 

available manage symptoms but fail to prevent diease progression. Therefore more 

research is required to fully elucidate the mechanisms of this devasting 

neurodegenerative disorder to alleviate impact on patients, their carers and the 

economy. The APOE4 isoform has been identified as the leading genetic risk factor for 

sporadic AD. Furthermore astrocytes have been seen to be key players in AD pathology 

by responding to changes in the micro-environment and becoming reactive and involved 

in neuroinflammatory process. With that in mind, the overarching aims of this study were 

to build on prior research into the role of astrocytes and APOE genotype in AD pathology. 

Taking advantage of the latest PSC technologies, iPSC of known APOE genotypes (APOE3 

and APOE4 homozygous) were used to generate astrocytes in order to investigate the 

interplay between neuroinflammation and APOE genotype on astrocyte reactivity and 

functionality. 

 

7.1.1 Summary of findings 

Human iPSC-derived E3E3 “control” astrocytes were first used to generate a profile of 

astrocyte reactivity. Inflammatory insult was delivered in the form of microglial factors 

IL1α, TNFα and C1q. These factors have previously been shown to be secreted by 

activated microglia and subsequently induce reactivity in astrocytes (Liddelow et al., 

2017). Reactive astrocytes were characterised in terms of morphology, cytokine secretion 

and gene expression. It was found that reactive astrocytes had altered morphology 

compared to their quiescent-like counterparts. They also secreted significantly higher 

levels of pro-inflammatory cytokines IL6 and GM-CSF, and chemokine RANTES, as well as 

showing up-regulation of expression of reactive astrocyte markers, including C3, CXCL10, 

LCN2 and ICAM1. 

Having characterised reactive astrocytes in our iPSC-derived model it was next examined 

how APOE4 genotype affected reactivity. Basal levels of reactive astrocyte markers were 

examined in E3E3 and E4E4 astrocytes with E4E4 astrocytes showing increased base line 

reactivity. Following stimulation, E4E4 reactive astrocytes showed an enhanced response 

in terms of expression of reactive markers C3, CXCL10 and ICAM1. This data indicated an 

APOE genotype effect on astrocyte reactivity. This study was followed up by trialling two 

compounds, FGF2 and CBD, as modulators of astrocyte reactivity. Both of these 
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compounds showed promise in their ability to attenuate astrocyte reactivity, however 

further research into the mechanisms would be advised. 

Finally, functionality of iPSC-derived astrocytes was examined. iPSC-derived astrocyte 

functionality is largely understudied, and furthermore the effect of APOE genotype on 

astrocytic functions. Therefore, the final chapter of this thesis presented an investigation 

into the interplay between APOE genotype and reactivity on glutamate dynamics. 

Glutamate transporter expression was decreased in E4E4 astrocytes, which was 

accompanied by impaired glutamate transport. Astrocyte reactivity had no effect on 

glutamate dynamics but the effect of APOE genotype persisted following stimulation 

indicating a strong APOE4-dependent effect on glutamate transport. 

Overall, this thesis identifies increased expression of IL6, C3 and CXCL10, as well as 

impaired glutamate dynamics in APOE4 homozygous astrocytes. These represent 

potential mechanisms which may contribute to increased AD risk in APOE4 carriers, and 

suggests these areas as targets for future therapies aiming to combat AD. 

 

7.1.2 APOE4: Loss or Gain of Function? 

A major question currently unanswered in the literature is whether APOE4 results in a 

loss or gain of function.  

Zhao and colleagues found that APOE4 astrocytes presented with a loss of neurotrophic 

function. iPSC-derived APOE4 astrocytes had a reduced capacity to support synapse 

formation in neurons compared to APOE3 astrocytes (Zhao et al., 2017). This finding was 

in “healthy” astrocytes without insult or injury, therefore indicates an intrinsic loss of 

function in APOE4 astrocytes. A recent study by Wang and colleagues correlated APOE4 

genotype with a gain of toxic function in iPSC-derived neurons. It was found that APOE4-

expressing neurons had greater levels of tau phosphorylation, increased Aβ production 

and GABAergic degeneration. These effects were attributed to the APOE4 genotype as 

converting APOE4 to APOE3 was protective. Furthermore, neurons lacking APOE behaved 

much like APOE3 neurons indicating a gain of toxic function in APOE4 neurons (Wang et 

al., 2018). 

The data presented in this thesis indicates that there is an interplay between both. The 

reactivity profile characterised is indicative of a gain of toxic function in response to 

inflammatory insult, whereas the investigation into glutamate handling indicates a clear 
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loss of homeostatic function in APOE4 homozygous astrocytes. Future therapies should 

address both gain and loss of function in astrocytes in AD. 

 

7.1.3 Limitations 

iPSC technology has offered unprecedented insights into cell-type specific pathology 

through the generation of disease- and patient-specific in vitro models. And, as applied in 

this study, is an invaluable model system for investigating the impact of genotype on cell 

phenotype. However, this study like most comes with some limitations. 

 

7.1.3.1 Small sample size, timepoints and lack of APOE2 genotype 

iPSC-derived reactive astrocytes were generated by stimulation with inflammatory 

microglial factors IL1α, TNFα and C1q. These reactive astrocytes were then characterised 

in terms of morphology, secretion of inflammatory mediators and expression of genes to 

confirm reactivity. However, a single timepoint of 24 h was used to induce this reactive 

phenotype and therefore is perhaps more representative of acute inflammation. 

Additional timepoints such as 48/72 h or 7 days for example may be more representative 

of chronic inflammation and chronic astrogliosis as is the case in neurodegenerative 

diseases.  

