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Abstract 

Introduction: Alzheimer’s disease (AD) is the most common neurodegenerative 

dementia and its cause is unknown. In rare cases AD can be caused by mutations 

in the PSEN1, PSEN2 or APP gene and this form of AD is termed familial 

Alzheimer’s disease (FAD). While the genetic cause is determined, there is 

considerable heterogeneity in terms of clinical presentation and pathological 

appearance at post-mortem. Previously it has been suggested pathological 

features of FAD may influence clinical features. It has also been suggested that 

FAD mutations may influence both pathological and clinical features. Common 

features of AD may also play a role in FAD, such as microglial activation and the 

influence of genetic modifiers of disease, such as APOE. The aims of this thesis 

were to investigate the associations of Aβ pathology (including CAA) and 

microglial load to age at onset and disease duration. Investigate histological 

profiles of Aβ pathologies (including CAA) and microglial load and the 

associations between these pathologies in genetic causes of FAD and APOE 

genotypes. Observe the contribution of specific Aβ peptide species to the 

histological profiles of Aβ pathology, and the association of these peptide with 

FAD and APOE genotypes. Generate and differentiate FAD patient derived iPSC 

to neuronal cultures to assess the association of FAD mutation with Aβ peptide 

profiles and PSEN1 maturity in a neuronal model of FAD. We hypothesise that 

histological features and Aβ peptide profiles will segregate with FAD mutation 

location, while microglial phenotype will associate with specific Aβ pathologies. 

Additionally, we predict the Aβ profiles observed in FAD cell lines will reflect 

histological profiles of Aβ aggregation. 

Materials and Methods: Nissl staining was performed on the frontal cortex of 20 

FAD cases from the Queen Square Brain Bank (QSBB) (PSEN1 mutation carriers 

n=16, 10 pre-codon 200, 6 post-codon 200 and APP mutation carriers n=4). 

Cortical layers were delineated and serial sections immunohistochemically 

stained with antibodies against Aβ, Iba1, CD68 and CR3/43 and a subset were 

also stained for Tau. Aβ plaque type, load (% area stained), proportion of Aβ 

positive cerebral amyloid angiopathy (CAA), and microglial load were analysed 

per cortical layer. Additionally, in frontal and occipital cortex tissue from the 20 

QSBB cases and an additional 21 FAD cases from the Institute of Psychiatry, 
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Psychology and Neuroscience (combined total n=41, PSEN1 mutation carriers 

n=31, 20 pre-codon 200, 11 post-codon 200 and APP mutation carriers n=10) the 

proportion and severity of cortical and leptomeningeal CAA were investigated via 

vessel counts. In the temporal and occipital cortex of the 20 QSBB cases, IHC 

with Aβ isoform specific antibodies was conducted to investigate genetic 

contribution to isoform specific pathology. Finally, 5 induced pluripotent stem cell 

(iPSC) lines from FAD patients were generated. Four FAD lines and two control 

lines were differentiated into cortical neurons to investigate Aβ isoform production 

via ELISA and PSEN1 protein levels and maturity were assessed. 

Results: Clinical features in this FAD cohort were influenced by both FAD 

mutation and APOE status. Pathological Aβ deposits showed variability across 

cortical layers, and specific features were more associated with distinct 

mutations. Microglial phenotype did not differ by FAD mutation group or APOE 

status however associations with Aβ pathologies were observed. CAA differed 

between mutations groups, while APOE4 genotype had a non-significant effect 

of CAA pathology in FAD. Analysis of Aβ production from FAD iPSC derived 

cortical neurons showed that Aβ production differed not only compared to control 

cell lines but compared to other independent PSEN1 mutations. This could be the 

result of changes to PSEN1 maturation.  

Conclusions: It was shown that there is pathological heterogeneity in FAD of 

which some aspects associate with specific FAD mutation subgroup. For 

instance, greater Aβ and CWP frequency in the lower layers in the PSEN1 post-

codon 200 group as well as greater proportion and severity of CAA. Correlations 

between plaques, CAA and microglia indicate contribution of clearance 

mechanisms to histological features observed in FAD, which can differ by 

mutation group. Specifically, CD68 was generally associated with greater CAA 

and reduced Aβ pathology. In the cellular models, specific FAD mutations, 

particularly those post-codon 200, affect Aβ peptide ratios, which associates with 

observed pathological heterogeneity and suggests that differences in the 

aggregation and clearance of these peptides modifies the histological 

appearance of Aβ pathology. Combined with the observed effect of APOE 

genotype on disease duration, peptide profiles and CAA severity, this may 

contribute to the differences in clinical aspects of FAD. 
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Impact statement 

This thesis has investigated heterogeneity in FAD by investigating many features 

of the disease. Some of the key findings observed from the provided clinical and 

genetic data include the confirmation of mutation effects on age at onset and 

disease duration, and the discovery of the association of APOE4 on disease 

duration in this FAD cohort. The increased knowledge available about the specific 

effects of genetics on disease course would have a beneficial impact on those 

with FAD who seek to know more about the disease. This would be available to 

those with FAD through information disseminated to them via clinicians involved 

in their care or through support networks. 

Histologically we have shown specific associations between pathologies which 

suggests shared molecular links. We have also shown the associations of 

genetics with these pathologies. This will be beneficial in the research community 

as it highlights regions for further investigations. These further investigations will 

be of importance as many of these features have been shown to be related to 

genetic factors and/or have an impact on disease presentation or disease course. 

In the future, greater understanding of molecular mechanisms will help improve 

treatment approaches. A manuscript which is in preparation containing some of 

the findings from this thesis will enable the dissemination, enabling the research 

community to access these findings. 

The cell analysis has revealed mutation specific effects on Aβ production and 

PSEN1 maturity. From the lines produced there has been one publication so far 

(Charles Arber et al., 2019a) which has expanded the knowledge of the field to 

researchers. This knowledge will influence future research into FAD as the 

specific impact of these mutations on disease mechanisms will be explored. 

Importantly this will be possible to models beyond iPSC, widening the breadth of 

research in this area. Any future publications with the extended data would 

continue to contribute to this.  

Finally, throughout this thesis there have been multiple presentations of the data 

at a range of scientific conferences, including posters and oral presentations. 

These include Alzheimer’s Research UK conference 2018, Alzheimer’s 
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Association International Conference, 2018 and 2019, British Neuropathological 

Society Conference 2018, Institute of Neurology/Institut du Cerveau et de la 

Moelle épinière 2018 and the International Cerebral Amyloid Angiopathy 

Conference 2018. Scientific discussions arisen from these events with peers has 

increased dissemination of these results and gathered interest for research into 

FAD and its disease mechanisms. These abstracts are also readily available 

online. 
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 Introduction 

 Alzheimer’s disease and familial Alzheimer’s disease 

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

estimated to have affected 47 million people worldwide in 2015, with numbers set 

to increase (M. Prince et al., 2013; World Health Organization, 2015). The cause 

of sporadic AD (sAD) is unknown, although there are well established genetic risk 

factors such as carrying at least one Apolipoprotein E4 (APOE4) allele or 

Triggering receptor expressed on myeloid cells 2 (TREM2) single nucleotide 

polymorphisms (Corder et al., 1993; Guerreiro et al., 2013; Thorlakur Jonsson et 

al., 2013; Poirier et al., 1993; Saunders et al., 1993). Mutations in the Amyloid 

precursor protein (APP) promoter region may also increase AD risk (Brouwers et 

al., 2006). Additionally, sex is another AD risk factor with females more at risk 

than males (Hebert et al., 2013), however the precise mechanisms underlying 

this risk are unclear (Ferretti et al., 2018). AD remains a clinico-pathologically 

diagnosed disease. By definition, AD brains show an accumulation of 

pathological misfolded proteins into amyloid beta (Aβ) plaques and neurofibrillary 

tangles (NFTs) containing tau and an inflammatory response in the form of 

activated microglia (H. Braak & Braak, 1991; Dá Mesquita et al., 2016; Hyman et 

al., 2012; Dietmar R. Thal et al., 2002). 

Familial Alzheimer’s disease (FAD) is similar to sAD with many shared clinical 

and pathological features such as memory decline and accumulation of misfolded 

tau and Aβ proteins. However, FAD is caused by autosomal dominant mutations 

in the Presenilin 1 (PSEN1), PSEN2 or APP genes and by rare APP duplications 

(Goate et al., 1991; Kasuga et al., 2009; Rovelet-Lecrux et al., 2006; Scheuner 

et al., 1996; Sherrington et al., 1996; Sleegers et al., 2006). APP lies on 

chromosome 21 and individuals with Down syndrome (DS), due to trisomy of 

chromosome 21, invariably develop amyloid plaques and NFTs at autopsy if they 

live until middle age (J. Hardy & Allsop, 1991; Prasher et al., 2008; Wiseman et 

al., 2018). In FAD, although symptoms tend to begin at a younger age compared 

to sAD, disease duration generally appears to be similar (Bateman et al., 2011; 

Godbolt et al., 2004; Ryman et al., 2014).  

Both sAD and FAD are neurodegenerative conditions for which there are 

currently no disease-modifying therapies, although there are reports of an 
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amyloid modifying treatment slowing disease progression in clinical trials 

(Sevigny et al., 2016). Available symptomatic treatments have limited effects 

(Casey et al., 2010) and there have been many failed clinical trials (Doody et al., 

2013; Egan et al., 2018; Vandenberghe et al., 2016). As FAD is caused by genetic 

mutations, its origin is known and can be studied to understand the 

pathomechanisms of disease. Due to their similarity, understanding FAD may 

also contribute to understanding sAD and has the potential to improve knowledge 

and options for the development of future AD treatments.  

 Clinical aspects of FAD 

Clinically, patients with FAD typically present with early amnestic symptoms 

(Storandt et al., 2014), although atypical cognitive symptoms and additional 

neurological features are also seen (Bateman et al., 2011; Joshi et al., 2012; 

Ryan et al., 2016). The age at symptom onset can be variable but typically ranges 

between 30-60 years, with significant proportions of the variance in age at onset 

accounted for by mutation type and family history (Bateman et al., 2011; Gómez-

Tortosa et al., 2010; Ryan et al., 2016; Ryman et al., 2014).  PSEN2 mutation 

carriers typically have later ages at onset than PSEN1 and APP mutation carriers 

while PSEN1 mutation carriers generally have earlier onset than APP mutation 

carriers. Disease duration may also be longer in PSEN2 carriers (Lippa et al., 

2000; Marín-Muñoz et al., 2016; Ryman et al., 2014; Shea et al., 2016). 

Interestingly, there may be possible disease onset modifiers in PSEN2 mutation 

carriers, with genome analysis linking various loci to age at onset, including a 

region in chromosome 17, near the gene for Nicastrin, a component of -

secretase (Marchani et al., 2010; Wijsman et al., 2005). In a meta-analysis of age 

at onset and disease duration, polynomial regression revealed an inverted U-

shaped relationship, with shorter disease durations in those with particularly early 

or late onset (Ryman et al., 2014; Shea et al., 2016). 

Within PSEN1 mutation carriers, clinical presentation may be influenced by 

mutation location. PSEN1 mutations prior to codon 200 have been associated 

with an earlier age at onset compared to those with mutations post-codon 200 

(Lippa et al., 2000; Shea et al., 2016). Motor symptoms have also been shown to 

be more frequent in PSEN1 post-codon 200 cases (Ryan et al., 2015a; Vöglein 

et al., 2019). 
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Other factors that are relevant in sAD may also affect FAD onset and progression, 

although they are less understood. For example, females have a higher risk of 

dementia compared to males and in FAD males have been shown to have a non-

significant later age at onset compared to females in a meta-analysis (Ryman et 

al., 2014). However, in sAD it has also been suggested that differences in 

presentation between males and females may lead to altered interpretation of 

onset and even diagnosis, leading to perceived sex differences, and it is possible 

these issues could exist in FAD (Liesinger et al., 2018). APOE genotype may also 

play a role on features of FAD, however its exact effect is not known and will be 

discussed in chapter: 1.14. Further to this, the interaction of these risk modifiers 

may also be important. For example, associations between sex and AD may be 

mediated by other factors, including APOE (Altmann et al., 2014; Breitner et al., 

1999). 

 Aβ pathology in Alzheimer’s disease  

Neuropathologically, sAD is characterised by an accumulation of pathogenic 

misfolded proteins into extracellular Aβ plaques and intracellular tau forming 

neurofibrillary tangles, with an inflammatory reaction (Dá Mesquita et al., 2016). 

In FAD the same pathological features are found, although it has been proposed 

that Aβ accumulation may be higher (Cairns et al., 2015). Amyloid plaques are 

considered one of the classic neuropathological hallmarks of AD and this 

observed accumulation of Aβ, along with the finding that APP mutations cause 

FAD, lead to the amyloid cascade hypothesis (JA Hardy & Higgins, 1992). The 

pre-aggregate oligomeric forms of Aβ peptides that are also present in AD are 

thought to be the main toxic species of Aβ causing cell death (Deshpande et al., 

2006; Kutoku et al., 2015). This may be particularly true at early stages of AD, 

prior to plaque development. Some have proposed that the development of 

plaques is initially a protective mechanism; providing a sink for these toxic 

oligomeric Aβ peptides (Treusch et al., 2009). This is a debated hypothesis, but 

eventually the disruption caused by large aggregates is thought likely to 

negatively impact upon cellular functioning and health (Adlard & Vickers, 2002).  

There are multiple Aβ peptides of differing lengths which are found in AD and 

these slight changes in length can have impactful effects on the nature of the 

peptide. The most common Aβ peptides investigated pathologically using current 



24 
 

methods are Aβ40, 42, 43 and pyroglutamated Aβ, a toxic post translationally 

modified form of Aβ (Harigaya et al., 2000; Portelius et al., 2015; Russo et al., 

2002; Saido et al., 1995). Other Aβ peptides do exist but are less frequently 

detected using current techniques and so have been studied to a lesser degree. 

Revealing the full structure of the Aβ peptide has not been easy, and is 

complicated by its environmental conditions. Whether the Aβ domain is 

associated with -secretase, free in the extracellular matrix, present as a 

monomer, oligomer or in a fibrillar form gives rise to structural differences. Aβ can 

exist with either predominant alpha helical structures or beta-sheets and is able 

to transition between alpha helical and beta sheets (M. Yang & Teplow, 2008). 

Importantly, the C-terminal end is likely to influence aggregation propensity, with 

hydrophobic residues stabilising and shifting the state to more beta sheet-

formation (Zeenat et al., 2014). The C-terminal end is where differences in 

peptide length occur. 

Assemblies of monomers as oligomers may exist as different species which can 

affect the toxicity of the oligomers (Ahmed et al., 2019). Aβ fibrils contain β-

sheets, which lead to β-pleated sheet aggregates (Benzinger et al., 1998). 

Protein sequence can influence the organization of the β-pleated sheets and 

overall fibrillary formation (Balbach et al., 2000). A recent study has finally 

provided the structure of Aβ fibrils, derived from human AD brains (Kollmer et al., 

2019). The fibrils were formed of right-handed twists of beta sheets connected 

together by hydrophobic residues. Three main forms were observed accounting 

for 75% of the fibrils present, highlighting structural heterogeneity within Aβ fibrils. 

Importantly, this work uncovered differences between human derived fibrils and 

those obtained by other methods, supporting the need for studies to be 

biologically relevant to human AD. 

Aβ42  

Aβ42 is the most commonly observed peptide using immunohistochemical 

techniques on human AD brain tissue. There is reduced Aβ42 seen in AD CSF 

(Blennow et al., 2010) due to increased cortical Aβ42 deposition in AD, indicating 

this peptide is pathogenic. Increased Aβ42 in FAD compared to sAD brain tissue 

has also been observed (Lemere et al., 1996). Aβ42 is a hydrophobic peptide 

and consequently, prone to aggregation and is believed to be the most 
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aggregation prone isoform (Jarrett et al., 1993). In SY5Y cell culture models using 

synthetic Aβ peptides, Aβ42 has been shown to aggregate into oligomers faster 

than Aβ40 and Aβ43. This increased aggregation potential not only provides 

seeds for further enhanced aggregation but the faster generation of oligomeric 

species is also likely to be detrimental, as oligomers have been shown to be the 

most toxic species (Fu et al., 2017). As it was readily observable and measurable, 

a lot of focus was initially placed on studying Aβ42. However, other isoforms are 

also likely to be important in AD and as techniques advance, previously 

undetectable forms can now be investigated.  

Aβ40  

Aβ40 is the most abundant Aβ peptide observed in human CSF including in AD 

patients (Fukuyama et al., 2000; Mehta et al., 2000), and in human cell lines 

(Asami-Odaka et al., 1995; Turner et al., 1996). Aβ40 is two amino acids shorter 

than Aβ42 and resulting in a less aggregation prone form. This consequently 

enables Aβ40 to be more readily cleared than Aβ42 and is likely the reason Aβ40 

is less frequently deposited in the cortex as plaques. However, Aβ40 is frequently 

found within vessel walls as cerebral amyloid angiopathy (CAA), indicating that it 

is able to aggregate and cause pathology. Additionally, oligomeric species of 

Aβ40 may have toxic effects on cellular health (Hayashi et al., 2009; Jana et al., 

2016; Sarkar et al., 2014).  

Aβ43 

Compared to Aβ42, Aβ43 has an additional threonine at position 43 of the C-

terminus. This has been show to help its nucleation and aggregation potential in 

vitro using synthetic peptides (Conicella & Fawzi, 2014). Importantly, similar 

observations have been made in vitro in a Drosophila transgenic model, with a 

high ability of Aβ43 to aggregate observed, and it was concluded this may trigger 

aggregation of the Aβ40 peptide, highlighting how it can affect pathology in 

multiple ways (Burnouf et al., 2015). While Aβ43 has typically been less studied, 

recent research has highlighted Aβ43 may be particularly important in FAD. For 

example, it was shown that Aβ43 was raised in iPSC derived cortical neurons 

from PSEN1 R278I mutation cell lines (Charles Arber et al., 2019a). This was 

also observed in a knock in mouse model expressing the PSEN1 R278I mutation, 
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along with accelerated plaque pathology including pronounced Aβ43 deposition 

in plaque cores (Saito et al., 2011b). 

 Tau pathology in Alzheimer’s disease 

Tau is a microtubule binding protein encoded by the microtubule associated tau 

protein (MAPT) gene (Andreadis et al., 1992). Tau contains either three or four 

repeats of a microtubule binding domain (termed 3R/4R tau) which is important 

for its function as a microtubule stabilising protein (Cleveland et al., 1977a, 

1977b; G. Lee et al., 1989). Tau pathology is also seen in AD, with tau present in 

intracellular tangles known as neurofibrillary tangles (NFTs), made up of 

hyperphosphorlyated 3R and 4R tau peptides (Grundke-Iqbal et al., 1986). 

However tau pathology is not specific to AD as it is seen in many other 

neurodegenerative diseases (D. W. Dickson et al., 2010; Kouri et al., 2011). 

Mutations in the MAPT gene coding for tau cause familial Frontotemporal 

dementia (FTD), however no mutations in MAPT have so far been linked to AD 

(Rizzu et al., 1999; Rosso et al., 2003; Rosso et al., 2001). In FAD, tau 

accumulation is seen as a secondary pathology, with Aβ considered the primary 

cause of disease. Analysis of brain scanning and CSF data has indicated tau 

deposits in brains of those with sAD after Aβ deposition begins to occur and this 

has lead to a hypothesis whereby Aβ pathology precedes tau pathology (Jack Jr 

et al., 2010). In FAD, plasma Aβ biomarker readouts of Aβ pathology are altered 

in FAD E280GA mutation carrying children compared to non-carriers (Quiroz et 

al., 2015). Similar observations are also seen with higher Aβ42 concentrations in 

CSF and plasma in E280A mutation carrying young adults compared to controls 

(Reiman et al., 2012). In FAD mutation carriers participating in the multi-centre 

Dominantly Inherited Alzheimer Network (DIAN) study, CSF Aβ42 is reduced 10-

20 years before expected age at onset in association with amyloid deposition on 

amyloid imaging also seen around this time (Fagan et al., 2014). Recent 

longitudinal biomarker analysis has confirmed Aβ pathology as the earliest 

preclinical feature in FAD (G. Wang et al., 2019). This shows how there is a 

sequence of events which occur after Aβ pathology begins, although the precise 

mechanisms for how Aβ leads to tau pathology are still unclear. Despite this, tau 

on Positron-emission tomography (PET) imaging does correlate with cognitive 

decline in AD (Ossenkoppele et al., 2016) and FAD after alterations in amyloid 

(Gordon et al., 2019).  
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A three tiered pathological grading system has been established for the 

neuropathological confirmation of AD, which combines the results from Thal 

phasing (Aβ plaque location), Braak and Braak staging (NFTs) and Consortium 

to Establish a Registry for Alzheimer's Disease (CERAD) scoring (frequency of 

neuritic plaques) (Hyman et al., 2012). Thal phasing scores Aβ plaques, from 0 

to 5, based on their presence, starting in the neocortex, allocortex, basal ganglia 

and finally cerebellum (Dietmar R. Thal et al., 2002). Braak and Braak staging 

scores tau, from I to VI, based on the presence of NFTs throughout the proposed 

regions of chronological tau spread, beginning in the transentorhinal cortex, 

spreading to limbic regions and finally spreading to the isocortical regions (H. 

Braak & Braak, 1991; Nagy et al., 1998). CERAD scoring assesses the frequency 

of neuritic plaques, with higher frequency given higher scores (Mirra et al., 1991). 

The semi-quantitative grading guide is shown in Figure 1-1. Using this system the 

pathology grade given is assessed by frequency of plaques within a given field. 

Combining these grading systems generates a score for amyloid plaques (A), tau 

positive NFT’s (B) and neuritic plaques (C), creating the ‘ABC’ score, graded 0-3 

for each category, determining the likelihood of sAD with ‘A3B3C3’ definite 

Alzheimer’s, as shown in Table 1-1, from Montine et al. (2012). The grading 

systems are also used to neuropathologically confirm FAD pathology. 
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Figure 1-1 CERAD scoring guide.  

Cartoon example of scoring level (Sparse, moderate, frequent) for senile plaques in 100X 

microscopic field. Image taken from Mirra et al. (1991). 

"A" Thal Phase for Aβ 
plaques 

"B" Braak and Braak NFT 
stage 

"C" CERAD neuritic plaque 
score 

0 0 0 None 0 None 

1 1 or 2 1 I or II 1 Sparse 

2 3 2 III or IV 2 Moderate 

3 4 or 5 3 V or VI 3 Frequent 

 

Table 1-1 ABC score for AD neuropathologic change.  



29 
 

“A” refers to suggested modified Thal staging of Aβ (Dietmar R. Thal et al., 2002). “B” 

refers to suggested modified Braak and Braak staging of NFT (Heiko Braak et al., 2006; 

H. Braak & Braak, 1991). “C” refers to CERAD scoring system of neuritic plaque scoring 

(Mirra et al., 1991). Scores are then combined to generate the ABC score with grades 

from 0 to 3. Table adapted from Hyman et al. (2012); Montine et al. (2012). 

 Genetics of familial Alzheimer’s disease 

FAD can be caused by autosomal dominantly inherited mutations in one of three 

genes, APP, PSEN1 and PSEN2 and by APP duplications. These mutations are 

thought to show almost 100% penetrance, although incomplete penetrance has 

rarely been observed (Thordardottir et al., 2018).  A rare APP variant (A673T) 

has also been reported in healthy Icelandic elderly controls that appears to be 

protective against the development of AD. This mutation leads to impaired β-

secretase processing of APP, leading to a reduction in the production of Aβ in 

vitro (T. Jonsson et al., 2012). Interestingly, a different substitution at the same 

site, the APP A673V variant, only appears to cause disease in the homozygous 

state and has been identified in an Italian family with an autosomal recessive 

pattern of inheritance (Di Fede et al., 2009). Novel FAD mutations are still being 

discovered (Giau et al., 2018; Guven et al., 2019) and recently a patient with an 

early and aggressive form of FAD has been described who is homozygous for 

the PSEN1 A431E mutation (Parker et al., 2019). PSEN1 mutations are the most 

common and currently there are over 300 known PSEN1 mutations, 48 known 

PSEN2 mutations and 59 known APP mutations, although not all are clearly 

pathogenic (Alzforum mutation database). APP duplications can also lead to 

FAD, with Aβ plaque pathology and prominent CAA (Cabrejo et al., 2006; 

Rovelet-Lecrux et al., 2006). The phenotype of AD associated with APP 

duplications can be heterogeneous, even within a single family (Guyant-Marechal 

et al., 2008). However, there is a particularly high incidence of seizures in APP 

duplication carriers (higher than in APP or PSEN1 mutation carriers), and some 

also suffer intracerebral haemorrhage (McNaughton et al., 2012; Zarea et al., 

2016). There are also APP mutations within the Aβ coding domain which cause 

severe CAA and recurrent intracerebral haemorrhage (Ryan & Rossor, 2010), 

discussed in 1.10 and 1.11. 
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 Amyloid precursor protein (APP) 

The APP gene encodes the amyloid precursor protein (APP). The physiological 

function of APP is unknown however is it likely involved in synaptic processes 

and maintenance (Leyssen et al., 2005; Priller et al., 2006; Z. Wang et al., 2009), 

with early transgenic mice studies showing a protective effect of human APP 

against neurodegeneration (Mucke et al., 1994). APP is a transmembrane 

precursor protein which undergoes processing into fragments via two related 

pathways. In the non-amyloidogenic pathway, APP is cleaved by α-secretase, 

releasing the extracellular soluble APPα fragment and preventing the formation 

of the Aβ peptide (Esch et al., 1990; Lammich et al., 1999). The remaining 

membrane bound C83 fragment is then cleaved by the γ-secretase complex 

releasing an extracellular P3 domain and the APP intracellular C domain (AICD).  

The function of APP is unknown although it may be beneficial to neuronal health 

in conditions of neuronal damage in vitro and enhances cell proliferation in vivo 

(M. P. Demars et al., 2011; Thornton et al., 2006). The function of P3 is also 

unknown, however it may be neurotoxic and may promote inflammatory 

responses (Nhan et al., 2015). The function of the AICD is still debated but it 

appears to have many functions, including nuclear signalling and transcriptional 

regulation (Bukhari et al., 2017). These molecules related to the amyloid cascade 

are beginning to be investigated more as alterations in the levels of these proteins 

many have consequences on cellular health.  

In the amylodogeneic pathway, APP is cleaved by β-secretase (BACE1) 

releasing the sAPPβ fragment (Vassar et al., 1999). There is little known about 

this fragment. The remaining membrane bound C99 fragment then undergoes an 

initial endopeptidase cleavage releasing the AICD. The remaining Aβ peptide is 

then sequentially cleaved by carboxypeptidase-like cleavages by the γ-secretase 

complex. This produces Aβ peptides of varying length, between 38-43 amino 

acids, which are released from the membrane into the extracellular space (Qi-

Takahara et al., 2005).  

APP is known to be a single pass transmembrane protein (Gralle et al., 2002). 

On the intracellular C-terminal side is a short cytoplasmic tail. Crystal structure of 

the N-terminal side indicates that juxtaposed to the membrane is an unstructured 

domain followed by multiple conserved domains which form folding regions, 
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involved in protein interactions (Dulubova et al., 2004; Rossjohn et al., 1999; Y. 

Wang & Ha, 2004). 

 Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2) proteins 

PSEN1/2 code for the homologous multi-transmembrane proteins Presenilin 1 

and Presenilin 2 (PSEN1/PSEN2), which form part of the four component γ-

secretase complex along with Nicastrin, APh1 and PEN2, reviewed in De 

Strooper (2003). The assembly of the γ-secretase complex is suggested to occur 

on an initial APh1-nicastrin scaffold, which PSEN1 binds to (St George-Hyslop & 

Fraser, 2012). This likely occurs in the secretory organelles on its transport to the 

cell surface (Kaether et al., 2002). Collectively, the γ-secretase complex is 

believed to compose of 20 transmembrane (TM) regions contributed to by the 

four components mentioned. Within the TM region, PSEN1 is centrally located, 

with its amino-terminal fragment (NTF) packing against PEN2 and its carboxyl-

terminal fragment (CTF) interacting with APh-1, which is associated with 

Nicastrin, whose extracellular domain directly binds Pen-2 (Bai et al., 2015; Sun 

et al., 2015). At the plasma membrane PSEN1 is able to interact with its 

substrates such as APP. 

PSEN1/2 is believed to contain the catalytic subunit of γ-secretase within TM 

domains 6 and 7 at two conserved aspartate residues, with other regions 

important for protein binding and substrate stabilisation (Brunkan & Goate, 2005; 

De Strooper et al., 2012; De Strooper et al., 1998; Y. M. Li et al., 2000; Wolfe et 

al., 1999). PSEN1/2 has two main catalytic functions, an initial epsilon cleavage 

activity and secondary carboxypeptidase cleavage activity.  

Catalysis of APP, a major PSEN1 substrate, occurs via initial epsilon cleavage 

producing the AICD and a membrane bound Aβ peptide cleaved at residue 48 or 

residue 49 (Kakuda et al., 2006). Following this, the peptide undergoes 

successive carboxypeptidase cleavage at every ~3rd residue, followed by release 

(Takami et al., 2009). The selection of epsilon cleavage at 48 or 49 determines 

the Aβ peptides that can be produced via two separate production pathways, as 

shown in Figure 1-2.  
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Figure 1-2 Aβ cleavage by  

Episilon (ε) cleavage at 48/49 determines the downstream Aβ peptides that can be 

produced by successive -secretase cleavages. Aβ49>46>43>40 and Aβ48>45>42>38. 

Indicated in bold are Aβ43, 40 and 42, commonly investigated Aβ peptides. 

Conformational states of PSEN1 are believed to relate to substrate binding and 

retention time and likely substrate cleavage processing due to accessibility to 

PSEN1 active sites (Somavarapu & Kepp, 2017). Indeed, conformational 

changes can lead to altered Aβ peptide production (Tominaga et al., 2016). 

Besides cleaving APP, γ-secretase also cleaves other substrates such as Notch 

and these may be important in FAD pathogenesis (Chávez-Gutiérrez et al., 2012; 

Szaruga et al., 2015).  

Using immunolabelling in adult human brain tissue, PSEN1 was shown to be 

widely distributed in cortical and subcortical regions, with claims that the 

distribution and levels of PSEN2 and PSEN1 immunolabeling were similar 

between sporadic AD and control brains. PSEN1 was particularly prominent 

within large pyramidal neurons in cortical layers 2, 3 and 5 in 12 control brains. 

Generally in the sporadic AD brain, PSEN1 and PSEN2 levels were not altered 

in pyramidal neurons of layers 3 and 5, layers which have dense Aβ pathology. 

When comparing controls with sAD and FAD cases, similar distribution was seen 

across all groups, except in one PSEN1 M139I mutation case (Mathews et al., 

2000). Concerning the precise cellular locations, a study in mouse brain has 

shown that PSEN1 is distributed through the neuroaxis, mainly within neurons 

and throughout axon processes (Siman & Salidas, 2004). These data show that 

PSEN1 expression does not differ between FAD mutation carriers or healthy 
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controls, implying its function is relevant in disease rather than that genetic 

mutations lead to differences in levels of transcription. 

 PSEN1 mutations on PSEN1 activity in familial Alzheimer’s disease 

Within PSEN1, mutations are found throughout the protein coding region and it 

is emerging that specific mutation locations may affect disease pathophysiology 

and phenotype (Bentahir et al., 2006; O. Nelson et al., 2010; Ryan et al., 2016). 

It was originally assumed that FAD mutations would work by increasing Aβ levels, 

however evidence suggests there are different ways in which mutations cause 

disease, and this is influenced by the mutation location. 

One way in which mutations can effect PSEN1 is via the endopeptidase activity 

(Bentahir et al., 2006; Capell et al., 2000). Mutations which effect the 

endopeptidase activity could affect Aβ levels and which pathway of Aβ production 

is selected, leading to altered ratio of the peptides within those pathways 

(Chávez-Gutiérrez et al., 2012). 

Many PSEN1 mutations lead to FAD by decreasing the carboxypeptidase activity. 

FAD mutations that severely compromise γ-secretase activity affect residues that 

map near the proposed active site (Bai et al., 2015; Sun et al., 2017). The effect 

of compromised carboxypeptidase activity results in release of longer Aβ 

peptides which are more prone to aggregation (Chávez-Gutiérrez et al., 2012; 

Scheuner et al., 1996; Szaruga et al., 2015) This in turn leads to more oligomeric 

Aβ and greater extracellular deposition (Dennis J. Selkoe, 1997). 

PSEN1 exists as an immature protein which requires endoproteolysis to become 

mature PSEN1, consisting of the PSEN1 N-terminal fragment (NTF) and C-

terminal fragment (CTF) (Thinakaran et al., 1996). Mutations near the 

endoproteolysis site are proposed to inhibit the cleavage that converts the 

immature form into the mature product (Steiner et al., 1999). This can then lead 

to altered processivity by the enzyme (Quintero-Monzon et al., 2011). 

Interestingly, even within the immature PSEN1, the catalytic pore is still able to 

be formed (Takeo et al., 2012), which suggests that -secretase activity can still 

occur, although it is likely reduced, possibly explaining altered Aβ peptide 

production in mutations near this location. 
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Mutations not within the catalytic domain can likely affect the protein 

structure/stability and this may also impact upon interactions with substrate and 

modulators, which will contribute to disease (Bai et al., 2015; Somavarapu & 

Kepp, 2016; Sun et al., 2017). 

 Effect of APP mutations on APP processing in familial Alzheimer’s 

disease 

The mutations in APP may lead to FAD by interfering with APP processing, which 

appears to alter Aβ ratios (Szaruga et al., 2017). In particular, mutations in APP 

can destabilise the enzyme-substrate complex reducing sequential cleavage, 

leading to the premature release of longer, more aggregation prone, Aβ peptides. 

The mutations within APP could affect the interaction with the PSEN1 catalytic 

domain and lead to release of longer peptides from -secretase prematurely and 

increasing Aβ42:40 ratios, while mutations near the α-secretase site may 

influence α or β secretase cleavage of APP, increasing the ratio of β secretase 

amyloidogenic selection (De Jonghe et al., 2001; Herl et al., 2009). 

As mentioned, APP mutations can lead to increased Aβ42:40 ratios and this can 

be by increased relative Aβ42 production, as well as decreased relative Aβ40 

production (Murrell et al., 2000, Hsu et al., 2018). These altered ratios can cause 

disease even when total levels of Aβ are lowered (Ancolio et al., 1999), 

highlighting the importance of the balance between Aβ peptides. 

 Cerebral amyloid angiopathy 

CAA is caused by deposition of Aβ within cerebral vessels leading to weakening 

and damage to the vessels and impaired perivascular drainage, reviewed in Bell 

and Zlokovic (2009); Carare et al. (2013); Revesz et al. (2003). CAA can be seen 

through the cortex including the frontal and temporal regions however there 

appears to be a predisposition towards the occipital cortex, with higher CAA 

frequently observed in this region (J. Attems, 2005; Johannes Attems et al., 2005; 

Lopez & Claassen, 1991; Vinters & Gilbert, 1983). CAA is a common feature in 

AD, with reports of around 76% prevalence in AD brains at autopsy, although like 

amyloid plaques, it can also be seen in patients without dementia (Johannes 

Attems et al., 2005; Vinters & Gilbert, 1983). CAA is a common pathological 

feature seen in FAD, while additional associated pathologies such as 
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microbleeds and white matter hyperintensities may be seen on neuroimaging in 

some individuals with FAD (Ryan et al., 2012; Ryan et al., 2015a). Down 

syndrome-AD (DSAD) individuals also have prominent CAA, which appears to be 

more extensive than in sAD (Carmona-Iragui et al., 2017; Helman et al., 2019).  

Artery walls are comprised of three layers. The innermost layer, the tunica intima, 

is made up of endothelial cells surrounded by an inner basement membrane. 

The tunica media is the middle layer, primarily comprised of smooth muscle cells. 

The outer layer, the tunica externa, contains the outer basement membrane 

(Cipolla, 2009). It was thought deposition of primarily Aβ40 and Aβ42 in arteries 

developed in the outer basement membrane, gradually developing and being 

present in the vicinity of smooth muscle cells, reviewed in Revesz et al. (2003); 

Dietmar Rudolf Thal et al. (2008). More recent evidence however, suggests it 

may develop in the basement membrane of the tunica media (Keable et al., 

2016). CAA is commonly graded by assessing the degree of Aβ deposition and 

health of the vessel, ranging from no deposition, through mild, moderate to severe 

(Vonsattel et al., 1991).   

 Cerebral amyloid angiopathy in familial and sporadic Alzheimer’s 

disease 

Hereditary cerebral haemorrhage with amyloidosis (HCHWA) is a form of CAA, 

which is caused by the autosomal dominantly inherited mutation APP E693Q, 

also known as the Dutch mutation. HCHWA presents with haemorrhagic stroke 

between the ages of 39-76 years (average age 50 years), and patients generally 

go on to develop dementia. Pathologically, there is severe amyloid deposition in 

the vasculature and diffuse plaques are present, but neurofibrillary tangles are 

absent (Timmers et al., 1990). This mutation is associated with altered APP 

processing increasing relative levels of Aβ and N-terminally truncated Aβ, 

accelerated Aβ aggregation in vitro and increasing fibril formation (Fernandez-

Madrid et al., 1991; Levy et al., 2006; Van Broeckhoven et al., 1990). There are 

other hereditary forms of CAA caused by APP mutations which lie within the APP 

Aβ domain, just distal to the α-secretase cleavage, such as the E693K (Italian) 

which lead to reduced Aβ42:Aβ40 ratio due to decreased Aβ42, with no alteration 

in Aβ40 levels (Bugiani et al., 2010). There is also an APP L705V mutation which 
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presents with severe CAA and haemorrhages but no parenchymal Aβ or NFT’s 

(Obici et al., 2005).  

Interestingly, alternative mutations at the E693 site, lead to different clinical 

phenotypes and neuropathological features. The Arctic (E693G) mutation causes 

dementia, with no signs of stroke or vascular lesions detected upon imaging in 

mutation carriers. Pathologically, there is predominant Aβ40 with a high 

fibrillisation propensity, neuritic plaques and NFT’s, in addition to CAA (Kamino 

et al., 1992; Nilsberth et al., 2001). This highlights the importance of the specific 

mutations even at the same location which can lead to distinct pathological and 

clinical phenotypes, although CAA pathology is prominent in all these intradomain 

APP mutations. Other nearby FAD-causing APP mutations include the 

D693deletion mutation, which display very low Pittsburgh compound (PiB) - PET 

amyloid on neuroimaging. Surprisingly the ratio of Aβ42:Aβ40 was unchanged in 

this variant and overall both Aβ42 and Aβ40 levels were decreased. With 

decreased Aβ levels it would be expected that reduced risk of AD may be seen, 

however, this mutation leads to an increased resistance to degradation of the Aβ 

peptide, and potentially increased oligomerisation, leading to prolonged toxic 

effects of the oligomers (Tomiyama et al., 2008). Mutations can cause both CAA 

as well as plaque pathology, such as the APP D694N (Iowa) mutation which 

displays intense Aβ40 plaque pathology (Grabowski et al., 2001). It is important 

to know the likelihood of CAA within a given mutation as this may influence 

response to amyloid modifying therapies. CAA related pathologies increase with 

amyloid-modifying therapeutics, with an exacerbation of CAA and haemorrhage 

a potential consequence (Nicolll et al., 2003; Sakai et al., 2014; R. A. Sperling et 

al., 2011; Zotova et al., 2013b). 

As mentioned above, some FAD cases are particularly associated with CAA and 

neuroimaging features of CAA appear to be more common in FAD than sAD 

(Carmona-Iragui et al., 2017). Certain FAD mutations have been associated with 

more severe CAA, particularly those APP mutations within the Aβ coding domain 

(Ryan & Rossor, 2010). Differences may also exist between PSEN1 mutation 

carriers with mutations post-codon 200 reported to cause more severe CAA 

pathology than pre-codon 200 mutations (David M. A. Mann et al., 2001). Case 
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reports do however show that there is large variation in CAA presence between 

individuals so other factors may also play a role.  

Understanding the impact of CAA is important as it may, possibly in conjunction 

with parenchymal Aβ pathology, be associated with cognitive decline (Boyle et 

al., 2015; Vidoni et al., 2016). Furthermore, as mentioned previously, CAA may 

transiently increase following amyloid modifying therapy (Nicoll et al., 2006; 

Nicolll et al., 2003). Due to this effect, it is particularly important to understand 

CAA in FAD as amyloid-modifying therapies continue to be explored in clinical 

trials for FAD mutation carriers. 

 Aβ clearance  

Although Aβ build up is a hallmark of sAD and FAD, a number of Aβ clearance 

mechanisms exist. The understanding of Aβ clearance mechanisms is continually 

developing and although currently there are multiple known ways of clearance, 

more recently described methods are being explored. The precise mechanisms 

of some of these pathways, and the importance of their roles as major 

contributors to Aβ clearance are unknown (M. K. Rasmussen et al., 2018; 

Tarasoff-Conway et al., 2015). 

Cellular uptake  

Aβ can be internalised and degraded and internalised and shunted across cells 

within cells of the CNS, with key cells involved in these clearance pathway have 

been reviewed by others, including astrocytes (Ries & Sastre, 2016) perivascular 

macrophages (Bell & Zlokovic, 2009; Lai & McLaurin, 2012) and microglia (Doens 

& Fernández, 2014; Paresce et al., 1996; Ries & Sastre, 2016). These cells can 

express several receptors involved in the recognition of Aβ or Aβ bound 

substrates and the subsequent internal degradation can occur via multiple routes 

which are beyond the scope of this thesis, but are discussed elsewhere, see 

Tarasoff-Conway et al. (2015). An important microglial receptor involved in Aβ 

internalisation and clearance is TREM2, whose risk SNPs are implicated in AD 

(Guerreiro et al., 2013; Thorlakur Jonsson et al., 2013; Lill et al., 2015). While 

cellular uptake is a clearance mechanism of Aβ, it is possible that eventual 

dysregulation in cellular processes due to increased toxic Aβ can occur (Tarasoff-

Conway et al., 2015).  
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Cells also express receptors which are involved in the transport of ligands through 

cells. From analysis in mouse models and human cell models, an important 

mechanism for Aβ clearance across the BBB is via low-density lipoprotein 

receptors (LDLR) such as LDLR-related protein 1 (LRP1) dependant 

mechanisms which can mediate Aβ clearance across the BBB, with LRP1 being 

present in smooth muscle cells (Deane et al., 2004; Kanekiyo et al., 2012; Shibata 

et al., 2000). Importantly, the AD linked APOE protein has been shown to 

influence Aβ clearance via LDL receptors, with APOE bound Aβ binding the very-

low-density-lipoprotein (VLDL) receptor, where rate of clearance is impacted by 

APOE isoform in the order APOE2>APOE3>APOE4 (Deane et al., 2008). APOE 

may also be important in clearance of Aβ via mediation by ATP-binding cassette 

transporters (ABC transporters) such as ABCA1. From review of the literature, it 

is thought that this mechanism is via promotion of APOE lipidation, which is 

important for Aβ-APOE interactions and clearance (Elali & Rivest, 2013). Again, 

APOE isoform specific effects appear to negatively attune the clearance 

capabilities, reviewed in Tarasoff-Conway et al. (2015). For example, compared 

to APP/PS1ΔE9/ApoE3+/+/Abca1−/+ mice, APP/PS1ΔE9/ApoE4+/+/Abca1−/+ mice 

exhibited greater Aβ deposition and microdialysis results showed reduced Aβ 

clearance (Fitz et al., 2012). The authors postulated this was as a result of 

decreased Abca1 due to heterozygosity causing reduced lipidation which had a 

negative impact in the APOE4 genotype carriers. These data suggest that 

reduction in clearance via the BBB, especially in an APOE4 dependant manner, 

could lead to build up of Aβ and development of CAA.  