It would have been interesting to expand this study to also include representatives of the 

APOE2 genotype. APOE2 is reported to protect against AD risk with individuals expressing 

at least one APOE2 isoform having an estimated 40% reduced risk of developing AD 

(Belloy et al., 2019). However the mechanisms underlying this protective effect of APOE2 

genotype are unknown. Unfortunately its low prevalence in the population means it is a 

difficult genotype to acquire, although iPSC banks are now becoming more common 

which provide a sources for purchasing this genotype. 

 

7.1.3.2 Isogenic iPSC lines will facilitate confirmation of genotype effects on 

glutamate dynamics 

This thesis provides evidence that APOE genotype affects astrocyte reactivity, glutamate 

transporter expression and subsequently glutamate dynamics. However it must be noted 

that the E3E3 and E4E4 astrocyte cell lines utilised in this project were derived from 

different individuals and therefore there is no knowing what background genetics may be 
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influencing the results. The results presented here may be consolidated with the use of 

isogenic controls, whereby APOE3 may be genetically edited to APOE4 in the E3E3 

astrocytes and vice versa for the E4E4 astrocytes. Numerous gene editing techniques have 

been applied in the literature for this purpose. 

Wang and colleagues applied gene editing and a structural corrector to APOE4-expressing 

neurons and found that conversion of APOE4 to APOE3 counteracted the AD pathology 

found in APOE4 neurons (tau phosphorylation, Aβ production and degeneration) (Wang 

et al., 2018). In the first instance, they used Zinc Finger Nuclease (ZFN)-mediated gene 

editing. A specific ZFN was manufactured to target and cut the region of the APOE4 gene 

which contains Arg112, while donor APOE3 DNA replaced this cut section (Fong et al., 

2013). In the second instance, they utilised the small molecule structure corrector PH002. 

PH002 is a  phthalazinone derivative that directly binds the amino-terminal region of 

APOE4 thereby blocking intramolecular domain interactions. In both cases, APOE4-

expressing neurons were altered to an APOE3-like phenotype. Since this small molecule 

is available from Sigma-Aldrich (Merck Millipore) it would be possible to purchase and use 

it in further studies to validate the APOE model presented in this thesis. 

The combined use of clustered regularly-interspaced short palindromic repeat (CRISPR) 

sequences and CRISPR-associated (Cas) proteins represent a major breakthrough in gene 

editing technology. For many years it was considered a specialist technique applied only 

in fields such as microbiology, until in 2012 it was demonstrated that this technology may 

be applied to gene modification in almost any organism (Mojica & Montoliu, 2016). 

CRISPR/Cas9 gene editing allows for editing of single nucleotides. With Cas9 acting as a 

guide, a specific sequence in the genetic code can be targeted, cut and removed from the 

genome, thereby allowing space for this section to be replaced, i.e. edited. In this manner 

APOE4 has been targeted and altered to APOE3 to facilitate research into mechanisms 

associated with AD risk in APOE4 carriers. This technology has already been applied by 

several labs to elucidate the role of APOE4 genotype on cellular function. The Tsai 

laboratory applied CRISPR/Cas9 to generate isogenic controls for iPSC lines with APOE3 

and APOE4 homozygous genotypes. They showed that APOE4 neurons secreted greater 

levels of Aβ42, APOE4 astrocytes had impaired Aβ clearance, and APOE4 microglia had 

increased inflammatory gene expression. They further demonstrated via isogenic controls 

that altered function in these cells types was a direct result of APOE genotype and not 

due to confounding factors (Lin et al., 2018).  
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It is of interest to point out that the Caldwell laboratory have acquired isogenic iPSC from 

the Tsai laboratory with a view to further investigate the impact of APOE4 genotype on 

glutamate dynamics. Four iPSC lines have been acquired including an APOE4 homozygous 

iPSC line derived from a sporadic AD patient and its APOE3 homozygous isogenic control, 

as well as an APOE3 homozygous iPSC line with the APOE4 homozygous condition 

introduced as per the above mentioned protocol (Lin et al., 2018). It is our aim to 

consolidate the findings of this study by ruling out confounding effects of other 

polymorphisms present in our iPSC-derived astrocytes, such as glutamate transporter 

polymorphisms (rs4354668 and rs27731880) which directly affect glutamate transport 

(Spangaro et al., 2014). At the time of writing, these iPSC have been expanded in the 

feeder system using mouse embryonic fibroblasts as the feeder layer to generate a stock. 

iPSC have further been transitioned into the feeder-free mTeSR system and subsequently 

patterned towards a cortical fate to generate β-tubulin III+ TBR1+ neural progenitors 

(Figure 7.1.1) which will be used to derive astrocytes as per the protocol laid out in 

Chapter 3. 

 

 

Figure 7.1.1. Characterisation of isogenic iPSC-derived neural progenitors. 

iPSC-derived neural progenitors (E3E3 parental line) are positive for classical neuronal marker β-

tubulin III (green) and cortical marker TBR1 (red). Nuclei are counterstained with hoechst (blue). 

Images were taken at x40 magnification.   
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7.1.3.3 Monolayer cultures versus neurospheres and 3D organoids 

Monolayer cultures lend themselves to efficient differentiation of defined populations 

allowing for analysis of cell type specific responses. However they are not a true 

representation of the 3D environment of the CNS consisting of multiple heterogeneous 

populations of cells. Organoids provide a means to replicate the 3D nature of the CNS.  