Enzymatic degradation 

One method of Aβ breakdown is through degradation enzymes located 

intracellularly and/or within the extracellular space, such as insulin degrading 

enzyme (IDE), angiotensin-converting enzyme-2 (ACE-2), and neprilysin (NEP) 

which have been shown effective in animal and cell models (Hama et al., 2001; 

S. Liu et al., 2014; Qiu et al., 1998). As reviewed by (Miners et al., 2011), it 

appears that enzymatic degradation of Aβ is more efficient on the monomeric 

soluble forms and aids in reducing Aβ into less neurotoxic forms which are easier 

to clear. However as they discuss, it is possible that some degradation pathways 

can lead to production of peptides with an altered formation that can increase the 

neurotoxic and aggregation propensity of the peptide. There is also a concern 
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that breakdown of fibrillary species may lead to release of oligomeric species, 

which may result in more cellular harm (Qiu et al., 1998).  

IDE is a protease that was found to be responsible for Aβ degradation, in addition 

to insulin cleaving capabilities (Qiu et al., 1998), and it has been shown to 

contribute to the regulation of the degradation of Aβ and insulin in vivo (Farris et 

al., 2003). A meta-analysis of human studies investigating IDE revealed IDE 

protein levels were reduced in AD patients compared to controls, although activity 

and mRNA levels showed variable results (H. Zhang et al., 2018). Genomic 

investigations have highlighted the possible association of genomic variation 

within or near the IDE locus with AD (J. A. Prince et al., 2003), implicating IDE 

clearance in sAD development.  

ACE-2 cleavage occurs between Asp7-Ser8 (Hu et al., 2001) creating short n-

terminal peptides and n-terminally truncated Aβ which appears to reduce the 

aggregation and deposition of Aβ. ACE-2 protein expression has been observed 

histologically in the endothelial and smooth muscle cells of the brain (Hamming 

et al., 2004), suggesting enzymatic degradation of Aβ may occur at the vascular 

region. A reduction in ACE-2 activity has been observed in human post mortem 

brain tissue, and inversely correlated to levels of Aβ and tau pathology, with ACE-

2 also significantly reduced in APOE4 carriers (Kehoe et al., 2016).  

NEP is a membrane protein with an endopeptidase activity that is mainly 

expressed in neurons but can also be active in astrocytes and microglia and is 

implicated in AD, reviewed in Grimm et al. (2013). It has been observed in multiple 

models that NEP is involved in Aβ clearance, and NEP inhibition is associated 

with increased Aβ deposits in a rat model (Iwata et al., 2000) while increased 

NEP is associated with reduced deposition in a transgenic mouse models 

(Leissring et al., 2003; Marr et al., 2003). Reduced NEP mRNA, protein and 

activity levels have been observed in AD brain tissue compared to controls (S. 

Wang et al., 2010) supporting the importance of clearance mechanisms in the 

AD. In concordance with this, loss of NEP function was shown to not only 

increase Aβ deposition but lead to CAA development in a mouse model (Farris 

et al., 2007). Furthermore, analysis of human CSF revealed higher NEP levels 

were associated with reduce CSF Aβ42, while reduced NEP associated with 

greater neurodegeneration indicated by CSF tau levels (Grimmer et al., 2019).  
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IPAD 

Important mechanisms in relation to CAA are those that involve cerebral 

vasculature and the blood brain barrier (BBB), reviewed in Bell and Zlokovic 

(2009). This includes the mentioned receptor mediated transport across the BBB 

and importantly, perivascular drainage, which involves transport of interstitial fluid 

(ISF) containing Aβ along the basement membrane of capillaries and arteries, 

leading up to the leptomeninges (Preston et al., 2003; Weller et al., 1998). This 

has been called the intramural periarterial drainage (IPAD) pathway and allows 

the removal of solutes from the ISF. 

CAA development via the IPAD pathway is an important method of clearance 

likely to contribute to CAA development. In the IPAD pathway, ISF flows along 

the extracellular spaces of the blood vessel cells such as the basement 

membrane (Carare et al., 2008), leading to eventual drainage to lymphatic 

systems. The ISF contains solutes and waste for clearance and includes Aβ. Aβ 

drainage via this route can lead to build-up of Aβ, although the clearance 

mechanism which aids this clearance route is still uncertain (Diem et al., 2017) 

but is likely powered by smooth muscle vasomotion (Aldea et al., 2019). APOE 

isoforms are also likely to affect clearance efficiency by this mechanism, with 

APOE4/Aβ complexes displaying weaker attachment to laminin of the basement 

membrane compared to APOE3/Aβ, which will results in less efficient clearance 

of APOE4/Aβ complexes along the IPAD pathway (Zekonyte et al., 2016). 

Reduced efficiency will allow opportunity for aggregation and deposition to occur. 

One benefit of studying CAA in FAD is the reduction in comorbidities associated 

with age that are present in patients with sAD, which may also impair clearance 

routes. However, it is important to acknowledge the possibility that long term 

effects of mutations in APP and PSEN1 may have had other impacts which could 

have implications for BBB integrity, influencing patho-mechanisms in non Aβ 

related ways. One such way could be through the PSEN1 substrate Notch (Geling 

et al., 2002; Yu et al., 2000), which is involved in the development and health of 

blood vessels (Gridley, 2007).  
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 APOE  

APOE is a 299 amino acid length lipoprotein (Rall Jr et al., 1982) and reviewed 

in R. W. Mahley et al. (1984) with a receptor binding region and a lipid ligand 

binding region. Single nucleotide polymorphisms (SNPs) within the APOE gene 

leading to different amino acids at residues 112 and 158 produce the different 

isoforms of APOE: ε2, ε3 and ε4 (Rall Jr et al., 1982; Weisgraber et al., 1981). 

APOE4 is the ancestral allele, although APOE3 is the most common, with APOE2 

the least common (Fullerton et al., 2000). In mice, APOE is highly expressed in 

the brain and mainly produced by astrocytes and microglia, although neurons and 

other cell types can also produce APOE (Xu et al., 2006; Ye Zhang et al., 2014). 

APOE is involved in lipid metabolism, with a main function in transportation of 

lipids including cholesterol, reviewed in R. Mahley (1988). With this role, APOE 

has been associated with cardiovascular health as well as AD (Willer et al., 2008). 

These two disorders can be interrelated, with cardiovascular health also 

associated with AD (G. Liu et al., 2014). In addition to cardiovascular and sAD 

risk, APOE4 is associated with cerebrovascular risk, such as increased risk for 

ischemic stroke (Wei et al., 2017). The SNPs which encode the various isoforms 

cause amino acid substitutions which lead to differences in isoform structure, 

stability and binding, thus APOE4 is found to be less stable, enabling greater 

aggregation propensity, and have an altered structure increasing its binding to 

certain molecules, including receptors (Morrow et al., 2000; Zhong & Weisgraber, 

2009).  

As mentioned in 1.12, APOE is involved in Aβ clearance and this is via interaction 

with membrane protein receptors of the LDLR family (David M. Holtzman et al., 

2012). LDLR receptors have been shown to be expressed in neurons, glia and 

the blood brain barrier (Q. W. Fan et al., 2001; Ye Zhang et al., 2014). This 

ubiquitous expression indicates the importance of the function of these receptors 

and their signalling pathways.  

 APOE genotype in Alzheimer’s Disease 

Certain APOE isoforms are specifically associated with AD. The APOE gene has 

long been associated with risk for AD, with different allelic contributions 

determining the level of risk (Allen D. Roses, 1996; Corder et al., 1993). The risk 
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of AD is increased as the allelic number of APOE4 increases, while APOE2 has 

been shown to have a protective role, associated with a later symptom onset in 

sAD (Chartier-Hariln et al., 1994; Corder et al., 1993). 

Specifically in FAD, in a systematic review and meta-analysis it was found that 

the APOE genotype had no effect on age at onset (Forleo et al., 1997; Ryman et 

al., 2014). However, APOE4 was associated with younger onset in a single large 

Colombian kindred harbouring the PSEN1 E280A mutation (Pastor et al., 2003) 

while later, the APOE2 allele was found to delay onset while APOE4 did not 

modify onset in PSEN1 E280A mutation carriers (Vélez et al., 2016). APOE4 

genotype has also shown to influence younger onset in PSEN2 mutation carriers 

(Wijsman et al., 2005), and APP V717I mutation carriers (Sorbi et al., 1995). 

Studies into the effect of APOE on disease duration in AD have yielded varying 

findings. In a meta-analysis of up to 1700 cases, it was shown to have no effect 

(Allan & Ebmeier, 2011). However in a separate study of AD patients, a trend 

towards increased disease duration in APOE4 carriers was observed (Masullo et 

al., 1998) and increased survival of APOE4 carriers was found in another study 

of AD patients (Basun et al., 1995). Little is known about the effect of APOE 

genotype on disease duration in FAD, but as APOE plays such a key role in AD 

in general, it seems important to explore its relationship to disease in FAD. 

Evidence of an interaction between APOE genotype and PSEN1 mutation has 

been investigated in carriers of the potentially risk modifying, but not FAD 

causing, PSEN1 E318G mutation. Benitez et al. (2013) found that the APOE4 

genotype was associated with AD in these mutation carriers. However, a 

subsequent study of 3420 individuals found no significant association of PSEN1 

E318G mutation and AD, regardless of APOE genotype (Hippen et al., 2016). 

Moreover, a study of two Brazilian cohorts, including 53 individuals with a familial 

history of AD and 120 with sporadic AD, concluded that the E318G variant 

increases AD risk, independently of APOE4 status (Abdala et al., 2017). 

 Interaction of APOE with Aβ 

APOE can bind Aβ and this has been shown in post-mortem human brain 

samples, whereby increased binding was present in APOE4 carriers (Mouchard 

et al., 2019). Binding of Aβ by APOE through multiple bonds can accentuate the 
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aggregation of Aβ, particularly with APOE4 (Garai et al., 2014; Ghosh et al., 

2018). Several studies have reported that there are human APOE isoform-

dependent differences in Aβ deposition in mice, with greater deposition in the 

order: APOE4>APOE3>APOE2 (Bales et al., 2009; Castellano et al., 2011; 

Youmans et al., 2012). In humans, APOE4 genotype associated differences have 

also been observed, with neuropathological studies suggesting that APOE4 allele 

dosage is associated with a number of pathological features in AD including 

increased intraneuronal Aβ, increased Aβ oligomerisation, and extracellular 

deposition in the brain (Christensen et al., 2010; Hashimoto et al., 2012; Kumar 

et al., 2015; Schmechel et al., 1993). While increased extracellular Aβ has been 

found in the human brain, the precise type of deposit may also be influenced, with 

APOE4 associating with the severity of CAA deposition but not with the amount 

of parenchymal Aβ (Chalmers et al., 2003). These preferences may be due to a 

mixture of structural effects of APOE and Aβ isoforms, and the APOE clearance 

methods. 

 APOE and cerebral amyloid angiopathy 

While CAA is a common feature of sAD and FAD, it is also influenced by APOE 

genotype in these conditions, which could be responsible for some of the 

variability observed. As mentioned previously, APOE is directly involved in Aβ 

clearance, with isoform specific efficiency. These differences at the molecular 

level are linked to pathological differences in Aβ pathology. In particular, the 

APOE4 genotype is linked to CAA, with a meta-analysis indicating APOE4 as a 

risk variant while APOE2 may result in less CAA (Rannikmäe et al., 2014; 

Rannikmäe et al., 2013). Post mortem analysis in 93 sAD patients revealed a 

significant association of CAA pathology with the APOE4 genotype, with 

increasing APOE4 allele number associated with increasing severity of CAA (N. 

Sakae et al., 2019). 

However, the role of APOE genotype in CAA is not clear cut, as carriers of the 

APOE2 allele have been found to have more severe CAA than those with the 

APOE3/3 genotype, despite the APOE2 allele conferring lower risk for AD (P. T. 

Nelson et al., 2013). In another study, it was found that AD patients who were 

APOE2 carriers had worse small vessel disease, as indicated by increased white 

matter hyperintensities, and this was associated with worse cognitive 
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performance in non-memory domains (Groot et al., 2018). Although in a separate 

imaging study, which also included amyloid imaging with PiB, a protective effect 

of APOE2 on amyloid accumulation was suggested in patients with subcortical 

vascular mild cognitive impairment (MCI) (Y. J. Kim et al., 2017). A Meta-analysis 

found APOE2 to be associated with certain markers of cerebrovascular disease 

(Schilling et al., 2013), which may contribute to the association between APOE2 

and CAA. As with the uncertainties in sAD, the role of APOE genotype in FAD is 

unclear although one study suggests the APOE4 genotype does not influence 

neuroimaging features of CAA in FAD (Carmona-Iragui et al., 2017). Yet an 

association between APOE4 and more severe CAA at post mortem has been 

noted in a small number of FAD cases (Ryan et al., 2015a).  

 Microglia 

Microglia are the immune cells of the brain, initially derived from but separate to 

the peripheral macrophages. They have a varied range of functions such as 

clearance of debris, reaction to infection and neuronal damage, and have a role 

in signalling. Microglia are constantly surveying their local environment and 

maintaining it, playing a large role in homeostatic maintenance (Nimmerjahn et 

al., 2005). During homeostatic surveying states, they do not necessarily have 

high expression of cytokines (Morris & Esiri, 1998), however under certain 

conditions they can become reactive and move to sites of insult/injury and provide 

support. This change in state leads to morphological and chemokine expression 

changes (Nagayach et al., 2016). They were originally classified into two states 

– resting or activated, with the activated state existing in either an ‘M1’ 

inflammatory or ‘M2’ anti-inflammatory state. The M2 state was later subdivided 

into ‘M2A’ and ‘M2b’ (Boche et al., 2013; Tang & Le, 2016).  

The M1 and M2 states of microglia are associated with release of specific 

cytokines and  cultured human microglia have been shown to produce these 

cytokines in response to stimulation (De Groot et al., 2001). Cytokines are 

extracellular molecules which are used as signalling factors. In the M1 state, 

microglia release cytokines which lead to a pro-inflammatory response in the 

surrounding environment, examples of such cytokines are TNFα and interleukin 

1β (Bamberger et al., 2003; Combs et al., 2001). In the M2 state, microglia 

release cytokines such as interleukin 4 and interleukin 10, which are associated 
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with an anti-inflammatory state, with these factors upregulating responses 

involved in tissue repair (Colton, 2009). Released cytokines are able to stimulate 

microglia, neurons and astrocytes, highlighting the range of impact these cells 

can have in the brain. Other methods by which microglia stimulate responses is 

by expression of MHC class II receptors, which are antigen presenting receptors 

which lead to stimulation of receptor cells, reviewed in Schetters et al. (2018). 

These states are not however static and microglia, like macrophages of the 

periphery, can likely shift between these states, adapting to the needs of their 

local environment (Stout et al., 2005). The ability of microglia to react to stimuli 

and change phenotypically, and their ability to revert back highlights how 

microglia represent a continuum rather than defined M1 and M2 states (Rezaie 

& Male, 2002). The changes can be short or long term with a pro-inflammatory or 

anti-inflammatory phenotype. This also highlights how study of microglia and 

microglia in diseases such as AD can be challenging. As AD changes over time 

and microglia can modify their response, the phenotype of studied microglia may 

only be relevant to the situation in which the study was conducted. Additionally, 

the restricted classification of microglial subtypes is a reductionist approach and 

it is important to recognise that microglia may express a range of different 

markers and cytokines that do not necessarily always co-segregate. Microglial 

phenotypes may therefore be better considered as a non-linear spectrum.  

 Microglial subtypes 

Despite the concerns above, microglia are studied within these ‘M1/M2’ 

classifications. Particular markers have been associated with the different 

microglia activation classes and these are routinely used in immunohistochemical 

studies within both animal and human tissue and have been used extensively in 

research on AD (Hopperton et al., 2017). 
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Figure 1-3 Representative images of microglia morphology.  

A: Iba1 positive microglia with ramified processes. B: CD68 positive microglia with 

rounded morphology. C: CR3/43 positive microglia with shortened processes. Human 

frontal cortex, original images taken at 20x magnification. 

Iba1 

Ionized calcium-binding adaptor molecule 1 (Iba1) is a 17kDa protein involved in 

calcium binding and is encoded within the major histocompatibility domain (Imai 

et al., 1996). Iba1 has been shown to specifically identify microglia via 

immunohistochemistry and its expression is increased upon activation of 

microglia (Ito et al., 1998). Iba1 colocalises with F-actin and binds F-actin, 

indicating its function in membrane ruffling and phagocytosis (Ohsawa et al., 

2000; Y. Sasaki et al., 2001). As Iba1 is thought to be expressed in most microglia 

it is often used as a global marker of surveying microglia (Boche et al., 2013). 

Morphologically Iba1 positive microglia display highly ramified processes (Figure 

1-3 A). 

CD68 

Cluster of Differentiation 68 (CD68) is a transmembrane protein and is a marker 

of phagocytosis due to its lysosomal location and is used to identify phagocytic 

microglia (Holness & Simmons, 1993; Pulford et al., 1989). Expression of CD68 

is commonly associated with an anti-inflammatory phenotype, active in clearing 

up debris (Boche et al., 2013; Ulvestad et al., 1994). However there is concern 

that CD68 can stain non-resident microglia in a pathologic brain, so caution needs 

to be applied when analysing CD68 data (Matsumoto et al., 2007). Phagocytic 

microglia typically displaying a rounded morphology (Figure 1-3 B). 

https://en.wikipedia.org/wiki/Cluster_of_differentiation
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CR3/43 

CR3/43 identifies microglia which are presenting major histocompatibility 

complex class II (MHC class II) molecules encoded by HLA DR+DP+DQ. CR3/43 

is specifically localised to the plasma membrane of microglial cells (McGeer et 

al., 1988; Styren et al., 1990). These antigen presenting microglia are typically 

considered pro-inflammatory in AD (D. W. Dickson et al., 1993; McGeer et al., 

1993). A typical CR3/43 morphology is shown in Figure 1-3 C. 

 Microglia in familial and sporadic Alzheimer’s disease 

Neuroinflammation is associated with many neurodegenerative diseases. 

Importantly, recent genetic studies show that inflammation and microglial related 

genes are linked to AD risk (Villegas-Llerena et al., 2016), suggesting they have 

an important role in AD. There are multiple factors which can stimulate microglia 

in neurodegeneration, but importantly for AD, Aβ can act as an immune activator, 

reviewed in (C. Y. D. Lee & Landreth, 2010). In response to Aβ, microglia have 

been shown to release TNFα and interleukin 1β which are pro-inflammatory 

cytokines (Bamberger et al., 2003; Combs et al., 2001). Oligomeric Aβ has been 

shown to produce a stronger M1 response in microglia, suggesting microglial 

reactivity may be damaging in AD (Michelucci et al., 2009). Contrastingly, 

microglia have also been associated with Aβ clearance so may have beneficial 

effects in AD (Koenigsknecht & Landreth, 2004; Mandrekar et al., 2009; Paresce 

et al., 1996). With further reports of conflicting results on microglial phenotypes 

in AD, there is still uncertainty regarding the exact role of microglia in AD and 

whether they are protective or pathogenic (Hansen et al., 2018; Hopperton et al., 

2017). The role may even vary over the disease course.  

In life, microglial response has been studied with PET imaging studies using 

ligands against Translocator Protein (TSPO), a mitochondrial protein highly 

expressed in microglia and upregulated in activated microglia, although also 

associated with astrocytes (Anholt et al., 1986; Veiga et al., 2007). Z. Fan et al. 

(2017) found that in patients with MCI, an increased microglial activation 

compared to controls decreased over time, with a concurrent increase in fibrillary 

Aβ. In AD patients, compared to controls, there was a gradual increase over time 

in microglial activation. These findings highlight the variable nature of the 

microglia response over the disease course. In a study by Parbo et al. (2017), it 



48 
 

was shown via PET imaging, that in the majority of MCI patients with Aβ load 

there was microglial activation and this cortical distribution overlapped that of the 

Aβ distribution. As MCI patients can go on to develop AD, it would be interesting 

to see in the future which of these cases go on to develop AD and the pattern of 

subsequent microglial activation in these patients. However there are studies 

which do not show involvement of microglia in amnestic MCI (aMCI), using PET 

ligands (Knezevic et al., 2018). This was, however, a small study of only eleven 

aMCI cases and fourteen controls. Again, lack of microglial involvement was 

found in another PET study (Kadir et al., 2011), although this was in AD patients 

and so the difference in disease stage may be the cause for discrepancy in 

results. Pathological analysis supports the concept that microglia are implicated 

in neurodegenerative disease, with the number, health and density of microglia 

proposed to vary between different neurodegenerative diseases, including AD 

(Bachstetter et al., 2015), with discrete differences seen between dementias 

suggesting microglia can associate with disease presentation (Taipa et al., 2017). 

Increased fractional area of immunoreactive microglia in possible AD compared 

to controls, suggests that microglia are involved early in AD, as suggested by the 

PET imaging studies (Vehmas et al., 2003). 

In human post-mortem tissue, microglial and glial response are shown to be 

increased in AD patients compared to controls (Taipa et al., 2018) and, similar to 

neuroimaging findings, the involvement of microglia with AD pathology may 

increase over time (Serrano-Pozo et al., 2016) suggesting an ongoing active role 

in the disease pathogenesis. In FAD, microglial response has also been noted at 

post mortem and different inflammatory phenotypes may be linked to mutation 

(Ryan et al., 2015a). However, there is a lack of detailed research in larger FAD 

cohorts into the role of microglia and inflammation in these patients. 

Understanding how microglial involvement associates with disease pathology 

and outcome may be of importance. 

As increased microglial activation is associated with AD compared to controls, it 

has also been observed that microglial pathology at post mortem is associated 

with cognitive outcomes in AD (Minett et al., 2016). Specifically, it was shown that 

Iba1 was negatively associated with dementia whilst CD68, MSR-A and CD64 

were positively associated. Importantly, in those without dementia, cognitive 

function was associated with microglial expression, with a positive association 
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with Iba1 and negative with CD68 and this remained true in those with AD 

pathology. This study highlights the potential role of microglia in pre-symptomatic 

stages. It is necessary to further investigate these associations to understand and 

potentially consider avenues for enhancing microglial function, if increasing 

evidence suggested this may be beneficial to the disease course.  

A recent systematic review of articles comparing microglial activation markers in 

AD compared to controls has shown that specific markers of activated microglia 

were more associated with disease, including CD68 and CR3/43, rather than pan 

markers of microglia, such as Iba1 (Hopperton et al., 2017). This highlights the 

importance of the state of the microglia, rather than just abundance, to disease. 

Knowing what states are present in FAD patients may help to understand the 

contribution they may be playing within disease. It is important to note, however, 

that meta-analyses may be affected by perturbations in results caused by 

differences in methodologies of the individual articles. However, a recent study 

has also shown that mean microglial density did not distinguish between AD and 

non-AD controls. Although, when assessing density of staged microglia stained 

with CR3/43, with stages reflective of activation stage, significant differences 

could be observed between AD and non-AD controls, specifically within cortical 

regions such as mid-frontal and inferior temporal. This study was also able to 

confirm that the proportion of activated microglia relative to total microglial density 

was discriminative of AD compared to controls (Felsky et al., 2019). 

It is important to remember that microglial activity has been shown to change over 

time during the disease course, and thus their protective and or damaging 

phenotypes could alter over time. It was hypothesised that Aβ clearance 

becomes less efficient as the disease progresses (Paresce et al., 1997). 

Recently, a study which used PET over disease progression in mice expressing 

mutant APP-SL70 protein, reportedly found a saturation of microglial response 

relative to continued amyloidosis (Blume et al., 2018). Whilst this does not confirm 

a direct link between increased Aβ and microglia, or explain what specific 

changes are occurring in response to Aβ, it does indicate that microglial response 

over time becomes less efficient. If microglia are indeed initially protective then 

understanding how to maintain this protective phenotype may help in the search 

to find novel treatments for AD. 
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 APOE and microglia 

Assessing the interaction of microglia in FAD with other AD associated risk 

genes, such as APOE, is important as APOE genotype has been seen to 

associate with differing microglial pathology. Results from App transgenic mice 

studies have indicated that this is via APOE dependant mechanisms on microglial 

response to Aβ pathology (Huynh et al., 2017). Analysing this relationship may 

provide further information on the importance of interplay between different genes 

and the disease, especially in FAD where known causative genetic mutations are 

responsible for the disease. In human brain tissue, the APOE2 allele was 

significantly associated with expression of many commonly used markers of 

microglial state in AD, for example the ε2 allele was associated with Iba1 and 

MSR-A expression, while ε4 was associated with the expression of CD68, HLA-

DR and CD64, markers associated with a reactive phenotype in AD (Minett et al., 

2016). With greater astrocytic pathology in AD APOE4 carriers having also been 

found (Alafuzoff et al., 1999). A link between APOE, microglia and pathology may 

be due to Aβ degradation. APOE facilitates the degradation of Aβ by microglia, 

again in an APOE isoform dependant manner, with APOE4 being less efficient at 

promoting Aβ degradation (Jiang et al., 2008) and reviewed in C. Y. D. Lee and 

Landreth (2010). This is likely due to APOE’s role in cholesterol transport 

(Egensperger et al., 1998; C. Y. D. Lee et al., 2012). And greater microglial 

activation has been noted in sAD cases with APOE4 genotype (Egensperger et 

al., 1998), and greater microglial reactivity around plaques in mice expressing the 

human APOE4 isoform compared to those  expressing the human APOE3 

isoform (Rodriguez et al., 2014). 

 Cortical Layers 

The mammalian cortex develops through a sequential series of progenitors cells 

producing neurons that generate the cortex. The neocortex is comprised of 6 

layers, although the calcarine fissure of the occipital cortex is further sub divided 

and cortical limbic structures comprise 3 layers (Noctor et al., 2004). Excitatory 

neurons of the cortical layers are generated in the order 1>6>5>4>3>2 as they 

radiate from the ventricular surface to the pial surface. Development from 

progenitors requires expression of proneural genes and pathways, down 

regulation of proliferative genes, cell cycle exit and terminal neuronal 
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differentiation (Guillemot et al., 2006). Neurons derive from cells that originate 

from the neuroepithelium. Neurons which make up cortical layers have their own 

distinct morphologies, projection routes and neurotransmitter expression. 

Although, each layer also consists of multiple neuronal types in addition to glia. 

GABAergic inhibitory neurons derive from the ventral telencephalon and migrate 

into the developing cortex (Fisher et al., 1988; Ma et al., 2013).  

Neocortex 
Calcarine 

fissure 

Layer 
Neuronal 

composition 
Connections Layer 

Pial surface 

I (1) 

Molecular layer 

 

Cajal-Retzius 
Thalamic input 

Neuronal fibres and terminations 
I (1) 

II (2) 

External granular layer 

 

densely packed 

stellate 
Intrahemispheric cortico-cortico outputs II (2) 

III (3) 

Pyramidal layer 

 

Large pyramidal 

neurons 

Intra/inter hemispheric cortico-cortico 

projections 
III (3) 

IV (4) 

Inner granular layer 

Small densely 

packed stellate 

Basket 

Thalamic input 

Output to layers 2/3 

Intra-layer connections 

IVA (4a) 

IVB (4b) 

IVC (4c) 

V (5) 

Ganglionic layer 
Large pyramidal 

Cortico-striatal output and spinal cord 

Upper layer cortical input 

 

V (5) 

VI (6) 

Multiform layer 

Small 

polymorphic 

Cortico-Thalamic input/output 

 
VI (6) 

White matter 

Table 1-2 The structure of the cerebral cortex.  

The connectivity within the cortex is complex, however studies have enabled the 

development of a simplified cascade of the excitatory connections in the cortex, 

with reviews (Gerfen et al., 2016; Kubo & Nakajima, 2003) piecing these studies 

and pathways together, see Table 1-2. After receiving sensory input, messages 

are projected from the thalamus, terminating on layer IV neurons. From there, 

messages are projected to the upper layers II/III neurons, which then project to 

other cortical regions. Lower layers V/VI receive cortical input and layer V projects 

to subcortical centres while layer VI projects back to thalamic regions. The 

calcarine region of the occipital cortex also has 6 layers but layer IV is further 

subdivided, with the difference in composition a reflection of its function as the 

primary visual centre (Gerfen et al., 2016; Kubo & Nakajima, 2003). All together 

the connectivity allows the appropriate behavioural modulation in response to 

stimuli. Genetic defects and extrinsic factors leading to disruption of cortical layer 
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development and these connectivity pathways, cause neurodevelopmental 

disorders with epilepsies (Cugola et al., 2016; Spalice et al., 2009). As pathology 

potentially afflicts specific layers more profoundly than others, this may lead to 

specific phenotypic disturbances due to disrupted pathways, as has been 

previously suggested (Armstrong, 2012). Therefore, it is possible that similar 

connections begin to be disrupted in FAD as are seen in these 

neurodevelopmental disorders. In fact, a study in a 5xFAD mouse model noted 

cross laminar circuitry dysfunction in the AD mouse (Crook et al., 1998). 

 Models of Alzheimer’s and familial Alzheimer’s disease 

Limitations exist with using human post mortem tissue from FAD patients to study 

the disease, notably that pathology has reached end-stage and we cannot 

monitor processes as they occur, or perturb the system to assess downstream 

effects. Understanding early mechanisms too will be vital to understanding and 

targeting pathogenic processes with therapeutics. Therefore, there is a need for 

a model which enable these different questions to be investigated to better 

understand the biological processes.  

Animal models 

Although not within the scope of this project, it is important to note that multiple 

animal models for FAD exists, although these have failed to capture pathology 

and neurodegeneration fully (reviewed in Drummond and Wisniewski (2017)). 

Although similar, wild type (WT) mouse App differs to human APP (De Strooper 

et al., 1991) and as mice do not inherently develop AD, transgenic mice have to 

be used. There are multiple mouse models which use FAD mutations, in 

particular, the 5xFAD model is popular. This transgene model contains five 

human FAD mutations to bring on an early AD pathology phenotype; APP 

KM670/671NL, APP I716V, APP V717I, PSEN1 M146L and PSEN1 L286V; and 

presents Aβ deposition and gliosis although tau pathology is lacking (Oakley et 

al., 2006). However, this genetic makeup is not representative of that seen in the 

natural history of FAD (Jankowsky & Zheng, 2017). Many transgenic mouse 

models use promoter driven over expression to induce pathological phenotypes. 

This forcing of disease is not reflective of the natural disease aetiology, especially 

in the case of sAD. Additionally, models often fail to recapitulate all aspects of 
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disease, with plaques, tangles and neurodegeneration not present in a single 

system, as well as clinical aspects (reviewed in Drummond and Wisniewski 

(2017)) making it hard to know whether the observed processes are relevant or 

even present in AD. Other mice models use Apoe genotype variants for modelling 

AD, however the APOE protein is not the same in mice as in humans, with murine 

APOE resembling human APOE3 due to differences in amino acid residues which 

affects intra and inter molecular binding of APOE (Dong & Weisgraber, 1996; 

Raffaï et al., 2001). Even when expressing humanised APOE protein there are 

likely to be inconsistencies in disease mechanism between Apoe/APOE models 

and sAD and FAD patients (Jankowsky & Zheng, 2017), indeed there are even 

differences in effect on Aβ pathology by human/mouse APOE in the same model 

(Liao et al., 2015). Induced pluripotent stem cells (iPSC) are an alternative model 

which are more physiologically relevant.  

iPSC  

Induced pluripotent stem cells (iPSC) are an alternative model which are 

physiologically relevant. The generation of iPSC from patient fibroblasts taken 

directly from sAD or FAD patients provide an alternative in vitro model of 

physiological relevance. Fibroblasts are converted to iPSC using specific 

transcription factors (Oct3/4, Sox2, Klf4, and c-Myc) to induce a pluripotent state 

(Takahashi et al., 2007) that is indistinguishable from human embryonic stem 

cells (Mallon et al., 2014). The resulting iPSC can be differentiated into a wide 

range of lineages, including neurons, astrocytes and microglia, discussed in 

Penney et al. (2019). By using specific molecules in a regimented time line, the 

extrinsic signalling factors in normal brain development are recapitulated and 

neurons of varying lineages can be generated. A common method to generate 

cortical neurons involves dual SMAD inhibition to create glutamatergic cortical 

neurons which involves the inhibition of Bone morphogenetic protein (BMP) and 

transforming growth factor-β (TGFβ) signalling. Inhibition of the SMAD family 

signalling cascade, important for cell regulation and growth, leads to a neural 

ectoderm fate capable of neurogenesis (Chambers et al., 2009; D. S. Kim et al., 

2010; Shi et al., 2012b). This method reliably generates cortical neurons (Shi et 

al., 2012b), mimicking the temporal sequence of events that occurs during 

corticogenesis in the developing brain, reviewed in McConnell (1995). As 

previously discussed, neurogenesis leads to production of neurons that resemble 
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the order of neurogenesis which leads to the 6 cortical layers (6>5>4>3>2) 

followed by astrocyte generation. Corticogenesis takes around 100 days, and 

because of this developmental order, neurons are typically grown in culture to 

day 100, where representative neurons of all cortical layers are present. As Aβ 

pathology starts in the cortex in human, analysing this cell type is particularly 

relevant to modelling FAD. In fact, iPSC models have been shown to react to 

modulators of PSEN1, with an influence Aβ ratios, results of which were not 

observed using other cell types or animal models (Q. Liu et al., 2014). This 

highlights the importance of this model in research. 

One of the major benefits of patient derived iPSCs is that they have the same 

genetic background as the patient, although this is potentially problematic in itself; 

unknown genetic modulators may exist in different patients. Additionally there is 

concern for retention of epigenetic modifications of the original cell type during 

reprogramming which may influence downstream differentiation (Polo et al., 

2010), however it has been shown that different donor cells from the same 

individual are remarkably similar despite their different origin (Kyttälä et al., 2016). 

However, this issue is not necessarily resolved in other cell models but is slightly 

controlled for in isogenic lines. 

In addition to this popular method, alternative techniques exist which act to 

decrease the time taken to generate neurons in as little as 5 days, with 

approaches including over expression of neurogenin-2 (NGN2) or temporal 

application of a cocktail of small molecule inhibitors which promotes neurogenic 

fates (Qi et al., 2017; Yingsha Zhang et al., 2013), and new methods are still 

emerging (Y. Xue et al., 2019). Additionally, generation of cerebral organoids 

from iPSC is an expanding field. Here cultures are grown in 3D rather than as 

adherent 2D cells, which is believed to be more representative of the 

environmental conditions experienced in vivo. The protocols for these methods 

were originally established and shown to display disease pathology by Lancaster 

and Knoblich (2014); Lancaster et al. (2013) However, an issue with organoids is 

their heterogeneous nature, although different methods are becoming available 

to influence the cellular components of the organoids. The benefits and pitfalls of 

organoids are discussed (C. Arber et al., 2017; Pașca, 2018). While iPSC 

neurons cannot develop the classical hallmarks of extracellular Aβ plaques and 
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tangles, they can be used to model early molecular and intracellular changes 

associated with disease. 

Stem cell models of FAD 

Human embryonic cell models with overexpressed transgenic PSEN1 mutations 

were developed as a method to study FAD mutations. Findings from these lines 

recapitulate the observation of altered Aβ processing across mutations, indicating 

they are a useful model (Honda et al., 2016). Recently, there has been an 

increase in the generation of FAD cell lines derived from patient fibroblasts, 

including iPSC from DS patients (Armijo et al., 2017; Dashinimaev et al., 2017; 

Hibaoui et al., 2014; Israel et al., 2012; Moore et al., 2015; Mou et al., 2012; 

Muratore et al., 2014; Minna Oksanen et al., 2018; Sproul et al., 2014; Vallejo-

Diez et al., 2019; Yagi et al., 2011). Comprehensive libraries of FAD patient 

fibroblasts have also been generated (Karch et al., 2018; Wray et al., 2012). The 

development of these models indicates the direction of future research in AD, 

with FAD iPSCs a central tool.   

Pathology in AD iPSC 
 

As iPSC neuronal models of sAD/FAD are used to investigate AD, it is important 

that they recapitulate aspects of disease. Aβ is the major pathological hallmark 

of sAD, and so Aβ alterations are frequently investigated in these models. In one 

of the earliest studies, increased Aβ40 was observed in both APP duplication and 

sAD derived lines (Israel et al., 2012). Aβ alterations have even been shown in 

APOE sAD models, with aberrations in APOE4 genotype cell line organoids 

compared to APOE3, with Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR) technology rescuing the APOE4 phenotype by changing it to 

APOE3 (Y.-T. Lin et al., 2018). In an FAD line with the PSEN1 E120K, increases 

in both intracellular and extracellular Aβ levels were observed (L. Li et al., 2018). 

Alterations in absolute levels as well as ratios were also observed in FAD PSEN1 

A246E lines compared to controls (Mahairaki et al., 2014). Mutations specific 

effects on Aβ can also be observed, with a study showing that the APP E693Δ 

deletion line shows intracellular Aβ accumulation, a feature observed 

pathologically in a mouse model with this mutation, despite no evidence of plaque 

pathology (Kondo et al., 2013; Tomiyama et al., 2010). 
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While alterations in Aβ production and intracellular deposition can be observed, 

it is less easy to investigate extracellular plaque pathology in 2D iPSC models. 

The frequent removal and replacement of fresh media removes Aβ from the 

extracellular environment. Additionally, the extracellular environment lacks 

extracellular matrix, supplying no scaffold for aggregate entrapment. 3D and 

organoid based models do however enable the investigation of plaque pathology. 

As this is a newer methodology there is little literature available, however, Aβ 

plaque like aggregates have been shown in some 3D models which have used 

FAD, DS and sAD lines, and these aggregates were not been observed in the 

non-AD control lines (Gonzalez et al., 2018; Raja et al., 2016). However evidence 

of Aβ plaques were not observed in our iPSC APP mutation organoid culture 

(Charles Arber et al., 2019a).  

Tau pathology is a histological feature in AD brains and has been noted in iPSC 

models. Increases in tau phosphorylation has been observed in different AD 

models, including sAD, APP duplication and FAD lines (Israel et al., 2012; 

Ochalek et al., 2017). Increased total tau in addition to phosphorylated tau has 

also been observed (Muratore et al., 2014), and importantly this was downstream 

of Aβ alterations. In the previously mentioned Raja et al. (2016) et al paper, 

intracellular Aβ aggregates also occurred at an earlier time point to changes in 

phosphorylated tau levels in the FAD lines compared to controls in 3D models. 

Interestingly, slight differences in extent of Aβ or tau pathology due to mutation 

were observed. In the Y.-T. Lin et al. (2018) study, the APOE4 line also had 

increased tau hyper phosphorylation compared to the APOE3 lines. DS models 

from iPSC also recapitulate AD pathology with Aβ and tau alterations (Shi et al., 

2012a). Although interestingly, correction of the extra copy of APP does not 

reverse all pathologies, which suggests non-Aβ pathways of toxicity also exist 

(Ovchinnikov et al., 2018). These results show that multiple facets of AD can be 

replicated in these models.   

While iPSC models have been able to produce AD models of cortical neurons, 

certain populations may be more susceptible to induced cell death (Duan et al., 

2014). Both sAD and FAD neurons derived from patient iPSC were shown to 

have increased apoptosis during co culture with murine derived activated 

microglia (Balez et al., 2016). With DS models also showing increased apoptosis 

under induced apoptotic conditions (Ovchinnikov et al., 2018). While these 
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increases in apoptosis are under induction, this still highlights the vulnerability of 

the neurons, and is relatable to the environment in AD brains where multiple 

pathologies and toxicities are present.  

While Aβ and tau are major hallmarks, dysfunction in other cellular processes 

also occur in AD. In sAD iPSC, alterations in mitochondrial function were noted, 

and interestingly these were not correlated to Aβ or tau (Birnbaum et al., 2018). 

Mitochondrial dysfunction has also been shown in APP and PSEN1 mutation cell 

lines (L. Li et al., 2018; L. Li et al., 2019). As mitochondrial function is known to 

be relevant in many neurodegenerative diseases (M. T. Lin & Beal, 2006), the 

results highlight the complexity of AD but also the benefit of iPSC to investigate 

mechanisms. The role of cholesterol esters has also been investigated in sAD 

iPSC, with results showing cholesterol esters independently affect Aβ and tau via 

different mechanism (van der Kant et al., 2019). The involvement of cholesterol 

is particularly interesting considering the previously mentioned role of APOE4 in 

cholesterol homeostasis. Premature neuronal differentiation was also noted in 

FAD PSEN1 iPSC lines and was speculated to be involved in wnt-notch 

pathways, with notch being a known substrate for PSEN1 (J. Yang et al., 2017). 

This pathway may be of importance as reduced neurogenesis has been observed 

in FAD mutation mice (M. Demars et al., 2010). Using isogenic iPSC with APP 

and PSEN1 mutations, it has been shown that mutation lines have altered 

transcriptional expression including endocytosis related genes, and this was 

complemented by changes in early endosomes, and an accumulation of APP 

CTF (Kwart et al., 2019). These findings highlight the understudied role of 

intracellular CTF of APP, and how this model is ideal for analysis of this 

pathology. As discussed by Penney et al. (2019) The role of FAD mutations in 

other cortical cell types are being to be explored with the development of FAD 

mutation carrying iPSC derived microglia and astrocytes. 

 Main aims 

Chapter 3 

To determine the association of specific Aβ pathologies (Cored, cotton 

wool and diffuse plaques and occurrence CAA) with clinical factors (age 
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at onset and disease duration) and assess if they are associated with 

causative FAD mutation or APOE genotype. 

To determine if there are specific Aβ pathologies or distribution patterns 

across the cortical layers and if these different Aβ pathologies have 

specific associations with each other, that are distinct in genetic causes of 

FAD. 

Chapter 4  

To determine if microglial pathology associates with clinical data (age at 

onset and disease duration), differs between FAD mutation and APOE 

genotypes, and assess if microglial load correlates with Aβ pathology in 

FAD mutation groups. 

Chapter 5 

Section 1 

Use a detailed classification of Aβ+ve CAA from IHC analysis to determine 

if the proportion and severity of CAA associates with Aβ plaque type and 

load in genetic causes of FAD in the QSBB cohort. 

Section 2 

Use a detailed classification of Aβ+ve CAA from IHC analysis to determine 

if the proportion and severity of CAA associates with microglial load in 

genetic causes of FAD in the QSBB cohort. 

Section 3 

Investigate associations between sex, mutation and APOE genotype with 

clinical aspects of FAD (age at onset and disease duration) in the extended 

cohort. 

Asses the extended cohort to determine if the proportion and severity of 

CAA associates with clinical aspects of FAD (age at onset and disease 

duration) and if the proportion and severity of CAA differs between FAD 

mutation and APOE genotypes.  
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Chapter 6 

To describe the observed contribution of specific Aβ peptides to specific 

Aβ plaque types (Cored, CWP, diffuse) and CAA via IHC analysis and 

qualitatively assess if the observed contribution of specific Aβ peptides to 

pathological deposits differs by genetic cause of FAD and/or by APOE 

genotype in the temporal and occipital cortices. 