In capturing the complex structural arrangement present in the CNS, brain organoids 

provide a more realistic model system to facilitate investigation of intercellular 

relationships and also provide greater translational value to therapies (Lancaster et al., 

2013; Gabriel & Gopalakrishnan, 2017). Lin and colleagues applied this technology to 

generate APOE4-organoids. They found that APOE4-organoids accumulated Aβ and 

phosphorylated tau much like the AD brain. Furthermore, iPSC-derived organoids first 

differentiate NPC, then neurons, with astrocytes developing later, which is representative 

of embryonic development (Raja et al., 2016; Lin et al., 2018). With respect to the data 

presented in this thesis, brain organoids would facilitate analysis of the effect of altered 

glutamate dynamics in E4E4 astrocytes on activity at the tripartite synapse and the 

postsynaptic neuron itself. Furthermore, protein aggregates may be introduced into the 

culture system to represent the microenvironment of the AD brain. This in vitro model 

may provide unprecedented insight into the inner workings of the AD brain. 

 

7.1.3.4 iPSC lack age-associated molecular signatures 

iPSC are somatic cells which have been forced back into a primordial state. They behave 

much like ESC and therefore do not possess age-associated molecular signatures such as 

telomere shortening and cellular senescence (Rohani et al., 2014). Given that the major 

risk factor for AD is age itself, it would be beneficial if this factor could also be represented 

in the model system. Since aged astrocytes also generally have a reactive phenotype 

(Clarke et al., 2018) it is important that age signature be considered in modelling of AD 

and other age-associated diseases. 

There is much literature pertaining to protocols for the generation of induced-NPC and 

induced-neurons (Lee et al., 2018; Xiao et al., 2018; Yavarpour-Bali et al., 2020). By 

avoiding the iPSC step, the parent cells maintain their age signature (Mertens et al., 2015; 

Mertens et al., 2016). It is also possible to directly reprogram adult cells into astrocytes 

(Caiazzo et al., 2015; Tian et al., 2016). The gene expression profiles and functional assays 

of induced-astrocytes are comparable to primary astrocytes. 
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It would be interesting to apply these protocols, generate directly induced-astrocytes and 

compare their age signatures to that of our iPSC-derived astrocytes much like the study 

Mertens and colleagues carried out using induced-neurons. 

 

7.1.4 Data presented in this thesis may contribute to future therapeutic 

strategies 

The data presented in this thesis, coupled with the existing literature pertaining to the 

detrimental effect of APOE4 genotype, present APOE4 as an attractive therapeutic target. 

By reducing APOE4 expression it may be possible to alleviate the associated AD risk. 

The effect of APOE absence has previously been examined in a patient with homozygous 

APOE deficiency. Whole-exome sequencing identified an ablative APOE mutation 

(c.291del, p.E97fs) as the root cause of APOE deficiency. Cognitive testing confirmed that 

in spite of the APOE deficiency the patient had normal cognition, normal neurological and 

retinal function, as well as normal ranges of Aβ and tau proteins in the CSF. Together this 

indicated no profound CNS defects. Peripherally, APOE deficiency resulted in severe 

dysbetalipoproteinemia characterised by elevated serum levels of both cholesterol and 

triglyceride, indicating a profound effect on lipid metabolism. The authors concluded that 

APOE functions in the CNS may have compensatory mechanisms, and therefore targeted 

knockdown of APOE may be a viable therapeutic target (Mak et al., 2014). However, they 

did not comment on the increased risk of cardiovascular disease that the patient is 

exposed to as a result of elevated serum cholesterol and triglyceride. Separately, APOE 

deficiency has been shown to result in oxidative stress and endothelial dysfunction in the 

mouse retina (Zadeh et al., 2019). Therefore APOE targeted knockdown does not pose a 

viable therapeutic target given the data associated with APOE deficiency. However, a 

means of correcting the APOE4 defect may generate more satisfactory results. Small-

molecule structure correctors have shown promise in in vitro validation of concept 

studies, and CRISPR/Cas9 has been posed as a potential gene therapy although requires 

significant development (Prendecki et al., 2020). 

The small-molecule structure corrector, PH002, has shown success in vitro by rendering 

APOE4 APOE3-like both structurally and functionally and in turn rescuing the AD-like 

pathology associated with APOE4 neurons (Wang et al., 2018). Interestingly, the efficacy 

of PH002 was shown to be dependent on the presence of APOE4, with no effect on APOE 

null cells pointing to its specificity. The small-molecule structure correctors GIND25 and 
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PH002 have also been applied to correct defects in APOE4-expressing Neuro-2A cells 

associated with secretory pathways (Brodbeck et al., 2011). Chen and colleagues carried 

out a proof of concept study with the small-molecule structure corrector CB9032258. 

They found that CB9032258 restored mitochondrial and neurite outgrowth impairments 

in APOE4-expressing neuronal cells and proposed APOE4 structure correctors as a 

therapeutic means to rectify APOE4 defects in the treatment of AD (Chen et al., 2012). 

APOE4 structure correctors have also attenuated APOE4-induced Aβ production in 

neuroblastoma cells (Ye et al., 2005). Small-molecule structure correctors provide a 

means to restore proper 3D-structure and thereby function to defective proteins. In this 

way, gene editing can be avoided and so too the risk of off-target effects. Structure 

corrector-based therapies could prove effective for modulating APOE4-associated AD 

risk, and furthermore could be applied to many disorders associated with protein 

misfolding. 

 

7.1.5 Concluding remarks 

The findings presented in this thesis indicate that human iPSC-derived astrocytes are 

capable of responding to inflammatory insult and producing a reactive phenotype, 

therefore provide a useful model system of astrogliosis. E3E3 and E4E4 astrocytes have a 

distinct basal reactive profile which translates to some interesting genotype related 

differences following insult, with APOE4 genotype resulting in some enhanced responses. 