Chapter 7 

To generate a range of FAD mutation containing stem lines by 

reprogramming patient derived fibroblasts, including the E280G mutation, 

allowing neuronal differentiation and analysis of mutation specific effects 

on Aβ peptide profiles and PSEN1 maturity. 
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 Materials and Methods 

 Statement of work conducted 

Clinical data for the QSBB and IOPPN FAD cases (Age at onset, disease duration 

and majority of APOE genotypes) were provided in case data made available to 

me. Cell lines PSEN1 Y115H, PSEN1 R2781 and APP V717I were jointly 

reprogrammed by myself and PhD student Christopher Lovejoy. The PSEN1 

E280G lines were made independently by myself. DNA used for APOE 

genotyping from cell lines PSEN1 Y115H, PSEN1 R2781 and APP V717I were 

extracted using the Trizol™ method by Dr Charlie Arber. The R278I.CA protein 

lysate sample used as a positive control for western blot positive was provided 

by Dr Charlie Arber. All brain tissue analysis was conducted blinded to FAD 

mutation, APOE genotype and sex. Cell work was conducted aware of FAD 

mutation, however all lines were treated with the same conditions.  

 Cortical Tissue 

 Case collection  

Brain samples were obtained from the Queen Square Brain Bank (QSBB) for 

Neurological Disorders, University College London, United Kingdom and the 

Institute of Psychiatry, Psychology and Neuroscience (IOPPN), King’s College 

London, United Kingdom. All brain tissue used in this study had been donated by 

individuals with symptomatic FAD due to mutations within the PSEN1 or APP 

gene. The protocols used for brain donation and ethical approval for this study 

were approved by a London Research Ethics Committee and tissue is stored for 

research under a license from the Human Tissue Authority. The standard 

diagnostic criteria for the neuropathological diagnosis of AD were used in all 

cases (H. Braak & Braak, 1991; Hyman et al., 2012; Dietmar R. Thal et al., 2002). 

Patients had undergone genetic testing during life to confirm presence of a 

mutation linked to FAD. All case demographics are shown in Table 2-1. Initially, 

pathological analysis was conducted on tissue from all FAD cases held at the 

QSBB (20 cases). This will be referred to as the QSBB cohort. In order to study 

a larger number of subjects, tissue was also requested from all FAD cases from 

families that had been clinically investigated at the DRC who had previously 
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undergone brain donation to IOPPN brain bank (21 cases), the combination of 

QSBB and IOPPN will be referred to as the extended cohort.
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Case Sex Age at onset Disease duration (yrs) Mutation APOE Braak Tau Thal Phase CERAD 
PM delay 

(hrs/mins) 
Brain bank 

1 F 42 9.7 APP V715A - 6 5 Frequent 45:00 IOPPN 

2 M 40 19.0 APP V717I 33 6 5 Frequent 15:00 IOPPN 

3 F 59 12.8 APP V717I 33 6 5 Frequent 3:30 IOPPN 

4 F 47 14.6 APP V717I 33 6 5 Frequent 23:00 IOPPN 

5 F 53 6.5 APP V717I 33 6 5 Frequent - QSBB 

6 F 56 12.6 APP V717I 34 6 At least 4 Frequent 10:00 IOPPN 

7 F 50 6.5 APP V717I 33 6 5 Frequent 16:25 IOPPN 

8 M 56 10.1 APP V717I 33 6 5 Frequent 68:05 QSBB 

9 M 49 13.0 APP V717I 44 6 5 Frequent 32:10 QSBB 

10 F 51 8.7 APP V717L 33 6 5 Frequent 89:42 QSBB 

11 M 39 12 PSEN1 Intron4 33 6 5 Frequent 36:00 IOPPN 

12 F 35 5 PSEN1 Intron4 33 6 5 Frequent - IOPPN 

13 M 36 6 PSEN1 Intron4 33 6 5 Frequent 6:00 IOPPN 

14 F 36 5.0 PSEN1 Intron4 33 6 5 Frequent 64:15 QSBB 

15 F 35 16.9 PSEN1 Intron4 44 6 5 Frequent 32:30 QSBB 

16 F 39 8.1 PSEN1 Intron4 33 6 5 Frequent - QSBB 

17 M 42 9 PSEN1 Intron4 33 6 5 Frequent 43:10 QSBB 

18 F 34 10 PSEN1 Y115C 34 6 5 Frequent 14:50 IOPPN 

19 M 35 9 PSEN1 E120K - 6 5 Frequent - IOPPN 

20 F 37 4 PSEN1 E120K 33 6 5 Frequent 57:00 IOPPN 

21 F 31 6 PSEN1 E120K 33 6 5 Frequent 24:15 QSBB 
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22 M 59 11 PSEN1 S132A 34 6 5 Frequent 161:15 QSBB 

23 M 36 6 PSEN1 M139V 34 6 5 Frequent - IOPPN 

24 F 41 8.9 PSEN1 M139V 33 6 5 Frequent - QSBB 

25 F 53 8 PSEN1 I143F 33 6 5 Frequent - IOPPN 

26 M 48 6 PSEN1 M146I 23 6 5 Frequent 115:35 QSBB 

27 F 36 13 PSEN1 L153V 34 6 5 Frequent 47:00 IOPPN 

28 M 43 9 PSEN1 delta 167 44 At least 5 * 5 Frequent - IOPPN 

29 F 40 13.6 PSEN1 E148D - 6 5 Frequent 153:30 QSBB 

30 F 45 13 PSEN1 E148D 34 6 5 Frequent 63:25 QSBB 

31 F 48 11 PSEN1 I202F 44 6 5 Frequent 26:15 QSBB 

32 M 44 9.3 PSEN1 L235V 33 6 5 Frequent 72:00 IOPPN 

33 M 47 11 PSEN1 L250S 33 6 5 Frequent 32:20 QSBB 

34 M 51 17 PSEN1 R269H 44 6 5 Frequent 30:00 IOPPN 

35 F 46 19 PSEN1 R278I 34 6 5 Frequent 31:55 QSBB 

36 M 54 12 PSEN1 R278I 23 6 5 Frequent 77:45 QSBB 

37 M 44 9 PSEN1 E280G 33 6 5 Frequent - IOPPN 

38 F 47 18 PSEN1 E280G 34 6 5 Frequent 22:00 IOPPN 

39 F 42 11 PSEN1 E280G 34 6 5 Frequent 11:00 QSBB 

40 M 42 5 PSEN1 A434T & T291A 33 5 5 Frequent 43:50 QSBB 

41 M 44 5 PSEN1 P436S 33 6 5 Frequent 7:00 IOPPN 

Average  44.47 10.52        

Table 2-1. Summary of cases.  

PM: post mortem. No APOE genotype available for cases 1, 19 and 29. *Occipital cortex missing preventing complete grading.
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 Histological staining and immunohistochemistry (IHC) 

 Tissue Preparation 

Donated brain tissue had been previously embedded in paraffin according to 

QSBB standard protocols, see Table 2-2. 7µm thick serial sections of formalin 

fixed paraffin embedded (FFPE) tissue were cut from the frontal and occipital 

cortices. Slides were dried at 37°c before overnight (O/N) baking at 60°c prior to 

staining. The second frontal gyrus was used for pathological analysis of Aβ and 

microglia in the QSBB cohort. The second frontal gyrus and the occipital cortex 

were used for CAA analysis in the extended pathology cohort. The temporal 

cortex and occipital cortex were used for Aβ isoform specific analysis in the QSBB 

cohort. 

Step Reagent Time 

1 70% alcohol 6.00 hrs 

2 & 3 90% alcohol 2 x 6.00 hrs 

4 to 7 Absolute alcohol 4 x 6.00 hrs 

8 & 9 Chloroform 2 x 6.00 hrs 

10 to 12 Wax 3 x 6.00 hrs 

Table 2-2 Standard protocol paraffin embedding of tissue. 

 Cresyl Violet/Nissl staining 

For Cresyl violet staining of Nissl substance, a 0.1% Cresyl violet (acetate) 

(83860.120, Prolabo) solution was made and filtered (1202 320, Whatman). 

Cresyl violet was brought to 60°c prior to use. Tissue sections were deparaffinised 

in xylene and rehydrated in 100%, 90%, and 70% industrial methylated spirit 

(IMS) for 5 mins each, followed by a brief distilled water (ddH20) wash. 10% acetic 

acid (final concentration 0.05%) was added to the warm Cresyl violet solution to 

which slides were incubated at 60°c for 3mins. Sections were removed, briefly 

washed in ddH20, dehydrated through 70%, 90%, and 100% IMS until there was 

clear a background with strong cellular morphology, cleared in xylene and 

mounted with DPX (ThermoFisher Scientific). 
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 Immunohistochemistry 

Serial tissue sections adjacent to Cresyl violet stained sections were 

deparaffinised in xylene and rehydrated in 100% and 90% IMS for 5mins each 

and blocked for endogenous peroxidase activity in 0.3% H202 in methanol for 

10mins (23615.261, VWR), followed by appropriate pre-treatment (Table 2-3). All 

slides were pressure cooked in citrate buffer for 10mins then blocked in 10% 

milk/1X Tris-buffered saline with Tween™ 20 detergent (TBS-T; 28360, 

ThermoFisher Scientific) for 30mins at room temperature (RT). Primary 

antibodies (Table 2-3), were diluted in TBS-T, applied to slides and incubated as 

required. Sections were washed in TBS-T and the secondary antibody was 

applied for 30mins RT. Sections were rinsed with TBS-T followed by incubation 

with VECTASTAIN® EliteABC Kit PK-6100 (Vector Laboratories Ltd). Slides were 

washed in TBS-T and colour was developed with di-aminobenzidine 

(DAB)/TBST-T/H2O2 (DAB, Sigma). Sections were rinsed and counter stained 

with Mayer’s Haematoxylin (1g haematoxylin, 50g potassium or aluminium alum, 

0.2g sodium iodate, 50g chloral hydrate) for 40s, room temperature (RT), followed 

by a brief H20 wash and incubation in warm H20 for 5mins. Sections were 

dehydrated through 70%, 90% and 100% IMS for 5mins each and cleared in 

xylene for at least 40mins and mounted with DPX (DPX, ThermoFisher Scientific). 

Nissl and IHC stained slides were scanned at 40x magnification using the Leica 

slide scanner SCN400 producing digitized images. 

Aβ M0872 was used for total Aβ as it is well established within the lab, has shown 

specific binding in IHC and has been used in multiple publications. Aβ40, Aβ42, 

and Aβ43 peptide specific antibodies were selected based on provider 

certification of specificity and use in published literature.  

IBA1, CD68, CR3/43 and AT8 were used as they are well established within the 

lab, have shown specific binding in IHC and have been used in multiple 

publications. Secondary antibodies used have also shown consistent, specific 

results in the lab and published data. 
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Antibody 
Company 

# 
Species Clonality Pre-treatment Dilution Conditions 

Aβ 
DAKO 
M0872 

Mouse mAb FA + PC 1:100 4°c O/N 

CD68 
DAKO 
M0876 

Mouse mAb PC 1:100 1hr RT 

Iba1 
WAKO 

019-19741 
Rabbit pAb PC 1:1000 1hr RT 

CR3-43 
DAKO 
M0775 

Mouse mAb PC 1:150 1hr RT 

AT8 
Thermo 
MN1020 

Mouse mAb PC 1:600 1hr RT 

Aβ40 
Merk 

AB5074P 
Rabbit pAb FA + PC 1:100 4°c O/N 

Aβ42 
BioLegend 

805509 
Mouse mAb FA + PC 1:500 4°c O/N 

Aβ43 
BioLegend 

805607 
Mouse mAb FA + PC 1:500 4°c O/N 

Swine anti-
rabbit 

DAKO 
E0353 

 
polyclonal - 1:200 30min RT 

Rabbit anti-
mouse 

DAKO 
E0354 

 
polyclonal - 1:200 30min RT 

Table 2-3 Antibody conditions.  

FA: formic acid. PC: pressure cooker. #: product number. 

 Thioflavin-S Staining 

FFPE sections were dewaxed in xylene, rehydrated in ethanol (100%, 95%, 70%, 

50%) and stained in aqueous 1.0% thioflavin-S (T1892-25g, Sigma) solution for 

7 mins. They were then differentiated in 70% ethanol for 5mins and left to wash 

overnight in PBS before cover slipping in aqueous mountant (DPX). Sections 

were viewed under a fluorescent microscope Leica DM5500 B (Leica 

microsystems, Wetzlar, Germany). 

 Image analysis 

 Tissue section selection 

Digitised slides were viewed in Aperio ImageScope (Aperio ImageScope, Leica). 

The ruler tool was used to mark a ~6mm line along the length of tissue opposite 

the ‘localisation notch’ created during brain dissection. A rectangle region of 

~6mm length and varying depth, depending on grey matter depth, was extracted. 

The same region was extracted for all stains on the sequential sections. Nissl 
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stained slides were extracted creating a 40x magnification region for layer 

delineation. IHC slides were extracted at 50% to create a 20x magnification 

region for analysis. The region encompassed all six cortical layers from the pial 

surface to below the edge of the white matter.  

 Layer delineation 

In Adobe® Photoshop® software (Adobe® Photoshop® CC 2017, Adobe 

Systems Incorporated) digitized Nissl sections where used to delineate the 6 

cortical layers in the second frontal gyrus. The ‘create layer’ tool was used to 

place a transparent overlay, over the original image. Using the free-hand pen tool, 

laminae and grey matter/white matter boundaries were marked on the overlay. 

Laminae delineation was judged by cell type and composition using reference to 

multiple guides (Kolb et al., 2007; Triarhou, 2013; Wells, 1983). Serial stained 

sections were opened in Adobe® Photoshop®, and the overlay placed over them. 

Due to different angling on slides during tissue preparation, rotational 

adjustments were made by hand to align the overlay. Using visual landmarks and 

Mayers heamotoxylin stain, which highlighted cells as a guide, the overlay was 

superimposed, matching laminae boundaries. The serial sections were saved 

with the overlay visible (Figure 2-1).  

 

Figure 2-1 Representative serial sections showing layer superimposition. 

Staining and IHC showing A: Nissl stain, B: Aβ, C: Iba1, D: CD68 and E: CR3/43 in serial 

sections from an individual case. Faint white lines depict cortical layer boundaries. Scale 

bar represents 200µm, 2x magnification objective.  

 Areal fraction analysis 

All IHC stained sections with laminar overlay depicting cortical layer boundaries 

were analysed per cortical layer for percentage area stained (referred to as load). 

Images were opened in Image J (Schneider et al., 2012) and using the region of 
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interest (ROI) macro, individual cortical layers were selected one at a time. Within 

each cortical layer, Python (Python 3.6.0, Python Software Foundation) was used 

to randomly generate 15 coordinates for 100 x 100 pixel regions of interest. At 

20x magnification this was equivalent to 50µm2 regions. Bland-Altman plots and 

linear regression were utilised to determine the number of squares required for 

reproducible results (Figure 9-1, Table 9-1). 15 squares were generated for each 

layer. The percentage area stained by DAB for each square was analysed by a 

threshold analysis method, using a pre-defined macro (developed by Dr Yau Lim, 

Kings College London) in ImageJ. A unique threshold was set to pick up the DAB 

staining for each antibody with the same threshold applied to all cases. If a 

particular case/image needed slight adjustment to the threshold, this was 

conducted and results included in the analysis. An average was generated from 

the 15 squares.  

 Pathological assessment 

Pathological assessment was assessed for intra and inter-rater reliability. Good 

consistency and agreement was found (Table 9-2, Table 9-3) 

 Aβ plaque type assessment  

In Adobe® Photoshop®, semi-quantitative quantitation of Aβ positive pathology 

in each cortical layer was performed based on Consortium to Establish a Registry 

for Alzheimer’s Disease recommendations (CERAD) (Mirra et al., 1991). 

Evaluation was conducted blinded to mutation or clinical information. Frequency 

scores were based on the CERAD scale of 0-3 (none, sparse, moderate and 

frequent) however, tissue was assessed by individual cortical layers at 20x 

magnification within the region of analysis to generate scores for each layer for 

each plaque type (diffuse, cored and cotton wool plaques (CWPs)) and for cortical 

CAA (For representative images see Figure 2-2 I-L). Individual layer scores were 

combined generating ‘total CERAD scores’ used in analysis. Leptomeningeal 

CAA present above the pial surface and subpial Aβ pathology present only in 

cortical layer 1 was similarly assessed on a 0-3 scale in their respective regions.  

Cored plaques were defined as those with a dense core of Aβ surrounded by a 

‘halo’ of Aβ. Diffuse plaques were a range of sizes consisting of Aβ which could 

be present as a range of deposits, with varying density and size. CWPs (cotton 
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wool plaques) are a specific type of plaque, which can be highlighted with serial 

sections stained for a number of markers (Figure 2-3). CWPs are easily 

identifiable using hematoxylin and eosin as the plaque displaces adjacent 

structures (A). Aβ IHC shows that they are positive for Aβ, with a circular 

morphology and defined edges (B). IHC with AT8 tau antibody, which recognises 

phosphorylated tau at serine 202 and threonine 205, also reveals the distinctive 

CWP morphology with slightly more intense staining within the CWPs (C). 

Thioflavin staining indicates a lack of fibrillar amyloid within the cotton wool 

plaques (D), whilst fibrillar amyloid can be identified in other plaques such as 

cored plaques and within blood vessel walls (E).  

 Assessing the proportion and severity of cortical and leptomeningeal CAA  

Aβ positive cortical and leptomeningeal CAA pathology was determined from Aβ 

IHC sections using a 4 tier system to grade severity (Vonsattel et al., 1991). The 

classifications were unaffected, mild, moderate and severe (0-3, respectively), 

see Figure 2-2 A-H for representative images. Only vessels cut cross-sectionally 

showing the full circumference of the vessel wall were counted. No distinction 

between types of vessels was made. 

The proportion and severity of CAA was assessed in 100 cortical vessels and up 

to 100 leptomeningeal vessels. In the frontal cortex vessels were counted in and 

around the area where CERAD analysis was conducted. In the occipital cortex, 

cortical CAA vessel counts were conducted in the calcarine region. In the 

leptomeninges, frontal cortex vessels were counted from the edge of the tissue 

by the localisation notch. In the Occipital cortex vessels were counted along and 

around the calcarine region. 

The proportion of CAA was calculated as a percentage by dividing the number of 

vessels with CAA by the total number of vessels counted and multiplying by 100. 

The severity of CAA was calculated by dividing the number of vessels at each 

grade (0/1/2/3) by the total number of vessels counted and multiplying by 100. 
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Figure 2-2 Representative examples of CAA and plaque type classifications.  

From left to right: unaffected, mild, moderate, and severe CAA seen in the cortex (A-D) 

and leptomeninges (E-H). Representative examples of plaque type: cored (I), diffuse (J, 

K) and cotton wool (L).  Scale bar = 50µm, 20x objective. 

 

Figure 2-3 Serial sections from frontal cortex of an FAD case showing cotton wool 

plaques (CWP) (A-D).  

A) Haematoxylin and Eosin stain shows disruption of extracellular matrix around CWP. 

B) Aβ positive CWPs. C) Tau staining shows light positivity in CWPs D) Thioflavin positive 

fluorescence staining shows minimal positivity of CWPs, with noticeable staining of blood 

vessels (^). Arrows (Black, A-C, white D) highlight a large CWP seen in all sections, 

although other CWPs are visible. E) A non-serial section of occipital cortex from the same 
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FAD case showing thioflavin positive staining with strong positivity of cored plaques (*) 

and a noticeable blood vessel (^). Black scale bar = 100µm White scale bar = 246.8µm. 

 Cell culture 

Fibroblasts were obtained from skin biopsies taken from five individuals carrying 

FAD mutations. All participants gave informed consent and the study was 

approved by the joint research ethics committee of the National Hospital for 

Neurology and Neurosurgery and the Institute of Neurology. The procedure for 

generation and characterization of fibroblast lines has been previously described 

(Wray et al., 2012). Seeded fibroblasts were maintained in fibroblast media (Table 

2-5 Fibroblast media.) in T75 flasks (156499, Thermo Scientific) until passaging 

for reprogramming (2.6.1 Reprogramming). Cell cultures were carried out in class 

2 hoods in sterile conditions. All cells were maintained at 37°c, 5% CO2.  

 Reprogramming 

Patient derived fibroblasts were plated in to T75 flasks and grown to confluency. 

Fibroblasts were used at passage (P) 3 or below for nucleofection by 

electroporation. When confluent, fibroblasts were detached from T75’s with 

trypsin for 5mins at 37°c, 5% CO2. Fibroblast media was added to the T75 and 

gently pipetted to guarantee lifting of fibroblasts from the flask. Cells were placed 

in to a 15ml falcon and centrifuged at 200g(av) for 3mins to pellet cells. Cells were 

re-suspended in 100µl nucleofection solution (PBP2-00675, Lonza), containing 

episomal DNA coding for Oct4, Klf4, Sox2 and c-myc proteins, transferred to an 

Amaxa Nucleofector 2b cuvette (Lonza AAB 1001) and electroporated using the 

program setup: NHDF, human, neonate. Electroporated cells were removed from 

the cuvette with an Amaxa pipette and plated in two wells of a geltrex (1:100, 

DMEM/F12) (A1413302, Life Technologies) coated 6-well plate (10119831, 

Fisher Scientific). Electroporated cultures were maintained in fibroblast media 

which was changed every three days.  

Six days after electroporation, cells were lifted with 1X trypsin (15090-046, Gibco) 

for 5 mins at 37°c, 5% CO2. Trypsin was removed and cells were re-suspended 

in fibroblast media. Suspended cells were plated on to either geltrex coated 

feeder free or geltrex coated mouse embryonic fibroblast CF-1 (MEF) feeder layer 

coated (ATCC® SCRC-1040TM) 10cm dishes (172958, Nunc). For feeder cell 
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cultures, MEF’s were plated on day 5 in to a 10cm dish at approx. 

0.8 X 104 cells/cm2. On day 8 after electroporation, fibroblast feeder-free cultures 

were switched to Essential-8 stem cell media (Table 2-6) and media changed 

daily. For feeder cultures, media was switched to human embryonic stem cell 

media (HES) (Table 2-7) and changed daily. By day 20-25 iPSC colonies begin 

to emerge, see Figure 2-4.  

 

Figure 2-4 Representative images of fibroblast reprogramming. 

A) Fibroblasts post day 8 before colony development, and B) Stem cell colony at day 25 

surrounded by fibroblasts. No scale bar as photos taken on a camera phone aimed down 

a microscope eyepiece.    

 iPSC colony selection and expansion 

Colonies with an iPSC morphology were picked using a pipette tip and replated 

in to one well of a geltrex coated 24-well plate. In order to expand iPSC, lines 

were passaged every 5-7 days using 0.5mM Ethylenediaminetetraacetic acid 

(EDTA) for 5mins (15575-038, Invitrogen). iPSC morphology was defined as a 

colony of densely packed cells with a high nucleus to density ratio, smooth edge 

of the colony with no evidence of cellular migration. Morphology was analysed 

visually on a brightfield microscope (Olympus CKX41).   

 Culture of iPSC 

iPSCs were maintained on geltrex coated 6-well plates (10119831, Fisher 

Scientific). iPCS media was changed daily, and cells were split when colonies 

were large but not touching other nearby colonies. iPSC were split using 0.5mM 

EDTA for 5 mins, on to geltrex coated six well plates at a ratio of 1:6.     
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Mutation 
Line 

name 
Sex D.O.B. 

Biopsy 
date 

Age 
at 

onset 

Status at 
biopsy 

Generated for this 
thesis? 

- A1 F - *20-24 -  - No 

- RB101 M - *45-49 -  - No 

APP 
V717I 

 F 1970 15.12.14 -  Asymptomatic Yes^ 

PSEN1 
Y115H 

 M 1971 22.11.10 34 Affected Yes^ 

PSEN1 
M146I 

M146I M 1974  33 Affected No 

PSEN1  
R278I 

R278I M 1950 15.11.10 58 Affected Yes^ 

PSEN1 
E280G 

E280G.A M 1966 15.09.15 38 Affected Yes 

PSEN1 
E280G 

E280G.B M 1968 10.03.14 41 Affected Yes 

Table 2-4 Stem cell lines used in this thesis. 

*Approximate age provided by the EBISC website from which the two lines were obtained. 

^Generated in collaboration with Christopher Lovejoy and Dr Charlie Arber.  

 Cryopreservation of Stem Cells 

iPSCs were pre-incubated for 1hr with 5µM Y-27632 ATP-competitive inhibitor of 

Rho-associated protein kinase (Y2 ROCK inhibitor) (SCM075, Sigma). Cells were 

lifted with EDTA for 5mins, 37oC, 5%CO2, EDTA was aspirated and cells were 

re-suspended in E8 media + 10% DMSO (D2650, Sigma), placed into 2ml 

cryovials (CLS430488, Corning) and frozen at -80°c in Nalgene® Mr. Frosty 

(C1562, Sigma). For long term storage cells were transferred to liquid nitrogen.   

 Cortical Neuron induction 

Stem cell colonies from 5 wells of a 6-well plate were passaged with EDTA and 

pooled into 1 well on a 6-well plate. Once cells reached 100% confluency (within 

48hrs), media was switched to neural induction media (Table 2-8) and media 

replaced daily. On day 12 of neural induction, media was replaced and cells were 

gently dissociated from the plate as a sheet using a cell scraper (541070, Greiner 

Bio-One International) and plated in neural induction media on geltrex coated 
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plates at a ratio of 1:3. The following day media was switched to neural 

maintenance media (Table 2-8).  

 Cortical neuron maintenance 

Neuronal rosettes were fed every 48hr with neural maintenance media. Once 

confluent, rosettes were passaged using Dispase (50 U/ML) (17105041, Gibco) 

at 37°c, 5% CO2 for 15 to 30 mins. Once the clumps of cells had lifted, they were 

transferred into 15ml falcon tubes containing 10ml Dulbecco's phosphate-

buffered saline (DPBS) (14190-326, ThermoFisher Scientific) and washed three 

times with DPBS to remove residual Dispase. Cells were re-suspended in neural 

maintenance media and were gently pipetted to break the larger clumps before 

replating into 12-well pates (10098870, Fisher Scientific) pre-coated O/N at 37°c, 

5% CO2 with laminin (1:50, DPBS) (L2020, Sigma). Cells were split at a ratio of 

one 6 well to three 12 wells. Media was changed every 2-3 days. This procedure 

was repeated around day 20 to further expand the precursors. Once substantial 

neurogenesis could be observed (around day 27-31), cells were split at a ratio of 

~1:2 using Accutase to generate single cell cultures (A11105-01, Gibco). 

Accutase was added to the cells and they were incubated at 37oc, 5% CO2 for 5-

10mins (500µl per well on 12-well plate). Once lifted, cells were centrifuged at 

180g(av) for 3 mins, media was aspirated and cells were re-suspended in N2B27 

and plated on 12-well laminin coated plates (1:100, DPBS).  

Neurons were split for the final time at day 35-38, at a ratio of ~1:2/3 using 

Accutase as described and were plated on to pre-coated poly-L-ornithine (4hrs 

37oc, 5% CO2) (P4957, Sigma) and laminin (O/N, 37oc, 5% CO2) (1:100, DPBS) 

coated 12 well plates, or on to poly-L-ornithine and laminin coated coverslips in 

12 well plates. Cells were maintained with half media change every 3-4 days.   

 Conditioned cell media collection 

Conditioned media was collected from iPSC derived cortical neurons. On day 98, 

cells underwent half media change (neural maintenance media). On day 100, half 

the conditioned media was collected and replaced with fresh media. Conditioned 

media was centrifuged at 2000g(av), 5 mins RT. Media was aliquoted in 1ml 

volumes in low binding screw cap tubes (72.694.406, Sarstedt) and immediately 

stored at -80°c. 
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 Media compositions 

Reagent Volume (ml) Final concentration Reference 

DMEM/F-12, GlutaMAX 450 - 10565018 – Gibco 

Fetal Bovine Serum  50 10% 10500064 – Gibco 

Pen Strep 2.5 
Penicillin = 25U/mL 
Streptomycin = 25µg/mL 

15070-063 – Gibco 

Table 2-5 Fibroblast media. 

Reagent Volume (ml) Final concentration Reference 

Essential 8 490  -  A1A517001 – Gibco 

Essential 8 supplement 10 1X A1A517001 – Gibco 

Table 2-6 Stem cell media 

Reagent Volume (ml) Final concentration Reference 

DMEM/F12, Glutamax 40 ml - 10565018 – Gibco 

Knock out serum 10 ml 20% 10828028 – Gibco 

L-glutamine 0.5 2Mm 25030024 – Gibco 

Non-essential amino 
acids 

0.5 1X 11140050 – Gibco 

Pen strep 0.5 
Penicillin = 50 U/ML, 
Streptomyocin = 50µg/ml 

15070-063 – Gibco 

2-Mercaptoethanol 0.05 50µM 
31350-010 - ThermoFisher 
Scientific 

Fibroblast Growth 
Factor-basic 

0.01 20ng/ml 100-18B – Peprotech 

Table 2-7 Human embryonic stem cell media. 
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Reagent Volume (ml) Final concentration Reference 

Neurobasal media 242.25  -  12348017 – Gibco 

DMEM/F-12, GlutaMAX 242.25  -  10565018 – Gibco 

N2 supplement 2.5 .5X 17502048 – Gibco 

B27 supplement 5 .5X 17504044 – Gibco 

Pen Strep 2.5 
Penicilin = 25U/ml 
Streptomycin = 25µ/ml 

15070063 – Gibco 

L-Glutamine 2.5 1mM 
25030024 - ThermoFisher 
Scientific  

Non-Essential Amino Acids 2.5 .5X 11140050 – Gibco 

β-mercaptoethanol 0.5 50µM 
31350010 - ThermoFisher 
Scientific 

Insulin 0.125 .00025µg/ml 19278 – Sigma 

For neural induction media add: 

Dorsomorphine  50µl 1µM 3039 - R&D Systems 

SB431542 500µl 10µM 1614 - R&D Systems 

Table 2-8 Neural maintenance media. 

 Molecular biology 

 DNA extraction from cortical tissue 

100ug of cerebellar tissue (frozen cortical if cerebellum not available) was placed 

on wet ice in a 1.5ml tube. 50w/v extraction buffer (NaCl 0.1M (S-9625, Sigma), 

Trizma Base 20mM (T-1503, Sigma), EDTA disodium 25mM (E-5134, Sigma), 

SDS 0.5% (L-4390, Sigma) in ddH20, autoclaved before use) was added. Tissue 

was homogenised (TissueRuptor, Qiagen) and extraction buffer was added up to 

a volume of 60v/v. Proteinase-K (1mg/ml) was added and samples mixed by 

inversion followed by incubation at 55°c O/N with occasional vortexing. 1:1:1 

Phenol, chloroform, isoamyl alcohol (15593-031, Invitrogen) was added to the 

samples and briefly vortexed. Samples were centrifuged at 12,000 rpm for 4 mins. 

The aqueous layer was removed and placed in a clean 1.5ml tube, the remainder 

was discarded according to hazardous waste protocols. To the new tubes 10v/v 

3M NaAC at pH 5.5 was added and briefly mixed. 100% ethanol was added to a 

volume of 1.5ml and mixed by inversion. Samples were incubated at -20°c for 1hr 

to precipitate DNA. Samples were spun at 12,000rpm, 4°c for 20 mins, after which 

the aqueous layer was discarded. 75% ethanol was added and incubated at 4°c 
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for 30 mins. Samples were spun at 12,000rpm for 5 mins, ethanol was removed 

and tubes left open to air dry for 30 mins, RT. DNA was re-suspended in TE 

solution (10m mM Tris-hcl pH 8.0, 1 mM EDTA in ddH20) and measured for DNA 

concentration on a spectrometer (Eppendorf Biospectrometer® fluorescence, 

Eppendorf). 

 DNA extraction from cell cultures 

To harvest DNA from cell lines the TRIzol™ (15596026, Invitrogen) protocol was 

used. Media was aspirated from confluent cells in one well of a 6 well plate and 

1ml TRIzol™ was added and pipetted multiple times to dissociate and 

homogenize cells and the suspension placed in to an Eppendorf on dry ice and 

stored at -80°c until use. Frozen samples were thawed on ice then left at RT for 

5mins. 200µl Chloroform (22711.290, VWR) was added, samples vigorously 

shaken then incubated for 3 mins followed by centrifugation at 12,000g(av), 4°c for 

15 mins. Aqueous RNA phase was extracted and stored at -80°c. To the DNA 

containing interphase, 300µl 100% ethanol was added and samples shaken, 

incubated for 3 mins and centrifuged at 2000g(av), 4°c for 5 mins. The protein 

containing supernatant was removed and stored at -80°c. Pelleted DNA was 

resuspended in 1ml sodium citrate in 10% ethanol, pH 8.5 and incubated for 

30mins with regular inversion followed by centrifugation at 2000g(av), 4°c for 5 

mins. Supernatant was discarded and the sodium citrate step was repeated. After 

discarding supernatant, the pellet was resuspended in 1.5ml 75% ethanol and 

incubated for 20 mins with regular inversion followed by centrifugation at 

2000g(av), 4oc for 5 mins. Supernatant was discarded and pellet air dried for 10 

mins before resuspension in 300µL 8mM NAOH, followed by centrifugation at 

12,000g(av), 4°c for 10 mins. The DNA containing supernatant was stored at -20oc. 

 APOE Genotyping 

DNA was analysed for APOE genotyping. DNA was PCR amplified (TC-Plus, 

TECHNE) using a GC rich Taq polymerase PCR kit (20123, Qiagen) and primers 

specific to the APOE gene, as previously described (Emi et al., 1988). Primer 

sequence: 

F (F4): 5’ ACAGAATTCGCCCCGGCCTGGTACAC 3’ 

R (F6): 5’ TAAGCTTGGCACGGCTGTCCAAGG 3’ 
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PCR cycle:  

x1 Hot lid 105°c 2mins 

x1 Initial denaturation 94°c 5mins 

x30 

Denaturation 94°c 30secs 

Annealing 60°c 30secs 

Elongation 72°c 30secs 

x1 Final elongation 72°c 5mins 

Amplified DNA underwent restriction enzyme digestion with HhaI (R6441, 

Promega) and was visualised on a 5% agarose gel composed of 2% agarose 

(A9539, Sigma) and 3% high resolution agarose (50091, Lonza) with 1X 

GelRedtm (BT41003, Biotium) under UV light (MniBis Pro, DNR). APOE genotype 

was determined by bands present at specific molecular weight compared to a 

DNA ladder of known molecular weight (SM1313, Thermo) (Hixson & Vernier, 

1990) and in comparison to known positive controls. 

 PSEN1 Genotyping 

To confirm FAD mutations were present in the E280G cell lines, DNA was 

amplified by PCR using primers for PSEN1 exon 8 which contains the SNP 

residue at 280bp of the amplicon. Primer sequence:  

F: 5’ TCCTCCCTACCACCCATTTAC 3’ 

R: 5’ GGAGTTCCAGGAATGCTGTG 3’ 

PCR cycle: 

x1 Hot lid 105°c 2mins 

x1 Initial denaturation 94°c 5mins 

x30 

Denaturation 94°c 30secs 

Annealing 65°c 30secs 

Elongation 72°c 30secs 

x1 Final elongation 72°c 5mins 

The amplified PCR product was cleaned up using ExoSAP-ITTM (78201.1.ML, 

ThermoFisher Scientific) to remove primers and PCR reagents. Purified 

sequences were sent to Source Bioscience (https://www.sourcebioscience.com) 

for sequencing. Sequence reads were viewed in SnapGene® 4.3.2 and presence 

of correct nucleotide at the mutation location was confirmed.   
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 TREM2 Genotyping 

TREM2 sequencing was done in the E280G cell lines as one of the patients had 

been found to carry a variant during life. TREM2 Primers were designed for 

sequencing TREM2 exon 2 which contains multiple SNP’s with potential 

implication in AD. Primers were designed using NCBI primer blast 

(www.ncbi.nlm.nih.gov) using the NCBI sequence ref ‘NC_000006.12 Homo 

sapiens chromosome 6, GRCh38.p12 Primary Assembly’. Amendments were 

made to output primer sequences to reduce non-specific binding, and retested 

on NCBI primer blast until no non-specific sequences were found. In-Silico PCR 

was run on UCSC Genome Browser (genome.ucsc.edu) using the current 

assembly (Dec. 2013 (GRCh38/hg38)), with TREM2 the only in-silico 

amplification result with an expected length of 385bp. Primers were supplied by 

Sigma-Aldrich (Sigma® Life Science) with the sequence as follows: 

F: 5’ AATGAATGTCTCCTCCCCAGAGCTGTCC 3’ 

R: 5’ CACTGCCCACTCACCTGCCAGCACCT 3’ 

TREM2 primers were tested via PCR (VeritiTM, 4375305, Applied 

BiosystemsTM) on human brain DNA, with a range of annealing temperatures 

(63°c, 65°c, 67°c, 70°c) tested for optimisation, with 65°c selected as optimal 

(Figure 2-5). Amplified DNA was visualised under UV on a 1% agarose gel. 

TREM2 genotyping was conducted on DNA from stem cell lines E280G.A and 

E280G.B. 

Optimal PCR cycle: 

x1 Hot lid 105°c 2mins 

x1 Initial denaturation 94°c 5mins 

x30 

Denaturation 94°c 30secs 

Annealing 65°c 30secs 

Elongation 72°c 30secs 

x1 Final elongation 72°c 7mins 

 

https://www.ncbi.nlm.nih.gov/nucleotide/568815592?from=41161249&to=41161633&report=gbwithparts
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Figure 2-5 TREM2 primer optimisation on human brain DNA.  

 Protein extraction from brain homogenate 

Tissue was homogenised in protein lysis buffer composed of: 

50mM tris HCL, 175mM BaCL, protease inhibitor (11836170001, Roche), 

phosphatase inhibitor (04906837001, Roche) and 1% triton-X (X100, 

Sigma) in dH2O.  

Frozen cortical tissue samples were weighed and ice cold 5X w/v protein 

lysis buffer was added. Sample and buffer was transferred in to a dounce 

and homogenised and resulting homogenate pipetted into an Eppendorf. 

Homogenates were centrifuged at 1000 x g (3500rpm), 40c, for 5 mins. 

Supernatant containing soluble protein was removed, aliquoted and stored 

at -800c.  

 Protein and RNA collection from cell samples  

Cells which had been used for conditioned media collection were detached using 

Dispase for 20 mins at 37oc, 5% CO2. Detached cells were placed in to 

Eppendorfs and spun at 200g(av), RT, for 1min to pellet cells and supernatant 

aspirated. For protein collection, the pellet was resuspended in ~200µl 

radioimmunoprecipitation assay buffer (RIPA) buffer containing phosphatase and 
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protease inhibitors. Samples were homogenised, spun at 4oc and stored at -80°c. 

For RNA collection, the pellet was resuspended and dissociated in Trizol (500µl 

per 1 well on 12 well plate), placed immediately on dry ice then stored at -80°c. 

 Protein concentration determination 

Protein concentration of cell and brain homogenate samples were determined 

using the Bio-Rad DCTM Protein Assay.  

20µl of reagent S (5000115, Bio-Rad) was added to 1ml reagent A (5000113, 

Bio-Rad). A 1:1 standard curve from 4mg/ml to 0.125mg/ml with a blank at 

0mg/ml was generated by diluting bovine serum albumin (BSA) in either RIPA 

buffer (for cells) or protein lysis buffer (for brain). In triplicate, 5µl of standard and 

sample lysate were added to individual wells. 25µl of reagent A+S was added to 

each well followed by 200µl reagent B (5000114, Bio-Rad). The plate was shook 

at 700rpm for 1 min and left to develop for 15 mins, RT. Absorbance at 750nm 

was read on the SparkTM 10m plate reader (Tecan). Protein concentration was 

determined from the standard curve of the standards using the equation x=(y-

m)/b. 

 Western blot  

30µg of protein with 1X NuPageTM LDS sample buffer (NP0007, ThermoFisher 

Scientific) and 1X NuPAGETM reducing agent (NP0004, ThermoFisher Scientific) 

was denatured at 70°c for 10 mins followed by brief centrifugation. 25µl of protein 

was loaded in to a 10% Bis-Tris gel (NP0301BOX, ThermoFisher Scientific) in 

MES SDS running buffer and run at 150 volts for 1hr 30 mins on ice. Protein was 

transferred on to nitrocellulose membrane at 30 volts for 1hr on ice. Membrane 

was blocked in 5% BSA/0.1%Phosphate-buffered saline-tween (PBS-tween: 

PBS; 18912-014, Gibco. Tween; P1379-100ML, Sigma) for 30 mins, RT. Primary 

antibody rat anti-PSEN1 N-term (1:500, MAB1563, Millipore) was incubated in 

5% BSA O/N at 4oc. Membrane was washed x3 with 0.1% PBS-tween and 

incubated in goat anti-rat secondary antibody (1:10,000, A21096, Alexa Fluor®), 

for 1hr, RT, protected from light. Membrane was washed with 0.1% PBS-tween 

and x2 PBS before imaging on an Odyssey Fc (Li-cor). Membrane was then 

incubated for 1hr, RT, with mouse anti-β-actin (1:1000, Sigma) as a loading 

control. Membrane was washed x3 with 0.1% PBS-tween and incubated in 
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donkey anti-mouse secondary antibody (1:10,000, 926-68071, Li-cor) for 1hr, RT, 

protected from light. Membrane was washed with 0.1% PBS-tween and x1 with 

PBS before imaging on an Odyssey Fc (Li-cor). 

 ELISA analysis of Aβ isoforms in conditioned cell media 

Enzyme-linked immune-sorbent assay (ELISA) for Aβ isoforms was conducted 

using D100 neuron conditioned cell media. 

Protocol for: Amyloid beta1-43 Solid phase sandwhich ELISA (27710, IBL) 

Samples were brought to room temperature and reagents were prepared to 

working concentrations. Calibrators were prepared according to manufacturer 

guidelines generating a 1:1 dilution series of known concentration of Aβ43 from 

150pg/ml to 2.34pg/ml with a blank at 0pg/ml. 100µl of calibrator, control and 

samples were added to individual wells in duplicate, shaken at 700rpm for 1 min 

and left to incubate at 40c O/N. Wells were washed x7 with wash buffer followed 

by incubation with 1X enzyme conjugate solution for 1hr, 40c. The plate was 

washed x9 with wash buffer followed by addition of 100µl TMB solution for 30 

mins, RT, protected from light. 100µl stop solution was then added and the plate 

was read immediately at 450nm, with a reference of 650nm (FLUOstar Omega 

Microplate Reader, BMG Labtech).  

Protocol for: V-PLEX Aβ Peptide Panel 1 (6E10) Kit (1 Plate) (K15200E, 

Mesoscale Discovery).  