Furthermore, APOE genotype appears to have a profound effect on glutamate transport 

in iPSC-derived astrocytes. With APOE4 astrocytes showing marked impairments in 

glutamate uptake. This strong genotype effect may be an underlying mechanism by which 

APOE4 affects AD risk. In conclusion, this thesis presents APOE4 as an attractive 

therapeutic target for managing AD risk and highlights the need for further investigation 

of APOE-based therapies. 
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8. Appendices 

8.1 Appendix 1 – iPSC Characterisation 

E4E4 homozygous astrocytes were derived from dermal fibroblasts by episomal plasmid 

vector. This work was carried out by Dr Lucy Crompton in the University of Bristol as part 

of the BRACE project. Details of iPSC generation and characterisation are depicted in 

figure 8.1.1. iPSC were characterised by immunostaining for pluripotency markers TRA-1-

60 and SSEA4; original images of this iPSC characterisation is shown in figure 8.1.2. Two 

iPSC clones were generated, denoted as E4E4A and E4E4B. The E4E4B clone was used in 

the experiments described in this thesis. 

 

 

Figure 8.1.1. Generation of iPSC from E4E4 homozygous dermal fibroblasts and subsequent 

characterisation. 

Data and figure was produced by Dr Lucy Crompton. 

 

 

Figure 8.1.2. Characterisation of E4E4 iPSC. 

E4E4 iPSC are positive for pluripotency markers TRA-1-60 (green) and SSEA4 (red). 
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8.2 Appendix 2 – Materials 

8.2.1 Molecular biology 

Reagent Manufacturer 
Catalogue 

Number 

C3 Applied BioSciences Hs00163811_m1 
cDNA manufacture kit Applied BioSciences 4368814 
CXCL10 Applied BioSciences Hs00171042_m1 
dNTP Mix 100 mM Applied BioSciences 4367381 
GAPDH (VIC) Applied BioSciences Hs02786624_g1 
GFAP Applied BioSciences Hs00164932_m1 
GLUL Applied BioSciences Hs00365928_g1 
ICAM1 Applied BioSciences Hs00164932_m1 
IL1β Applied BioSciences Hs01555410_m1 
IL6 Applied BioSciences Hs00174131_m1 
LCN2 Applied BioSciences Hs01008571_m1 
MicroAmp™ Fast Optical 96-Well 
Plate Applied BioSciences 4346906 

MultiScribe Reverse Transcriptase Applied BioSciences 4311235 

NucleoSpin RNA Isolation kit Macherey Nagel 
Bioanalysis 740955.50 

PCR Plate Adhesive Film Applied BioSciences 4311971 
PTX3 Applied BioSciences Hs00173615_m1 
RNAse Away VWR International 732-2271 
RNAse-free water Fisher Scientific Ltd 10192813 
SERPINA3 Applied BioSciences Hs00153674_m1 
SLC1A2 Applied BioSciences Hs01102423_m1 
SLC1A3 Applied BioSciences Hs00904823_g1 
Taqman Mastermix Applied BioSciences 4444557 
VIM Applied BioSciences Hs00958111_m1 

 

8.2.2 Cell culture reagents 

Reagent Manufacturer 
Catalogue 

Number 

Accutase Thermo Fisher Scientific A11105-01 
Advanced DMEM/F-12 Thermo Fisher Scientific 12634010 
B27 Thermo Fisher Scientific 17504-044 
Bone morphogenic protein 4 Bio-Techne 314-BP-010 
Cryo canes, aluminium Thermo Scientific Nalgene 10100341 
Cryo straws Fisher Scientific  11734673 
CryoStor CS10 Sigma-Aldrich C2874 
Dimethyl sulfoxide Molecular Probes D12345 
DMEM/F-12 + GlutaMAX Thermo Fisher Scientific 31331028 
Epidermal growth factor Sigma-Aldrich E9644 
Essential 8™ Flex Medium Kit Thermo Fisher Scientific A2858501 
Ethylenediaminetetraacetic acid Thermo Fisher Scientific 15575-020 
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Geltrex Thermo Fisher Scientific A1413302 
GlutaMAX Thermo Fisher Scientific 35050-038 
Human leukemia inhibitory 
factor PeproTech 167300-05-B 

Insulin Sigma-Aldrich I4011 
Laminin Sigma-Aldrich L2020 
LDN193189 Sigma-Aldrich SML0559 
N2 Thermo Fisher Scientific 17502-048 
Neurobasal Medium SFM Thermo Fisher Scientific 21103-049 
Non-essential amino acids Thermo Fisher Scientific 11140-035 
Pen/Strep Sigma-Aldrich P4333 
Polyornithine Sigma-Aldrich  P3655 
RevitaCell Thermo Fisher Scientific A26445-01 

SB431542 Bio-Techne (Tocris 
Bioscience) 

1614/1 or 
1614/10 

Vitronectin Thermo Fisher Scientific  A14700 
Y-27632 Axon Medchem 1683 
β-mercaptoethanol Invitrogen 31350-010 

 

8.2.3 Primary and secondary antibodies for immunocytochemistry 

Product Manufacturer 
Catalogue 

Number 

Chicken anti-GFAP Abcam ab4674 
Donkey anti-mouse Alexa 488 Invitrogen A21202 
Goat anti-chicken IgG Alexa Fluor 
488 Life Technology  

Goat anti-rabbit IgG Alexa Fluor 
555 

Invitrogen (Thermo Fisher 
Scientific) A21428 

Hoescht Cell Signalling Technology H33342 
Mouse anti-S100β Sigma-Aldrich S2532 
Mouse anti-β-tubulin III Merck Millipore  
Rabbit anti-Connexin-43 Sigma-Aldrich C6219 
Rabbit anti-EAAT1 Novus Biologicals NBPI-20135 
Rabbit anti-TBR1 Abcam ab31940 

 

8.2.4 Experimental treatments 

Reagent Manufacturer Catalogue Number 

C1q MyBioScource  MBS143105 
Cannabidiol Tocris - 
FGF2 PeproTech 100-18B 
IL1α PeproTech 200-01A  
TNFα Cell Signaling Technology 8902 
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8.2.5 Biological assays, chemicals and reagents 

Reagent Manufacturer 
Catalogue 

Number 

Chicken anti-GFAP Abcam ab4674 
Donkey anti-mouse Alexa 488 Invitrogen A21202 
Goat anti-chicken IgG Alexa 
Fluor 488 Life Technology  

Goat anti-rabbit IgG Alexa Fluor 
555 

Invitrogen (Thermo Fisher 
Scientific) A21428 

Hoescht Cell Signalling Technology H33342 
Mouse anti-S100β Sigma-Aldrich S2532 
Mouse anti-β-tubulin III Merck Millipore  
Rabbit anti-Connexin-43 Sigma-Aldrich C6219 
Rabbit anti-EAAT1 Novus Biologicals NBPI-20135 
Rabbit anti-TBR1 Abcam ab31940 

 

8.2.6 Laboratory equipment and consumables 

Product Manufacturer Catalogue Number 

1 mL cryovials Nunc 377267K 
1.5 mL eppendorfs VWR International 211-0015 
10 mL pipettes VWR International 612-3700 
12-well cell culture plates Corning 10253041 
15 mL falcon tubes Sarstedt Ltd 62.554.002 
24-well cell culture plates Corning 10732552 
24-well cell culture plates Sarstedt Ltd Ireland 83.3922 
25 mL pipettes VWR International 612-3698 
5 mL pipettes VWR International 612-3702 
50 mL falcon tubes Sarstedt Ltd 62.547.004 
50 mL pipettes VWR International 612-3696 
6-well cell culture plates Corning 10578911 
6-well cell culture plates Nunc 140675 
Coverslips VWR International 631-1578 
Cryo 1°C freezing container Nalgene 10110051 
CryoPure Tube, 2.0ml Sarstedt Ltd Ireland 72.380.002 
ELISA plate covers Greiner, Cruinn Diagnostics Ltd 676001 
ELISA plates Nunc, Bio-Sciences Ltd 442404 
Filter Millipore (UK) Limited SLGP033RS 
Glass slides VWR International 631-1551 
Nalgene Cryovial 1.2ml Sterile Analab Limited CRY8200 
P10 filter tips Medical Supply Co. Ltd 311-4050 
P1000 filter tips Medical Supply Co. Ltd 361-4050 
P1000 pipette tips Sarstedt Ltd 70.762 
P2 pipette tips Greiner 771290 
P20 filter tips Medical Supply Co. Ltd 341-4050 
P20 pipette tips Greiner 739290 
P200 filter tips Medical Supply Co. Ltd 351-4050 
P200 pipette tips Sarstedt Ltd 70.760.002 
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PCR MicroTubes, 0.2 mL VWR International 7324836 
Syringe - 20 mL Fisher Scientific Ltd 10569215 
T25 flask Sigma-Aldrich CLS3289-200EA 
Transfer pipettes VWR International 612-1685 
Virkon VWR International 115-0020 
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8.3 Appendix 3 – Media Recipes 

Neural maintenance media (50 mL) 

- DMEM/F-12 + GlutaMax: 25 mL 
- Neurobasal medium:25 mL 
- NEAA: 500 μL 
- GlutaMax: 250 μL 
- Pen/Strep: 500 μL 
- N2: 250 μL 
- B27: 500 μL 
- Β-mercaptoethanol (50 mM): 75 μL 
- Insulin (20 ng/μL): 50 μL 

 

Serio media (50 mL) 

- Advanced DMEM/F-12: 49 mL 
- NEAA: 500 μL 
- GlutaMax: 500 μL 
- Pen/Strep: 500 μL 
- N2: 500 μL 
- B27: 100 μL 

 

Serio EL (50 mL) 

- Serio media: 50 mL 
- EGF (20 ng/μL stock): 50 μL 
- hLIF (20 ng/μL stock): 50 μL 

 

Serio BMP4 hLIF (50 mL) 

- Serio media: 50 mL 
- BMP4 (20 ng/μL stock): 50 μL 
- hLIF (20 ng/μL stock): 50 μL 

 

Reduced glutamate media (50 mL) 

- Advanced DMEM/F-12: 49 mL 
- Pen/Strep: 500 μL 
- N2: 500 μL 
- B27: 100 μL 
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8.4 Appendix 4 – Solutions and Buffers 

8.4.1 Solutions for general lab use 

Phosphate-buffered saline (PBS; 1 L) 

- dH2O: 1 L 

- PBS tablets: 5 tablets 

 

8.4.2 ELISA solutions 

Reagent diluent (1% BSA) 

- PBS: 100 mL 

- BSA: 1 g 

- Filter sterilised with 0.1 μm filter 

 

Wash buffer (0.05% Tween-20) 

- PBS: 500 mL 

- Tween-20: 250 μL 

 

8.4.3 Western blotting buffers 

PBS-T (0.05%) 

- PBS: 100 mL 

- Tween-20: 50 μL 

 

Running buffer (1X) 

- Tris base (250 mM): 3 g 

- Glycine (1.92 M): 14.4 g 

- SDS: 1 g 

- dH2O: 800 mL 

- Make up to 1 L with dH2O 
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Transfer buffer (1X) 

- Tris base: 0.606 g 

- Glycine: 0.3 g 

- dH2O: 80 mL 

- Methanol: 20 mL 

 