Samples were brought to room temperature and reagents were prepared to 

working concentrations. Calibrators were prepared by diluting 10µl of each 

detection antibody (Aβ38, Aβ40, Aβ42) in 370µl Diluent 35. Samples were diluted 

1:1 in diluent 35 generating 7 calibrators and a blank at 0pg/ml. Aβ38 range; 

14100 - 3.44pg/ml: Aβ40 range; 15200 - 3.71pg/ml: Aβ42 range; 2360 - 

0.576pg/ml. ELISA plate was blocked with 150µl of Diluent 35 and incubated for 

1hr, RT, 700rpm followed by x3 wash with wash solution. Next, 25µl of detection 

antibody was added to each well and 25µl of calibrators/sample/control were 

added to individual wells, in duplicate and incubated for 2hr, RT, 700rpm. The 

plate was washed x3 with wash solution. 150µl of 2X read buffer was added and 

plate was immediately read (MESO QuickPlex SQ 120, MSD). 
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To analyse Aβ levels between lines, results were converted into ratios. Ratios are 

considered a more accurate way to analyse and compare Aβ isoform levels than 

absolute levels (Hansson et al., 2019). Ratios also negate the effect of cell density 

variation, which would affect comparisons between absolute levels.   

 RNA extraction 

Aqueous RNA phase from neuronal cell cultures (obtained by the method 

described in 2.7.2) underwent RNA extraction. All steps except centrifugation 

were conducted in a fume hood and filter tips were used (TipOne®, StarLab). To 

the aqueous phase, 0.5ml 100% isopropanol (437423R, VWR) was added per 

1ml trizol used and left to incubate on ice for 10 mins at 4oc followed by 

centrifugation at 12,000g(av), 40c, for 45 mins. Following centrifugation, the 

supernatant was discarded and the remaining pellet washed with 1ml 75% 

ethanol per 1ml trizol used. The sample was mixed by repeat inversion and 

centrifuged at 7500g(av), 40c, for 5 mins. The resulting supernatant was 

discarded and pellet left to air dry for 10 mins, at RT. The RNA pellet was 

resuspended by pipetting in 20µl nuclease free H20.  

From the 20µl RNA suspension, 1µl was diluted 1:10 and concentration and 

purity analysed on the NanoDrop ND 1000 (ThermoFisher). The 

concentration, A260/A280 ratio and A260/A230 ratio were measured (Table 

9-4).   

 Complementary DNA (cDNA) synthesis 

The SuperScript IV Reverse Transcription Kit (18091050, ThermoFisher) was 

used for cDNA synthesis following maufacturers protocol. cDNA synthesis was 

conducted in a 96well plate and incubations were completed in the PCR machine. 

For each sample 500ng RNA was combined with 1ul of 50uM random hexamers, 

1µl 10mM dNTP mix and nuclease free H20 to a volume of 13µl and incubated at 

650c for 5mins followed by incubation on ice for at least 1min. To each sample a 

premade solution containing 4µl 5X SSIV Buffer, 1µl 100 mM DTT, 1µl 

RNaseOUT recombinant RNase Inhibitor (40U/µl) and 1µl SuperScript IV 

Reverse Transcriptase (200U/µl) was added. The plate was briefly mixed and 

centrifuged. The plate was then incubated at 230c for 10mins, immediately 
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followed by incubation at 550c for 10 mins and the reaction was inactivated at 

800c for 10 mins. cDNA was stored at -800c. 

 Quantitative PCR (qPCR) 

Preparation for qPCR was conducted on ice and each sample was run in triplicate 

on the same plate, with one individual induction run per plate analysed. Initially, 

2µl of the cDNA was diluted in 18µl H20 to make a working solution. For each 

reaction, 10µl 2X Power SYBR™ Green PCR Master Mix, (4368708, 

ThermoFisher), 7.8 µl nuclease free H20 and 0.1µl of 100µM forward and reverse 

primer were mixed and pipetted into a 96 well plate, avoiding the outer wells. For 

each sample, 2µl of the working solution cDNA was added to the Power SYBR™ 

Green PCR Master Mix in the 96well plate. The plate was briefly mixed and 

centrifuged and qPCR run on the Mx3000P qPCR system (Aligent) using the 

Sybrgreen with dissociation curve program. The dissociation curve was inspected 

to check for one peak, indicating the production of one product.  

x1 Initial denaturation 95°c 10mins 

x40 

Denaturation 95°c 30secs 

Annealing 60°c 1min 

Elongation 72°c 1min 

  95°c 1mins 

Dissociation curve 
x1 

 55°c 30secs 

  95°c 30secs 

 

Primers used for qPCR had been designed to span exon-exon junctions so that 

only cDNA transcribed from mRNA would be amplified. Primer sequences were 

designed by Dr Charlie Arber (PSEN1) and by Dr Roberto Simone (60S ribosomal 

protein L18a (RPL18a)). RPL18a was used as a housekeeping gene. Primer 

sequence for qPCR: 

PSEN1 F: CAATACTGTACGTAGCCAGA 

PSEN1 R: AATGGGGTATAGATTAGCTG 

RPL18a F: CCCACAACATGTACCGGGAA 

RPL18a R: TCTTGGAGTCGTGGAACTGC 
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The cycle threshold (Ct) values generated from the qPCR of PSEN1 and RLPI18 

were used to generate results expressed as fold change. In Microsoft Excel 2016, 

for each gene, Ct values of the triplicate repeats were used to generate the mean 

average. Delta Ct values were calculated by subtracting the mean RLI18 Ct from 

the mean PSEN1 Ct for each cell line. To normalise to control (RB101), the 

RB101 Delta Ct was subtracted from the Delta Ct for each line, generating the 

Delta Delta Ct value which was converted to fold change using the equation: fold 

change = 2^(-Delta Delta Ct). Fold change values were used for statistical 

analysis.  

 Immunocytochemistry (ICC) 

Coverslips were washed with DPBS and fixed for 15-20 mins in 4% PFA, RT. 

PFA was removed and coverslips gently washed 2 times with excess 1X PBS. 

Coverslips were either stored in PBS at 4°c or used immediately for ICC.   

Coverslips were blocked for 20 mins in 5% BSA/.3% PBS-triton. Block was 

removed and primary antibodies in 5% BSA/.3% PBS-triton (T8787, Sigma) were 

added for 2hrs RT or 4°c O/N. The primary antibodies used in this study were: 

mouse anti-Stage-specific embryonic antigen 4 (SSEA4) (1:300, 330402, 

Biolegend), rabbit anti-octamer-binding transcription factor 4 (Oct4) (1:400, SC-

8628, Santa Cruz), mouse anti-BRN2 (1:50, SC-393324, Santa Cruz), rabbit anti- 

T-Box Brain Transcription Factor 1 (TBR1) (1:300, AB31940, Abcam), mouse 

anti-class III beta-tubulin (TUJ1) (801201, Biolegend) and rabbit anti-TUJ1 

(802001, Biolegend). Primary antibody was removed and followed by x3 5 min 

wash with 1XPBS-triton at RT. Secondary antibody in 5% BSA/.3% PBS-triton 

was added and incubated for 1hr at RT in the dark. The fluorescent secondary 

antibodies used in this study were as follows: 488 Donkey anti-Goat (1:5000, 

A11055, Alexa Fluor®), 488 Donkey anti-Rabbit(1:5000, A21206, Alexa Fluor®), 

594 Donkey anti-Mouse (1:5000, A21203, Alexa Fluor®) and 594 Donkey anti-

Rabbit (1:5000, A21207, Alexa Fluor®). Cells were then rinsed once with PBS-

triton and incubated with DAPI (1:5000, D1306, Invitrogen) for 10 mins at RT 

protected from light. Cells were rinsed once with PBS-triton followed by 1X PBS. 

Coverslips were rinsed with .3% PBS-triton followed by 1X PBS, mounted on to 

slides with fluorescence mounting medium (1:500, S3023, DAKO) and stored at 
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4°c protected from light and imaged on a Leica DM5500 B microscope using Leica 

Application suite X software (Leica microsystems, Wetzlar, Germany). 

 Statistics 

 Pathological data analysis  

Analysis of the neuropathological data was performed for all cases and assessed 

as a whole cohort, by mutation sub-groups and by APOE status.  

In the QSBB cohort (n=20), mutation sub-groups are PSEN1 cases with 

mutations pre-codon 200 (n=10) and post-codon 200 (n=6), and APP (n=4) 

mutation cases. In the extended cohort (n=41), mutation sub-groups are PSEN1 

cases with mutations pre-codon 200 (n=20) and post-codon 200 (n=11), and APP 

(n=10) mutation cases. 

To group by APOE status, cases were separated into those without an ε4 allele 

e.g. ε2/3 and ε3/3, and those with at least one ε4 allele e.g. ε3/4 and ε4/4. In the 

QSBB cohort, APOE4 non-carriers n=12 and APOE4 carriers n=7. In the 

extended cohort, APOE4 non-carriers n=24 and APOE4 carriers n=14, 

additionally APOE was further grouped by APOE genotype ε2/3 (n=2), ε3/3 

(n=22), ε3/4 (n=9) and ε4/4 (n=5) allele carriers in the extended cohort 

Statistical analyses were carried out using StataIC 15 (StataCorp. 2017. Stata 

Statistical Software: Release 15. College Station, TX: StataCorp LLC), GraphPad 

Prism version 8.00 for Windows (GraphPad Software, La Jolla California USA, 

www.graphpad.com) or IBM SPSS Statistics for Windows, version 25.0 (IBM 

Corp., Armonk, N.Y., USA). 

Testing reliability and normality 

Intra-class correlation coefficient analysis was conducted using SPSS (Table 9-2, 

Table 9-3). Bland Altman plots were generated on Excel (Figure 9-1), while the 

complementary linear regression was conducted on Graphpad Prism (Table 9-1). 

Histograms for visual inspection of normality were generated on SPSS. QQ plots 

for visual inspection of normality were generated on Stata. 

Nominal data 
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To test that there were no significant over representations of the defined mutation 

sub-groups, APOE status or sexes within those groups, the data was analysed 

by Fisher’s exact (StataIC 15). 

Linear regression 

When possible, linear regression was used to assess associations between the 

data. Adjustments made for explanatory variables such as mutation sub-group, 

APOE status, sex and age at onset have been indicated within the results. 

Addition of multiple other variables such as age at onset, disease duration or PM 

delay have not been included as increasing the number of explanatory variables 

within a small cohort can prevent observation of important associations All linear 

regressions were conducted on StataIC 15. 

Correlation analysis 

Correlation analyses were conducted using Kendall’s tau-b. This approach was 

used for all data types (ordinal and continuous) to retain consistency across 

analyses.  

Group comparisons 

Comparisons between two groups were conducted using exact Mann-Whitney-

Wilcoxon rank sum (StataIC 15). Comparisons between three or more 

independent groups were conducted using Kruskal-Wallis with Dunn’s post hoc 

test for multiple comparisons applied where appropriate. Comparisons between 

three or more groups where data was classified as repeated measures were 

analysed using Friedman ANOVA (StataIC 15).     

Graphs 

Graphs representing data analysis were produced on Graphpad Prism. 

Significance 

A probability value of less than p<0.05 was considered significant, with post hoc 

multiple comparison test adjusting the significant level appropriately for the 

analysis conducted. 
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 Cell data analysis 

Cell data was checked for normality using QQ plots. Cell data was assessed 

using One-way ANOVA with a probability value of less than p<0.05 considered 

significant. When ANOVA analysis reached statistical significance, Tukey’s post 

hoc test was used, adjusting the significant level appropriately for the analysis 

conducted. All cell data statistics were conducted on GraphPad Prism.  
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 Aβ pathology in FAD 

 Abstract 

Introduction: Alzheimer’s disease is the most common cause of dementia and 

in a small minority of cases is familial, due to autosomal dominant mutations in 

the PSEN1, PSEN2 or APP genes. Considerable phenotypic and pathological 

heterogeneity may be observed in FAD (Maarouf et al., 2008; Ryan et al., 2016), 

with previous work suggesting that causative gene and mutation position may 

both influence the clinical and pathological features (D. M. A. Mann et al., 2001a; 

Ryan et al., 2015a). Here we investigate the pathological distribution and plaque 

type of Aβ and CAA pathology throughout the six cortical layers of FAD cases to 

determine any common patterns between different mutation cases. 

Material and Methods: Frontal cortex of 20 FAD cases with mutations in APP 

(n=4) or PSEN1 (n=16, 10 located pre-codon 200 and 6 post-codon 200) were 

analysed and APOE status was available for most cases. Sequential sections 

were stained immunohistochemically for Aβ and Nissl to determine the cortical 

layers. Specific plaque pathologies were semi-quantitatively graded and Aβ load 

(% area stained) was determined to assess the amount of Aβ present in each 

cortical layer. Associations between pathologies, clinical and genetic data were 

analysed. 

Results: We found age at onset to be associated with genetic mutation and sex 

in this FAD cohort, with a younger onset in PSEN1 mutations pre-codon 200 

compared to APP mutations only (p=0.02) after adjusting for gender and APOE4 

status, and in females compared to males (p=0.02) after adjusting for mutation 

sub-group and APOE4 status. Possession of an APOE4 allele was associated 

with increased disease duration (p=0.002) but not with age at onset (p=0.23), 

after adjusting for mutation sub-group and gender. The spread of Aβ pathology 

across the six cortical layers differed in the different mutation carriers and even 

varied between cases with the same mutations. In all groups, average Aβ load 

was highest in layer 3 while the PSEN1 post-codon 200 group had higher Aβ load 

in lower cortical layers, with a small number of this group having increased cotton 

wool plaque pathology in lower layers. Cotton wool plaque frequency was 
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positively associated with severity of CAA in the whole cohort and PSEN1 post-

codon 200 group. 

Conclusions: Determining the differences in the spread of Aβ pathology 

between the different mutation cases in relation to APOE status and clinical 

symptoms may provide us with a biological relevance of why certain cortical 

layers are affected and others spared from underlying pathology.  

 Introduction 

 Aβ plaque types 

Aβ deposits exist in multiple distinct forms and these have been classified into 

specific plaque types. Common plaques observed are the cored plaques and 

diffuse plaques in addition to the less frequently observed CWPs. Cored plaques 

consist of a dense circular centre composed of Aβ, surrounded by a ring or ‘halo 

of Aβ. While diffuse plaques exists in a range of varying size without a central 

core. CWPs were first described as large distinct eosinophilic structures. In 

hematoxylin-eosin–stained sections they were readily distinguishable, with a lack 

of neuritic pathology shown by Bielschowsk staining, and lacking a dense core 

upon immunohistochemistry (IHC) with Aβ antibodies and minimal reactivity with 

Thioflavin S (Crook et al., 1998; Verkkoniemi et al., 2000) 

The areas around cored plaques are shown to associate with dystrophic 

dendrites (Adlard & Vickers, 2002), and cored plaques are often associated with 

Thioflavin-S positive tau pathology (T. C. Dickson & Vickers, 2001), implicating 

them as a particularly toxic plaque formation. Cored plaques are also thought to 

associate with inflammatory reactivity (Nagele et al., 2004). It has also been 

proposed that cored plaques originate from intracellular Aβ deposit rather than 

extracellular deposits (D'Andrea & Nagele, 2010). Uncertainty around plaques 

highlight the importance of further study. 

The major component of diffuse plaques is generally Aβ42. They are frequent 

and seen in almost all cases of AD. They are not associated with 

immunoreactivity (D'Andrea et al., 2004). However, they are not likely to be 

innocent bystanders, as when only diffuse Aβ pathology is present, tau pathology 



93 
 

can also be present. This relationship has not been found to be associated with 

APOE genotype (Abner et al., 2018). 

Using IHC, CWPs have been shown to be composed mainly of Aβ42, with 

minimal reactivity to Aβ40 antibodies (Uchihara et al., 2003; Verkkoniemi et al., 

2001; Yokota et al., 2011). Indeed, the aetiology of CWPs has been proposed as 

a consequence of high rates of Aβ42 production, which has been observed in 

some mutations which displayed CWPs (Dumanchin et al., 2006; Houlden et al., 

2000). This indicates that pathological features may be linked to Aβ production: 

a feature affected by FAD mutations. 

Although the aetiology of the different plaques remain unknown, the influence of 

Aβ isoform and of structural arrangement of Aβ oligomers and fibrils is likely to 

influence morphological features (C. Xue et al., 2019). Another theory is that 

plaques mature over time, from a diffuse form to a cored plaque. It was noted that 

there was a higher proportion of cored plaques in older individuals (Maat-

Schieman et al., 2000) and others predict  that diffuse plaques gradually mature 

in to cored plaques over time due to the nature of the composition of  the plaque 

(Michno et al., 2019). However, a lack of significant differences in the number of 

cored plaques in early AD compared to late AD has been observed. If plaques 

graduated from diffuse into cored plaques over time, a higher proportion of cored 

plaques in late stage AD would be expected (T. C. Dickson & Vickers, 2001). 

 Distribution of Aβ pathology across cortical layers 

Aβ pathology in sAD and FAD may not be evenly distributed or randomly 

distributed in the cortex and a few studies have investigated this. In both sAD and 

FAD, a consistent maximal density of Aβ pathology has been found in the largest 

cortical layer, layer 3. Densities in other layers was seen to vary. In some of these 

studies, these differences between layers were significant, however others did 

not find significant differences, noting distribution to be random (Colle et al., 2000; 

Dèlaere et al., 1989; Duyckaerts et al., 1986; Kalimo et al., 2013; Pearson et al., 

1985; Rogers & Morrison, 1985). The lack of agreement between these different 

studies is likely to be due to different methods used. A range of techniques for 

visualising plaques were employed, such as IHC, Bodians protargol, Von 

Braunmuhl, thioflavin S and Bielschowsky staining, which will not all highlight the 
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same plaques equally. Additionally, the method of determining plaque density 

varied with use of plaque number, or percentage area coverage or other 

estimations. Furthermore, in some experiments cortical layers were not strictly 

defined and cortical layers were also sometimes grouped for comparison, e.g. 

upper compared to lower layers. However, the consistent finding of layer 3 across 

all studies, even with these varying research methods, implies an important role 

of this layer in AD pathology.  

A study examining a group of 20 AD patients, including four cases with FAD 

mutations, reported that Aβ density across the cortex did not appear to markedly 

differ between cases, although the cortical layers were not specifically delineated 

(Armstrong, 2015). Such small numbers of FAD cases may not reflect differences 

that may be present in a larger cohort with a wider variety of mutations.  It will be 

important to investigate this as not only do mutations have independent effects 

on Aβ pathology, there may also be mutation specific effects through 

mechanisms downstream of PSEN1/APP interactions with other proteins. One 

thing that can be taken from the study is that there were no clear differences 

between sAD and FAD, which implies a common mechanism.  

Interestingly, in a report on three subjects from the same family with the PSEN1 

P264L mutation, pathological differences between same mutation carriers were 

found. Regional differences in pathology were observed and it was noted that 

these coincided with the clinical phenotype. Associations were detected between 

neocortical/thalamic involvement and psychiatric symptoms, striatal/amygdaloid 

involvement and Parkinsonism, brainstem involvement and spastic paraparesis 

(Martikainen et al., 2010). While no firm conclusions can be drawn from this report 

of a small number of cases, it highlights the interesting heterogeneity of FAD Aβ 

pathology and how that may be linked to disease phenotype. Uncovering these 

associations may help understand the underlying mechanisms. Furthermore, it 

was also noted that the male APOE3/4 carrier in this study had a profound 

laminar specific Aβ pattern that was consistent across the frontal, temporal and 

parietal cortices, which was absent from the APOE3/3 carries (1 Male, 1 Female) 

except in the parietal cortex of the male. This highlights the need to investigate 

laminar distributions of Aβ pathology with the layers well-defined, in a variety of 

FAD mutations. 
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Despite these laminar patterns of Aβ distribution being highlighted in multiple 

studies, the reason for the differences between cortical layers is unknown. The 

fact that differences in regional distribution were potentially associated with the 

clinical phenotype supports the question of whether laminar distribution patterns 

could also have this association. 

 Distribution of Aβ plaque types across cortical layers 

As well as the differences in plaque distribution across the cortical layer, the type 

of plaques observed also differ. In a small FAD cohort, CWPs were found mostly 

in upper layers (Shepherd et al., 2005). In a sAD cohort, cored plaques were 

particularly noted in layer 5 of the superior frontal gyrus (T. C. Dickson & Vickers, 

2001) while in another study they were more numerous in layer 2 and three 

(Delaère et al., 1991), and this same study also found diffuse plaques more 

numerous in layers 2,3 and 5. In FAD cases with PSEN1 mutations, a division of 

pathological phenotypes was noted, with cases showing either type 1 or type 2 

pathology (David M. A. Mann et al., 2001). This study was conducted using the 

Aβ42(43) antibody which recognises both Aβ42 and Aβ43. Type 1 Aβ42(43) IHC 

was characterised by greater plaque density in cortical layers 2 and upper 3 

compared to layers 5 and 6. Diffuse plaques predominated in upper layers while 

cored plaques were more frequent in layer 6. Cored plaques were also more 

frequent at the depths of the cortical sulci. Subpial deposits were infrequent. Aβ40 

IHC showed mild to moderate small cored or compacted deposits spread evenly 

along laminae, usually in layers 2 and 3, with notable plaques at the depths of 

the cortical sulci. Some subpial deposition was present. Type 2 Aβ42(43) IHC 

was characterised by larger plaques, which could be centered around CAA. Aβ40 

IHC showed weak diffuse staining but large clustered cored plaques centred 

around CAA. Within the cases included in this study the PSEN1 pre-codon 200 

cases tended to have type 1 pathology while the post-codon 200 cases tended 

to have type 2 pathology. 

 Clinical associations with Aβ plaques 

As plaques are seen to be neurotoxic, different plaque types may be linked to 

different clinical features. This may be due to their composition, or other factors 

that differ in relation to plaque type. Different studies looking at human brain 
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tissue have found a variety of findings. A larger plaque size has been positively 

associated with age at onset, independent of disease duration or APOE status 

(Serrano-Pozo et al., 2012). Neuritic plaques have been found to be associated 

with cognitive measures while diffuse plaques were not (Alberto Serrano-Pozo et 

al., 2013). In a separate study, neuritic plaques were associated with a range of 

cognitive dysfunctions (Malek-Ahmadi et al., 2016). In opposition, diffuse plaques 

have been seen in cognitively normal elderly people with no association with 

cognitive measures, suggesting they are not necessarily related to clinical 

phenotype (Knopman et al., 2003). However in a different study, diffuse plaques 

were said to coincide with early cognitive changes in AD (Wolf et al., 1999). 

Plaque type alone may not be purely responsible, as the actual conformation of 

Aβ variants has been shown to segregate with distinct AD subtypes (J. 

Rasmussen et al., 2017). Greater research in relevant human tissue on plaques 

and phenotype and genetic information may help decipher the relevance of these 

plaques to clinical disease.  

Clinically, CWPs have been frequently observed in patients with spastic 

paraparesis and other motor symptoms (Brooks et al., 2003; Karlstrom et al., 

2008; S. Zhang et al., 2015). These observations are particularly associated with 

certain mutations, such as PSEN1 exon 9 deletions (D. M. A. Mann et al., 2001b; 

Steiner et al., 2001). Interestingly, they may be more common in PSEN1 

mutations which lie post-codon 200 such as the previously mentioned PSEN1 

exon 9 deletion, PSEN1 G217R/P2646L/L435F mutations and others (Crook et 

al., 1998; Heilig et al., 2010; Martikainen et al., 2010; Niwa et al., 2013; Norton et 

al., 2009; M. J. Smith et al., 2001). Despite this, CWPs have also sometimes been 

observed in patients with PSEN1 mutations pre-codon 200 and have been 

observed in patients who did not display spastic paraparesis (Shrimpton et al., 

2007; Sutovsky et al., 2018). Additionally, CWPs can rarely be found in SAD 

patients (Le et al., 2001; Yokota et al., 2011). Interestingly, variations in the 

presence of CWPs or lack thereof has been observed in same mutation carriers, 

leading some authors to speculate that CWPs are not linked to FAD mutation but 

rather to another modifier (Rogaeva et al., 2003). These various observations 

warrant further investigation to decipher the pathological cause and consequence 

of these distinct plaques.  
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 Pathological differences between FAD mutation carriers 

As mentioned, there are clinical differences between FAD mutations. This has 

been seen to also extend into pathological differences. Differences have been 

seen between PSEN1 mutation carriers sub-divided into those with mutations 

pre-codon 200 and those post-codon 200. Those with mutations post-codon 200 

were seen to have a higher prevalence and severity of CAA and they were found 

to have significantly higher Braak scores (Ringman et al., 2016). In a separate 

large cohort study, similar results were found (David M. A. Mann et al., 2001). 

PSEN1 post-codon 200 cases appeared to have greater Aβ40 pathology than 

those pre-codon 200, while there was no difference in Aβ42(43), although 

variability across all mutations was considerable. The increased severity of CAA 

seen in the post-codon 200 cases may be related to the increased Aβ40 

pathology, as this is prone to accumulate in vessels. In a small cohort study, 

which used 10 of the FAD cases described and used in the project within this 

thesis, it was shown that the pre-codon 200 group had worse axonal health, 

assessed pathologically with markers for density and integrity (Ryan et al., 

2015a). However, these differences were regionally limited and not widespread. 

The proportion of vessels affected by CAA was numerically higher in the post-

codon 200 group, although this was not significant. It was also noted that there 

was consistently higher CAA severity in the FAD cases carrying the APOE4 

allele, although case numbers were limited. In such a small cohort it may be 

difficult to detect group differences, so further study is warranted and has 

motivated the project described in this thesis.  

 Aims 

Aβ pathology and the heterogeneity therein may be associated with different 

mutations and/or clinical features. The heterogeneity of Aβ can be manifested in 

the types of plaques or their distributions and these differences may reflect 

underlying molecular mechanisms. By analysing the Aβ pathology in FAD tissue, 

associations can be explored, developing understanding of pathogenic 

mechanisms. For the QSBB FAD cohort the aims are: 

1.  To determine the contribution of mutation, sex and APOE genotype on 

clinical factors (age at onset and disease duration). 
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2. To determine if Aβ plaque type, Aβ load or occurrence of CAA is 

associated with age at onset or disease duration in the QSBB FAD cohort.  

3. To determine if there are differences in Aβ plaque type or pattern of 

distribution across the cortical layers, Aβ load or occurrence of CAA in 

genetic causes of FAD. 

4. To determine if the APOE genotype modulates Aβ plaque type, pattern 

of distribution across the cortical layers, Aβ load or occurrence of CAA in 

FAD. 

5. To determine if there are specific associations between the different 

types of Aβ pathology, and if these associations are observed in the FAD 

mutations specific sub groups.  

 Materials and Methods 

As discussed in chapter: 2 - 2.5.2, this project utilises IHC and image analysis 

methods. In brief, serial sections of frontal cortex from 20 QSBB FAD cases were 

cut and stained with Nissl and an anti-Aβ antibody. A consistent region of the 

second frontal gyrus was analysed semi-quantitatively (CERAD scores) and 

quantitatively (Aβ load). CERAD scores were given for each individual cortical 

layer and a total CERAD score across all layers was generated. Aβ load was 

measured for each individual cortical layer and an average Aβ load across all 

layers generated. Statistical analysis were conducted testing associations 

between clinical genetic and pathological data (Chapter: 2.8.1). 

 Results 

Subject details are summarised in Table 3-1. The 20 FAD cases used in this 

chapter are all from the QSBB and will be referred to as the QSBB cohort. The 

individuals in this study included: 16 subjects with PSEN1 mutations, of which 10 

were located pre-codon 200 (Four intron4, one E120K, one S132A, one M139V, 

one M146I and two E184D) and six were located post-codon 200 (one I202F, one 

L250S, two R278I, one E280G and one double mutation A434T & T291A), and 

four subjects with APP mutations (one V717L and three V717I). 
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 Neuropathological Summary 

All cases reached end stage AD with a score of A3B3C3 according to the current 

diagnostic criteria, indicating frequent neuritic plaques, neurofibrillary pathology 

spread to the occipital cortex reaching Braak and Braak stage 6 (except case 16 

who scored 5) and Aβ pathology in the cerebellum reaching Thal stage 5. 

Neuropathological assessment was conducted by clinical neuropathologists.  
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Case Sex Age at onset  Disease duration  Mutation APOE Braak Tau Thal phase CERAD 

1 F 36 5 PSEN1 Intron4 3/3 6 5 Frequent 

2 F 35 16.9 PSEN1 Intron4 4/4 6 5 Frequent 

3 F 39 8.1 PSEN1 Intron4 3/3 6 5 Frequent 

4 M 42 9 PSEN1 Intron4 3/3 6 5 Frequent 

5 F 31 6 PSEN1 E120K 3/3 6 5 Frequent 

6 M 59 11 PSEN1 S132A 3/4 6 5 Frequent 

7 F 41 8.9 PSEN1 M139V 3/3 6 5 Frequent 

8 M 40 6 PSEN1 M146I 2/3 6 5 Frequent 

9 F 48 13.6 PSEN1 E184D - 6 5 Frequent 

10 F 45 13 PSEN1 E184D 3/4 6 5 Frequent 

11 F 48 11 PSEN1 I202F 4/4 6 5 Frequent 

12 M 47 11 PSEN1L250S 3/3 6 5 Frequent 

13 F 46 19 PSEN1 R278I 3/4 6 5 Frequent 

14 M 54 12 PSEN1 R278I 2/3 6 5 Frequent 

15 F 42 11 PSEN1 E280G 3/4 6 5 Frequent 

16 M 42 5 PSEN1 A434T & T291A 3/3 5 5 Frequent 

17 F 51 8.7 APP V717L 3/3 6 5 Frequent 

18 M 56 10.1 APP V717I 3/3 6 5 Frequent 

19 F 50 6.5 APP V717I 3/3 6 5 Frequent 

20 M 49 13 APP V717I 4/4 6 5 Frequent 

Mean 8M:12F 45.05 10.24  
        

 

Whole cohort 
N=20 

PSEN1 pre-
codon 200 N=10 

PSEN1 post-
codon 200 N=6 

APP N=4 
P-

value* 
 

  
APOE (% APOE4 carrier**) 37 33 50 25 0.70    

Sex (% Female) 60 70 50 50 0.60    

Table 3-1 Study participants.  

F = Female, M = Male. PMD = Post Mortem Delay. No APOE data for case 9 as DNA was not available. *Fisher exact test. **N=19 as PSEN1 pre-codon 200 

case 9 had no APOE genotype data available.
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 Clinical and genetic comparisons 

There were no statistically significant differences between the APP and the two 

PSEN1 mutation sub-groups for sex or APOE4 status (Fisher’s exact, Table 3-1).  

Age at onset and disease duration were compared by mutation sub-group, sex 

and APOE4 status. Consistent with previous studies, observed mean age at 

onset was lower in the PSEN1 pre-codon 200 group (41.6 years) than the PSEN1 

post-codon 200 group (46.5 years) and APP group (51.5 years) (Figure 3-1 A). 

After adjusting for sex and APOE4 status, there was some evidence (global F 

test p=0.06) of an association between age at onset and mutation sub-group, with 

mean age at onset an estimated 8.8 years older (95% CI: 1.5, 16.1; p=0.02) for 

APP mutation carriers compared with PSEN1 pre-codon 200 carriers. Adjusted 

differences in age at onset were not statistically significantly different for APP 

mutation carriers compared to PSEN1 post-codon 200 carriers (5.9 years older; 

95% CI: 2.0 younger, 13.8 older; p=0.13) or for PSEN1 post-codon 200 carriers 

compared with PSEN1 pre-codon 200 carriers (2.9 years older; 95% CI: 3.6 

younger, 9.4 older; p=0.35).  

In the cohort as a whole, females had a lower observed mean age at onset than 

males (42.0 years vs 49.6 years) (Figure 3-1 C). After adjusting for mutation sub-

group and APOE4 status, mean age at onset was an estimated 7.3 years younger 

(95% CI: 13.1, 1.4) for females compared with males (F test p=0.02). After 

adjusting for mutation sub-group and sex, mean age at onset was an estimated 

3.5 years older (95% CI: 2.5 younger, 9.5 older) for individuals with the APOE4 

allele compared with those without but this was not statistically significant (F test 

p=0.23) (Figure 3-1 F).  

Observed mean disease duration differed between mutation sub-groups (PSEN1 

pre-codon 200 (9.8 years), PSEN1 post-codon 200 (11.5 years); and APP (9.6 

years)) but these differences were not statistically significant (global F test 

p=0.73) after adjusting for sex and APOE4 status (Figure 3-1 B). There was no 

evidence (F test p=0.89) of an association between disease duration and sex 

after adjusting for mutation sub-group and APOE4 status, with mean disease 

duration an estimated 0.20 years shorter (95% CI: 3.2 shorter, 2.8 longer) for 

females compared with males (Figure 3-1 D). However, there was strong 
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evidence of an association (F test p=0.002) between disease duration and 

APOE4 status, after adjusting for mutation sub-group and sex, with mean disease 

duration an estimated 5.4 years longer (95% CI: 2.4, 8.5) for individuals with the 

APOE4 allele, compared with those without (Figure 3-1 E). 

 

Figure 3-1 Graphs depicting age at onset and disease duration.  

Age at onset (A) and disease duration (B) by mutation group. Age at onset (C) and 

disease duration (D) by sex. Age at onset (E) and disease duration (F) by APOE4 status. 

Error bars represent mean and standard deviation (SD). 

 CERAD Aβ pathology scores  

As described in the methods, frontal cortex tissue sections from the QSBB cohort 

were immunohistochemically stained for Aβ. Representative images of these 

sections are shown in Figure 3-2. 
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Figure 3-2 Representative images of Aβ immunohistochemically stained frontal 

cortex of each individual case within the mutation sub-groups. 

PSEN1 pre-codon 200 (10 cases), PSEN1 post-codon 200 (6 cases) and APP (4 cases). 

One Nissl stained PSEN1 Intron4 mutation tissue section is shown (black box) to highlight 

how the layers were defined based on cellular morphology and applied to the serial Aβ 

section. The 6 cortical layers are defined by white lines, with layer 1 at the pial surface 

and layer 6 adjacent to the white matter. Black scale bar = 500µm. Numbers in brackets 

refer to case number. From these sections, CERAD pathology scores were generated 

and are presented in Table 3-2. 
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Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Affected gene

Mutation Intron 4 Intron 4 Intron 4 Intron 4 E120K S132A M139V M146I E148D E148D I202F L250S R278I R278I E280G
A434T/ 

T291A
V717L   V717I V717I V717I

APOE  genotype 3/3 4/4 3/3 3/3 3/3 3/4 3/3 2/3 - 3/4 4/4 3/3 3/4 2/3 3/4 3/3 3/3 3/3 3/3 4/4

Age at onset 36 35 39 42 31 59 41 48 40 45 48 47 46 56 42 42 51 56 50 49

Disease duration (yrs) 5 16.9 8.1 9 6 11 8.9 6 13.6 13 11 11 19 12 11 5 8.7 10.1 6.5 13
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Table 3-2 Tables showing modified CERAD score of Aβ pathology type per cortical layer by individual case. 

Leptomeningeal and subpial pathology varies between cases, with presence of one not indicative of the other. (A) CAA pathology 

scores highlight a predominance of CAA in a subset of cases, with an upper layer predisposition. (B) Diffuse type plaques are seen 

throughout all cases to varying degrees between cases and within individual cases. (C&D) Cored and Cotton wool plaque pathology 

scores show that there is variation in presentation between cases, and within the same cases. (E) Total cortical pathology score 

shows that not all cases have the same level of plaque deposition. Dashed lines divide the subgroups, PSEN1 pre-codon 200, PSEN1 

post-codon 200 and APP. 

 

 

 

Key:

Score  Colour

0 - none

1 - sparse

2 - moderate

3 - frequent
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 Associations with clinical data  

Frequency of the total CERAD Aβ pathology types (representative images shown 

in Figure 2-2) were analysed in relation to age at onset and disease duration. In 

the whole cohort, regression analyses adjusted for APOE4 status assessing 

associations between age at onset and the CERAD Aβ pathology scores found a 

mixture of positive (Cored plaques, CWP) and negative (Leptomeinigeal CAA, 

subpial pathology, Cortical CAA, diffuse plaque and total cortical pathology) 

associations. A trend for negative association was found with disease duration. 

However, none of the adjusted associations were statistically significant, with 

small effect sizes and large CI’s (p-values ranged from p=0.09 to p=1.00) (Figure 

3-3).  

-6 -4 -2 0 2 4

Total cortical pathology

Cotton wool plaques

Diffuse plaques

Cored plaques

Cortical CAA

Subpial pathology

Leptomeningeal CAA

A. Age at onset and total CERAD score

Coefficient estimate in yrs (95% CI)
Age at onset

-2 -1 0 1 2

Total cortical pathology

Cotton wool plaques

Diffuse plaques

Cored plaques

Cortical CAA

Subpial pathology

Leptomeningeal CAA

B. Disease duration and total CERAD score

Coefficient estimate in yrs (95% CI)
Disease duration

 
Figure 3-3 Linear regression adjusted for APOE4 for CERAD and clinical data.  

Linear regression adjusted for APOE4 status showing the association between total 

CERAD Aβ pathology scores and age at onset (A) and disease duration (B). Coefficient 

estimates and 95% confidence intervals for the whole cohort are represented for each 

CERAD pathology. The coefficients are the estimated difference in the outcome (age at 

onset or disease duration) for one unit increase in the explanatory variable (CERAD 

pathology score). 

 Associations by mutation sub-groups  

Microscopically, large heterogeneity in the appearance of Aβ pathology was 

evident throughout the cortical layers of the FAD cases, Figure 3-2 and Table 3-2 

show the CERAD scores for each case, giving the leptomeningeal CAA and 

subpial Aβ pathology, cortical CAA and plaque types in each cortical layer and 

the overall levels of Aβ plaque deposition. Observed leptomeningeal CAA and 

subpial Aβ pathology differed markedly between cases, being either absent, 

sparse, moderate or frequent (Table 3-2). Based on visual inspection of the Aβ 

distribution throughout the cortical layers, variations were observed between 
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carriers of the same mutation. For example, one PSEN1 R278I mutation case 

(case 13) contained more Aβ pathology compared with the other PSEN1 R278I 

case (case 14); interestingly case 13 had the genotype APOE3/4 compared to 

case 14 which is APOE2/3. Additionally, differences within the pattern and 

distribution of plaques across the layers could be seen between these two cases, 

with case 13 having larger and greater plaque deposition particularly in layer 3, 

and greater cortical CAA and subpial deposition (Figure 3-2 Table 3-2). However, 

similarities in layer deposition could be seen within carriers with the same 

mutation, such as the PSEN1 E148D carriers, with dense deposition across all 

layers (cases 9 and 10) (Figure 3-2). Similarly, distinct distribution patterns could 

be seen between different cases, with APP V717L case 17 and V717I cases 18 

and 20 showing frequent subpial Aβ deposition and distinct plaque gradient from 

the upper to the lower of layer 3 (Figure 3-2). In contrast, PSEN1 E120K and 

S132A (cases 5 and 6) appear to have a more uniform distribution across layer 

3 (Figure 3-2). Most cases showed the highest amount of Aβ staining within 

cortical layer 3, while the amount in the lower layers varied e.g. PSEN1 M139V 

(case 7) has very little lower layer deposition compared to the dense lower layer 

deposition seen in PSEN1 A434T & T291A (case 16) (Figure 3-2, Table 3-2). 

Visually the PSEN1 pre-codon 200 and APP groups were noticeably more likely 

to have subpial pathology (presence in 100% of cases) than the PSEN1 post-

codon 200 group (presence in 50% of cases). However, comparing each total 

CERAD score in turn formally between the three mutation sub-groups, there were 

no statistically significant differences (leptomeningeal CAA p=0.17, cortical CAA 

p=0.41, subpial p=0.10, cored p=0.27, diffuse p=0.46, CWP p=0.62 and total 

cortical pathology p=0.87, global test Kruskal-Wallis). None of the CERAD Aβ 

pathologies differed by APOE4 status (exact Mann-Whitney-Wilcoxon rank sum). 

 Correlations between CERAD Aβ pathology scores  

In the whole cohort, the CERAD frequency of leptomeningeal CAA was correlated 

with total cortical CAA (correlation coefficient τb=0.73 p=0.0001, Kendall’ tau-b). 

When the sub-groups were assessed separately there was a consistent positive 

correlation (Figure 3-4 A-D) that remained strong in the two PSEN1 sub-groups. 

A trend for positive correlation between both total CERAD cortical and 

leptomeningeal CAA with total CWP score was seen across all groups except the 
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small APP group. Specifically, in the whole cohort, cortical and leptomeningeal 

CAA scores were both positively correlated to total CWP scores (τb=0.49 p=0.008 

and τb=0.37 p=0.05, respectively) and in the sub-group analyses there was a 

particularly strong correlation in the PSEN1 post-codon 200 group for cortical 

CAA (τb=0.86) and leptomeningeal CAA (τb=0.78). In contrast, there was an 

observed trend for negative correlations between total cored plaque score and 

other Aβ pathologies (Subpial pathology, diffuse plaques, CWPs) and this was 

particularly evident in the PSEN1 post-codon 200 group, although there is some 

variation across groups (Figure 3-4 A-D).  
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Figure 3-4 Correlation between total CERAD pathologies.  

Heat maps showing the relationship between the total modified CERAD scores: A) Whole 

cohort, B) PSEN1 pre-codon 200, C) PSEN1 post-codon 200, D) APP. τb values for 

Kendall’s tau-b correlation coefficients are shown. Asterisks represent significant 

correlations *p<0.05 **p<0.01 ***p<0.001. Red = positive correlation. Blue = negative 

correlation. 

 Differences across cortical layers 

As reported above, no evidence was found of total CERAD Aβ pathology scores 

differing between the sub-groups. However, when comparing individual cortical 

layer CERAD scores (0 to 3) between sub-groups, some differences were found 

in CWPs in layers 5 and 6 (global test p=0.02 and p=0.02, Kruskal Wallis). 

Specifically, in layer 5 the PSEN1 post-codon 200 group had higher CWP 
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frequency (0.67 ± 0.82) compared to the PSEN1 pre-codon 200 group (0.00 ± 

0.00) (p=0.01, Dunn’s test) and the APP group (0.00 ± 0.0) (p=0.04). This pattern 

was also seen in layer 6, with the PSEN1 post-codon 200 group again having a 

higher frequency of CWPs (1.0 ± 0.89) than the PSEN1 pre-codon 200 (0.1 ± 

0.32) (p=0.01, Dunn’s test) and APP group (0.0 ± 0.0) (p=0.02, Dunn’s test) 

(individual layer scores shown in Table 3-2). There was, however, layer 5 and 6 

variability particularly within the PSEN1 post-codon 200 sub-group (See 

Appendix: Figure 9-2), so with a larger cohort it would be interesting to investigate 

whether differences are driven by specific individual mutations. No differences for 

other plaque types were found. There were also no patterns of differences at the 

cortical layer level in total CERAD Aβ pathology scores between APOE4 carriers 

and non-carriers.  

 Aβ load in the cortical tissue 

3.3.4.1 Associations with clinical data 

For the whole cohort, associations between mean Aβ load (measured as a 

percentage area stained) across the six cortical layers and age at onset and 

disease duration were assessed, adjusted for APOE4 status (Figure 3-5). Mean 

Aβ load was not statistically significantly associated with age at onset although a 

consistent negative association was found for mean Aβ load and Aβ load for 

individual cortical layers. Mean Aβ load was non-significantly positively 

associated with disease duration, and this trend was seen for most cortical layers, 

with evidence for an association found (F test p=0.0003) for layer 6 Aβ load and 

disease duration (β: 0.21 additional year of duration for each percentage point 

increase in Aβ load; 95% CI: 0.004, 0.41; p=0.05). 
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Figure 3-5 Linear regression adjusted for APOE4 status for Aβ and clinical data. 