4% stacking gel 

- dH2O: 1.525 mL 

- Acrylamide: 0.325 mL 

- Tris-HCl (pH 8.8): 0.625 mL 

- SDS: 25 μL 

- APS: 12.5 μL 

- TEMED: 4 μL 

 

10% resolving gel 

- dH2O: 2.01 mL 

- Acrylamide: 1.665 mL 

- Tris-HCl (pH 8.8): 1.25 mL 

- SDS: 50 μL 

- APS: 25 μL 

- TEMED: 3 μL 

 

Ammonium persulfate (APS, 10%) 

- APS: 0.1 g 

- dH2O: 1 mL 

- Make up fresh on the day 
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Sodium dodecyl sulfate (SDS, 10%) 

- SDS: 0.1 g 

- dH2O: 1 mL 

- Store at 4°C for up to 1 week 

 

Tris-HCl (1 M), pH 6.8 

- Tris base (1.5 M): 90.8 g 

- SDS: 1 g 

- dH2O: 400 mL 

- pH to 6.8 with HCl, bring up to 500 mL with dH2O 

- Store at 4°C 

 

Tris-HCl, pH 8.8 

- Tris base (1 M): 15.13 g 

- SDS: 1 g 

- Bromophenol blue: few granules 

- dH2O: 150 mL 

- pH to 8.8 with HCL, bring up to 250ml with dH2O 

- Store at 4°C 

 

Protein loading dye (5X) 

- SDS: 4 g 

- Glycerol: 20 mL 

- Tris HCl (pH 8.8): 10 mL 

- Bromophenol blue: 40 mg 

- dH2O: 10 mL 

 

Sample buffer 

- Protein loading dye (5X): 10 μL 

- Β-mercaptoethanol: 1 μL 
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Marvel Solution (5%) 

- PBS-T: 50 mL 

- Marvel original dried skimmed milk powder (Premier Foods, UK): 2.5 g 

 

Stripping Buffer 

- Glycine: 15 g 

- SDS: 1 g 

- Tween-20: 10 mL 

- dH2O: 990 mL 

- pH to 2.2 

 

8.4.4 Immunofluorescence buffers  

Blocking Buffer 

- Normal goat serum: 100 μL 

- Triton-X (10%): 33 μL 

- PBS: 867 μL 

 

PTX wash buffer (0.02%) 

- Triton-X (10%): 20 μL 

- PBS: 10 mL 

 

Triton-X (10%) 

- Triton-X-100: 100 μL 

- PBS: 900 μL 
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8.5 Appendix 5 – Cell Counting 

Astrocytes were detached, centrifuged and the pellet resuspended in 1 mL Serio media 

for counting before seeding. Following resuspension, 10 µL of cell suspension was diluted 

in 40 µL of Serio media (1:5) and homogenised. 10 µL of the diluted cell suspension was 

added to 10 µL of trypan blue (1:2; Thermo Fisher Scientific, USA), a dye which stains dead 

cells. 10 µL of this mix was loaded onto a glass haemocytometer slide and examined under 

a light microscope at 10x magnification. After checking that cells were evenly dispersed 

across the 9 major grid boxes, the number of viable cells in 4 of the boxes (see Figure 

9.4.1. for example) was counted using a handheld manual tally clicker and the average 

number of cells per major grid box was established (i.e. cells per μL). To calculate the 

number of cells/mL, the number of cells/µL was multiplied by 10, the dilution factor and 

104, to account for the resuspension of the pellet in 1 mL of media. The desired cell count 

per well, e.g. 50,000 cells/well for ELISA, was then divided by the total number of cells/mL 

which determined the volume of cells to be added per well. 

 

 
Figure 8.5.1. Diagram of a haemocytometer glass slide used to count cells. 

Viable cells present in the four squares circled were counted. 
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8.6 Appendix 6 – Three-way ANOVA with Bonferroni post hoc 

ANOVA table F (DFn, DFd) P value 

Factors F (2, 30) = 15.94 P<0.0001 

APOE F (1, 30) = 734.1 P<0.0001 

FGF2 F (1, 30) = 38.24 P<0.0001 

Factors x APOE F (2, 30) = 5.845 P=0.0072 

Factors x FGF2 F (2, 30) = 2.524 P=0.0970 

APOE x FGF2 F (1, 30) = 9.546 P=0.0043 

Factors x APOE x FGF2 F (2, 30) = 1.021 P=0.3723 
Table 8.6.1. Three-way ANOVA analysis of SLC1A3 mRNA expression. 

 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

Control:E3E3 - FGF2 vs. Control:E3E3 + FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Control:E4E4 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Control:E4E4 + FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Low:E3E3 - FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E3E3 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Low:E4E4 + FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. High:E3E3 - FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. High:E3E3 + FGF2 *** 0.0007 
Control:E3E3 - FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Control:E4E4 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Control:E4E4 + FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Low:E3E3 + FGF2 *** 0.0009 

Control:E3E3 + FGF2 vs. Low:E4E4 - FGF2 *** 0.0001 

Control:E3E3 + FGF2 vs. Low:E4E4 + FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. High:E3E3 - FGF2 * 0.0335 

Control:E3E3 + FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. High:E4E4 + FGF2 **** <0.0001 
Control:E4E4 - FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 

Control:E4E4 - FGF2 vs. Low:E3E3 + FGF2 **** <0.0001 
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Control:E4E4 - FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E4E4 - FGF2 vs. High:E3E3 + FGF2 **** <0.0001 

Control:E4E4 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. Low:E3E3 + FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. Low:E4E4 - FGF2 ns 0.2360 

Control:E4E4 + FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. High:E3E3 + FGF2 **** <0.0001 
Control:E4E4 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. Low:E3E3 + FGF2 ns 0.2994 

Low:E3E3 - FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Low:E3E3 - FGF2 vs. Low:E4E4 + FGF2 **** <0.0001 