Linear regression adjusted for APOE4 status showing the association between Aβ load 

and age at onset (A) and disease duration (B). Coefficient estimates and 95% confidence 

intervals for the whole cohort are represented, for the mean Aβ load and for each cortical 

layer. The coefficients are the estimated difference in the outcome (age at onset or 

disease duration) for a one percentage point increase in the explanatory variable. 

*p=0.05. 

 Comparison between FAD mutation sub-groups and APOE genotypes 

When mean Aβ load was compared between mutation sub-groups, the PSEN1 

post-codon 200 group had the highest observed mean load, followed by the APP 

group, whilst the PSEN1 pre-codon 200 group had the lowest (12.7% ± 6.4, 8.3% 

± 3.8, 11% ± 5.5, respectively), although there was no statistically significant 

difference between the groups (p=0.26 Kruskal-Wallis). Mean Aβ load was 

observed to be higher in APOE4 carriers than non-carriers (13.1% ± 5.9, 8.5% ± 

4.3 respectively), although with only weak evidence (p=0.08, exact Mann-

Whitney-Wilcoxon rank sum), most likely due to the small sample size. 

 Correlations with CERAD Aβ pathology scores  

Associations between Aβ load and the frequency of the different CERAD Aβ 

pathologies were investigated. Leptomeningeal CAA, subpial Aβ and cortical 

CAA did not significantly correlate with Aβ load. When the three different plaque 

types were examined separately, there was a clear trend of a negative correlation 

between cored plaque score and Aβ load, both for the whole cohort and for all 

sub-groups ( 
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Figure 3-6), and this was statistically significant for the whole cohort (τb=-0.37, 

p=0.03 Kendall’s tau-b). This contrasted with the consistently positive correlations 

seen between diffuse plaque score and Aβ load, and between CWP score and 

Aβ load; these associations were statistically significant for diffuse plaques in the 

whole cohort (p=0.001) (Figure 3-6). 
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Figure 3-6 Correlations between Aβ load and total CERAD scores.  

τb values for Kendall’s tau-b correlation coefficients are shown for the whole cohort and 

mutation sub-groups. Asterisks represent significant correlations *p<0.05 **p<0.01. Red 

= positive correlation. Blue = negative correlation. 

 Differences across cortical layers 

Visual inspection of the cases revealed that Aβ deposition was not evenly 

distributed across the cortical layers (See Figure 3-2) In the whole cohort and 

within each mutation sub-group, observed mean Aβ load was consistently 

numerically highest in layer 3 of the frontal cortex (whole cohort 14.57% ± 6.33; 

PSEN1 pre-codon 200 12.64% ± 6.12; PSEN1 post-codon 200 15.99% ± 6.88; 

APP 17.24% ± 6.07).  

It was assessed whether Aβ load differed between the different layers. There was 

evidence that this was the case for the whole cohort (p<0.0001, Friedman 
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ANOVA), with the highest load being observed in upper layers 2 and 3, a pattern 

that was also seen across the three sub-groups (Figure 3-7). The Aβ load of each 

individual layer was compared between the mutation sub-groups, adjusted for 

APOE4 status. Evidence was found (global test p=0.007) that Aβ load in layer 5 

differed between sub-groups, with mean Aβ load higher in PSEN1 post-codon 

200 group compared to both the PSEN1 pre-codon 200 group (7.16 percentage 

points higher; 95% CI: 2.9, 11.41; p=0.003) and the APP group (6.91 percentage 

points higher; 95% CI: 1.68, 12.15; p=0.01), after adjusting for APOE4 status. 

There was weaker evidence (global test p=0.06) for differences in Aβ load in layer 

4, with PSEN1 post-codon 200 cases again having higher load than the PSEN1 

pre-codon 200 group (7.99 percentage points higher; 95% CI: 1.51, 14.46; 

p=0.02). These data suggest that mutation location may be associated with the 

distribution of pathology across some cortical layers, but larger sub-group sizes 

would be needed to investigate this further. See Figure 3-7 for the graph depicting 

average Aβ load across layers for the QSBB cohort and mutation sub-groups.  

 

Figure 3-7 Mean Aβ load (%) per cortical layer.  

Mean Aβ load per cortical layer for the whole cohort and individual mutation groups. Error 

bars represent SD. 
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 Aβ pathology and tau load 

As tau is an important aspect of pathology in AD and FAD we assessed tau 

pathology in a small subset of cases. Tau load was measured in the same way 

as Aβ load (2.4) in 6 cases from the QSBB cohort (cases 1,4,13-16). The average 

tau load was correlated with clinical data and Aβ pathologies using Kendall’s tau-

b. 

Tau load did not significantly correlate with age at onset (τb=-0.3, p=0.42) or 

disease duration (τb=-0.07, p=0.85) (Figure 3-8 A). Tau load did not significantly 

correlate with CERAD scores: Leptomeningeal CAA τb=0.08 p=0.84, Subpial 

pathology τb=0.65 p=0.08, cortical CAA τb=0.14 p=0.7, Cored plaques τb=0.28 

p=0.44, diffuse plaques τb=0.07 p=0.85, CWPs τb=0.14 p=0.7, total cortical 

pathology τb=0.14 p=0.7, see Figure 3-8 B. Tau load did not significantly correlate 

with Aβ load (τb=-0.07, p=0.85, Figure 3-8 C). As there were no significant 

associations, and strength of correlations were generally weak, no further cases 

were investigated. 
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Figure 3-8 Tau load correlations.  



115 
 

A: Clinical data. B: CERAD scores. C: Aβ load, pink dots represent total CWP score. All 

graphs are Kendall’s tau-b correlation and lines represent direction of relationship fitted 

by linear regression.      
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 Chapter discussion 

 
Main findings 

Clinical and 

demographic 

FAD mutation and sex were associated with age at 

onset.  

APOE genotype was associated with disease 

duration. 

Type and distribution of 

Aβ pathology 

Observationally, Aβ pathology type and distribution 

could differ across cortical layers and between 

different and same mutation carriers. 

Association between 

CERAD scores and Aβ 

load, with clinical data 

CERAD pathology scores had no signification 

association with age at onset or disease duration. 

Aβ load did not associate with age at onset, but 

lower layer load associated with longer disease 

duration. 

Correlation between 

CERAD scores 

General positive correlation between 

leptomeningeal and cortical CAA and both CWPs 

and subpial pathology (except in the APP group). 

A trend for negative correlation between cored 

plaques and both diffuse and CWPs. 

Correlation between 

CERAD scores and Aβ 

load 

Leptomeningeal and cortical CAA and subpial 

pathology generally positively correlated with Aβ 

load 

Cored plaques negatively associated with Aβ load. 

Diffuse plaques and CWPs positively associated 

with Aβ load. 

Cortical layer differences 

There was a pattern for higher Aβ load in upper 

layers compared to lower layers. 

CWP pathology and Aβ load was higher in the lower 

layers of the PSEN1 post-codon 200 group 

In this study we investigated associations between genotype, clinical data and 

pathological data in a small FAD cohort. A key finding was that possession of an 

APOE4 allele was associated with longer disease duration, after adjusting for 

mutation sub-group and sex. In addition, sex was associated with age at onset in 
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this cohort, with females having a younger age at onset after adjusting for 

mutation sub-group and APOE4 status. Our pathological analysis did not 

demonstrate evidence of significant differences in the type, frequency or layer 

distribution of Aβ pathology between APOE4 carriers and non-carriers, raising 

the question of whether the differences we observed in age at onset and disease 

duration may be mediated by mechanisms beyond Aβ. Our pathological analysis 

did however highlight positive associations between frequency of CWPs and both 

cortical and leptomeningeal CAA (total CERAD CAA scores). Furthermore, 

presence of CWPs was observed to be higher in lower cortical layers in some 

PSEN1 post-codon 200 cases, which may relate to observed clinical and 

pathological differences in FAD patients with mutations located post-codon 200.  

In line with previous findings, our data show that mutation type and its location is 

associated with age at onset in FAD (Chapter: 3.3.2). Specifically, PSEN1 

mutations pre-codon 200 had a significantly earlier age at onset than APP 

mutation carriers, which may indicate that the mutation location has a particularly 

important role in PSEN1 function. It was seen that many of our PSEN1 pre-codon 

200 cases with earliest ages at onset had mutations within the region coding for 

the transmembrane (TM) TM1-TM2 loop. This domain is involved in dimerisation 

of PSEN1/PSEN2, substrate entry and contributes to γ-secretase processivity 

(Cervantes et al., 2001; Cervantes et al., 2004; Sun et al., 2015). Deletion of this 

TM1/2 region results in decreased γ-secretase, abnormal APP processing and 

trafficking and inefficient presenilase endoproteolysis (Annaert et al., 2001). 

Mutations in this region could therefore be associated with a particularly 

aggressive early onset phenotype.  

In our cohort, females had an earlier age at onset than males after adjusting for 

mutation sub-group and APOE4 status (Chapter: 3.3.2). Previous FAD studies 

which have included some of the cases within this study have shown a trend for 

younger age at onset in females (Ryman et al., 2014). Our findings highlight the 

importance of considering and investigating potential sex differences in disease 

manifestation and progression in FAD and the mechanisms that may be driving 

such differences. This is an area of growing interest in AD research (Ferretti et 

al., 2018), which could be informed by the insights gained from the study of FAD, 

where patients are typically young and lack the co-morbidities that can confound 

studies of older individuals with dementia. It is important to note that in the QSBB 
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cohort, females had a non-significant higher proportion of PSEN1 pre-codon 200 

mutation carriers which contribute to the younger age at onset. Further study of 

a larger cohort is needed to assess the role of sex in FAD in more detail. 

Similar to other findings in FAD studies, APOE4 status in our cohort did not affect 

age at onset (Forleo et al., 1997; Ryman et al., 2014). However, we found that 

possession of at least one ε4 allele was associated with longer disease duration 

(Chapter: 3.3.2). The effect of APOE4 genotype on disease duration in FAD is 

not well known and in sporadic AD its effect is uncertain. In a meta-analysis of 

1,700 cases, it was shown to have no effect, however in two studies of AD 

patients, a trend towards increased disease duration in APOE4 carriers was 

observed and, separately, increased survival of APOE4 carriers was found (Allan 

& Ebmeier, 2011; Basun et al., 1995; Masullo et al., 1998). Differences between 

studies may be linked to mixed populations of participants affected by factors 

such as age and sex, which may mask results as these factors have been shown 

to differentially influence the effect of APOE on clinical symptoms (Dal Forno et 

al., 2002; De Luca et al., 2016). Our finding indicates that APOE4 is associated 

with disease duration in FAD and, in line with other studies, suggests APOE4 

may have a disease prolonging role in AD that should be explored further.  

Although differing Aβ distribution between cases was evident microscopically, Aβ 

load was consistently higher in layer three amongst all groups (Chapter: 3.3.3.4 

and 3.3.4.3), as found in previous studies of sAD and FAD (Armstrong, 2015; 

Duyckaerts et al., 1986; Pearson et al., 1985; Rogers & Morrison, 1985). This 

consistent feature of high pathology in layer 3 implies a common mechanism in 

sporadic and familial AD although the reason for this vulnerability to Aβ deposition 

is not known. Various hypotheses suggest an increased vulnerability to AD 

pathomechanisms of certain neuronal populations, such as specific subsets of 

pyramidal cells, neurons with complex dendritic morphologies and specific 

neuronal circuits (Capetillo-Zarate et al., 2006; Delatour et al., 2004; Hof & 

Morrison, 1991; Hof et al., 1990). In particular, there is some evidence that 

cortical-cortical connections, predominant in layer 3, may be particularly 

vulnerable (Delatour et al., 2004). Interestingly, it has been shown in murine 

models that layer 5-6 neurons are less susceptible to Aβ toxicity than layer 3 

neurons indicating that there may be some intrinsic factor involved (Romito-

DiGiacomo et al., 2007). This is particularly interesting as lower layers were seen 
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to display lower Aβ pathology in this cohort. Despite all groups sharing layer 3 as 

the site of highest Aβ deposition, there were differences between the groups in 

that the post-codon 200 group had higher Aβ deposition in the lower cortical 

layers than the other groups. Extrinsic factors may also influence vulnerability 

and pathology, for instance, upper layer astrocytes have been shown to be 

enriched for APOE expression  (Bayraktar et al., 2018). 

In the post-codon 200 group, not only was there greater Aβ deposition in the 

lower layers but there was also greater CWP frequency in these layers (Chapter: 

3.3.3.4 and 3.3.4.3). CWP pathology has often been seen in kindreds and 

individual cases with PSEN1 mutations post-codon 200, such as the PSEN1 exon 

9 deletion, G217R, P2646L and L435F mutations (Crook et al., 1998; Heilig et 

al., 2010; Martikainen et al., 2010; Norton et al., 2009; M. J. Smith et al., 2001). 

This suggests mutations post-codon 200 support the development of CWP’s, 

however they can be found in cases with PSEN1 pre-codon 200 mutations 

(Sutovsky et al., 2018). Understanding the aetiology of CWP’s will be important 

due to their association with clinical phenotypes such as spastic paraparesis and 

other motor symptoms (Brooks et al., 2003; Karlstrom et al., 2008; S. Zhang et 

al., 2015). Higher rates of motor symptoms are observed in PSEN1 post-codon 

200 cases (Dintchov Traykov et al., 2009; Gómez-Tortosa et al., 2010; Raman et 

al., 2007; Ryan et al., 2016), supporting a link between the clinical phenotype and 

cotton wool pathology. The increased frequency of CWPs in lower layers, 

especially layer 5, that we observed in our PSEN1 post-codon 200 mutation 

cohort is perhaps consistent with this clinicopathological association as cortical 

layer 5 contains projections to the striatum, which is involved in motor control 

(Gerfen et al., 2016). While the evidence suggests a link, firm conclusions cannot 

be drawn as CWPs can exist without spastic paraparesis and CWPs can be found 

in sporadic AD, albeit infrequently (Le et al., 2001; Shrimpton et al., 2007). Further 

investigation of the localisation of CWPs and their relationship with spastic 

paraparesis, particularly in PSEN1 post-codon 200 cases, may provide more 

detail on how these observations may be linked. 

In the whole cohort, total CERAD pathological Aβ plaques were not significantly 

associated with age at onset or disease duration (Chapter: 3.3.3.1). Similarly, Aβ 

load was not significantly associated with age at onset, although there was a 

general negative trend (Chapter: 3.3.4.1), but large variance reduces confidence 
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in this assumption. Aβ load in layer 6 was positively associated with disease 

duration and this trend was consistent for the remaining layers (Chapter: 3.3.4.1). 

However, for all these associations, effect sizes were small with some large CI’s, 

suggesting little confidence in the association, and larger numbers would be 

needed to gain a more informative result. The trend could however suggest the 

association with duration becomes more apparent in the lower layers. This could 

indicate a temporal deposition of Aβ with upper layers, especially layer 3, 

depositing Aβ earlier and lower layers later. Previous post-mortem analysis has 

shown that increased spread of senile plaque pathology occurs over time in AD, 

and Aβ load in certain cortical regions correlates with disease duration 

(Armstrong, 2014; Cupidi et al., 2010). Although these studies do not refer to 

cortical layer deposition, they support the concept of a time dependant spread in 

pathology. 

Analysis of CAA revealed no significant correlations with Aβ load (Chapter: 

3.3.4.2), however positive correlations between CAA and CWPs were found in 

the full cohort and in the PSEN1 post-codon 200 group separately using CERAD 

measures (Chapter: 3.3.3.3). Previously, CWPs have been observed in FAD 

cases with severe CAA (Niwa et al., 2013) and CWPs in FAD have been found 

to correlate with white matter hyperintensities on MRI, which are a potential 

imaging marker of CAA (Ryan et al., 2015a). However, the precise link  between 

these pathologies is unclear and interestingly CAA is predominantly composed 

of Aβ40 (Tian et al., 2004) while CWPs are composed mainly of Aβ42 (Miravalle 

et al., 2005; Shrimpton et al., 2007; Steiner et al., 2001; Verkkoniemi et al., 2001), 

although Aβ40 can be present (D. M. A. Mann et al., 2001b). Despite this, our 

findings relating to CWPs and CAA, especially in reference to PSEN1 post-codon 

200 mutations, support a pathological link.   

Tau is an important pathology in AD, and in conjunction with Aβ, CSF levels 

provide prognostic value (Fagan et al., 2014). Our results have shown that in this 

pathological cohort, tau load did not associate with age at onset or disease 

duration (Chapter: 3.3.5). While this was only analysed in a small subset of cases, 

the correlation coefficient was especially low. This study involves end stage tissue 

which may mask any association, as imaging studies in patients reveal tau 

alterations and associations early in disease. Pathologically, tau load and 

measures of Aβ and Aβ positive types of pathology did not significantly correlate 
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in this cohort (Chapter: 3.3.5). As the assessment has been conducted at end 

stage, there may be a ceiling effect, where the levels of both are so high that no 

correlation can be seen. It is still under debate how Aβ leads to tau pathology but 

it is likely that once tau pathology begins, its spread and further increase may be 

independent of Aβ. Recent research in FTLD has suggested tau pathology may 

be associated with APOE genotype, independent of Aβ and so it may be 

important to consider this association (Koriath et al., 2019). Within this subset 

influence of APOE genotype could not be tested due to small numbers, but would 

be interesting to assess in future large cohorts. This will be especially important 

as it has been shown that restriction of tau pathology, in the presence of Aβ 

pathology, can delay onset of AD in FAD E280A mutation carriers, in a potentially 

APOE dependant manner (Arboleda-Velasquez et al., 2019). Although again this 

is a single patient report and so needs further investigations to support the 

findings.  

All FAD cases in this cohort had been neuropathologically diagnosed with end 

stage severe AD. Despite this, a more detailed investigation of the type and layer 

distribution of amyloid pathology highlighted differences between cases, with 

mutation location associated with certain clinical and pathological features. Broad 

pathological categorizations may mask more detailed mutation-specific effects on 

pathogenic processes. Investigating these differences could provide better 

knowledge of the mechanisms of pathology and be an important tool for better 

understanding heterogeneity in AD. Despite distinct pathology patterns between 

mutation sub-groups, differences in pathology were also noted between cases 

with the same mutation indicating that other factors may influence pathology and 

clinical features in addition to the causative FAD mutation. APOE4 genotype may 

be an important factor and associated with disease duration. Additionally, sex 

differences in age at onset were observed, with a younger age at onset in 

females, although larger studies will be needed to confirm this finding. Further 

investigation of the role of these factors in FAD may provide insights into how 

they are involved in the mechanisms underlying AD in general. 
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 Microglial response in FAD 

 Abstract 

Introduction: Microglia are known to play a role in AD. In FAD, the contribution 

of microglia to pathological and clinical phenotype is less understood, however, 

inflammatory responses have been observed in relation to clinical trials (Boche 

et al., 2010; R. A. Sperling et al., 2011; Zotova et al., 2013a). Here we investigate 

the pathological distribution of microglia throughout the six cortical layers of FAD 

cases and associations with Aβ pathology to determine any common patterns, 

phenotypic associations and explore variability between different mutation cases.  

Methods: Sections from the frontal cortex of 20 FAD cases with mutations in 

APP (n=4) or PSEN1 (n=16, 10 located pre-codon 200 and 6 post-codon 200) 

were analysed. Sequential sections were stained immunohistochemically for 

Iba1, CD68 and CR3/43, Aβ and Nissl were used for cortical layer determination. 

Microglial load was assessed in relation to clinical data, genetic mutation and 

APOE status. Associations between microglial markers and Aβ pathology were 

assessed. 

Results: Microglia displayed uneven distribution across the cortex, with trends 

for greater microglial load in upper layers, similar to Aβ distribution. In the whole 

cohort, CD68 was negatively correlated with average Aβ load, with the 

association significantly negative in layer 3 but in contrast, significantly positive 

in layer 6. Microglial markers showed plaque specific associations with Iba1 and 

cored plaques negatively correlated in the QSBB cohort and CD68 and CWPs 

positive correlated in the PSEN1 post-codon 200 group. Microglial markers did 

not differ between mutation groups and although trends were observed across 

groups, were not significantly correlated to clinical data, accept between CR3/43 

and age at onset in the QSBB cohort.  

Conclusions:  The results suggest that microglial distribution is uneven across 

the cortex and this pattern is similar to Aβ distribution. We also reveal that there 

may be associations with microglial phenotype and specific Aβ pathologies. 

Additionally, trends in correlation between the microglial markers and clinical data 

suggest microglial response may associate with clinical course. Microglia 

therefore may significantly affect FAD.  
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 Introduction 

 Microglia and layers 

Aβ has been shown to have a variable distribution across cortical layers. As 

microglia are believed to be associated with Aβ pathology, there may be a 

relationship between these pathologies within the cortex in AD. In rodent studies 

it has been shown that Iba1+ microglia are largely homogenous throughout the 

cortical layers in the uninjured brain, highlighting a homogenous distribution in a 

non-pathological state (Kongsui et al., 2014). However, in a disease state, 

changes in microglial location have been observed. Using IHC in patient brain 

tissue, Sheng et al. (1998) found that not only were IL-1A +ve microglia numbers 

significantly greater in AD than in controls, but the cortical laminar distribution had 

highest numbers seen in layers 3 to 5, which is where greatest Aβ deposition is 

frequently observed, as discussed in chapter 3.2.2. Additionally in the study, 

cortical laminar distribution of IL-1A +ve microglia in AD cases correlated with 

cortical laminar distribution of APP immunoreactive neuritic plaques, indicating 

an association. Interestingly, the cortical laminar distribution of IL-1A +ve 

microglia in controls also correlated with the neuritic plaque pathology seen in AD 

cases. The authors suggested these findings could indicate a role for microglia in 

driving location of plaque development. A further study from the same author 

found microglial expression of IL-1A positively correlated with neuritic plaque 

distribution in separate cortical regions, highlighting the widespread association 

between microglia and AD pathology in the diseased brain (Sheng et al., 1995). 

Another IHC study in human brain tissue found that the numerical density of HLA-

DR immunoreactive microglia in the middle temporal gyrus of five late stage AD 

patients was significantly higher than in controls, as was the mean cross-sectional 

area. Additionally, numerical density of these microglia was greater in the outer 

three cortical laminae in both AD and controls (Carpenter et al., 1993). Again, as 

the distribution pattern was also seen in controls, it lead the authors to 

hypothesise that HLA-DR microglia may be involved in plaque development. 

While there are studies highlighting the relationship between microglia, Aβ and 

layers in AD, there is also research conflicting with this view. Roe et al. (1996) 

concluded that microglial distribution was not linked to neuritic plaques within the 

hippocampus in AD, and that microglial distribution was largely variable within 

cases. 
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Evidence for differences in brain regional microglial pathology in genetically 

different causes of FTLD have also been shown. Differences in the distribution of 

Iba1 +ve microglia in the middle frontal gyrus were found in cases with 

frontotemporal lobar degeneration (FTLD) associated with progranululin 

mutations but not FTLD cases associated with pathogenic C9ORF72 repeat 

expansions. This difference was not found in the other regions, indicating not only 

layer specific but region specific differences, as well as potential genetic 

contributions (Nobutaka Sakae et al., 2019). 

While microglia distribution has been investigated in relation to plaque location in 

AD, there is little study into the natural distribution of microglia and the changes 

in distribution over time in relation to degeneration. Indeed it is now becoming 

apparent that understanding the natural heterogeneity and disease specific 

heterogeneity is important, particularly when considering avenues for therapeutic 

intervention (Silvin & Ginhoux, 2018). If the homeostatic nature in health is not 

fully understood then it will be hard to speculate how this should be modified for 

therapeutic benefit.  

 Microglia and Aβ 

In AD, microglia are heavily linked to Aβ pathology. The presence of Aβ receptors 

on microglia (Doens & Fernández, 2014; Zhao et al., 2018) suggests that the 

microglial response in AD is related to Aβ pathology. Interestingly, the microglia 

expressed receptor TREM2, which is an AD associated risk gene, has been 

shown to bind Aβ in vitro using synthetic Aβ peptides, and in a cellular model, 

TREM2-deficiency resulted in  significantly reduced Aβ degradation (Zhao et al., 

2018). Furthermore, Aβ aggregates have been shown to be internalised by 

murine microglia via receptor mediated mechanisms (Paresce et al., 1996). IHC 

on both mouse and human tissue has also shown Aβ particles within microglia 

(Keren-Shaul et al., 2017). Mechanisms for Aβ internalisation include lysosomal 

pathways, autophagy and the ubiquitin proteasome system, reviewed in Zuroff et 

al. (2017). Collectively, this implies that microglia aid in the clear up of toxic 

proteins in AD. This has been supported by findings in a singly transgenic APP 

Tg2576 mouse model, where after treatment with an anti-Aβ antibody, microglial 

activation was associated with facilitating Aβ plaque removal (Donna M. Wilcock 

et al., 2004). Upon neuropathological examination, immunization in humans has 
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also shown plaque reduction (Jäkel et al., 2019; Nicolll et al., 2003) and this has 

been associated with inflammatory responses (Boche et al., 2010; Ferrer et al., 

2004) and microglial markers (Nicoll et al., 2006; Nicolll et al., 2003). 

The important role of microglia and the immune response in AD is highlighted by 

the consistent findings of microglial related genes in GWAS studies on AD, for 

example TREM2 (Jansen et al., 2019; Lill et al., 2015), and other microglial 

specific genes which intersect with AD pathology, such as ATP-binding cassette 

transporter A7 (ABCA7) and complement receptor type 1 (CR1), reviewed in 

Villegas-Llerena et al. (2016). The connection is further emphasised in vivo by 

successful modulation of pathology and cognitive disturbances in mice models of 

AD treated with immunomodulatory agents, reviewed in (Martinez & Peplow, 

2019). It will be important to understand these relationships in the human brain 

more deeply if effective treatments are to be developed. 

IHC and silver staining of human AD hippocampus in cases with and without 

dentate gyrus plaque pathology revealed microglia were more frequent in the 

areas with most numerous plaques in AD plaque positive cases. A subtype of 

microglia labelled with ferritin were less common in plaque free regions. In the 

AD plaque positive cases, microglial distribution was similar in plaque positive 

and negative regions compared to controls and plaque negative cases where the 

distribution was more uniform. This implies a change in microglial in conjunction 

with plaque pathology, although microglial distribution was not a significant 

predictor of plaque location, and there was large variability in microglial and 

plaque pathology between cases. This left the authors to hypothesise that other 

factors, such as synaptic degradation, may influence microglial distribution. This 

is not an unreasonable link to make, and has some supporting evidence. Hong 

et al. (2016) investigated microglial distribution in mice and although they did not 

find significant relations, it was noted that there was some specific microglial 

location patterns, supporting our question of the relevance of microglial location 

to pathology. Additionally we will be assessing microglial pathology by analysing 

density and Aβ density, rather than location predictors which may provide new 

findings in our regions of study. In transgenic mice models expressing mutated 

humanised APP/PSEN1, crossed with microglia deficient mice, amyloid plaque 

formation and maintenance was not dependent on the presence of microglia 

(Grathwohl et al., 2009). This was observed in two different mice models, one 
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which usually displays an aggressive pathology while the other typically has a 

slower development with presence of dense cored and diffuse plaques and CAA. 

However, there was a slight (15%) reduction in diffuse plaques in the single APP 

mutation mice. Whilst this is an interesting study contradicting the theory of 

microglia influencing Aβ pathology, findings from mouse models of AD should be 

interpreted with caution. The complexities of human AD are not fully recapitulated 

in these models, and many more human studies have found some notable 

microglial involvement. 

D'Andrea et al. (2001), used triple IHC in hippocampus and entorhinal cortex of 

AD brain and observed three populations of Aβ plaques related to inflammation. 

This lead to the hypothesis that plaques without microglia were recently formed, 

followed by a recruitment of inflammatory microglia and finally astrocyte 

involvement. Of course, as this was IHC, exact time frame of activity cannot be 

certain.  

 Microglia and plaque type  

As discussed above, microglia are associated with Aβ plaques. An early review 

of the literature highlighted that Aβ plaques and microglial load were shown to 

frequently correlate (Sheng et al., 1998). As there are multiple forms of Aβ 

plaques, it is reasonable to question if there is a specific relationship between 

plaque type and microglial phenotype. Especially as plaque types and microglial 

phenotype have both separately been shown to have specific clinical 

associations. It has also more recently been shown that the location and number 

of microglia differed between different AD subtypes, indicating that microglia can 

differ depending on pathology, and pathology can differ depending on AD (Boon 

et al., 2018). An early study using human hippocampal tissue found that compact 

deposits stained with Bielschowsky and thioflavine S were associated with (HLA)-

DR-positive reactive microglia, however, diffuse plaques were not always 

associated (Itagaki et al., 1989). Similarly, another study using human cerebellar 

tissue from AD cases found that HLA-DR+ve microglia were associated with 

plaques, however the morphology of the microglia differed depending on the 

plaque type, with a more ‘activated’ morphology found in areas with compact 

reticular amyloid deposits (Mattiace et al., 1990). A. Sasaki et al. (1997) also 

found a lack of association between diffuse plaques and CR3/43 +ve microglia, 
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and found no association with subpial Aβ deposits. More recently it was shown 

that dense core plaques were associated with HLA-DR expressing microglia, 

while diffuse plaques were not specifically associated with microglia (Hendrickx 

et al., 2017). While this shows specific associations, it also highlighted the 

importance different microglia markers for the study of microglia pathology in AD. 

With these studies indicating a link, more in depth analysis of plaque type and 

microglial phenotype could provide more information on the immunogenic nature 

of plaques.  

CAA is another pathology and microglial phenotype and CAA pathology may also 

be associated. (Zabel et al., 2013) showed that certain Aβ ligands associated with 

clearance, that are expressed in microglia, were present at higher concentrations 

in AD + CAA cases compared to AD only cases, in tissue enriched for vessels, 

and there were greater complex of Aβ with these ligands in AD + CAA cases. The 

involvement of CAA and microglial pathology will be discussed further in chapter: 

5.2.3. 

 Aims 

Microglial pathology and the heterogeneity therein may be associated with 

different mutations and/or clinical features. Additionally, microglial pathology may 

associate with Aβ pathology, and this may be plaque type specific. Potential 

associations may highlight disease pathways connecting the various pathologies 

seen in sAD and FAD. To address this, the aims for the QSBB FAD cohort aims 

are: 

1. To determine if microglial load or pattern of distribution across the 

cortical layers differs between genetic causes of FAD. 

2. To determine if microglial load correlates with Aβ plaque type. 

3. To determine genetic causes of FAD, sex or APOE genotype modulate 

differences in microglial load. 

4. To determine if microglial load correlates with age at onset or disease 

duration. 

5. To determine if microglial load associated with Aβ load. 
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 Material and methods 

The methodology for this chapter has been described in chapter: 2 - 2.4.3. In 

brief, sections serial to those generated for chapter: 3.3 underwent IHC with 

antibodies against Iba1, CD68 and CR3/43. Generally, Iba1 is considered a pan 

marker for surveying microglia, staining homeostatic microglia, CD68 is a marker 

of phagocytic microglia typically associated with an anti-inflammatory state, and 

CR3/43 is a marker of antigen presenting microglia typically associated with a pro 

inflammatory state (see 1.18 Microglial subtypes). The % area stained with each 

antibody for each cortical layer was quantitatively assessed generating the layer 

specific microglial load and an average microglial load for each antibody. The 

load was statistically analysed in relation to clinical, genetic and histological data 

for microglial load and Aβ pathologies generated in chapter: 3.3.  

 Results 

 Microglial load distribution 

The distribution of microglial load across the cortical layers was analysed for each 

marker in the QSBB cohort using Friedman ANOVA, this test is inappropriate for 

sample size less than 8 therefore was not conducted in the mutation sub-groups, 

however trends will be discussed. Representative images of microglial load in 

each case can be seen for Iba1 in Figure 4-1, CD68 in Figure 4-2 and CR3/43 in 

Figure 4-3.  

Iba1 

In the QSBB cohort and mutation sub-groups, observed Iba1 load was highest in 

upper layers and lowest in the lower layers. When comparing between cortical 

layers, there were statistically significant differences in the QSBB cohort 

(p<0.0001, Friendman ANOVA). Specifically, layer 1 had significantly higher load 

compared to layers 4-6 (p=0.0004, p=0.002, p=0.005, Dunn’s test), and layer 2 

had higher load compared to layers 4-6 (p=0.002, p=0.009, p=0.02). Within all 

the mutation sub-groups, a similar pattern of higher load in the upper compared 

to the lower layers could be observed (Figure 4-4 A).  

CD68 
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In the QSBB cohort and mutation sub-groups, the cortical distribution of CD68 

appears to differ across the layers. CD68 load appears highest in layer 2 across 

all groups, while lowest load varies across the layers. Although no consistent 

pattern was observed, there was a trend for low load in cortical layer 1 across all 

groups. In the QSBB cohort, there were significant differences across the cortical 

layers in CD68 load distribution (p<0.0001, Friendman ANOVA) with significantly 

lower load in layer 1 than layers 2-4 (p<.0001, p=0.003, p=0.007, Dunn’s test). 

While the PSEN1 pre-codon 200 and APP groups reflect the whole QSBB cohort 

results, the PSEN1 post codon 200 group differs slightly from this pattern (Figure 

4-4 B). Specifically, the PSEN1 post-codon 200 group had an unusually low CD68 

load in layer 3 while lower layers had higher loads.   

CR3/43 

In the QSBB cohort and mutation groups, highest load was observed within upper 

layers 1-3 while the cortical layer with the lowest load differed between groups.  

Interestingly there appears to be a greater load of CR3/43 in the APP group, 

however as mentioned previously, average load did not significantly differ 

between groups. There were no statistically significant differences across the 

layers in the QSBB cohort (p=0.14, Friedman ANOVA) (Figure 4-4 C).  
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Figure 4-1 Representative images of frontal cortex serial sections 

immunohistochemically stained with Iba1 antibody.  

Case number in bracket refers to those in Table 3-1 . White Scale bar represents 300µm. 

No image available for case 1. 
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Figure 4-2 Representative images of frontal cortex serial sections 

immunohistochemically stained with CD68 antibody. 

Case number in bracket refers to those in Table 3-1 . White Scale bar represents 300µm. 

No image available for case 1. 
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Figure 4-3 Representative images of frontal cortex serial sections 

immunohistochemically stained with CR3/43 antibody.  

Case number in bracket refers to those in Table 3-1 . White Scale bar represents 300µm.  
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Figure 4-4 Microglial load by layer in the QSBB cohort and mutation sub-groups.    

A: Iba1. B: CD68. C: CR3/43. Bars represent mean load (%). 
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 Microglial load and clinical data 

The relationship between average microglial load and clinical data (age at onset 

and disease duration) was assessed by correlation analysis using Kendall’s tau-

b, in the whole QSBB cohort and mutation sub-groups (see  

Figure 4-5 A,B). 

In the QSBB cohort and mutation sub-groups, there were no statistically 

significant correlations between Iba1 load and clinical data, additionally, the 

associations were weak associations (except in the small APP group), with no 

consistent direction of correlation. 

CD68 generally showed positive correlations with both age at onset and disease 

duration in the whole QSBB cohort, as well as in the PSEN1 pre and post-codon 

200 groups but not in the APP group, however these did not reach statistical 

significance.  

In the QSBB cohort CR3/43 was significantly positively correlated with age at 

onset (p=0.04), and a positive trend could also be seen in the PSEN1 pre and 

post-codon 200 groups, with moderate strength of correlation. CR3/43 was also 

consistently positively correlated with disease duration and while the strength of 

correlations were moderate, they did not reach statistical significance.  

Next, potential associations between the layer specific microglial marker load and 

age at onset were investigated (see Figure 4-6). Generally across the layers, 

correlation between Iba1 and the QSBB cohort was negligible, while in the 

mutation sub-groups Iba1 was weakly, negatively correlated with age at onset,. 

CD68 was generally weakly, positively correlated with age at onset in the whole 

QSBB cohort and PSEN1 groups, but negatively in the APP group, no 

correlations reached statistical significance. In the QSBB cohort, layer 2 CR3/43 

was significantly positively correlated with age at onset (p=0.02), with a similar 

pattern seen in the mutation sub-groups for layer 2 and layers 1, 3-5, however, 

the strengths of correlation were often low. 

Layer specific microglial marker correlations with disease duration were also 

investigated (Figure 4-6 D-F). Results indicate Iba1 was not associated with 
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disease duration, although in the APP group strong but non-significant positive 

correlations were observed.  

There was no clear trend for associations between CD68 and disease duration, 

with generally weak positive and negative correlations in the PSEN1 pre-codon 

200 group, some strong, non-significant positive correlations in the PSEN1 post-

codon 200 group and a mixture of strong positive and negative correlations in the 

APP group and. However, in the QSBB cohort as a whole, layer 6 CD68 was 

significantly positively correlated with disease duration (p=0.02) and this trend 

was consistent across all groups. 

There was a general positive correlation between CR3/43 and disease duration 

seen in the QSBB cohort and sub-groups across the layers, although the strength 

of correlation ranged from weak to moderate. However, the correlation between 

layer 2 CR3/43 load and disease duration did reach statistical significance in the 

PSEN1 pre-codon 200 group (p=0.04). 
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Figure 4-5 Correlation between clinical data and microglial load in the QSBB 

cohort. 

CR3/43 was significantly correlated with age at onset in the QSBB cohort and this patter 

was observed across sub-groups. Data shown in heatmaps are τb correlation 

coefficients, Kendall’s tau-b, * p<0.05. 
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Figure 4-6 Correlation between microglial load by cortical layer and clinical data.  

Correlations for the QSBB cohort as a whole and mutation sub-groups are shown. A: Iba1 

and age at onset. B: CD68 and age at onset. C: CR3/43 and age at onset, significant 

positive correlation in the QSBB cohort between layer 2 load and age at onset (p=0.02). 

D: Iba1 and disease duration. E: CD68 and disease duration, positive correlation in the 

QSBB cohort and layer 6 load with disease duration (p=0.02). F: CR3/43 and disease 

duration, positive correlation between layer 2 load and disease duration in the PSEN1 

pre-codon 200 group (p=0.04). Data shown in heatmaps are τb correlation coefficients, 

Kendall’s tau-b, * p<0.05 

 Comparison of microglial load by APOE status and sex 

Microglial load was compared between APOE4 carriers and non-carriers and 

between females and males, with no statistically significant differences found. 

However Iba1 load reached near statistical significance (p=0.07), with males 
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having a higher load than females (2.21 ± 1.65 vs 0.99 ± 1.37) although there 

was large variance within groups (Figure 4-7). 

 
Iba1 CD68 CR3/43 

  mean (SD) p mean (SD) p mean (SD) p 

APOE       

   APOE4 non-carrier (n=12) 1.7 (1.9) 
0.84 

1.15 (0.69) 
0.34 

0.82 (1.2) 
0.84 

   APOE4 carrier (n=7) 1.32 (0.87) 0.77 (0.39) 0.65 (0.5) 

Sex       

   Male (n=8) 2.21 (1.65) 
0.07 

1.06 (0.59) 
0.85 

1.14 (1.43) 
0.43 

   Female (n=12) 0.99 (1.37) 1.02 (0.64) 0.7 (0.79) 

Figure 4-7 Comparison of microglial load by APOE4 status and sex.  

Data shown as mean and standard deviation (SD). Ranksumex, p= p-value. 

 Comparison of microglial load between FAD mutation sub-groups 

The average microglial load for each marker was compared between mutation 

sub-groups. Average Iba1 and CD68 load was highest in the PSEN1 post-codon 

200 group and lowest in the APP group, although there were no statistically 

significant differences between groups (Iba1: p=0.33, CD68: p=0.92, Kruskal-

Wallis). Average CR3/43 load was highest in the APP group and lowest in the 

PSEN1 post-codon 200 group, but did not statistically differ between groups 

(p=0.24) (Figure 4-8 A). 
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Figure 4-8 Comparison of microglial load by mutation sub-group.  

There were no statistically significant differences in microglial load between mutation sub-

groups. Kruskal-Wallis. Error bars represent mean and SD. 
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 Relationship between the microglial markers 

Investigating correlations between the microglial markers highlighted no 

significant correlations, however trends were observed. There was a negative 

trend between Iba1 and CD68, except in the PSEN1 post-codon 200 group where 

a very weak positive correlation was observed. Relationships between the other 

microglial markers showed no clear trends, with opposite directions of correlation 

seen in the smaller PSEN1 post-codon 200 and APP sub-groups, with no 

statistically significant correlations (Figure 4-9 A). 
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Figure 4-9 Relationship between microglial markers.  

There were no significant correlations between the microglial markers, however Iba1 and 

CD68 show a negative trend. Data shown in heatmaps are τb correlation coefficients, 

Kendall’s tau-b. 

 Microglial load and amyloid-beta 

 Microglial load and CERAD scores 

Relationship between average microglial load and Aβ plaque types was 

investigated (Figure 4-10 A-C). Plaque type scores are from the total CERAD 

scores described in chapter: 3.3.3.  

Iba1 
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There was a general trend for negative association between Iba1 and cortical and 

leptomeningeal CAA and subpial pathology, although the PSEN1 post-codon 200 

group was positively correlated. Iba1, a marker of surveying microglia, was 

consistently negatively associated with the frequency of cored plaques, and this 

was significant in the QSBB cohort (p=0.01). The strength of correlation 

coefficients for diffuse and total pathology were weak, indicating there may be no 

association. CWPs had varied directions of correlation between mutation sub-

groups. The PSEN1 pre-codon 200 group had a negative correlation while the 

PSEN1 pre-codon 200 and APP groups had strong positive correlations. The 

difference in correlation between the PSEN1 pre-codon 200 and APP group is 

despite them having the same average CWP score (2 ± 1.3 and 2 ± 1.0). 

CD68 

Although non-significant, CD68 load was generally positively correlated with 

cortical and leptomeningeal CAA and subpial pathology, except in the PSEN1 

post-codon 200 group, which had negative correlations. In contrast to Iba1, CD68 

load was positively correlated with cored plaques, although the strength of 

correlation was low-moderate and non-significant. 

CD68 was generally negatively associated with diffuse pathology, and this trend 

was also seen for total pathology, where there was a significant correlation in the 

QSBB cohort as a whole (p=0.01). A significant positive correlation between 

CD68 load and total CWP score was found in the PSEN1 pre-codon 200 group 

(p=0.03), however the remaining sub-groups had negative correlations. This is 

despite the PSEN1 pre-codon 200 and APP groups having the same average 

CWP score (2 ± 1.3 and 2 ± 1.0). 

CR3/43 

Generally, there was a mild negative correlation between CR3/43 with most types 

of pathology measured by CERAD. Interestingly, CWPs were positively 

correlated with CR3/43 and this was consistent in the QSBB cohort as a whole 

and mutation sub-groups, however none of the correlations reached statistical 

significance.   
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As noted, sub-groups sometimes had differing directions of correlation between 

some of the markers and types of pathology. As group sizes are small and there 

was large variance in microglial load, caution must be taken when interpreting 

these results.  
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Figure 4-10 Correlation between microglial markers and total CERAD scores.  

A: In the QSBB cohort, average Iba1 load significantly negatively correlates with total 

cored plaque score (p=0.01). B: In the QSBB cohort, CD68 load significantly negatively 

correlates with total plaque pathology (p=0.01) and in the PSEN1 pre-codon 200 group 

CD68 positively correlates with CWP score (p=0.03). C: No significant correlations 

between CR3/43 and pathology scores. Data shown in heatmaps are τb correlation 

coefficients, Kendall’s tau-b, *p<0.05. 

 Microglial load and Aβ load 

In addition to assessing the relationship between microglia and Aβ pathology as 

measured by CERAD scores, associations between microglial load and Aβ load 

were investigated (Figure 4-11 A). Specific patterns could be seen for the different 

microglial markers within the QSBB cohort and mutation sub-groups. Generally, 

there was a positive, but weak, correlation between Iba1 and Aβ load. In contrast, 

CD68 was consistently mildly, negatively correlated with Aβ load. CR3/43 also 

displayed negative trends but the strength of correlations were weak and in the 
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small APP group the direction of correlation was positive. Despite observed 

trends, no significant correlations were found. Of note, the direction of correlation 

for CD68 and CR3/43 with Aβ load was the same as that seen for the total 

pathology as measured by CERAD scores.  
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Figure 4-11 Correlation between microglial load and Aβ load.  

Correlations shown for the QSBB cohort as a whole and mutation sub-groups. Data 

shown in heatmaps are τb correlation coefficients, Kendall’s tau-b. 

 Microglial load and Aβ load across cortical layers 

Because of the uneven distribution of both microglial and Aβ load across the 

cortical layers, the relationships for each cortical layer was analysed (i.e. 

correlating layer 1 with layer 1, layer 2 with layer 2 etc.) (See Figure 4-12 A-C).  

Iba1 

In the QSBB cohort, PSEN1 post-codon 200 and APP groups, Iba1 was generally 

positively correlated with Aβ load across the cortical layers, although the strength 

of correlation was mainly low to moderate and there were no significant 

correlations. In contrast, in the upper layers, the PSEN1 pre-codon 200 group 

had a non-significant negative trend between Iba1 and Aβ.  

CD68 
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Generally, CD68 load had moderate, negative patterns of correlation with Aβ load 

in the upper layers (1-3) in all groups, with a significant association in layer 3 in 

the QSBB cohort as a whole (p=0.005). Interestingly layer 3 displays the highest 

Aβ load (Chapter 3.3.3.4). Although CD68 load only significantly differed in layer 

1, results from chapter x indicated Aβ load was significantly higher in these upper 

layers. Contrastingly, CD68 was generally positively correlated with Aβ load in 

the lower layers (5-6), with a significant association in layer 6 in the QSBB cohort 

(p=0.02) and in the PSEN1 pre-codon 200 groups (p=0.01). There were no 

significant correlations for the remaining subgroups. 

CR3/43 

In the QSBB cohort as a whole and the mutation sub-groups there were no 

significant associations, but CR3/43 was generally negatively correlated with Aβ 

load, except in layer 1 and 6 where generally, very weak positive correlations 

were observed. Interestingly, layer 1 and 6 are where lower Aβ load was 

observed.   

 

Figure 4-12 Correlation between microglial marker and Aβ by cortical layer.  

Correlations shown for the QSBB cohort as a whole and mutation sub-groups. A: Iba1 

and Aβ. B: In the QSBB cohort, layer 3 CD68 and Aβ load negatively correlate (p=0.005) 

and layer 6 CD68 and Aβ load positively correlate (p=0.02). In the PSEN1 pre-codon 200 

group, layer 6 CD68 and Aβ load positively correlate (p=0.01). C: CR343 and Aβ. Data 

shown in heatmaps are τb correlation coefficients, Kendall’s tau-b, *p<0.05, **p<.01. 
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 Microglial load and tau load 

Average microglial load for each marker was correlated with the average tau load 

in the small subset of cases described in chapter: 3.3.5. No significant 

correlations were found. Iba1: τb=-0.2 p=0.57. CD68: τb=0.07 p=0.85. CR3/43: 

τb>0.00 p>0.99, Kendall’s tau-b.  

 Chapter Discussion 

 
Main findings 

Microglial load 

distribution 

All markers had a trend for higher distribution in upper 

layers. 

IBA1 and CD68 load was observed to be greater in 

lower layers of the PSEN1 post-codon 200 group. 

Microglial load and 

clinical data 

Trend for positive correlations for CD68 and CR3/43 

with age at onset and disease duration. 

Comparing microglial 

load between genetic 

and demographic 

groups 

No significant differences between genetic and 

demographic groups was observed. 

Correlation between 

markers 

Weak trend for negative correlation between IBA1 and 

CD68  

Microglial load and 

CERAD scores 

Trend for a negative correlation between IBA1 and 

cored plaques (except in the PSEN1 post codon 200 

group), cortical and leptomeningeal CAA and Subpial 

pathology. 

CD68 positively correlated with leptomeningeal and 

cortical CAA, subpial pathology and cored plaques and 

negatively correlated with diffuse and total pathology. 

General negative correlations between CR3/43 and 

CERAD scores. 

Microglial load and 

Aβ load 

Trend for a weak positive correlation between Iba1 and 

Aβ,  
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General negative correlation between CD68 and Aβ 

except in lower cortical layers where correlation is 

positive  

Trend for negative correlation between CR3/43 and Aβ 

In this study we investigated associations between genotype, clinical data and 

microglial pathology in a small FAD cohort. The distribution of microglial 

pathology tended to reflect that of Aβ, implicating an association between the two 

pathologies. Further to this, distinct associations between specific microglial 

markers and Aβ plaque types were observed, suggesting there may be complex 

relationship between microglial phenotypes and Aβ pathology.   

Distribution of microglial load 

Microglial pathology was analysed in the QSBB cohort. Initially, the laminar 

distribution was assessed and microglial load across the cortical layers revealed 

a general trend for higher load in upper layers (2&3) compared to lower layers 

(5&6), reminiscent of the Aβ findings (4.3.1). In particular, Iba1 was significantly 

higher in upper layers except in the PSEN1 post-codon 200 group, which may 

reflect the Aβ distribution pattern in this group, as Aβ load was also more evenly 

distributed across the layers. This suggests microglia are present in areas of Aβ 

pathology and may have been involved in underlying pathogenic processes 

occurring where Aβ deposition is highest. In support of this, Iba1 positive 

microglia are considered to be evenly distributed across cortical layers in health 

in rodent and human (Kongsui et al., 2014; Torres-Platas et al., 2014), therefore 

increased Iba1 load in upper layers indicates microglia may have moved towards 

and remained in the site of Aβ. CD68 and CR3/43 do not appear to be as 

significantly different between layers except in the PSEN1 pre-codon 200 group. 

Small sub-group sizes may hinder identification of differences, and in the whole 

QSBB cohort, differences between mutations may mask trends. Between the 

groups however there were no significant differences in microglial load, although 

the PSEN1 post-codon 200 and APP groups had opposite microglial phenotypes, 

with highest Iba1 and CD68 in the PSEN1 post-codon 200 group and lowest in 

the APP group (Chapter: 4.3.4). The opposite was found for CR3/43. Despite this 

observation, we do not see significant correlations between average load of any 

microglial marker, indicating that a range of phenotypes can be present, rather 



146 
 

than just pro or anti-inflammatory. Additionally, microglia in areas of pathology 

may not be actively upregulating markers we have stained for, and other 

microglial specific antibodies may reveal more information. 

Comparison of microglial load between groups 

Iba1 and CD68 did not statistically differ between mutation groups (Chapter: 

4.3.4). CR3/43 did not significantly differ between cases either although average 

load was notably higher in the APP group. In the small APP group, there was one 

case with high CR3/43 pathology. The effect of this can be large in such small 

numbers and may be artificially inflating some of the associations seen in this 

group. We did not investigate comorbidities in these cases so we cannot 

guarantee that the observed phenotype is due to FAD rather than some other 

factor. This may explain why there are frequent APP group differences in CR3/43 

associations in the APP group. Based on this, it would be necessary to use a 

larger APP cohort to investigate the microglial role in these mutation carriers. 

There are also possible outliers in the PSEN1 pre-codon 200 group for CR3/43 

and Iba1 and in the post-codon 200 group for Iba1, but greater numbers in these 

groups may buffer the effect.  

While the correlation analysis revealed some associations, looking at the data it 

becomes clear that in some cases, there is a lack of positivity for some of the 

microglial markers. This suggests that in some instances there may be a reduced 

microglial response. It would be interesting to see if those with decreased 

positivity for one marker has similar reduced expression in the other markers. 

Clinical associations 

Generally, we found no consistent association between Iba1 and age at onset or 

disease duration (Chapter: 4.3.2). This suggests that on pathological analysis, 

the overall load of Iba1 positive microglia does not associate with clinical course, 

at least at the end stage of disease. While overall in the whole QSBB cohort the 

association between Iba1 and age at onset was very weakly positive, within 

groups its association tended to be negative, particularly in layers 3 and 4. These 

results may not be applicable to different stages of disease however. It can also 

be concluded that research may need to focus on microglial phenotype rather 
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than overall presence. This view has been suggested by others who found that 

the method of analysis used lead to different findings (Hopperton et al., 2017). 

The analysis of CD68+ve phagocytic microglia revealed CD68 was generally 

positively associated with age at onset although this was not significant (Chapter: 

4.3.2). Importantly, CD68 load did not differ between these groups, even though 

age at onset did. In contrast the association of CD68 with disease duration 

suggested group differences, with no correlation in PSEN1 pre-codon 200 cases, 

positive correlation in PSEN1 post-codon 200 cases and a negative correlation 

in APP cases, although again the associations were not significant. As the groups 

did not differ in CD68 load or disease duration, these differences may be related 

to the mutation groups. They may however be artefacts of small group sizes, as 

the greatest differences were observed in the smaller groups.  

CR3/43 was significantly positively associated with age at onset, and was 

positively correlated with disease duration and this trend was seen throughout 

most of the cortical layers and mutation subgroups (Chapter: 4.3.2). CR3/43+ve 

microglia would typically be considered pro-inflammatory and associated with a 

detrimental response which contrasts with these findings (Boche et al., 2013). 

Why this positive association is seen is uncertain, it may, however, suggest that 

a pro-inflammatory response may have certain beneficial effects in FAD. 

Alternatively, it may simply reflect changes in microglial phenotype over time, with 

microglia progressing to a CR3/43+ve phenotype in later disease stages. 

As these analyses are correlations we cannot rule out other factors influencing 

results, including specific FAD mutation or APOE4 status. We have also not 

accounted for any differences between time between post-mortem and fixation, 

or the presence of additional comorbidities which may have impact 

immunological responses in these cases. Some of our results do not align with 

previous findings, such as negative associations of CR3/43 microglia with scores 

on clinical outcomes (Minett et al., 2016). This could be due to age effects, as 

microglia may differ throughout age (Taipa et al., 2018).  

In AD, an increased inflammatory response has been associated with the APOE4 

allele (Minett et al., 2016; Rodriguez et al., 2014). In our QSBB cohort, there was 

no difference in microglial load between APOE4 carriers and non-carriers 
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suggesting that in this cohort APOE may not significantly mediate microglial 

response in end stage FAD (Chapter: 4.3.3). Additionally, when comparing 

between sexes, we found no significant differences, although there was a near 

significant greater increase in Iba1 load in males compared to females. As there 

was no association with Iba1 and age at onset or disease duration however, it 

seems unlikely that this difference impacts upon clinical course.   

Microglia and Aβ 

As microglia are involved in the response to Aβ we investigated potential 

relationships between microglial load and Aβ load and types of Aβ pathology, 

however very few significant associations were found (Chapter: 4.3.6). Iba1 did 

not significantly associate with measures of overall Aβ in this study. Increased 

Iba1 has often been associated with Aβ in comparison to non-Aβ positive controls 

(see Hopperton et al. (2017)). The Iba1 response may therefore be to Aβ in 

general, but not increased with increasing Aβ. It is also suggested that microglia 

change and may lose ability to react efficiently over time (Sankowski et al., 2019), 

with reduced motility (Minett et al., 2016) and reduced ability to react to pathology 

in AD (Hickman et al., 2008). Interestingly, we found that Iba1 negatively 

correlated with cored plaques (Chapter: 4.3.6.1). This negative association of 

Iba1 with dense cored plaques was not found in a recent study on post mortem 

AD brain tissue, where instead they observed CR3/43 positive microglia to be 

associated with dense core plaques, something we also saw (Hendrickx et al., 

2017). However, this was within the hippocampus and like Aβ pathology, it is 

suggested that microglia pathology can differ over anatomical regions (Taipa et 

al., 2017), and thus may be the cause of conflicting results. As Aβ pathology 

affects different anatomical regions over time, these differences may reflect 

temporal changes in microglial response over time. Additionally, in that study only 

four AD cases were assessed, leaving the results open to further investigation. 

In a separate study, Iba1 positive microglia were found to be in close proximity to 

dense core plaques (A. Serrano-Pozo et al., 2013), which would seem 

inconsistent with our results, however theirs was a measurement of proximity 

rather than overall load of Iba1. It would be interesting to investigate this further 

in our FAD cohort. 
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As observed in immunized AD patient brain tissue, CD68 was reduced after 

immunization as was Aβ (Zotova et al., 2013b), and CD68 was reduced in 

immunized cases compared to controls in areas of Aβ clearance (Zotova et al., 

2011). This supports the hypothesis that CD68+ve microglia are involved in Aβ 

clearance mechanisms. Interestingly however, in our cases, the association 

differed across the cortical layers (Chapter: 4.3.6.3). CD68 was generally 

negatively correlated with Aβ in the upper layers, yet positively correlated in the 

lower layers across all mutation subgroups. In context, we showed that Aβ was 

greater in the upper layers, and lower in lower layers. It is possible that CD68 and 

Aβ negatively correlated in layer 3 due to microglial driven clearance, as in cases 

with high CD68 presence Aβ was negatively correlated. This is in concordance 

with data suggesting that Aβ levels are decreased in areas with increased CD68 

after Aβ immunization (Nicolll et al., 2003) and it is speculated that in these 

scenarios, CD68+ve microglia may be responsible for phagocytic Aβ clearance 

(Zotova et al., 2011). This may be why in later studies, immunized dementia 

cases had lower CD68 levels compared to controls, in concordance with Aβ 

plaque removal and a subsequent downregulation of phagocytic activity (Zotova 

et al., 2013b). In contrast, in our cases, positive correlations between CD68 load 

and Aβ in layer 6 may be in response to the speculated later Aβ deposition in this 

layer. Increased CD68 expression in parallel to Aβ deposition has been shown in 

a mouse model of FAD (Hoeijmakers et al., 2018). This is particularly possible in 

the pre-codon 200 group, where both Aβ pathology and CD68 load in layer 6 

were positively associated with longer disease duration. This suggests that 

although overall, Aβ is higher in upper layers, a greater CD68+ve microglial load 

in theses upper layers associates with lower Aβ. In comparison, cases with lower 

CD68+ve microglia would likely have higher Aβ load. Alternatively, the layer 

differences could be interpreted to suggest that at a certain level of high Aβ 

deposition, microglial phenotypes differ and there is a reduction in their 

phagocytic capabilities.  

Interestingly, CD68 associations with other pathologies differed between 

mutation sub-groups (Chapter: 4.3.6.1). The PSEN1 post-codon 200 group had 

negative associations between CD68 and CERAD measures of CAA, while the 

remaining groups displayed positive associations. In those with a positive 

association, it is plausible that CD68 positive microglia enhance Aβ clearance via 
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the perivascular clearance pathway. Neuropathological CD68+ve 

immunoreactivity aiding plaque burden reduction, likely via perivascular 

clearance, has been shown in Aβ-related angiitis cases (Bogner et al., 2013). 

Interestingly this association was not found in the ‘CAA only’ cases which were 

used for comparison in the study. PSEN1 post codon 200 cases have been linked 

to greater CAA, so the negative association between CD68 and CAA in these 

cases is interesting as a positive correlation may have been expected. However, 

this is end stage disease and if these cases do have a saturation of CAA, the 

association may be lost.  

Models which can look into multifactor associations involving microglia, Aβ and 

clinical factors may shed light on associations between these combined features 

of disease. These types of associations have previously been shown, with CD68 

positive microglia around dense core plaques positively associating with disease 

duration in a study of  temporal cortex of sAD patients (Serrano-Pozo et al., 

2016). This was not observed with Iba1, highlighting microglial phenotype specific 

associations. 

Aβ load and CR3/43 were generally negatively correlated, especially in those 

layers where CR3/43 was higher (Chapter: 4.3.6.2 and 4.3.6.3). As CR3/43 was 

also associated with age at onset and disease duration, this may suggest a 

beneficial response with CR3/43+ve microglia in FAD. This interesting finding 

may be important for consideration of immunomodulatory treatments. However 

opposite trends were seen in the APP group, although analysis in this group 

suffers from previously described issues such as small numbers and large outlier 

effects. If the results seen for the whole QSBB cohort and PSEN1 pre and post-

codon 200 cases could be replicated in larger cohorts and in APP mutation 

carriers, this may suggest that certain microglial phenotypes can benefit 

reduction of certain pathologies. Although not significant, CR3/43 was positively 

associated with CWPs although the correlation coefficient was least strong in the 

mutation group with the non-significant, but numerically highest CWP frequency 

(Chapter: 3.3.3.2). Within CWPs, microglial reactivity is not observed. The 

positive association we observe has not been shown before, but CWPs are 

associated with CAA, while CR3/43 was non-significantly negatively associated 

with CAA. This complex relationship could be due to numerous factors we have 



151 
 

not been able to apply to our analysis, but a more detailed future analysis of the 

proximity of microglia to CWPs and areas of CAA help to disentangle it.  

Conclusion 

In summary, although not consistently statistically significant, trends in microglia 

phenotype appear relevant to clinical aspects of FAD as well as plaque pathology 

and CAA. This has highlighted the importance of assessing these pathologies in 

relation to one another, as their underlying molecular mechanism may enhance 

or converge on pathways leading to degeneration. As immune-regulatory drugs 

are being explored it is important to recognise the importance of specific 

microglial phenotypes in FAD which, as we have shown, may be associated with 

disease duration. As more microglial associated genetic risk factors are found in 

AD, understanding pathological changes in microglia in FAD may enhance 

understanding of the interplay between microglial alterations and other 

associated risk factors.   
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 Involvement of cerebral amyloid angiopathy in FAD 

 Abstract 

Introduction: Considerable phenotypic and pathological heterogeneity is 

observed in FAD, including variability in the presence and severity of CAA. 

Causative gene, mutation location and APOE status may drive CAA and Aβ 

pathology and microglial reactivity may also associate with CAA. Here, the 

severity of CAA in the frontal cortex of FAD cases is investigated, followed by 

investigation of CAA in the occipital cortex, where this pathology is known to 

predominate.  

Methods: Sections from the frontal cortex and occipital cortex of 41 FAD cases 

with mutations in APP (n=10) or PSEN1 (31, 20 located pre-codon 200 and 11 

post-codon 200) were stained immunohistochemically for Aβ, with the proportion 

and severity of CAA determined by vessel counts. Neuropathological correlates 

of Aβ and microglial pathology in relation to CAA severity in the frontal cortex 

were investigated in the 20 cases from the QSBB. All results were analysed in 

relation to age at onset and disease duration and potential associations with 

genetic mutation and APOE status were investigated. 

Results: In the QSBB cohort, there were associations between the proportion 

and severity of CAA and specific pathologies. CAA was positively associated with 

CWPs, while there was a trend for a negative association between CAA and 

cored plaques. CAA severity also tended to be positively associated with Aβ load. 

CAA did not display many significant associations with microglial load, although 

general trends emerged with negative associations between CAA and Iba1 

(except in the PSEN1 post-codon 200 group), positive associations between CAA 

and CD68 (except in the PSEN1 post codon 200 group) and negative 

associations between CAA and CR3/43 in all mutation subgroups. In the 

extended cohort, CAA did not significantly associate with age at onset or disease 

duration. CAA did however display significant differences between mutation 

subgroups and APOE genotypes, therefore may associate with both genetic 

mutation and APOE status. 

Conclusions: Investigating CAA pathology in carriers of a variety of different 

FAD mutations and APOE genotypes may provide insights into its role in the 
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disease process. As CAA has emerged as an important factor in amyloid-

modifying therapy, understanding its heterogeneous occurrence in FAD may 

have relevance for the development and evaluation of clinical trials.  

 Introduction 

 Cerebral amyloid angiopathy in FAD 

As discussed in chapter: 1.10 - 1.11, particular FAD mutations have been 

associated with more severe CAA, particularly APP mutations within the Aβ 

coding domain as discussed above and reviewed in Ryan and Rossor (2010). 

Differences may also exist between PSEN1 mutation carriers, with mutations 

post-codon 200 reported to cause more severe CAA pathology than pre-codon 

200 mutations, more severe white matter hyperintensities on MRI and more 

frequent associations with spastic paraparesis (Karlstrom et al., 2008; Ryan et 

al., 2015a; Ryan et al., 2016; Ryan & Rossor, 2010). CAA segregating with 

mutation location is however not always consistent, with the PSEN1 405S 

mutation appearing to have limited CAA (M. Yasuda et al., 2000). Conversely 

mutations pre-codon 200 can have prominent CAA, e.g. M84T, L174M and 

E184D (Bertoli Avella et al., 2002; Lanoiselée et al., 2017; Minoru Yasuda et al., 

1997). CAA was also noted in our E148D cases (see Figure 3-2). These case 

reports show that there is large variation in CAA presence between individuals 

so other factors may also play a role. 

Pathologically, CAA can be subtyped (Dietmar Rudolf Thal et al., 2002), with type 

1 CAA displaying Aβ in the cortical and leptomeningeal vessels, including 

capillaries, while type 2 has cortical and leptomeningeal vessel but no capillary 

CAA. APOE4 is associated with type1 CAA while APOE2 is associated with type 

2 CAA. Having type 1 non-capillary CAA was also associated with APOE4 status 

in AD patients, as well as with the severity of CAA, dementia and severe AD type 

pathology (Mäkelä et al., 2015). Distinction between a type 1 and type 2 

pathology for both CAA and Aβ cortical pathology has also been suggested in 

FAD, with type 1 pathology displaying reduced Aβ40 deposits and reduced CAA 

while type 2 pathology is characterised by more severe Aβ40 deposition and 

CAA (David M. A. Mann et al., 2001). Greater severity of this type 2 histology has 

been suggested to be associated with a less aggressive clinical phenotype with 
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later onset and longer disease duration. This type of pathology was more 

common in the PSEN1 post-codon 200 mutation cases although whether this is 

due solely to mutation location or to CAA is unclear. 

 Cerebral amyloid angiopathy and Aβ plaque types 

In aged cases with AD pathology, CAA severity has been shown to be 

significantly correlated to the number of plaques, and NFTs (Yamada et al., 

1987). This association between the presence of the two pathologies could 

indicate a mechanistic link. Considering Aβ load in general, it has been observed 

in sAD that cases with more severe CAA had lower parenchymal Aβ (Chalmers 

et al., 2003). This can be interpreted to indicate a preference for vascular CAA 

over parenchymal CAA in some cases or reduced parenchymal and 

consequential increased vascular CAA in other cases. Although in the study 

mentioned, APOE4 also influenced CAA pathology. Combining data from across 

multiple brain regions in sAD cases, CAA and senile plaque deposition was 

negatively correlated (Tian et al., 2003). However, higher CAA incidence with 

greater AD pathology has been shown in sAD cases (J. Attems et al., 2007). As 

Aβ pathology in FAD is driven by mutation rather than clearance deficits, there 

may or may not be an association with total Aβ load and CAA in FAD.  

CAA has also been associated with patterns of histological Aβ pathology. Four 

distinct types are classified which includes variations in the levels or severity of 

CAA and senile plaques (Allen et al., 2014). However, as plaques are present in 

different forms, the relationship between CAA and plaques may be more specific 

and complex. This may even account for some discrepancies observed in 

direction of correlation between CAA and Aβ pathology in previously mentioned 

studies. Using the CERAD scoring system to rate frequency of plaque pathology, 

CAA has previously shown to have low correlation with CERAD scores in sAD 

cases (J. Attems & Jellinger, 2004), although capillary CAA, where Aβ deposits 

in the capillaries, did significantly correlate to CERAD scores. Interestingly, CAA 

with capillary CAA has been associated with CERAD in another study, amongst 

other features such as the severity of CAA and Braak stage  

(Mäkelä et al., 2015). As this method of CERAD analysis did not differentiate 

plaques types as is in our study, there may still be associations not yet revealed. 

As mentioned previously, in FAD CAA and CWPs have often been observed 
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together and this deserves further investigation (Niwa et al., 2013; Ryan et al., 

2015a). In APP A692G mutation carriers, dense-cored plaques have been shown 

to associate in proximity with CAA, while diffuse plaques did not (Kumar-Singh et 

al., 2002) and in general, these cases notably have very high dense-core plaque 

pathology, as well as having CAA (Cras et al., 1998; Kumar-Singh et al., 2002). 

Conversely in an APP T714I mutation pedigree, the inverse was observed, with 

minimal dense-cored plaques and low CAA observed (Kumar-Singh et al., 2000). 

Similar findings of dene-core plaques proximity to vessels has also been 

observed in mouse models of AD (Kumar-Singh et al., 2005). This highlights 

specific plaques may be associated to CAA and in particular, this may be a 

feature in FAD. As findings suggest associations, but minimal investigations 

involve specific types of pathology, it will be beneficial to see if there is a link 

between CAA, and severity therein with plaque specific pathology. 

 Cerebral amyloid angiopathy and microglia 

The link between neuroinflammation, microglia and Aβ is well known, therefore it 

is fair to suggest microglia may be involved in CAA, or microglial dysfunction 

could contribute to CAA. One of the greatest indicators of an association between 

microglia and CAA is the observed increase in CAA in AD patients treated with 

immunomodulatory agents. In these studies, evidence of changes in microglial 

activity upon histological examination suggests that microglia promote vascular 

clearance (Boche et al., 2008; Nicolll et al., 2003; Sakai et al., 2014). This is also 

recapitulated in mice models (D. M. Wilcock & Colton, 2009). With this in mind, 

as microglia are hypothesised to differentially impact plaque pathology, specific 

microglial phenotypes may differentially impact CAA pathology. While research 

into CAA in AD is continuing to expand, there is a significant lack of investigations 

in CAA and neuroinflammation in FAD. In a study with a PSEN1 L282V mutation 

case, intense CAA was speculated to be related to an inflammatory phenotype, 

with gliosis and complement upregulation found (Dermaut et al., 2001). Factors 

involved in complement have been shown in sAD cases with CAA (Zabel et al., 

2013), suggesting that there may be some similarities and shared mechanisms 

in sporadic and familial AD.  

Neuroinflammatory response is observed in capillary CAA cases with no other 

AD pathology (Carrano et al., 2012) which suggests there can be an Aβ+ve CAA 
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association with microglia that is specific to CAA pathology, without a link to 

cortical Aβ pathology. However, as these observations were specifically in 

capillary CAA cases, there may be some differences in aetiology and 

mechanisms may not be applicable to the situation in FAD or sAD. This has been 

suggested in a study where capillary CAA was associated with microglial 

activation, however CAA in larger vessels was not associated with microglial 

activation (Richard et al., 2010). Nevertheless, there is still a need for further 

study due to the lack of understanding in the relationship between CAA and 

microglia. Additionally, capillary CAA is also observed in some FAD cases so may 

have an influence in disease (D. M. A. Mann et al., 2018; Niwa et al., 2013). 

 Cerebral amyloid angiopathy and clinical data 

As mentioned, Aβ pathology has been linked to clinical features of sAD and FAD, 

therefore it has been speculated that CAA may also contribute to these features, 

particularly as CAA prominent forms of FAD develop dementia as do non-CAA 

prominent cases. CAA pathology has been associated with older onset of 

dementia in sAD cases (Ellis et al., 1996). This may seem counter-intuitive but it 

may represent a greater removal of Aβ in earlier stages, which could be 

protective. In contrast, post-mortem CAA and Aβ pathology were the greatest 

risks associated with an earlier conversion to very mild and moderate-stage 

dementia (Vidoni et al., 2016). In a separate study which included sAD cases and 

neurologically normal controls, of which some displayed CAA pathology, it was 

observed in the sAD cases, that the CAA severity did not correlate with age at 

onset or disease duration, suggesting the CAA did not positively or negatively 

affect disease course or outcome (Chalmers et al., 2003). Similar findings which 

considered regional differences have also been observed, with the degree of CAA 

in the frontal or occipital cortex not significantly correlating with age at onset or 

duration of illness in AD post-mortem cases (Tian et al., 2006). The study did 

however find associations between CAA and APOE genotype, thus more 

complex analysis which can include possible influential factors such as APOE 

genotype would help investigate associations. Allen et al. (2014) looked at 

associations between clinical features of disease and the CAA histology type that 

different AD cases were categorized into. They observed no significant 

differences between CAA histology type groups with regard to age of onset, 
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disease duration or disease presentation. However, women were over-

represented in the type 1 phenotype group and men in the type 2 group. 

Whether this was due to sex specific associations or a results of over 

representation would need to be further investigated but it highlights how 

various factors may be involved. Specifically in FAD, it has been noted that 

PSEN1 post-codon 200 cases had greater CAA compared to PSEN1 pre-codon 

200 cases, and post-codon 200 cases also had later age at onset than the pre-

codon 200 cases (Ryan et al., 2015a). Therefore in FAD CAA may not negatively 

impact disease course. As therapies against Aβ can lead to increased CAA it will 

be important to understand the relationship between CAA pathology and disease 

in both sAD and FAD.  

In addition to age at onset and disease duration, the contribution of CAA 

pathology on cognitive aspects of AD have been explored. In AD, the presence 

of CAA was associated with cognitive decline, suggesting its influence exists in 

conjunction with other processes in AD (Boyle et al., 2015). The cortical 

spreading of CAA was also related to clinical dementia rating scores in AD 

pathology positive cases (D. R. Thal et al., 2003) although analysis involving Aβ 

pathology and NFT pathology was suggestive that these factors could also 

influence clinical dementia rating scores. These types of findings support the 

need for greater understanding of this pathology, however cognitive associations 

are beyond the scope of this study. 

As previously discussed, APOE genotype has frequently been associated with 

CAA in SAD (Chapter: 1.16). The APOE4 allele has frequently been associated 

with a greater presence and severity of CAA (D. M. A. Mann et al., 2018; 

Peuralinna et al., 2011). A previously mentioned study found APOE to associate 

with CAA (Chalmers et al., 2003). Specifically, in sAD cases they found that the 

number of APOE4 alleles was strongly associated with CAA, but not parenchymal 

Aβ load, suggesting APOE4 is more strongly associated with vascular deposition 

compared to parenchymal deposition. In our FAD cohort, it will be interesting to 

see if APOE genotype associates with CAA despite mutation driven FAD. 

Possession of the APOE ε4 allele has also been associated with capillary CAA 

(Allen et al., 2014). 
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Similar to sAD, in FAD the involvement of APOE genotype in CAA has also 

received some study. With APOE4 likely leading to increased CAA via APOE4 

isoform specific activities such as its interaction with Aβ and its interaction with 

other proteins involved in clearance pathways (D. M. Holtzman, 2001). In an 

imaging study assessing a cohort consisting of sAD, FAD and DS with AD cases, 

neuroimaging features of CAA were associated with APOE4 in the sAD group but 

not in the FAD or DS group (Carmona-Iragui et al., 2017). While this suggests 

there is no evidence for an involvement in FAD, features associated with CAA on 

neuroimaging are not a direct marker of CAA so may not fully represent CAA. 

To complicate matters, CAA and vascular pathologies in AD have been shown to 

also be associated with an interaction between sex and APOE (Cacciottolo et al., 

2016; Shinohara et al., 2016). This highlights the complexity of genetic factors in 

pathology and the need for studies where methodologies beyond correlation can 

be incorporated, although this is often difficult in histological studies due to tissue 

availability and time required for tissue analysis. 

 Aims 

In FAD, CAA pathology composed of Aβ is observed, and this may be related to 

multiple facets of disease. Investigating the proportion and severity of CAA in 

relation to Aβ pathology and microglial load can help unravel connections 

between these pathologies, while associations with clinical and genetic data can 

help highlight modulators of clinical course or pathology. To achieve these 

investigations, chapter 5 is separated into 3 sections with a range of aims:  

Section 1 

1. To determine if the proportion or severity of CAA associates with Aβ 

plaque type in the frontal cortex in genetic causes of FAD in the QSBB 

cohort. 

Section 2 

2. To determine if the proportion or severity of CAA associates with 

microglial load in the frontal cortex in genetic causes of FAD in the QSBB 

cohort. 
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Section 3 

3. To assess in the extended cohort associations between sex, mutation 

or APOE genotype with clinical aspects of FAD (age at onset and disease 

duration). 

4. To determine if the proportion or severity of CAA associates with clinical 

aspects of FAD (age at onset and disease duration) and if this exists in 

specific genetic causes of FAD in the frontal and occipital cortex. 

5. To determine if the proportion or severity of CAA differs by genetic 

causes of FAD, or by APOE genotype in the frontal and occipital cortex. 

 Materials and Methods 

Throughout this chapter, the CAA results refer to the proportion and severity of 

CAA pathology which was measured as a proportion, with up to 100 vessel being 

counted in the cortex and leptomeninges, and the severity of the CAA noted and 

calculated as a proportion (see chapter: 2.5.2) and other methods use are 

discussed in chapters: 2.3 and 2.3.3. In brief, the Aβ stained section previously 

described in chapter: 3.3 were used to investigate and the proportion and severity 

of CAA in the frontal cortex of the QSBB cohort. This was then analysed with the 

Aβ pathology data generated in chapter: 3.3. To investigate the association 

between CAA and microglia, the proportion and severity of CAA was assessed in 

relation to the microglial data generated in chapter: 4.3.  

As the larger extended cohort was available, frontal cortex tissue of the remaining 

extended cohort and occipital cortex tissue for the full extended cohort was 

stained using an anti-Aβ antibody. The proportion and severity of CAA was 

calculated. Initially, clinical and demographic data in this extended cohort was 

assessed. Finally, the proportion and severity of CAA was assessed relation to 

clinical data and compared between mutation subgroups and by APOE genotype.  

 Results 

QSBB cohort 

The proportion and severity of CAA in the QSBB cohort was analysed using the 

immunohistochemically stained slides from chapter: 3 Aβ pathology in FAD. As 
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described in the methods (Chapter: 2.5.2), up to 100 vessels were counted and 

assessed for the presence of CAA. Presence of Aβ positive CAA pathology in 

vessels was graded on a scale from none-severe (0-3). The proportion of vessels 

with CAA and the proportion of vessels at each grade of severity were calculated. 

 Proportion and severity of CAA and clinical data 

Relationships between CAA and clinical data were investigated in the QSBB 

cohort. As required assumptions for regression analysis were not met for all CAA 

severity measures, a correlation method has been used for all measures. 

However, as assumptions were met for the overall proportion of CAA, the 

regression analysis was conducted for the overall proportion of CAA only, and is 

presented. 

Age at onset 

Regression analysis was used to test whether the overall proportion of cortical 

CAA was associated with age at onset or disease duration, adjusted for mutation-

subgroup, APOE4 status and sex (n=19). There was no evidence to suggest that 

CAA was associated with age at onset, with a 0.008 increase in age at onset for 

every percentage point increase in CAA (p=0.92, 95% CI:-0.17 - 0.18). Similarly, 

there was no evidence to suggest that the proportion of leptomeningeal CAA 

associated with age at onset with -0.05 years decrease in age at onset for every 

percentage point increase in leptomeningeal CAA (p=0.39, 95% CI:-0.17 - 0.07). 

Correlation analysis between the overall proportion and severity of cortical CAA 

and age at onset revealed weak correlations in the QSBB cohort and varying 

directions and strengths of correlation within the mutation subgroups, indicating 

there was no clear association and age at onset. The overall proportion and 

severity of leptomeningeal CAA was generally negatively correlated with age at 

onset, however, in contrast to this trend, in the PSEN1 post-codon 200 group 

there was a significant positive correlation between mild leptomeningeal CAA and 

age at onset (p=0.04) (Figure 5-1 A,B). 

Disease duration 

Regression analysis was used to test whether CAA was associated with disease 

duration, adjusted for mutation sub-group and APOE status (n=19). There was 
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no evidence to suggest that the proportion of cortical CAA was associated with 

disease duration, with a -0.04 years decrease in disease duration for every 

percentage point increase in CAA (p=0.26, 95% CI: -0.13 - 0.04). Similarly there 

was no evidence to suggest that the overall proportion of leptomeningeal CAA 

was associated with disease duration, with -0.02 years decrease for every year 

percentage point increase in leptomeningeal CAA (p=0.52, 95% CI: -0.08 - 0.04).  

In the cortex, correlation analysis revealed weak correlations in the QSBB cohort. 

Mutation sub-groups did not follow similar patterns and showed differences in 

strength and direction of correlation within and between groups. Leptomeningeal 

CAA was generally positively correlated with disease duration except in the 

PSEN1 post-codon 200 group (Figure 5-1 C,D). 
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Figure 5-1 Correlation between proportion and severity of CAA and clinical data. 

A: Cortical CAA and age at onset. B: significant positive correlation between mild 

leptomeningeal CAA and age at onset in the PSEN1 post-codon 200 group (p=0.04). C: 

Cortical CAA and disease duration. D: leptomeningeal CAA and disease duration. 

Crossed squares represent no data due to no severe CAA in the APP mutation group. 

Data shown in heatmaps are τb correlation coefficients, Kendall’s tau-b, *p<0.05. 

 Proportion of CAA and CERAD pathology  

The proportions of cortical and leptomeningeal CAA were significantly, positively 

correlated with total CERAD scores for cortical and leptomeningeal CAA 
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suggesting good coherence between these measures of CAA (cortical CAA: 

rτ=0.80, p<.0001, leptomeningeal CAA τb=0.74, p<.0001).  

The overall proportion and severity of cortical and leptomeningeal CAA was 

correlated with CERAD pathology scores (Figure 5-2). In the QSBB cohort and 

mutation sub-groups, the overall proportion of CAA, severe CAA and moderate 

CAA in both the cortex and leptomeninges were positively correlated with subpial 

pathology, although the correlations were weak and non-significant. 

In the QSBB cohort, the overall proportion of cortical CAA and moderate CAA 

was positively correlated with CWP score (p=0.003, p=0.007). Severe and mild 

cortical CAA were also positively correlated although they did not reach statistical 

significance. A similar pattern to the whole QSBB cohort was seen in the sub-

groups, with the PSEN1 post-codon 200 group having a significant positive 

correlation between the overall proportion of cortical CAA and CWP score 

(p=0.02) while both the PSEN1 pre and post-codon 200 groups had a near 

significant positive correlation between moderate cortical CAA and CWP score 

(p=0.07, p=0.06).  

The overall proportion of leptomeningeal CAA in the QSBB cohort was also 

positively correlated with CWPs although this did not reach significance (p=0.09), 

however severe and moderate leptomeningeal CAA were significantly positively 

correlated with CWPs (p=0.02, p=0.03). This trend was seen within sub-groups, 

reaching near statistical significance between the overall proportion of CAA and 

moderate CAA in the leptomeninges and CWPs in the PSEN1 post-codon 200 

group (p=0.06, p=0.06). Contrastingly, mild leptomeningeal CAA was generally 

negatively correlated with CWPs although there were no other significant 

correlations.  

In cortex diffuse plaques did not significantly correlate with the overall proportion 

or severity of CAA and the strengths and direction of correlations were varied. 

Specifically, the proportion of CAA and moderate CAA positively correlated with 

diffuse plaques in the QSBB cohort and mutation sub-groups, however severe 

CAA was negatively correlated with diffuse plaques, and there was no correlation 

with mild CAA. In the leptomeninges there was also a positive correlation 

between diffuse plaques and the overall proportion of CAA and severe and 
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moderate CAA, while the relationship with mild CAA was varied across sub-

groups, although again these correlations were all non-significant.   

In contrast to the positive associations seen for other plaques, there was a 

specific trend for negative correlations between cored plaques and the overall 

proportion of CAA, the moderate cortical and leptomeningeal CAA and the mild 

cortical CAA in the QSBB cohort and mutation sub-groups. Specifically, the 

PSEN1 post-codon 200 group had a near significant negative correlation 

between proportion of cortical CAA and total cored plaque score (p=0.06) and a 

significant negative correlation between moderate leptomeningeal CAA and total 

cored plaque score (p=0.02). There were no other significant correlations.  

There were no significant differences between the overall proportion and severity 

of cortical and leptomeningeal CAA with total CERAD pathology (total CERAD 

pathology reflects the semi-quantitative assessment of overall Aβ deposition). 

Between the mutation subgroups, the direction of correlation was not consistent 

with only weak to mild strengths of correlation observed. 

 

.
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Figure 5-2 Correlation between CAA and CERAD scores.  

In the QSBB cohort, the proportion of cortical CAA and moderate CAA was significantly 

positively correlated with CWP score (A: p=0.003. C: p=0.007). In the PSEN1 post-codon 

200 group there was a significant positive correlation between proportion of cortical CAA 

and CWP score (A: p=0.02). Severe and moderate leptomeningeal CAA were 

significantly positively correlated with CWP score (F: p=0.02. G: p=0.03). In the PSEN1 

post-codon 200 group, moderate leptomeningeal CAA was negatively correlated with 

cored plaque score (G: p=0.02). Date presented in heatmaps are τb correlation 

coefficients, Kendall’s tau-b, *p<.05, **p<.01. No severe cortical or leptomeningeal CAA 

was present in the APP group. 

 The proportion and severity of CAA and Aβ load 

In the QSBB cohort and mutation sub-groups there was a trend in both the cortex 

and leptomeninges for positive correlation between the overall proportion of CAA 

and severe and moderate CAA with Aβ load, while mild CAA was negatively 

correlated, except in the small APP group (see Figure 5-3). While results are not 

significant, the trend suggests that Aβ load was associated with a greater 

proportion and severity of CAA. 
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Figure 5-3 Correlation between the proportion and severity of CAA and Aβ load. 

A: Cortical CAA and Aβ load. B: Leptomeningeal CAA and Aβ load. Crossed squares 

represent no data due to on severe CAA in the APP mutation group. Date presented in 

heatmaps are τb correlation coefficients, Kendall’s tau-b. 
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 The proportion and severity of cortical and leptomeningeal CAA and 

microglial load 

The relationship between the proportion and severity of CAA and microglial load 

described in chapter: 4 Microglial response in FAD, was then investigated (see 

Figure 5-4 A-F). Generally, Iba1 was non-significantly negatively correlated with 

a greater proportion and higher severity of CAA in both the cortex and 

leptomeninges, except in the PSEN1 post-codon 200 group. In concordance with 

this, Iba1 was non-significantly positively correlated with mild cortical CAA in the 

cortex, although this association was not consistent for all mutation sub-groups 

in the leptomeninges.  

CD68 load was mildly to moderately positively correlated with the proportion and 

severity of cortical and leptomeningeal CAA except in the PSEN1 post-codon 200 

group. Specifically, In the PSEN1 pre-codon 200 group the correlation reached 

near significance with the overall proportion of cortical CAA and mild cortical CAA 

(p=0.07 & p=0.06). In the leptomeninges the correlation was statistically 

significant between CD68 and the overall proportion of CAA (p=0.03). However, 

in the PSEN1 post-codon group the overall proportion of CAA and CD68 was 

negatively correlated, reaching near significance (p=0.06).  