Low:E3E3 - FGF2 vs. High:E3E3 - FGF2 ** 0.0092 

Low:E3E3 - FGF2 vs. High:E3E3 + FGF2 **** <0.0001 

Low:E3E3 - FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

Low:E3E3 - FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. Low:E4E4 + FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. High:E3E3 - FGF2 ns >0.9999 
Low:E3E3 + FGF2 vs. High:E3E3 + FGF2 * 0.0181 

Low:E3E3 + FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Low:E4E4 - FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. High:E3E3 + FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Low:E4E4 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Low:E4E4 + FGF2 vs. High:E3E3 + FGF2 **** <0.0001 

Low:E4E4 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E4E4 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 
High:E3E3 - FGF2 vs. High:E3E3 + FGF2 ns 0.5509 

High:E3E3 - FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

High:E3E3 - FGF2 vs. High:E4E4 + FGF2 **** <0.0001 
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High:E3E3 + FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

High:E3E3 + FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

High:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 
Table 8.6.2. Bonferroni post hoc of SLC1A3 mRNA expression. 
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ANOVA table F (DFn, DFd) P value 

Factors F (2, 30) = 15.54 P<0.0001 

APOE F (1, 30) = 8.608 P=0.0064 

FGF2 F (1, 30) = 10.18 P=0.0033 

Factors x APOE F (2, 30) = 10.78 P=0.0003 

Factors x FGF2 F (2, 30) = 1.583 P=0.2221 

APOE x FGF2 F (1, 30) = 1.814 P=0.1881 

Factors x APOE x FGF2 F (2, 30) = 0.02959 P=0.9709 
Table 8.6.3. Three-way ANOVA analysis of SLC1A2 mRNA expression. 

 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

Control:E3E3 - FGF2 vs. Control:E3E3 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Control:E4E4 - FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E3E3 - FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E3E3 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. High:E3E3 - FGF2 *** 0.0008 

Control:E3E3 - FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Control:E4E4 - FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Low:E3E3 - FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Low:E3E3 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. High:E3E3 + FGF2 * 0.0242 

Control:E3E3 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Low:E3E3 - FGF2 ns >0.9999 
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Control:E4E4 - FGF2 vs. Low:E3E3 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E4E4 - FGF2 vs. High:E3E3 + FGF2 ns 0.1710 

Control:E4E4 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. Low:E3E3 - FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. Low:E3E3 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. High:E3E3 + FGF2 * 0.0476 

Control:E4E4 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. Low:E3E3 + FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. High:E3E3 - FGF2 *** 0.0005 

Low:E3E3 - FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E3E3 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Low:E3E3 + FGF2 vs. Low:E4E4 - FGF2 ns >0.9999 

Low:E3E3 + FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Low:E3E3 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. High:E3E3 + FGF2 ns 0.1690 

Low:E3E3 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E3E3 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Low:E4E4 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Low:E4E4 - FGF2 vs. High:E3E3 - FGF2 ** 0.0051 

Low:E4E4 - FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Low:E4E4 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Low:E4E4 + FGF2 vs. High:E3E3 - FGF2 ** 0.0037 
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Low:E4E4 + FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Low:E4E4 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E4E4 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

High:E3E3 - FGF2 vs. High:E3E3 + FGF2 ns 0.2714 

High:E3E3 - FGF2 vs. High:E4E4 - FGF2 ** 0.0099 

High:E3E3 - FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

High:E3E3 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

High:E3E3 + FGF2 vs. High:E4E4 + FGF2 ns 0.2572 

High:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 
Table 8.6.4. Bonferroni post hoc of SLC1A2 mRNA expression. 
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ANOVA table F (DFn, DFd) P value 

Factors F (2, 29) = 119.4 P<0.0001 

APOE Genotype F (1, 29) = 1.246 P=0.2735 

FGF2 F (1, 29) = 100.8 P<0.0001 

Factors x APOE Genotype F (2, 29) = 1.425 P=0.2569 

Factors x FGF2 F (2, 29) = 30.83 P<0.0001 

APOE Genotype x FGF2 F (1, 29) = 17.73 P=0.0002 

Factors x APOE Genotype x FGF2 F (2, 29) = 14.43 P<0.0001 
Table 8.6.5. Three-way ANOVA analysis of GLUL mRNA expression. 

 

Bonferroni's multiple comparisons test Summary Adjusted P Value 

Control:E3E3 - FGF2 vs. Control:E3E3 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Control:E4E4 - FGF2 ns 0.1104 

Control:E3E3 - FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E3E3 - FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Low:E3E3 + FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. Low:E4E4 + FGF2 ns 0.3053 

Control:E3E3 - FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. High:E3E3 + FGF2 ns 0.2328 

Control:E3E3 - FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

Control:E3E3 - FGF2 vs. High:E4E4 + FGF2 * 0.0180 

Control:E3E3 + FGF2 vs. Control:E4E4 - FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Low:E3E3 + FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E3E3 + FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Control:E3E3 + FGF2 vs. High:E4E4 - FGF2 *** 0.0009 

Control:E3E3 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Control:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 
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Control:E4E4 - FGF2 vs. Low:E3E3 + FGF2 * 0.0453 

Control:E4E4 - FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Control:E4E4 - FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. High:E3E3 - FGF2 ** 0.0038 

Control:E4E4 - FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Control:E4E4 - FGF2 vs. High:E4E4 - FGF2 ns 0.2285 

Control:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. Low:E3E3 - FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. Low:E3E3 + FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. Low:E4E4 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Control:E4E4 + FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Control:E4E4 + FGF2 vs. High:E4E4 - FGF2 *** 0.0005 