Except from a few instances in the small PSEN1 post-codon 200 and APP 

groups, CR3/43 was consistently negatively correlated with the overall proportion 

of CAA and severity of cortical and leptomeningeal CAA and in the QSBB cohort 

this reached borderline significance for moderate leptomeningeal CAA (p=0.06). 

These patterns of direction of correlation generally match those observed in the 

investigation of microglial load and CERAD scores of CAA. 
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Figure 5-4 Relationship between microglial load and the proportion and severity of 

CAA.  

A, B:  Iba1 was generally negatively correlated with the proportion of and higher severity 

CAA in the cortex and leptomeninges. C, D: The correlation between CD68 and CAA differs 

by mutation group and in the cortex/leptomeninges. In the PSEN1 pre-codon 200 group, 

CD68 and the overall proportion of leptomeningeal CAA was significantly correlated 

(p=0.03). E, F: CR3/43 was generally negatively correlated with CAA. Crossed squares 

represent no data due to no severe CAA in the APP mutation group. Data shown in 

heatmaps are τb correlation coefficients, Kendall’s tau-b, *p<0.05.  
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 Proportion and severity of CAA in the extended cohort 

Further investigations into the involvement of CAA in FAD were carried out in the 

extended cohort, which comprised 41 cases. The additional 21 cases were from 

the IOPPN brain bank. APOE status was available for 38 of these cases. 41 

cases are included in the analysis except when analysis includes APOE 

status/genotype, where only 38 cases could be included. Clinical data for these 

cases is summarised in Table 5-1. 

 Number of cases Age at onset Disease duration 

Extended cohort 41 44.20 (7.33) 10.25 (4.02) 

  Mutation subgroups     

     PSEN1 pre-codon 200 20 40.00 (6.88) 8.98 (3.44) 

     PSEN1 post-codon 200 11 46.27 (3.72) 11.57 (4.75) 

     APP 10 50.30 (6.11) 11.35 (3.86) 

APOE genotyped cases 38 44.61 (7.31) 10.21 (4.09) 

  APOE4 status    

     non-carrier 24 44.50 (7.38) 8.65 (3.59) 

     Carrier 14 44.79 (7.74) 12.89 (3.70) 

  APOE allele genotype    

     2/3 2 51.00 (4.24) 9.00 (4.24) 

     3/3 22 43.91 (7.38) 8.61 (3.64) 

     3/4  9 44.56 (8.75) 12.62 (3.97) 

     4/4 5 45.20 (6.42) 13.38 (3.55) 

Table 5-1 Extended cohort clinical data by mutation group and APOE status/allele 

genotype.  

Data are presented as mean and SD.  

 Clinical analysis 

Between the mutation sub-groups there were no significant differences in the 

frequency of males and females (p=0.28, Fisher’s exact), APOE4 carriers and 

non-carriers (p=0.62) or APOE allele genotypes (p=0.88). Additionally, between 

males and females there was no significant differences in frequency of APOE4 

non-carriers/carriers (p=0.51) or APOE allele genotypes (p=0.21).  

 Age at onset 

In the extended cohort, relationships between age at onset and mutation sub-

group, APOE4 status and sex were investigated. Linear regression indicated 

there was a significant association between mutation sub-group and age at onset 

(n=38, F test p=0.002). PSEN1 post-codon 200 cases had a significantly later 
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age at onset of 5.41yrs compared to PSEN1 pre-codon 200 cases (p=0.03, 95% 

CI: 0.53 - 10.28). APP mutation carriers had a significant later onset of 11.33yrs 

than PSEN1 pre-codon 200 cases (p>.0001, 95% CI: 6.21 - 16.45) and a 

significant later onset of 5.92yrs than PSEN1 post-codon 200 cases (p=0.05, 95% 

CI: 0.08 - 11.77). There was no significant effect of APOE4 status on age at onset. 

Contrary to results for the QSBB cohort, there was also no influence of sex on 

age at onset (p=0.36, CI: -6.18 – 2.30).  

 Disease duration 

For the extended cohort, relationships between disease duration and mutation 

sub-group, APOE4 status and sex were investigated. Linear regression indicated 

that there was a significant association (n=38, F test p=0.002). APP mutation 

carriers had on average a 3.57yrs longer disease duration compared to PSEN1 

pre-codon 200 mutation carriers (p=0.02, 95% CI: 0.70 - 6.43). PSEN1 post-

codon 200 carriers had a disease duration on average 2.56yrs longer than 

PSEN1 pre-codon 200 carriers although this did not reach significance (p=0.07, 

95% CI: -0.17 - 5.30). APOE4 carriers had a significantly longer disease duration 

than non-carriers, typically 4.5yrs longer (p=0.001, 95% CI: 2.09 - 6.91). There 

was no effect of sex on disease duration (p=0.99, 95% CI: -2.39 – 2.39).  

Due to a larger cohort, a linear regression model with APOE categorised by allele 

genotype (ɛ2/3, 3/3, 3/4, 4/4) was tested. Linear regression indicated that there 

was a significant association (n=38, F test p=0.01). APP mutation carriers had an 

average 3.60yrs longer disease duration compared to PSEN1 pre-codon 200 

mutation carriers (p=0.02, 95% CI: 0.61 - 6.6). PSEN1 post-codon 200 carriers 

had a disease duration on average 2.55yrs longer than PSEN1 pre-codon 200 

carriers, although this did not reach significance (p=0.08, 95% CI: -0.28 - 5.37). 

Compared to the APOE 3/3 genotype, carriers of the 3/4 genotype had an 

average 4.45yrs longer disease duration (p=0.005, 95% CI: 1.47 - 7.43) and 

carriers of the APOE 4/4 genotype had an average 4.77yrs longer disease 

duration than 3/3 carriers (p=0.01, 95% CI: 1.18 - 8.37). Again, sex was not 

associated with disease duration (p=0.91, CI: -2.43 - 2.73).  

Because the effect of using APOE allele genotype did not improve the model, the 

APOE4 carrier/non-carrier will be used for any additional regression analysis with 

disease duration. 
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 Age at onset and disease duration 

To investigate whether there was an association between age at onset and 

disease duration, linear regression adjusted for APOE4 status and mutation sub-

group was conducted, with no evidence for an association found (p=0.98, 

coefficient: 0.002, 95% CI:-0.19 - 0.20).  

 Proportion and severity of CAA and clinical data in the frontal cortex 

In the frontal cortex, associations between the proportion and severity of CAA 

and clinical data were investigated. Exploratory analysis of the CAA data 

highlighted that some of the severity results did not meet the required 

assumptions for regression analysis. Therefore, while regression could be 

presented for the proportion of CAA, to maintain consistency in analysis, a 

correlation method has been used and reported for all measures of CAA. 

 Age at onset  

Regression analysis adjusted for mutation sub-group and APOE status revealed 

no evidence for an association between the overall proportion of cortical CAA and 

age at onset, with 0.02 years increase age at onset for each percentage point 

increase cortical CAA (p=0.73, 95% CI: -0.11 – 0.16). Similarly, there was no 

evidence for an association between the overall proportion of leptomeningeal 

CAA and age at onset, with -0.03 years decrease in age at onset for each 

percentage point increase in leptomeningeal CAA (p=0.41, 95% CI: -0.10 - 0.05).  

In the extended cohort and PSEN1 pre-codon 200 and APP groups, there was a 

general positive correlation between age at onset and the overall proportion of 

CAA and severity of CAA although the strength of correlations are generally weak 

and non-significant. However, in contrast, the PSEN1 post-codon 200 group has 

non-significant negative correlations between the overall proportion of CAA and 

severity of CAA which suggests the relationship may be different in cases with 

mutations post-codon 200 (Figure 5-5 A,B) although these small group sizes and 

lack of significance restricts interpretations. 

 Disease duration 

Regression analysis adjusted for mutation sub-group and APOE4 status revealed 

no evidence for an association between the overall proportion of cortical CAA and 
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disease duration, with -0.05 years decrease in disease duration for each 

percentage point increase in cortical CAA (p=0.19, 95% CI: -0.12 - 0.02). 

Similarly, there was no evidence for an association between the overall proportion 

of leptomeningeal CAA and disease duration, with -0.02 years decrease in 

disease duration for each percentage point increase leptomeningeal CAA 

(p=0.43, 95% CI: -0.06 - 0.03).  

In agreement, the extended cohort had no significant correlations between the 

overall proportion of cortical and leptomeningeal CAA and disease duration. 

However, in the mutation sub-groups significant correlations were observed for 

the different severities of CAA. In the PSEN1 post-codon 200 group, severe 

cortical CAA was positively correlated with disease duration and mild CAA was 

nearly significantly negatively correlated with disease duration (p=0.03, p=0.06). 

In the APP group, the overall proportion of CAA, and mild cortical CAA, were 

significantly negatively correlated with disease duration (p=0.02, p=0.05). 

Observation of the direction of correlations between CAA and disease duration 

suggests there are group differences, with the PSEN1 pre-codon 200 group 

having positive correlations while the PSEN1 post-codon 200 and APP groups 

display some negative but often weak correlations (Figure 5-5 C,D). 
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Figure 5-5 Correlation between CAA and clinical data.  

A, B: No significant correlations between cortical and leptomeningeal CAA and age at 

onset in the frontal cortex. C. Significant correlation between disease duration and severe 

cortical CAA in the PSEN1 post-codon 200 group (p=0.03) and between disease duration 

and the overall proportion of CAA and of mild CAA in the APP group (p=0.02, p=0.05). D. 

No significant correlations between leptomeningeal CAA and disease duration in the 

frontal cortex. Crossed squares represent no data due to no severe cortical CAA in the 

APP mutation group. Data presented in heat maps are τb correlation coefficients, 

Kendall’s tau-b, *p<.05. 
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 Comparing the proportion and severity of CAA between mutation sub-

groups in the frontal cortex 

Differences in CAA due to mutation location were assessed by comparing 

mutation sub-groups. There was a general trend for higher CAA in the PSEN1 

post-codon 200 group and lower CAA in the APP group, although large variance 

can be observed. Within the cortex there were significant differences in the overall 

proportion of CAA (p=0.02, Kruskal-Wallis) with higher CAA in the PSEN1 post-

codon 200 group compared to the PSEN1 pre-codon 200 and APP groups 

(p=0.04, p=0.02, Dunn’s test). Moderate cortical CAA was significantly different 

across groups (p=0.01) with higher CAA in the PSEN1 post-codon 200 group 

compared to the PSEN1 pre-codon 200 and APP groups (p=0.05, p=0.007). 

There were no significant differences in the leptomeninges. The average overall 

proportion and severity of CAA was consistently higher in the leptomeninges 

compared to the cortex (Figure 5-6). 
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Figure 5-6 Comparison of the proportion and severity of CAA by mutation sub-

group.  

A: The proportion of cortical CAA was significantly different across groups (p=0.02; 

PSEN1 post-codon 200 vs PSEN1 pre-codon 200 and vs APP, p=0.04, p=0.02). Severe 

cortical CAA was significantly different between groups (p=0.01, PSEN1 post-codon 200 

vs PSEN1 pre-codon 200 and vs APP, p=0.05, p=0.007). B: There were no significant 

differences in leptomeningeal CAA. Error bars represent mean and SD, Kruskal-Wallis 

with Dunn’s test, *p<.05, **p<.01. 
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 Comparing the proportion and severity of CAA by APOE genotype in the 

frontal cortex 

In the extended pathology cohort of 41 cases, 38 cases had an APOE genotype 

available and these were used to investigate the relationship between APOE and 

CAA in FAD. When comparing CAA by APOE4 status (carriers and non-carriers), 

there were no significant differences except that severe leptomeningeal CAA was 

significantly higher in APOE4 carriers compared to non-carriers (p=0.004) (Figure 

5-7).  

CAA was then compared between specific APOE allele genotypes (2/3, 3/3, 3/4, 

4/4). In general, there was a pattern for less CAA and lower severity of CAA in 

APOE 3/3 carriers compared to the other genotypes, although large variance 

could be observed. Specifically, there were significant differences in severe 

cortical CAA (p=0.05), with near significant higher CAA in the 2/3 compared to 

the 3/3 genotype (p=0.07). However, the very small 2/3 genotype group size 

(n=2) necessitates extreme caution. Severe leptomeningeal CAA also 

significantly differed (p=0.02), with higher CAA in the APOE 3/4 genotype 

compared to the 3/3 genotype (p=0.008) (Figure 5-8). 
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Figure 5-7 Comparison of the proportion and severity of CAA by APOE4 status. 

A: Cortical CAA was not significantly different between APOE4 carriers and non-carriers. 

B: Severe leptomeningeal CAA was significantly higher in APOE4 carriers compared to 

non-carriers (p=0.004, Ranksum), **p<0.01. Error bars represent mean and SD. 
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Figure 5-8 Comparison of the proportion and severity of CAA by APOE allele 

genotype.  

A: Severe cortical CAA was significantly different across groups (p=0.05, Kruskal-Wallis). 

B: Severe leptomeningeal CAA was significantly different across groups (p=0.02) with 

greater severe CAA in APOE3/4 carriers compared to APOE3/3 carriers (p=0.008, 

Dunn’s test). Error bars represent mean and SD, *p<0.05, **p<0.01. 
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 Proportion and severity of CAA and clinical data in the occipital cortex 

It has been shown that CAA predominately affects the occipital cortex, therefore 

this region was also assessed in the extended cohort. Associations between age 

at onset and proportion and severity of CAA were investigated. Again, exploratory 

analysis of the data highlighted that some of the severity measures did not meet 

the required assumptions for regression analysis. Therefore, while regression 

could be presented for the proportion of CAA, to maintain consistency in analysis, 

a correlation method has been used and presented for all measures of CAA. 

 Age at onset 

In the extended cohort regression analysis was conducted to test whether the 

proportion of CAA was associated with age at onset, adjusted for mutation sub-

group and APOE status (n=38). There was no evidence for an association, with 

0.006 years  increase in age at onset for each percentage point increase in the 

overall proportion of cortical CAA (p=0.90, 95% CI: -0.08 – 0.09). Similarly, there 

was no evidence for an association between the overall proportion of 

leptomeningeal CAA and age at onset, with -0.07 years decrease in age at onset 

for each percentage point increase in the overall proportion of leptomeningeal 

CAA (p=0.06, 95% CI: -0.15 -0.003).  

In the extended cohort, the overall proportion and severity of cortical CAA did not 

correlate with age at onset. Within the mutation sub-groups, severe cortical CAA 

significantly correlated with age at onset in the PSEN1 post-codon 200 group 

(p=0.04), although this was likely driven by a few cases, and not representative 

of the whole group (Appendix, Figure 9-5 E). Additionally, the overall proportion 

and severity of leptomeningeal CAA did not correlate with age at onset. Within 

the mutation groups, there was a significant negative correlation between mild 

leptomeningeal CAA and age at onset in the APP group (p=0.04) with a negative 

correlation seen across all groups. Generally, the strength of correlations were 

weak, indicating that CAA was not associated with age at onset in this cohort 

(Figure 5-9 A,B). 

 Disease duration 

In the extended cohort, regression analysis was also conducted to test whether 

the proportion of CAA was associated with disease duration, adjusted for 
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mutation sub-group and APOE status (n=38). There was no evidence for an 

association, with a 0.006 years increase in disease duration for each percentage 

point increase in the overall proportion of cortical CAA (p=0.81, 95% CI: -0.04 – 

0.06). Similarly, there was no evidence for an association between the overall 

proportion of leptomeningeal CAA and disease duration, with 0.006 years 

increase in disease duration for each percentage point increase in the overall 

proportion of leptomeningeal CAA (p=0.80, 95% CI: -0.04 - 0.05).  

The overall proportion and severity of cortical CAA pathology was also analysed 

by correlation. In the extended cohort, the overall proportion of cortical CAA and 

severe cortical CAA positively correlated with disease duration (p=0.04, p=0.04) 

and moderate cortical CAA showed a trend towards positive correlation (p=0.07). 

Analysis by individual mutation subgroup showed the PSEN1 pre-codon 200 

group had a positive correlation between the overall proportion of cortical CAA 

and severe cortical CAA with disease duration (p=0.04, p=0.05), moderate CAA 

followed this trend (p=0.08) (Figure 5-9 C). While these correlations contrast with 

the regression analyses, they are only of moderate strength and do not take into 

account APOE4 status, which could affect the associations 

The overall proportion and severity of leptomeningeal CAA did not correlate with 

disease duration in the extended cohort, while mutation sub-group analysis 

showed the PSEN1 post-codon 200 group had a near significant negative 

correlation between mild leptomeningeal CAA and disease duration (p=0.06) and 

oppositely, the APP group had a significant positive correlation between mild 

leptomeningeal CAA and disease duration (p=0.04) (Figure 5-9 D).  
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Figure 5-9 CAA and clinical data in the occipital cortex.  

A: Severe CAA correlates with age at onset in the extended cohort in the PSEN1 post-

codon 200 group (p=0.04). B: Mild leptomeningeal CAA negatively correlates with age at 

onset in the APP group (p=0.04). C: The overall proportion of cortical CAA and severe 

cortical CAA positively correlated with disease duration in the extended cohort (p=0.04, 

p=0.04). The overall proportion of cortical CAA and severe cortical CAA positively 

correlated with disease duration in the PSEN1 pre-codon 200 group (p=0.04, p=0.05). D: 

In the APP group mild leptomeningeal CAA significantly positively correlated with disease 

duration (p=0.04). Crossed squares represent no data due to no severe leptomeningeal 

CAA in the APP mutation group. Data presented in heat maps are τb correlation 

coefficients, Kendall’s tau-b, *p<0.05. 
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 Comparing the proportion of CAA between mutation sub-groups in the 

occipital cortex 

In the extended cohort, 95% of cases had some degree of cortical CAA and 100% 

of cases had some degree of leptomeningeal CAA in occipital cortex. Regression 

analysis on CAA and the effect of mutation subgroup was not possible as 

assumptions were not met. In view of this, Kruskal-Wallis test with Dunn’s test 

where appropriate has been used to compare between mutation groups.   

Cortical CAA 

The proportion and severity of cortical CAA was compared between mutation 

groups. There was a significant difference in the overall proportion of CAA 

(p=0.05) with PSEN1 pre-codon 200 group having a significantly lower proportion 

compared to the PSEN1 post-codon 200 group (p=0.02). Moderate CAA 

significantly differed between groups (p=0.04), with pairwise comparisons 

showing significantly higher moderate CAA in the PSEN1 post-codon 200 group 

compared to the PSEN1 pre-codon 200 group and a near significant higher 

proportion than the APP group (p=0.02 & p=0.07). Mild CAA was significantly 

different across the groups (p=0.05), with the PSEN1 pre codon-200 group 

having significantly lower mild CAA than the APP group (p=0.05) (Figure 5-10 A). 

Leptomeningeal CAA 

There were no significant differences in the overall proportion of leptomeningeal 

CAA between groups. There was a near significant difference in severe 

leptomeningeal CAA (p=0.06), however this appears to be driven by one case. 

The observed average proportion and severity of CAA was consistently higher in 

the leptomeninges compared to the cortex (Figure 5-10 B). 
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Figure 5-10 Comparison of the overall proportion and severity of CAA between 

mutation subgroups.  

A: Cortical CAA in the Occipital cortex by mutation groups. There was a significant 

difference in the overall proportion of CAA (p=0.05; PSEN1 pre-codon 200 vs PSEN1 

post-codon 200 p=0.02). Moderate CAA significantly differed between groups (p=0.04; 

PSEN1 post-codon 200 vs PSEN1 pre-codon 200 p=0.02). Mild CAA was significantly 

different across the groups (p=0.05; PSEN1 pre codon-200 vs APP p=0.05). B: 

Leptomeningeal CAA in the occipital cortex by mutation groups. Error bars represent 

mean and SD. Kruskal-Wallis with Dunn’s test, *p<0.05. 



186 
 

 Comparing the proportion of CAA by APOE genotype in the occipital cortex 

From the extended pathology cohort of 41 cases, 38 cases had an APOE 

genotype available and these were used to investigate the effect of APOE status 

on CAA in FAD.  

We compared the overall proportion and severity of CAA between APOE4 status 

groups (ɛ4 carriers and non-carriers). The overall proportion of CAA and severe 

and moderate CAA was consistently higher in APOE4 carriers in the cortex and 

leptomeninges, however there was no statistically significant difference (Figure 

5-11 A,B). 

Due to higher numbers in the extended cohort, differences between specific 

APOE allele genotypes were then investigated (e.g APOE 2/3, 3/3, 3/4 and 4/4). 

Between APOE allele genotypes, we found a significant difference in the overall 

proportion of cortical CAA (p=0.02) with higher CAA in 2/3 carriers compared to 

3/3 carriers (p=0.03). Significant differences were also observed for severe 

cortical CAA (p=0.01) with higher CAA in 2/3 carriers compared to 3/3 carriers 

(p=0.02), there was a suggestion of differences in severe cortical CAA between 

other APOE allele genotypes with higher CAA in 2/3 compared to 3/4 carriers 

(p=0.08) and 4/4 compared to 3/3 carriers (p=0.08). Moderate cortical CAA also 

significantly differed between groups (p=0.02) with higher CAA in 2/3 compared 

to 3/3 carriers (p=0.03). No other significant differences were observed for cortical 

or leptomeningeal CAA. As there are only 2 cases with a 2/3 allele these results 

should be interpreted with extreme caution and require replication in larger 

cohorts. Interestingly, it was observed that the overall proportion of CAA and 

severe and moderate CAA in the cortex and leptomeninges increases with 

increasing ε4 allele (APOE genotype 3/3 through to 4/4) although there were no 

statistically significant difference (Figure 5-12 A,B). 
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Figure 5-11 Comparison of the overall proportion and severity of CAA between 

APOE4 allele carriers and non-carriers in the occipital cortex.  

There were no significant differences in the overall proportion and severity of cortical (A) 

or leptomeningeal (B) CAA between APOE4 carriers and non-carriers (ranksum).Error 

bars represent mean and SD. 
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Figure 5-12 Comparison of the overall proportion and severity of CAA between 

APOE allele genotype in the occipital cortex.  

A: The overall proportion of CAA significantly differs between groups (p=0.02; 2/3 vs 3/3 

p=0.03). Severe cortical CAA was significantly different between groups (p=.01; 2/3 v 3/3 

p=0.02) as was moderate CAA (p=0.02; 2/3 v 3/3 p=0.03). B: There were no significant 

differences between APOE genotype in leptomeningeal CAA. Error bars represent mean 

and SD. Kruskal-Wallis with Dunn’s test, *p<0.05. 
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 Comparing the proportion of CAA in the frontal and occipital cortices 

As expected, the overall proportion of cortical CAA was numerically higher in the 

occipital cortex compared to the frontal cortex (28.99 ± 24.78 vs 17.29 ± 18.55) 

and this remained true for the different severities of CAA (Severe: 0.76 ± 1.71 vs 

0.15 ± 0.48 Moderate: 21.39 ± 21.61 vs 11.05 ± 15.94. Mild: 6.83 ± 6.16 vs 6.10 

± 5.42). 

The overall proportion of leptomeningeal CAA was also numerically higher in the 

occipital lobe compared to the frontal cortex (59.31 ± 25.98 vs 43.23 ± 29.55) and 

this was true for the different severities of CAA (Severe: 1.12 ± 3.23 vs 0.86 ± 

1.61. Moderate: 29.03 ± 22.46 vs 20.05 ± 23.11. Mild:  29.16 ± 13.09 vs 22.36 ± 

15.74).  

 Chapter discussion 

 
Main findings 

Overall proportion 

and severity of CAA 

and CERAD scores 

Trends for a negative correlation between the overall 

proportion and severity of cortical and leptomeningeal 

CAA with cored plaques, and a positive correlation with 

CWPs. 

Overall proportion 

and severity CAA and 

Aβ load 

Trends for a positive correlation between the overall 

proportion of CAA, severe CAA and moderate CAA, in 

both the cortex and leptomeninges, with Aβ load. 

Overall proportion 

and severity of CAA 

and Microglial load 

The overall proportion and severity of cortical and 

leptomeningeal CAA was generally; 

1) Negatively correlated with IBA1 and positively 

correlated with CD68 except in the PSEN1 post-

codon 200 group. 

2) Negatively correlated with CR3/43 

Clinical overview 

FAD mutation associated with both age at onset and 

disease duration, although sex did not.  

APOE genotype was significantly associated with 

disease duration only. 

Overall proportion 

and severity of CAA 

by mutation groups 

Significant trends for greater overall proportion and 

severity of cortical and leptomeningeal in the PSEN1 

post-codon 200 group. 
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Overall proportion 

and severity of CAA 

by APOE genotypes 

Non-significant trend for greater overall proportion and 

severity of cortical and leptomeningeal CAA in APOE4 

carriers, and in APOE2 carriers.  

In this study we investigated associations between CAA and pathological, clinical 

and genetic aspects of FAD. In the frontal cortex, the association between both 

the overall proportion and severity of CAA and Aβ plaque pathology and load was 

investigated in the QSBB cohort as a whole and by mutation subgroups. 

Additionally, in the frontal cortex, the association between both the overall 

proportion and severity of CAA and the load of three microglial phenotypes were 

investigated in the QSBB cohort as a whole and by mutation subgroups. Finally, 

in both the frontal and occipital cortices of the larger extended cohort the overall 

proportion and severity of CAA was further investigated in relation to clinical and 

genetic aspects of FAD.  

Frontal cortex CAA and Aβ pathology 

CAA was measured by vessel counts and this was analysed in relation to the Aβ 

and microglial pathology discussed in chapter 3: Aβ pathology in FAD and 

chapter 4: Microglial response in FAD. While the previously assessed CERAD 

scoring included a frequency score of cortical and leptomeningeal CAA, the 

vessel count measure enabled a more detailed investigation and may reveal 

further possible associations.  

In the QSBB cohort, the overall proportion of CAA was not significantly associated 

with the amount of Aβ, however there was a trend for increasing proportion and 

severity of CAA with increasing Aβ load/pathology (Chapter: 5.3.3). This suggests 

that with greater Aβ levels, CAA is exacerbated, likely as a result of deposition in 

the vasculature due to clearance attempts. As a consequence, clearance may be 

reduced due to pathway disruption, leading to increased cortical deposition. 

Associations between greater CAA and Aβ deposition has been previously shown 

(Brenowitz et al., 2015; Pfeifer et al., 2002). The negative association between 

Aβ load and mild CAA also supports that worse CAA is associated with greater 

Aβ pathology as it implies a shift from mild to more severe CAA. Interestingly, the 

negative association between mild CAA was not seen in the APP group, 

suggestive of group differences, although small group numbers affect 
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interpretations. It may also be due to the APP group having the lowest average 

proportion and severity of CAA, in which case, association with mild CAA in this 

group may be reflective of worse CAA in a less CAA prone group.  

To further understand the association between CAA and Aβ, correlations 

between the proportion and severity of CAA and CERAD scores were assessed 

in the QSBB cohort (Chapter: 5.3.2). Previously in chapter 3: Aβ pathology in 

FAD, CERAD measures of CAA positively correlated with CWPs and this was 

replicated using vessel counts. CWP’s have been frequently observed to co-

occur with CAA (Crook et al., 1998; Niwa et al., 2013; Ryan et al., 2015a) and 

these repeated statistically significant associations and trends strengthen the 

plausibility of the association, particularly as the vessel counts provide greater 

detail on the severity of CAA. While an association has been demonstrated, the 

molecular connection between these pathologies is unclear, particularly as the 

different pathologies are primarily composed of different Aβ isoforms. As 

mentioned, CAA is primarily composed of Aβ40, while CWPs are primarily 

composed of Aβ42. However, Aβ42 is observed in both vessels and CWPs, which 

may link the pathologies. Further analysis investigating the precise make up of 

CAA in CWP positive cases would help to understand the association. Although 

not statistically significant, it was noted that CAA was generally negatively 

associated with cored plaques. This could raise the possibility of a negative 

association between these two types of Aβ pathology, however, it was also seen 

in chapter 3 that CWPs and cored plaques were negatively correlated, therefore 

the association with CAA could be a consequence of multicollinearity. Increased 

CAA has however been associated with plaque clearance in immunized AD 

cases. In particular, Aβ40 was noted to be higher in the cerebrovasculature in 

these cases, along with a decreased Aβ load in the parenchyma. Evidence 

suggests cored plaques are composed of both Aβ40 and Aβ42, therefore there 

may indeed be a negative association between these pathologies in high CAA 

cases (Boche et al., 2008). 

CAA and microglia 

Assessing microglial load with the proportion and severity of CAA enabled a more 

detailed investigation of the associations (Chapter: 5.4). In the QSBB cohort as a 

whole and in the individual mutation subgroups, Iba1 was negatively associated 
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with more severe CAA although this was not significant. Associations were 

positive for mild CAA, which may indicate a change in interaction, although it is 

not possible to infer whether microglia would influence CAA or CAA would 

influence microglia. 

Similar to findings in chapter: 4.3.6, CD68 and CAA were generally positively 

correlated, potentially indicating that a phagocytic phenotype may benefit the 

removal of Aβ via clearance mechanisms. Ultimately this increased Aβ in the 

vasculature may lead to further deposition and increased CAA severity. 

Increased CAA upon plaque removal has been observed in human and mouse 

models (Donna M. Wilcock et al., 2004; Zotova et al., 2013b).  

For both Iba1 and CD68 in the PSEN1 post-codon 200 group we see opposite 

correlations between Iba1 and CD68 with CAA. This group did not differ in 

microglial load or have differing correlations between Iba1 and CD68 compared 

to the remaining groups (see chapter: 4.3.4 and 4.3.5). This suggests the 

differences may be due to associations with CAA, which was highest in this 

group. This again could indicate a difference in microglial phenotype in relation 

to severity of CAA. These associations are non-significant however so 

assumptions should not be made. Indeed, a lack of association with microglial 

markers and CAA has previously been observed (Zotova et al., 2013b). 

As observed in chapter: 4.3.6.1, CR3/43 was negatively associated with CAA, 

although this was not significant. It does however suggest proinflammatory 

response may not increase CAA. Interestingly, CR3/43 was also weakly but non-

significantly, negatively correlated with Aβ load (see chapter: 4.3.6.2 and 4.3.6.3). 

Therefore in cases with a CR3/43+ve microglial phenotype, both cortical and 

vessel Aβ may be reduced. This could be due to CR3/43+ve microglia promoting 

mechanisms which cause reduced Aβ load, such as Aβ degrading enzymes. This 

way, clearance via vascular routes may be reduced or the degraded Aβ in a non-

aggregation prone state, therefore cleared efficiently. 

Interestingly CR3/43 was positively associated with CWPs. However CWPs were 

positively associated with CAA. As CAA and CWPs are composed of different Aβ 

isoforms, the association of these with CR3/43+ve microglia and CAA may be Aβ 

isoform dependent. Differences in immune cell responses to Aβ40/42 isoforms 
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has been previously seen in immune cell lines (Morelli et al., 1999) although 

associations are not always found (Garção et al., 2006). In human tissue, analysis 

has revealed a preference of microglia for plaques containing Aβ40 (Fukumoto 

et al., 1996a; D. M. A. Mann et al., 1995). These studies suggest there are 

microglial specific responses to Aβ isoforms which could influence Aβ and CAA 

pathology in our cohort.  

The different direction of associations depending on marker indicates that 

differences in microglial phenotype or activity may associate with CAA. 

Alternatively, the method of analysis may influence results due to effects of 

morphology. As mentioned, phagocytic microglia are associated with a rounded 

and condensed morphology. Therefore decreased Iba1 may be related to a 

decrease in cell surface coverage due to morphological change. To counteract 

this problem, the measurement of microglial circularity could be employed, where 

the microglia are measured by their morphology. This may produce results more 

reflective of microglial activity. However, the majority of correlations were not 

significant, and the discussion is based trends in the data which must be 

considered with caution. The results may however be helpful for guiding future 

research. 

Clinical analysis 

As CAA is predominant in the occipital cortex, we extended our CAA analysis into 

this region in a larger cohort (Chapter: 5.5.1). With this larger cohort, clinical 

analysis could be conducted to see if previous findings remained in a larger 

cohort. After adjustment for APOE status and sex, age at onset was again 

confirmed to be associated with mutation, and more mutation-specific 

associations with age at onset were found. This confirms and expands the earlier 

findings in chapter 3, and what has previously been noted by others, highlighting 

the importance of genetic mutation on influencing the manifestation of disease. 

In our data, some of the cases are from the same family, and it has been shown 

that family membership also accounts for some of the variance in age at onset in 

FAD, in addition to mutation (Ryan et al., 2016; Ryman et al., 2014). In the current 

study, there were only a few related cases so numbers were too small to 

investigate influence of family membership on the results, although the 
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contribution was likely to be minimal. In larger cohorts it will be necessary to 

consider the effects of family membership and specific mutation.  

In this larger cohort we also found mutation associated differences in disease 

duration, after adjustment sex and APOE status (Chapter: 5.5.1). These results 

suggest that specific mutations are linked to a less aggressive disease course. 

Longest duration was observed in the group with the latest onset, implying those 

with later onset also may have a less aggressive disease progression. This differs 

to that observed in a separate study where longer duration was associated with 

earlier onset in a sAD/FAD mixed cohort (Armstrong, 2014). However, linear 

regression showed that there was no association between age at onset and 

disease duration in our cohort (5.5.1.3). Previous studies have also failed to show 

associations, although Ryman et al. (2014) found an inverted U shape 

association in a large sample of FAD cases, whereby individuals with the earliest 

and latest ages at onset had the shortest disease durations. It would be useful to 

investigate this relationship in this cohort and other non-linear relationships 

between the two, with adjustment for known modifiers such as APOE.  

After adjustment for sex and mutation, APOE genotype was not associated with 

age at onset (Chapter: 5.5.1), which has been shown previously in FAD (Ryman 

et al., 2014). However, there are studies which have found evidence to suggest 

APOE4 is associated with a younger age at onset in a PSEN1 intron4 cohort 

(Janssen et al., 2000). APOE4 and age at onset has been discussed in chapter: 

1.14.  

The role of APOE genotype as a modifier of disease duration in FAD was 

confirmed in this larger cohort. While the result is surprising, as discussed in 

chapter: 3.4, it has previously been alluded to in sAD (Basun et al., 1995). While 

we showed that one APOE4 allele lead to significantly longer disease duration 

compared to no APOE4 allele, the increase in duration was not significantly 

different between hetero or homozygous APOE4 carriers, although this may be 

due to small numbers of APOE4 homozygotes. The mechanism by which APOE4 

could be associated with longer disease duration is unclear, although as our 

results imply, it is not a consequence of earlier age at onset. Meta-analysis in 

sAD suggest APOE4 does not influence disease duration (Allan & Ebmeier, 

2011). There is little literature specifically on APOE effects on disease duration, 
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with a greater focus on age at onset or disease progression. In some instances 

age at death is considered. However, this measure is only indicative of duration 

if the age at onset is taken in to account. It may be beneficial for future studies to 

consider disease duration, mutation and APOE4 genotype in FAD studies. A 

potential further analysis could be to include age at onset in the regression and 

see if the association between APOE4 and disease duration remains. This is 

particularly important as APOE directed therapies are likely to be investigated 

due to the recent report of a protective effect of the APOE christchurch mutation, 

which was found in a PSEN1 E280A mutation carrier, with a homozygous 

christchurch APOE3/3 genotype, who did not develop cognitive impairment until 

several decades later than the typical age at onset for her family (Arboleda-

Velasquez et al., 2019).  

Why APOE4 status would give rise to longer duration is unclear. As seen in 

multiple studies, APOE4 associates with increased Aβ deposition. Possibly, this 

may reduce toxic soluble Aβ and its downstream consequences. It is also 

important to note the age difference in our cohort compared to sAD cases. 

APOE4 status has been shown to have differing effects depending on factors 

including age, therefore the benefit of APOE4 may only be relevant in FAD and 

potentially early onset non-familial AD (J. Kim et al., 2018). This may be despite 

earlier Aβ deposition in FAD APOE4 carriers (Bussy et al., 2019). APOE is 

involved in immune/inflammatory mechanisms and microglia are known to differ 

over age and disease (Sankowski et al., 2019), in FAD the microglia may be at a 

stage where response can be more beneficial rather than reduced. APOE4 is 

also associated with CAA-related inflammation and may link to benefits due to 

clearance. It is possible that these factors may have some beneficial effects in 

FAD regarding the response to Aβ. 

The sex effect on age at onset observed in chapter: 3.3.2 was not confirmed in 

the extended cohort (Chapter: 5.5.1). The difference may be due to case 

numbers, as larger studies have also shown no association between age at onset 

and sex in FAD (Ryman et al., 2014). One potential confounder in age at onset 

assessment is that there may be differences in clinical assessment due to 

variation in presentation (Koedam et al., 2010) and/or sex (Liesinger et al., 2018). 

These factors will be hard to prevent as they are dependent on the individual 

patient. Overall, we found that sex is likely not a strong contributor to age at onset 



196 
 

in this FAD cohort. With this in mind it is promising to see the retention of the 

remaining associations we found, for example with genetic mutation and APOE 

genotype. 

CAA and clinical data  

CAA is a frequent pathological feature of AD but its relationship to the clinical 

manifestation of disease is unclear. We were able to investigate the hypothesis 

that CAA severity may be related to age at onset and/or disease duration in the 

QSBB cohort and in the extended cohort, considering difference between regions 

due to their specific associations with CAA (Chapter: 5.5.2 and 5.5.5). 

Overall, our results revealed that CAA was not clearly associated with age at 

onset or disease duration and this was observed in the QSBB and extended 

cohort (Chapters: 5.3.1, 5.5.2 and 5.5.5. Differences in direction of association 

were noted between groups, however were often non-significant and do not 

confirm any mutation group differences. Interestingly, the directional differences 

were noted in the PSEN1 post-codon 200 group, with negative associations 

between severe cortical CAA, the overall proportion of leptomeningeal CAA, 

severe and moderate leptomeningeal CAA with age at onset. Additionally, severe 

cortical CAA and disease duration were positively correlated while the proportion 

of leptomeningeal CAA overall, severe and moderate leptomeningeal CAA were 

negatively associated with disease duration. This group had the highest average 

CAA, and may hint towards stronger associations when CAA is more severe.  

The extended cohort analysis within the frontal cortex also indicated that there 

were few strong, significant or consistent associations between CAA and clinical 

data. Similar trends were observed to the QSBB analysis but decreased strength 

of correlation was noted. There were however some significant correlations. In 

the frontal cortex, severe cortical CAA was significantly positively correlated with 

disease duration in the PSEN1 post-codon 200 group, while the overall proportion 

of CAA and mild CAA were significantly negatively correlated with disease 

duration in the APP group. In the occipital cortex, severe cortical CAA was 

significantly positively correlated with age at onset in the PSEN1 post-codon 200 

group, while mild CAA was significantly negatively correlated with age at onset in 

the APP group. In the occipital cortex, disease duration was significantly 
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positively correlated with the overall proportion of cortical CAA and severe CAA 

in the extended cohort as a whole and in the PSEN1 pre-codon 200 group, while 

mild leptomeningeal CAA in the APP group was positively correlated with disease 

duration. The regression analysis in the occipital cortex revealed there was a near 

significant negative association between the overall proportion of leptomeningeal 

CAA and age at onset. While not significant this could potentially imply that 

leptomeningeal CAA could either 1) negatively affect disease progression and 

hasten onset or 2) be due to a longer occurring pre-symptomatic pathological 

deposition of leptomeningeal CAA. Regression analysis in the occipital cortex for 

CAA and disease duration revealed no significant associations, despite the 

significant correlations observed and this is likely due to the differences between 

the statistical tests. As group numbers were small, most findings non-significant 

and correlations not adjusted for known associates of clinical data, the data and 

assumptions should be interpreted with caution. Particularly as the regression 

results were generally suggestive of there being no association, and this model 

included adjustment for mutation and APOE status. However, the effect of the 

processes involved in CAA development may by complex and not linearly 

associated with disease. As mentioned before there may be early beneficial 

stages followed by detrimental effects. As amyloid-modifying therapies can lead 

to increased CAA, it needs to be understood how CAA may impact upon disease 

duration, warranting further investigation. 

Comparisons between mutation and APOE genotype groups 

Significant differences between mutation groups in the overall proportion and 

severity of CAA were found in the extended cohort, supporting the consensus 

that CAA differs by mutation location (Chapter: 5.5.3 and 5.5.6). The PSEN1 post-

codon 200 group consistently had a greater proportion of and greater severity of 

CAA, with more severe CAA previously noted in post-codon 200 mutation carriers 

by others (David M. A. Mann et al., 2001; Ringman et al., 2016). APP mutations 

had the least proportion and severity of CAA and this may be due to the cohort 

not containing APP mutations located within the Aβ coding domain, which are 

associated with particularly severe CAA (Ryan & Rossor, 2010). Compared to 

mutations within the Aβ coding domain of APP and PSEN1 mutations, the APP 

mutations represented in our cohort which are all located distal to the γ-secretase 

cleavage site, may be associated with less severe CAA. We have shown that 
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APP V717I mutations alter γ-secretase cleavage site preference to favour the 

Aβ48>45>42>38 pathway (Charles Arber et al., 2019a), which may be relevant 

given that Aβ40 is the predominant isoform seen in CAA. This highlights site 

specific mutations within and between causative genes which may influence the 

disease process.  

The observed mutation group differences may potentially be related to other 

PSEN1 substrates, of which some are likely to be particularly relevant to the 

vasculature. PSEN1 mutations, in particular those located post-codon 200, may 

affect processing of other substrates, which could impact upon vascular health. 

In fact, in mice PSEN1 has been shown to be important for vascular as well as 

cortical development (Nakajima et al., 2006; Wen et al., 2005). Altered PSEN1 

processivity may therefore affect vasculature development/maintenance and lead 

to additional dysfunction. As APP is expressed in endothelial cells (Forloni et al., 

1992; Ye Zhang et al., 2014), and our APP mutation carriers show the least 

Aβ+ve CAA, it supports the suggestion the PSEN1 mutations may lead to worse 

CAA due to additive mechanisms on top of Aβ. Another possibility is that certain 

PSEN1 post-codon 200 mutations produce increased Aβ40 levels and/or ratios, 

which is a large component of CAA, thereby increasing CAA pathology.  

The differences between mutation groups were notable in both the frontal and 

occipital cortex. It is interesting that the differences are observed in both cortical 

regions even though the occipital cortex is particularly predisposed to CAA (J. 

Attems, 2005; Johannes Attems et al., 2005; Vinters & Gilbert, 1983). This does 

highlight how CAA is a global pathology in FAD and is likely important to the 

overall disease process. While differences were consistent in the cortex and 

leptomeninges, differences were non-significant in the leptomeninges. This could 

be due to longer deposition in the leptomeninges masking group differences, as 

at least in mice, leptomeningeal CAA appears to occur prior to cortical vessel 

deposition (Robbins et al., 2006; Schelle et al., 2019). 

Despite consistent group trends, there was large variability within groups. This 

could be due to a number of factors such as specific mutation, APOE genotype, 

or other unknown factors. The statistical approach used did not allow for these 

possibilities to be factored in and would require larger numbers for this type of 

assessment to occur. We did however separately assess for differences between 
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APOE genotypes. Generally, differences were not significant but trended towards 

increased CAA in APOE4 carriers, in an APOE4 allele dose dependant manner, 

particularly in the occipital cortex (Chapter: 5.5.4 and 5.5.7). APOE4 could 

therefore be a contributor to the heterogeneity observed in the mutation groups.  