Control:E4E4 + FGF2 vs. High:E4E4 + FGF2 ns 0.4845 

Low:E3E3 - FGF2 vs. Low:E3E3 + FGF2 * 0.0152 

Low:E3E3 - FGF2 vs. Low:E4E4 - FGF2 ** 0.0079 

Low:E3E3 - FGF2 vs. Low:E4E4 + FGF2 **** <0.0001 

Low:E3E3 - FGF2 vs. High:E3E3 - FGF2 ns 0.2052 

Low:E3E3 - FGF2 vs. High:E3E3 + FGF2 **** <0.0001 

Low:E3E3 - FGF2 vs. High:E4E4 - FGF2 * 0.0120 

Low:E3E3 - FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. Low:E4E4 - FGF2 **** <0.0001 

Low:E3E3 + FGF2 vs. Low:E4E4 + FGF2 * 0.0155 

Low:E3E3 + FGF2 vs. High:E3E3 - FGF2 ns >0.9999 

Low:E3E3 + FGF2 vs. High:E3E3 + FGF2 * 0.0207 

Low:E3E3 + FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

Low:E3E3 + FGF2 vs. High:E4E4 + FGF2 ns 0.2655 

Low:E4E4 - FGF2 vs. Low:E4E4 + FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. High:E3E3 - FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. High:E3E3 + FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. High:E4E4 - FGF2 **** <0.0001 

Low:E4E4 - FGF2 vs. High:E4E4 + FGF2 **** <0.0001 

Low:E4E4 + FGF2 vs. High:E3E3 - FGF2 ** 0.0013 
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Low:E4E4 + FGF2 vs. High:E3E3 + FGF2 ns >0.9999 

Low:E4E4 + FGF2 vs. High:E4E4 - FGF2 ns 0.0874 

Low:E4E4 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

High:E3E3 - FGF2 vs. High:E3E3 + FGF2 ** 0.0017 

High:E3E3 - FGF2 vs. High:E4E4 - FGF2 ns >0.9999 

High:E3E3 - FGF2 vs. High:E4E4 + FGF2 * 0.0244 

High:E3E3 + FGF2 vs. High:E4E4 - FGF2 ns 0.1137 

High:E3E3 + FGF2 vs. High:E4E4 + FGF2 ns >0.9999 

High:E4E4 - FGF2 vs. High:E4E4 + FGF2 ns >0.9999 
Table 8.6.6. Bonferroni post hoc of GLUL mRNA expression. 
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8.7 Appendix 7 – Presentations and publications 

8.7.1 Presentations 

McComish S.F., Caldwell M.A. The effect of inflammatory cytokines on astrocytes in a 

human induced pluripotent stem cell-derived in vitro model of neurodegeneration. Oral 

presentation at the Royal Academy of Medicine in Ireland, Biomedical Sciences Section 

Annual Meeting, Dublin, Ireland, June 2017. 

McComish S.F., Caldwell M.A. The effect of inflammatory cytokines on astrocytes in a 

human induced pluripotent stem cell-derived in vitro model of neurodegeneration. 

Poster presentation at the Neuroscience Ireland Conference, Galway, Ireland, August 

2017. 

McComish S.F., Caldwell M.A. The effect of inflammatory cytokines on astrocytes in a 

human induced pluripotent stem cell-derived in vitro model of neurodegeneration. Oral 

presentation at the Neuroscience Ireland Conference, Galway, Ireland, August 2017. 

McComish S.F., Caldwell M.A. The effect of inflammatory cytokines on astrocytes in a 

human induced pluripotent stem cell-derived in vitro model of neurodegeneration. Oral 

presentation at the Network for European CNS Transplantation & Restoration (NECTAR) 

Annual Meeting, Dublin, Ireland, December 2017. 

McComish S.F., Crompton L.A., Lane J.D., Caldwell M.A. The effect of inflammatory 

microglial factors and Apolipoprotein E genotype on astrocytes in a human induced 

pluripotent stem cell-derived in vitro model of Alzheimer’s disease. Oral presentation at 

the Network for European CNS Transplantation & Restoration (NECTAR) Annual 

Meeting, Paris, France, December 2018. 

McComish S.F., Haetzel L., Farrell C., Leavy E., O’Connor C., Boyle N., Crompton L.A., Lane 

J.D., Caldwell M.A. The effect of inflammatory insult and apolipoprotein E genotype on 

astrocytes in a human induced pluripotent stem cell-derived in vitro model of Alzheimer’s 

disease. Poster presentation at the British Neuroscience Association and Neuroscience 

Ireland Conference and Festival of Neuroscience, Dublin, Ireland, April 2019. 

McComish S.F., Crompton L.A., Lane J.D., Caldwell M.A. The effect of inflammatory insult 

and apolipoprotein E genotype on astrocytes in a human induced pluripotent stem cell-

derived in vitro model of Alzheimer’s disease. Oral presentation at the Network for 

European CNS Transplantation & Restoration (NECTAR) Annual Meeting, Cardiff, Wales, 

November 2019. 
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8.7.2 Publications 

McComish SF & Caldwell MA. (2018). Generation of defined neural populations from 

pluripotent stem cells. Philos Trans R Soc Lond B Biol Sci 373. 

Hawkins SJ, Crompton LA, Sood A, Saunders M, Boyle NT, Buckley A, Minogue AM, 

McComish SF, Jimenez-Moreno N, Cordero-Llana O, Stathakos P, Gilmore CE, Kelly S, Lane 

JD, Case CP & Caldwell MA. (2018). Nanoparticle-induced neuronal toxicity across 

placental barriers is mediated by autophagy and dependent on astrocytes. Nat 

Nanotechnol 13, 427-433.  
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