An additive effect of ɛ4 alleles on CAA has previously been shown (P. T. Nelson 

et al., 2013). APOE4 carriers are likely to have gene dose dependant increases 

in CAA due to APOE4 specific binding properties with Aβ and to APOE4 specific 

interactions with Aβ receptors at the BBB. For example, APOE4 bound Aβ is 

transported more slowly across the BBB by the LRP1 receptor (Deane et al., 

2008). We also found that there was higher CAA in APOE 2/3 carriers, which 

corroborates literature suggesting that the APOE ɛ2 allele is associated with CAA 

(P. T. Nelson et al., 2013). Although interesting, this result should be interpreted 

with caution due to the low number of cases. Overall, APOE genotype may 

influence CAA pathology in FAD with allele specific relationships, and our results 

reflect similar effects of APOE genotype on CAA severity that have been seen in 

clinical trials of amyloid-modifying therapy in AD patients (Sakai et al., 2014).  

Conclusions 

This study has confirmed our previous finding of an association between the 

APOE4 allele and longer disease duration (Chapter 3.3.2) specifically in FAD. 

Future clinical analyses in larger FAD cohorts will need to take APOE4 genotype 

into account and further investigate the relationship between disease duration 

and APOE genotype in a range of mutations to confirm our findings. If the 

association is maintained, the molecular basis for this association should be 

further investigated. Importantly, therapies affected by APOE status could have 

particular effects in FAD cohorts where, from our data, it appears that possessing 

an APOE4 allele does not necessarily negatively affect disease outcomes.  

The associations between microglial phenotypes and CAA also merit further 

investigation, especially as there were observed mutation differences in the 

direction of associations. This is particularly true as there are alterations in 

microglia that can occur in response to treatments, which can also lead to CAA. 

Both mutation type and APOE genotype associated with CAA in this study, 

although the results indicated that FAD mutation type had the greater association 
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with CAA. These aspects are important as drug treatments may lead to an 

increase in amyloid imaging related abnormalities (ARIA) in AD, which are 

thought to represent an immune response to vascular amyloid, with APOE4 

status influencing outcomes (Arrighi et al., 2016; Coric et al., 2012; Ostrowitzki et 

al., 2012; R. Sperling et al., 2012). Despite the heterogeneity we have shown in 

CAA, understanding its role will be important as it may modulate clinical 

outcomes, including cognitive features, with the impact differing between 

mutations.
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 Aβ isoform specific pathology in FAD 

 Abstract 

Introduction: FAD mutations in PSEN1 and APP are linked to alterations in the 

amyloidogenic processing of APP, leading to alterations in the ratios of Aβ 

isoforms. The altered Aβ isoform profile can differ between different mutations, 

and in some cases mutations cause an overall increase Aβ production (Citron et 

al., 1992; Kwart et al., 2019; Sun et al., 2017). Certain isoforms may be more 

toxic than others and contribute to plaque pathology in distinct ways due to their 

aggregation profiles. Knowing which mutations are linked to what type of Aβ 

isoform and plaque pathology has the potential to further help our understanding 

of disease causing mechanisms and their relationships to phenotypic 

heterogeneity. 

Methods: IHC with Aβ42, 40 and 43 isoform specific antibodies was conducted 

on the temporal and occipital cortex of 20 FAD cases from the QSBB. Positive 

staining was visually analysed and described. 

Results: Visual inspection confirms that Aβ isoform specific plaque pathology is 

maintained in a range of PSEN1 and APP mutations, with Aβ42 present in all 

pathologies, Aβ40 more prominent in CAA and cored plaque pathology and Aβ43 

present in cored plaques, but generally minimally present in other plaque types 

and CAA. Aβ42 was abundant across all cases, however Aβ40 and Aβ43 were 

not prominent in all cases. The PSEN1 post-codon 200 mutation cases with 

R278I, E280G and A434T & T291I mutations harboured Aβ43 pathology in both 

the temporal and occipital cortex. These mutations also expressed Aβ40. 

APOE4/4 may be associated with greater Aβ40 pathology in FAD mutation cases, 

but not Aβ43 pathology. The single APOE2/3 case also displayed strong 

immunoreactivity for Aβ40 IHC.   

Conclusions: Isoform specific pathology is observed in FAD brain tissue. 

Consistency is generally observed between same mutation carriers, however 

APOE4 status may exert effects on Aβ pathology in same mutation carriers. 

Confirming mutation and APOE specific effects on pathology highlights the 

importance of considering these genetic factors when developing and delivering 

treatments which may interact differently with the Aβ isoforms.  
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 Introduction 

 Isoforms and plaque types 

Using Aβ isoform specific antibodies, immunohistochemical analysis of post-

mortem human brain tissue has highlighted differences in the presence and 

distribution of specific isoforms. One study on a small number of sAD cases using 

an antibody against both Aβ42 and 43 indicated that positive deposits were only 

present in cortical plaques and not in blood vessels in the form of CAA, while 

Aβ40 was frequently deposited in vessels, but greatly reduced in senile plaques 

compared to Aβ42(43) (Iizuka et al., 1995). However, in another study, antibodies 

against Aβ42 revealed it was present in vessels as well as a range of plaque 

types, with Aβ40 only present in cored plaques and vessels, or perivascular 

(Savage et al., 1995). Using alternative methods of peptide identification, mass 

spectrometry (MS) analysis of plaques from PSEN1 I143T mutation cases 

revealed high levels of Aβ42/43 in plaques cores (Keller et al., 2010).  

Recently, 12 sAD cases with a range of CAA severities studied with 

immunoprecipitation coupled with mass spec analysis of cortical tissue were 

found to express different Aβ compositions in relation to CAA (Gkanatsiou et al., 

2019). Another study, which included 5 AD cases with CAA pathology, utilised 

matrix-assisted laser desorption/ionization (MALD)-MS to investigate the 

deposition of Aβ isoforms and complemented this with IHC (Kakuda et al., 2017). 

MALDI-MS of occipital cortex tissue confirmed that Aβ1-42 and Aβ1-43 were 

deposited in senile plaques, while Aβ1-36 through to Aβ1-41 were preferentially 

deposited in leptomeningeal blood vessels. Subpial deposition composed of Aβ1-

42 was also noted. IHC confirmed MALDI-MS findings but both methods 

confirmed Aβ42 can be seen on vessels and Aβ40 can be seen in plaques 

although the proportions of the peptides differ between the pathologies. A further 

interesting observation from this study was that the N-terminal truncations were 

more important for plaque localisation compared to C-terminal truncations which 

depict the Aβ isoform (eg.40/42/43). Using synthetic peptides, in vitro analysis of 

aggregation kinetics showed that there was a faster aggregation ability in Aβ42 

compared to Aβ40 and 41, which was suggested as the cause of greater Aβ42 

senile plaque deposition. 
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Even in DS with AD pathology, Aβ40 is similarly present in the dense core, in 

addition to observed subpial pathology in the cerebellum (D. M. A. Mann & 

Iwatsubo, 1996). The similarities in isoform specific plaques and plaque types 

across AD with a range of causes highlights the importance of isoforms and their 

potential to influence disease. 

The hypothesis for these specific patterns of deposition are related to the 

aggregation potential of the isoforms and the removal of Aβ40 though clearance 

mechanisms. The ratio of isoforms in general may also be involved in pathological 

Aβ distribution. By looking at the pathology in transgenic mice, it was found that 

overexpression of APP protein with the E693Q mutation lead to vascular 

pathology and greater Aβ40/42 ratio while overexpression of wild type human 

APP lead to predominant parenchymal Aβ and lower Aβ40/42 ratio. By crossing 

the App E693Q mice with mutated Psen1 G348A mice they were able to show 

redistribution of Aβ to the parenchyma along with a reduction in the Aβ40/42 ratio 

(Herzig et al., 2004). This highlights how isoforms can greatly impact pathology 

and possibly effect disease course. However, as different isoforms can aggregate 

into multi species aggregates, the interplay between them may also affect 

deposition. Even the ratio of the different isoforms has been shown to affect 

aggregation potentials and toxicity of aggregates applied to cell cultures (Jan et 

al., 2008). 

 Isoforms and cortical regions 

As previously mentioned, the occipital cortex is more severely affected by CAA 

compared to other regions and CAA has been shown to possess a different Aβ 

composition compared to cortical plaques. Differences in peptide concentrations 

have been shown to differ between regions in FAD, with highest peptide 

concentrations of Aβ42 and 43 observed in the occipital cortex (Keller et al., 

2010). Comparison between different FAD mutations has highlighted mutation 

differences across cortical regions. Lower levels of soluble Aβ40 were found in 

the frontal cortex and lower levels of insoluble Aβ40 were found in the frontal and 

occipital cortex of PSEN1 M146V mutation carriers compared to APPswe 

mutation carriers. Soluble Aβ42 was also reduced in the occipital cortex in the 

PSEN1 mutation carriers. Across the four brain regions analysed, different 

patterns in the order of average soluble and insoluble Aβ40 and Aβ42 levels were 
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also observed (Hellstrom-Lindahl et al., 2009). Our previous analysis of CAA 

revealed the mean % of CAA was consistently higher in the occipital cortices 

compared to frontal cortex (Chapter: 5.5.8), and on average, higher in PSEN1 

post-codon 200 cases (Chapter: 5.5.3 and 5.5.6). It would be of interest to 

investigate whether isoform specific differences are observable between regions 

in a larger number of FAD mutation cases.  

 Isoforms and mutations 

Previous work suggests that mutation specific pathologies and clinical 

presentations can occur in FAD. For example, spastic paraparesis and CWP 

pathology are frequently seen in patients with PSEN1 exon 9 deletions (Crook et 

al., 1998; D. M. A. Mann et al., 2001b). As Aβ isoforms may be linked to different 

pathologies, it is important to know whether mutations are associated with 

specific isoform pathology in brain tissue.  

Inspection of IHC with isoform specific antibodies in multiple regions of human 

brain tissue from two family members with the PSEN1 I143T mutation revealed 

a specific Aβ isoform presentation. Aβ40 was absent from the cortex and any 

Aβ40 that was observed was confined to vessels while in contrast, antibodies 

specific to Aβ42 and Aβ43 highlighted abundant plaque pathology and presence 

in both the cortical tissue and vessels (Keller et al., 2010). A neuropathological 

report of one case with the alternative PSEN1 I143V mutation was also shown to 

display minimal Aβ40 plaques, and had no CAA pathology (C. Xue et al., 2019). 

This case also showed a particular banding pattern with Aβ42 staining in the 

insula tissue section (Gallo et al., 2011). High Aβ43 pathology plaque deposition 

was also shown in sibling patient brains with the l435F mutation, with Aβ43 

deposition not observed in a separate FAD case with a different mutation (Kretner 

et al., 2016).  

Concerning APP mutations, mutations at APP 7I7 (those with substitutions Val > 

Ile and Val > Gly) have been reported to display reduced Aβ40 pathology, and 

predominant Aβ42(43) pathology, while mutations at APP 670/671 display 

predominant Aβ42(43) but also have Aβ40. In both the APP 717 and APP 

670/671 mutations, CAA was predominantly composed of Aβ40 (D. M. Mann et 

al., 1996). In a small cohort study which compared between causative genes, 
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PSEN1 mutation carriers were found to have significantly greater Aβ42 plaque 

size compared to APP mutation carriers (Ishii et al., 2001). However, the precise 

location of the PSEN1 mutation was not found to have an effect on the 

relationship between Aβ isoform and plaque morphology. These small studies 

show the heterogeneity present within FAD and different between mutations, 

which warrants better understanding.  

As one method of Aβ clearance from the brain involves the removal via the CSF, 

Aβ isoforms present in CSF can potentially reflect isoform differences in the brain. 

CSF analysis of Aβ peptides in a range of FAD mutation carriers has shown 

differences between mutations (Thordardottir et al., 2017). The CSF differences 

may reflect differences in plaque pathology which would be interesting to confirm 

at post mortem. If post mortem pathology is in agreement with CSF analysis, then 

knowing associations between isoforms and plaques, deposition and other 

genetic factors would increase our understanding of AD pathogenesis. In addition 

to human tissue observations, cellular models from FAD patients also support 

and highlight isoform differences by mutation (Charles Arber et al., 2019a). In this 

previous work, Aβ ratios were investigated in an APP V717I mutation case for 

which iPSC derived cortical neurons, CSF and brain tissue was available. The 

study revealed consistencies in the Aβ38:40 ratio across samples. Aβ42:40 did 

slightly differ across samples with greater Aβ42 in conditioned media and brain 

sample. This however was likely due to the effects of increased Aβ42 in brain 

sample due to deposition in plaques, and Aβ42 build up in conditioned media as 

it is not cleared. Collectively the data support these multiple modelling systems 

enabling understanding of Aβ isoform pathology.  

 Isoforms and APOE genotypes 

It has been shown that the APOE4 allele can be associated with greater Aβ 

deposition, and this has been noted in multiple studies of sAD. APOE can also 

be associated with Aβ isoform specific plaque pathology. In sAD, it has been 

shown via IHC techniques on human cortical tissue that APOE4 carriers display 

differences in AD plaque pathology, with APOE4 being linked to greater Aβ40 

(Gearing et al., 1996; P. M. Smith et al., 1997). In sAD and FAD brain tissue, 

APOE4 status was associated with a greater area of Aβ1-40 plaques, but not for 

Aβ42 plaques (Ishii et al., 2001) and there was also observable variation in Aβ  
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pathology between cases. Furthermore, in a large cohort of cases, which 

consisted solely of PSEN1 FAD mutation carriers, APOE status was shown to be 

associated with Aβ isoform pathology. In the frontal cortex, it was observed that 

APOE4 carriers had greater Aβ40 deposition compared to non-carriers (David M. 

A. Mann et al., 2001). It was proposed that APOE4 had this effect through 

decreasing the fibrilisation threshold of Aβ40, enabling greater deposition of Aβ40 

on plaques. Because APOE4 status is linked to CAA-related inflammation and to 

the amyloid related imaging abnormalities (ARIA) observed in some trials of 

amyloid-modifying therapy trials, it is necessary to understand the contribution of 

APOE to Aβ specific isoform pathology, especially as distinct isoforms may have 

different effects on the clinical manifestations associated with CAA. An 

association between ARIA, APOE4 genotype and CAA related inflammation has 

been noted in a single case FAD case study (Ryan et al., 2015b). 

  Aims 

As discussed, Aβ isoforms can contribute to pathology in different ways and 

different FAD mutations can lead to differing Aβ isoform ratios. In order to 

investigate possible FAD mutation specific effects on Aβ pathology, Aβ isoform 

specific plaque and CAA pathology in the temporal and occipital cortices of the 

QSBB cohort was assessed. The aims for chapter 6 were: 

1. To qualitatively assess if the observed contribution of specific Aβ 

peptides differs between plaque types (Cored, CWP, diffuse) and CAA in 

the temporal and occipital cortices. 

2. To qualitatively assess if the observed contribution of specific Aβ 

peptides to pathological deposits differs by genetic cause of FAD in the 

temporal and occipital cortices. 

3. To qualitatively assess if the observed contribution of specific Aβ 

peptides to pathological deposits differs by APOE genotype in the 

temporal and occipital cortices. 

 Material and methods 

Sections from the temporal and occipital cortex of the 20 QSBB cases were cut 

and underwent IHC with antibodies specific to Aβ40, 42 and 43 (see chapter: 
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2.3). Sections were qualitatively assessed microscopically. The type and 

distribution of Aβ+ve pathology for each Aβ isoform specific antibody was visually 

inspected. Patterns and differences in staining were noted and are described. 

Descriptive comparisons between mutation subgroups and APOE genotype were 

conducted. No statistical analyses were used within this chapter. 

 Results 

Pathological analysis in the previous chapters has used the Aβ antibody M0872 

(DAKO) (Table 2-3, Chapter 3: Aβ pathology in FAD). This antibody is raised to 

a synthetic peptide containing residues 8-17 of the Aβ peptide, therefore it will 

bind to the majority of Aβ peptides, including Aβ40, 42 and 43. To investigate the 

contribution of specific Aβ isoforms to pathology in FAD cases and investigate 

potential differences between FAD mutations in the QSBB cohort, tissue sections 

from the temporal and occipital cortex were immunohistochemically stained with 

isoform specific antibodies to Aβ40, Aβ42 and Aβ43 (Table 2-3). While the pattern 

and distribution of pathology is discussed in terms of distribution over the cortical 

layers, cortical layers were not defined in these tissue sections using Nissl 

staining. Presence of distinct plaque types is discussed (cored, diffuse, CWP), as 

is cortical and leptomeningeal CAA, however, these were not semi-quantitatively 

analysed for this descriptive study.  

 Aβ42 IHC 

 Temporal cortex 

Intense Aβ42 positive staining was seen in all cases with staining present across 

the depth of the cortical layers (Figure 6-1). The intensity and abundance of 

staining mirrored that of the M0872 DAKO antibody (Figure 3-2). Intense Aβ 

deposition was observed across all layers except with paucity in layer 1 for most 

cases (e.g. PSEN1 cases 7: M139V, 14: R278I, and APP case 17: V717L). 

Despite intense deposition, distinct patterns can be observed in a few cases. For 

example, case 3 (PSEN1 intron4) has a particular band of large diffuse plaque 

pathology in lower layers (layers 4/5), with contrasting sparse distribution of small 

dense diffuse plaques in the lowest region likely corresponding to cortical layer 

6. Case 13 (PSEN1 R278I) also displays distinct pathology with large, less 

intensely stained deposits in layer 3 compared to the other cortical layers. 
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Diffuse plaque pathology can be seen in all cases, cored plaques are less 

frequent but still observed (e.g. case 14: PSEN1 R278I) and CWPs are also less 

frequent but present in some cases (e.g. case 16: PSEN1 A434T & T291A). 

Presence of all types of plaques and CAA indicates that Aβ42 is present in all 

types of Aβ pathologies in this cohort. APOE4 genotype did not appear to 

influence amount or type of Aβ42 pathology, even within same mutation carriers. 

For example, there appears to be greater deposition in the APOE4 positive 

PSEN1 R278I (case 13) compared to the APOE4 negative PSEN1 R278I (case 

14), however, the APOE4 positive APP V717I (case 20) does not appear to have 

greater deposition than the APOE4 negative APP V717I (case 19). 

Similar to results obtain using the DAKO antibody in the frontal cortex (Figure 

3-2), cortical and leptomeningeal vessels showed positive staining for Aβ42 in a 

range of cases (eg. PSEN1 cases 2: Intron4, 5: E120K, 8: M146I, 9-10: E184D, 

11: I202F, 13-14: R278I, 15: E280G, 16: A434T & T291A, APP V717I cases 19-

20, Figure 6-2). The severity ranges from mild to severe with severe 

leptomeningeal CAA observable in case 13 (PSEN1 R278I), moderate 

leptomeningeal CAA in case 14 (PSEN1 R278I) and mild observable in case 19 

(APP V717I), although there are cases with no observable CAA (e.g. case 11: 

PSEN1 I202F). This range of CAA pathology is comparable to that observed with 

the DAKO antibody. Diffuse subpial pathology can also be seen in a number of 

cases in the PSEN1 pre-codon 200, post-codon 200 and APP groups (PSEN1 

cases 4: Intron4, 8: M146I, 13-14: R278I, and APP V717I cases 18-19).  

 Occipital cortex Aβ42 IHC 

As in the temporal cortex, there was Aβ42 positive staining in all cases with 

plaque deposition present across the depth of the occipital cortex (Figure 6-3). In 

contrast to the temporal cortex, the frequency of Aβ42 deposition appears 

reduced, suggesting regional differences (e.g. PSEN1 cases 8: M146I, 9: E184D, 

12: L250S, 14: R278I, 16: A434T & T291A and APP V717I case 19). From the 

stained sections used in chapter 3.3 and 5.3, a decrease in DAKO positive 

staining in the occipital cortex compared to frontal cortex was also noted.  

The Aβ42 antibody stains frequent plaque deposits in cases in all mutation 

groups, with plaques present across the depth of the cortex. While deposition is 

seen across all cortical layers, in some cases there are appears to be layer 
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specific patterns. For example, in PSEN1 cases 1-4 (Intron4) 5 (E120K) 8 (M146I) 

9-10 (E184D) and 12 (L250S), layers 4/5 present a particular type of plaque 

pathology, with abundant, large and poorly defined diffuse plaques, compared to 

the other cortical layers. There are notable differences between some cases in 

the frequency of plaque deposits, for instance PSEN1 cases 1-4 (Intron4) 5 

(E120K), 7 (M139V), 9-10 (E184D) 11 (I202F) 12 (L250S) and 15 (E280G) have 

frequent deposition in comparison to PSEN1 cases such as 6 (S132A), 13-14 

(R278I) 16 (A434T & T291A) and APP cases 17 (V717L) and 18-19 (V717I). 

These differences span the mutation groups with no obvious group specific 

patterns. 

There is a range of plaque types present. Cored plaques are observable and 

particularly evident in case 8 and 13. Diffuse pathology is seen in all cases, with 

a noticeable banding pattern in some cases as previously mentioned.  CWPs are 

seen in a few cases, with a noticeable presence in the PSEN1 R278I cases (13-

14). Interestingly, PSEN1 case 16 (A434T & T291A) does not have any CWPs in 

the occipital cortex, even though CWPs were abundant in the temporal cortex 

with the Aβ42 antibody. There are no obvious differences between cases with or 

without an APOE4 allele.  

There was Aβ42 deposition observed in both the cortical and leptomeningeal 

vessels. Severe leptomeningeal CAA can be seen (case 2: PSEN1 Intron4), as 

can moderate CAA (8: PSEN1 M146I) and mild CAA (4: PSEN1 Intron4), 

although there are cases with no CAA observable (e.g. 12: PSEN1 L250S, 19: 

APP V717I). A range of severity levels of CAA are also observable in the cortex, 

with CAA present extensively in some cases (e.g. PSEN1 cases 8:M146I, 

9:E184D, 13:R278I, and APP V717I case 20, Figure 6-4). This pattern was similar 

in the DAKO antibody staining from previous chapters. Localised diffuse staining 

around cortical vessels which have CAA is more apparent than in the temporal 

cortex (e.g. PSEN1 cases 8: M146I, 9&10: E184D, and APP case 17: V717L). 

Subpial pathology composed of diffuse plaques was present in a number of 

cases, in the PSEN1 pre-codon 200 (cases 2-4: Intron4, 5: E120K, 6: S132A), 

post-codon 200 (cases 12: L250S, 13: R278I) and APP groups (cases 17: V717L, 

18-19: V717I). 
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Figure 6-1 Representative images showing Aβ42 specific IHC in the temporal cortex.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9 Scale bar represents 

100µm, 4x objective magnification. 
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Figure 6-2 Representative images showing Aβ42 specific IHC in the temporal cortex.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. Arrows indicate CAA 

severity, 6=none, 11=mild, 14=moderate, 13=severe. Scale bar represents 50µm, 10x objective magnification of images shown in Figure 6-1.  
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Figure 6-3 Representative images showing Aβ42 specific IHC in the occipital cortex, calcarine region.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9 Scale bar represents 

100µm, 4x objective magnification. 
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Figure 6-4 Representative images showing Aβ42 specific IHC in the occipital cortex, calcarine region.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. Arrow indicates 

leptomeningeal CAA (13). Arrow head indicates cortical CAA (17). Scale bar represents 50µm, 10x objective magnification of images shown in Figure 

6-3.
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 Aβ40 IHC 

 Temporal cortex 

Compared to the Aβ42 IHC, there was noticeably less positive staining with the 

Aβ40 antibody in the QSBB cohort, and this is particularly evident within the 

parenchyma Figure 6-5. For a comparison of specific cases see Figure 6-13. 

In the cortex, there were differences between cases in the frequency of Aβ40 

plaque deposition. For example, case 2 (PSEN1 intron4) had frequent Aβ40 

positive plaque pathology across the cortex, while the other PSEN1 intron4 cases 

had less frequent deposition (PSEN1 Intron4 cases 1, 3-4). Of note, case 2 was 

APOE4 homozygous, while the other intron4 cases were all APOE3 

homozygous. Within cases where there were moderately frequent plaques, the 

plaques were seen across all layers with no consistent layer specific patterning.  

Plaque staining for Aβ40 varied in intensity, with only faint staining in some cases 

(e.g. PSEN1 pre-codon 200 cases 6: S132A, 7:M139V, and APP V717I case 18), 

intense staining in others (PSEN1 pre-codon 200 cases 2: Intron4, 5: E120K, 

10:E184D) and mixed intensity also seen (e.g. in PSEN1 pre-codon 200 case 8: 

M146I, PSEN1 post-codon 200 cases 11:I202F, 14: R278I and APP V717I case 

20). These patterns are not specific to any one mutation sub-group. Despite 

differences in staining intensity, multiple plaque types can be observed. Diffuse 

plaque staining can be seen, particularly in case 2 (PSEN1 Intron4, APOE4 

homozygous). CWPs are also apparent although these were generally faintly 

stained (example cases PSEN1 14: R278I and 16: A434T & T291A). There was 

evidence of intense Aβ40 staining of the central core of cored plaques, with the 

halo being only faintly positive (PSEN1 example cases 6: S132A, 7: M139V and 

APP V717I case 17) although the halo staining can be strong in some cases 

(PSEN1 case 8: M146I and 9: E184D). Differences in the intensity of Aβ40 

deposition between the APOE4/4 PSEN1 intron4 case 2 compared to APOE3/3 

Intron4 cases 1,3-4 were quite striking, with frequent plaques observed in the 

APOE4/4 case only. This same pattern was also seen in the APOE4/4 APP V717I 

case 13 compared to APOE3/3 APP V717I cases 18-19. There were no other 

obvious differences between cases with or without an APOE4 allele. APOE2 

positive case 8 and 14 (PSEN1 M146I and R278I) both exhibit intense 
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leptomeningeal CAA. While there was no available image of the temporal cortex 

for the other R278I case (13) which is APOE3/4, in the occipital region, this case 

also displayed prominent Aβ40 deposition in the leptomeninges. For a 

comparison of APOE4 positive cases with frequent Aβ40 pathology compared to 

those with minimal pathology, see Figure 6-14. 

Aβ40 positive staining was visible in the cortical and leptomeningeal vessels, with 

CAA evident in cases which also displayed Aβ42 positive vessels in the temporal 

cortex (PSEN1 cases 2-3: Intron4, 5: E120K, 8: M146I, 9&10: E184D, 11: I202F, 

14: R278I 15: E280G 16: A434T & T291A and APP cases 17: V717L and 19-20: 

V717I, Figure 6-6). In the majority of instances, the vessel staining was more 

intense than the plaque staining (PSEN1 cases 8: M146I, 11:L250S, 14: R278I, 

15: E280G, 16: A434T & T291A and APP V171L case 17). Subpial pathology 

was seen in some cases although less intensely in some of the cases which 

displayed strong Aβ42 positive subpial pathology (PSEN1 Intron4 case 4 and 

APP V717I cases 18 & 19). These types of pathology were seen across mutation-

subgroups.  

For a comparison of Aβ40 positive cases with frequent pathology compared to 

those with minimal pathology, see Figure 6-13. 

 Occipital cortex 

Aβ40 positive staining in the occipital cortex was comparable to that observed in 

the temporal cortex, with some cases displaying low frequency of Aβ40 positive 

plaques and others displaying frequent Aβ40 plaques (Figure 6-7). Again, Aβ40 

positive staining was noticeably distinct from Aβ42 IHC. 

Generally, Aβ40 positive plaque deposition was much less frequent compared to 

Aβ42, with comparable levels only seen in PSEN1 post-codon 200 cases 13&14 

(R278I) and 16 (A434T & T291A). While the PSEN1 E280G case 15 also had 

high Aβ40 levels, this was not higher than that observed with Aβ42 as this case 

had high Aβ42 positivity in the occipital cortex. A few cases showed frequent 

plaques (PSEN1 cases 2: Intron4, 8: M146I, 13-14: R278I, 15: E280G and 16: 

A434T & T291A) while some cases show mild frequency (PSEN1 cases 1: 

Intron4, 9-10: E184D, 11: I202F and 12: L250S) however these differences did 

not appear to be mutation sub-group specific. Plaque pathology had no obvious 
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layer specific plaque deposition. Faint diffuse plaques were observed (for 

example in PSEN1 cases 8: M146I, 12: L250S, 15: E280G and APP V717I case 

19). Similar to the temporal cortex, the central core of cored plaques were visibly 

present in the Aβ40 staining at low magnification (5: E120K, 6: S132A, 7: M139V, 

10: E184D, 12: L250S, 15: E280G and APP V717I cases 17 and 19) while the 

outer halo was less intensely stained. However, the core halo was intensely 

stained in the PSEN1 R278I case 13 and also noticeable to a lesser extent in the 

PSEN1 R278I case 14. Similar to the temporal cortex, the APOE4/4 PSEN1 

intron4 case 2 showed frequent Aβ40 positive plaques in the occipital cortex, 

which was in contrast to the remaining APOE3/3 PSEN1 intron4 cases (1,3-4), 

and this same pattern was also seen in the APOE4/4 APP V717I case 13 

compared to the APOE3/3 APP V717I cases 18-19. Again, the APOE2 positive 

cases 8 and 14 (PSEN1 M146I and PSEN1 R278I) both exhibited intense 

leptomeningeal CAA, but APOE3/4 PSEN1 R278I case 13 also had 

leptomeningeal CAA, so it is unclear if this is linked to FAD mutation or APOE 

status.  

In some cases, the majority of Aβ40 staining was predominantly within the 

vessels in both the cortex and leptomeninges (e.g. PSEN1 cases 3: Intron4 and 

7: M139V). Observed cortical and leptomeningeal CAA could be intensely stained 

by Aβ40 compared to Aβ42, and CAA was more apparent in the occipital cortex 

compared to the temporal cortex (PSEN1 cases 1 & 3: Intron4, 7: M139V and 11: 

I202F). There was also intense subpial pathology present in a subset of cases 

(PSEN1 pre-codon 200 cases 8: M146I and 10: E184D and PSEN1 post-codon 

200 case 13: R278I), although leptomeningeal CAA was present without subpial 

pathology in cases from all mutation sub-groups (e.g. PSEN1 cases 1 & 3: 

Intron4, 7: M139V, 9: E184D, 14: R278I, and APP V717L case 17). Of note was 

the intense diffuse pathology in the cortex seen around vessels with intense CAA 

(e.g. PSEN1 cases 8: M146I, 10: E184D, 13: R278I, & APP V717I case 17). See 

Figure 6-8. 
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Figure 6-5 Representative images showing Aβ40 specific IHC in the temporal cortex.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. No image for case 13 

due to tissue damage during IHC. Scale bar represents 100µm, 4x objective magnification.  
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Figure 6-6 Representative images showing Aβ40 specific IHC in the temporal cortex.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. No image for case 13 

due to tissue damage during IHC. Arrow indicates leptomeningeal CAA (16). Arrowhead indicates cortical CAA (11). Scale bar represents 50µm, 10x 

objective magnification of images shown in Figure 6-5. 
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Figure 6-7 Representative images showing Aβ40 specific IHC in the occipital cortex, calcarine region.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9 Scale bar represents 

100µm, 4x objective magnification.  
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Figure 6-8 Representative images showing Aβ40 specific IHC in the occipital cortex, calcarine region.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. Arrow indicates 

leptomeningeal CAA (3). Arrow head indicates cortical CAA (17). Scale bar represents 50µm, 10x objective magnification of images shown in Figure 

6-7.
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 Aβ43 IHC 

 Temporal cortex 

In contrast to Aβ42, but similar to Aβ40, Aβ43 positive staining was not present 

in all cases. For a comparison of specific cases see Figure 6-13. There was even 

a lack of Aβ43 in some cases where there was abundant Aβ40 staining e.g. 

PSEN1 Intron4 case 2 and APP V717I case 20.  

In the cases that have Aβ43 positive staining, there was evidence of plaques 

across the cortical layers although distinct patterns could be observed (Figure 

1.9). For example, in PSEN1 R278I cases 13 and 14, there were frequent plaques 

in all layers but staining intensity was faint in layer 3 compared to the staining in 

the remaining layers. In contrast, in PSEN1 E280G case 15 there was frequent 

plaque deposition but staining intensity was faint in all layers. PSEN1 pre-codon 

200 E184D mutation cases 9 and 10 show further differences, with frequent 

plaque deposition in layer 3 and reduced plaque frequency in lower layers. 

PSEN1 post-codon 200 cases 13-16 (PSEN1 R278I, R278I, E280G and 

A434T&T291A respectively) are distinct from the other cases with frequent 

plaques compared to all other cases, however the intensity is slightly less than 

that observed with Aβ42 staining. Moderately frequent plaque deposition was 

present in a few PSEN1 pre-codon 200 cases (5: E120K 6: S132A, 9-10: E184D) 

and some weak staining in cases 3-4, 7 and 8 (PSEN1 Intron4, Intron4, M139V 

and M146I, respectively). APP cases (17-20) has little to no Aβ43 positive 

staining, although the APP V717L case (17) had slightly more deposition 

compared to the APP V717I cases (18-20). Similar to Aβ40, there was intense 

staining of cores in cored plaques and Aβ43 positive cored plaques were 

frequently observed in all mutation sub-groups (PSEN1 cases 3-4: Intron4, 5: 

E120K, 6: S132A, 7: M139V, 8: M146I, 9-10: E184D, 14: R278I, and APP V717I 

case 17). Diffuse pathology was seen in other cases (e.g. 13: R278I 15: E280G 

and 16: A434T&T291A) and CWP’s were also present and this was particularly 

noticeable in case 16. There were no obvious differences in Aβ43 deposition 

between cases with or without an APOE4 allele. 

Aβ43 deposition was seen in cortical and leptomeningeal vessels in a select 

number of cases (2: Intron4, 5: E120K, 8: M146I, 9-10: E184D, 13-14: R278I, 15: 
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E280G and 16: A434T&T291A). These cases have both PSEN1 pre and post-

codon 200 mutations: Intron4, E120K, two E184D, two R278I, E280G and the 

double mutation A434T & T291I (Figure 6-9 and Figure 6-10). However, in some 

of these cases the intensity of staining was low compared to that of Aβ42 or Aβ40 

(e.g PSEN1 cases 8: M146I, 15: E280G) and there was an apparent lack of Aβ43 

in the vessels in cases which had CAA in their vessels with Aβ42 or Aβ40 IHC 

(e.g APP V717I cases 19 and 20). Subpial Aβ43 deposition was absent in all 

cases except some very mild deposition in PSEN1 post-codon 200 cases 13 

(R278I) and 15 (E280G). 

For a comparison of Aβ43 positive cases with frequent pathology compared to 

those with minimal pathology, see Figure 6-13. 

 Occipital cortex  

Similar to the temporal cortex, Aβ43 was only noticeable in a few cases, and 

positive staining was much less frequent compared to the other antibodies 

(Figure 6-11 and Figure 6-12).  

Aβ43 positive pathology was uncommon in PSEN1 pre-codon 200 cases and in 

the PSEN1 post-codon 200 cases 11 (I202F) and 12 (L250S). Interestingly, 

PSEN1 post-codon 200 mutations R278I, E280G and A434T & T291A (cases 13-

16) had a visually distinctive abundance of plaque deposition compared to all 

other cases. Noticeably, there was a lack of Aβ43 in the APP mutation cases. In 

cases with staining, there was evidence of central cores staining intensely. In the 

PSEN1 post-codon 200 cases, which displayed the greatest pathology, plaques 

were intensely stained, including central cores (for example in R278I case 13) 

and there was intense staining of small dense deposits (e.g. A434T & T291A 

case 16). There were no obvious difference between cases with or without an 

APOE4 allele. 

As seen in the temporal cortex, Aβ43 deposition as occipital CAA in the cortex 

and leptomeninges was present in some cases (2: Intron4, 8: M146I, 10: E184D, 

13-14: R278I, 15: E280G, 16: A434T & T291A) although not always to the extent 

of intensity seen in the Aβ40/42 IHC (Figure 1.12). Some cases which had CAA 

detectable with the other antibodies did not display CAA with Aβ43 e.g. cases 7 

(PSEN1 M139V), 17 (APP V717L) and 20 (APP V717I). Diffuse subpial Aβ43 
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pathology was present only in the R278I case 13 and very mildly in case 14, 

despite subpial pathology having been present in other cases when stained with 

the Aβ40/42 antibodies.   
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Figure 6-9 Representative images showing Aβ43 specific IHC in the temporal cortex.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9 Scale bar represents 

100µm, 4x objective magnification.  
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Figure 6-10 Representative images showing Aβ43 specific IHC in the temporal cortex.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. Arrow indicates 

leptomeningeal CAA (16). Scale bar represents 50µm, 10x objective magnification of images shown in Figure 6-9. 
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Figure 6-11 Representative images showing Aβ43 specific IHC in the occipital cortex, calcarine region.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. Scale bar represents 

100µm, 4x objective magnification.  
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Figure 6-12 Representative images showing Aβ43 specific IHC in the occipital cortex, calcarine region.  

Text on individual images represent QSBB cohort case number – APOE genotype. No APOE genotype available for case 9. Arrow indicates 

leptomeningeal CAA (13). Arrow head indicates cortical CAA (2). Scale bar represents 50µm, 10x objective magnification of images shown in Figure 

6-11. 
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Figure 6-13 Comparison of Aβ42, 40 and 43 IHC between cases with varying Aβ profiles in the temporal cortex.  

PSEN1 post-codon 200 cases 14-16 were all strongly positive for Aβ42, 40 and 43. Case 18 was representative of cases with Aβ42 positivity but little 

to no positivity for Aβ40 and 43. Case 20 with APOE4/4 was positive for Aβ42 and 40 but not Aβ43. Scale bar represents 100µm, 4x objective 

magnification. 
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Figure 6-14 Effect of APOE4 genotype on Aβ isoform pathology.  

PSEN1 pre-codon 200 Intron4 cases, column A = Aβ42 in, B = Aβ40, C = Aβ43. APP V717I cases, column D = Aβ42, E = Aβ40, F = Aβ43. Labels on 

the left side of images refer to case number and APOE genotype. Occipital cortex, scale bar represents 100µm, 4x objective magnification.  
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 Discussion 

 
Main findings 

Aβ isoform 

contribution to 

plaques 

Aβ42 was present in all plaque types and CAA. 

Aβ40 was notable in the central cored of cored 

plaques and in CAA. 

Aβ43 was notable in the central cored of cored 

plaques, but also evident in other plaque types. It had 

reduced CAA contribution. 

Aβ isoform 

differences between 

FAD mutation sub-

groups 

PSEN1 post-codon 200 group had greater Aβ43 

deposition, particularly in the PSEN1 R278I, E280G 

and A434T & T291A mutation cases. 

Aβ isoform 

differences between 

APOE4 genotypes 

Greater Aβ40 was observed in APOE4 carriers, 

including when compared to same mutation APOE4 

negative cases. 

This study aimed to assess Aβ specific isoforms in the QSBB FAD cohort. The 

regional and cortical layer distribution was observed, as were mutation group and 

APOE4 status differences. Differences in plaque composition was also noted. All 

assessments within this chapter were purely descriptive with no statistical tests 

applied. However observational analysis enabled trends and associations to be 

observed. While isoform patterns have been studied before, this research 

expanded the depth and breadth of analysis and has revealed important genetic 

implications. 

Regional differences 

Regional differences in Aβ pathology have been previously described 

(Martikainen et al., 2010; Pearson et al., 1985; Rogers & Morrison, 1985). In our 

cohort using isoform specific IHC, Aβ40 and Aβ43 pathology displayed no clear 

differences between the temporal and occipital cortices with similar frequency in 

both regions (Chapter: 6.3.2 and 6.3.3). It could have been expected to see 

greater Aβ40 in the occipital cortex due to its greater propensity for CAA, however 

this was not readily observed. Aβ43 is not necessarily produced in large 

quantities by all FAD mutations so regional differences were not expected. Aβ42 
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was frequent in all cases and generally consistent across regions although it was 

noted there was potentially less deposition in the occipital cortex in the APP cases 

only (Chapter: 6.3.1). Although associated with later age at onset, APP cases in 

the QSBB cohort were not associated with a shorter duration so it may not be 

due to reduced time for the aggregates to form. APP V717I mutations, have been 

shown to alter Aβ42:40 ratios by increasing Aβ42 (Charles Arber et al., 2019a; 

De Jonghe et al., 2001). This does not explain the observed decreased Aβ42 

plaque deposition. A more detailed level of assessment would be required, as 

visual inspection at low magnification is not powerful enough to analyse discrete 

differences. In general, the regional observations are similar and the Aβ42 

staining was similar to that observed in the frontal cortex in chapter 3: Figure 3-2, 

with the same types of amyloid pathology observed.  

Isoform differences 

As expected, we saw differences in the amount of staining between the isoform 

specific antibodies. Aβ42 positive staining was frequently present in all cases, 

while Aβ40 and Aβ43 positive staining differed between cases and may be linked 

to mutation and APOE status (See Figure 6-13 and Figure 6-14). Aβ42 stained 

all plaque types including CWPs, was largely responsible for diffuse pathology, 

was present in cortical and leptomeningeal vessels, and looked similar to staining 

with the DAKO Aβ antibody, which binds to all Aβ isoforms which contain residues 

8-17. Aβ40 varied between cases, but displayed preferences in most cases for 

the central core of cored plaques and CAA. This is similar to observations 

reported by others (Fukumoto et al., 1996b; Hirayama et al., 2003; Iwatsubo et 

al., 1994; Kumar-Singh et al., 2002; Nakamura et al., 1995; Uchihara et al., 2003; 

Yamaguchi et al., 1995). Aβ40 is known to be the least aggregation prone isoform 

and is found at high levels in CSF indicating its clearance (Portelius et al., 2006; 

Vigo‐Pelfrey et al., 1993), which may be why lower plaque but greater vessel 

pathology is observed with this isoform. 

Aβ43 was also seen predominantly in plaque cores but was the least frequently 

observed isoform, with noticeable expression in select cases, including PSEN1 

mutation cases R278I, E280G and A434T & T291A. In these cases, presence of 

Aβ43 in CWPs could be observed, particularly in the temporal cortex. Slight Aβ43 

deposition in the blood vessels was present in cases with high plaque pathology 
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as well as a PSEN1 Intron4 mutation case which also had high Aβ40 pathology 

and CAA (case 2). Aβ43 deposition in vessels agrees with some and contrasts 

with other research findings (Iizuka et al., 1995; Kakuda et al., 2017; Keller et al., 

2010). In some of the cases with Aβ43 in the vessels, it has been shown that 

these mutations are linked to high ratios of Aβ43, including R278I and A434T 

(Charles Arber et al., 2019a; Nakaya et al., 2005; Veugelen et al., 2016). 

Therefore, in cases with greater Aβ43 levels or ratios, presence along clearance 

pathways may be expected. Some studies may have lacked Aβ43 generating 

mutation cases, therefore failed to detect this type of pathology. It is unlikely that 

lack of Aβ43 pathology in other cases is related to better clearance of this isoform 

(as is the case for Aβ40) due to Aβ43’s aggregation propensity (Conicella & 

Fawzi, 2014). Using additional methods to analyse Aβ isoforms may shed more 

light on the contribution of different isoforms to pathology, particularly with ELISA 

and mass spec methods. Lack of observation of certain isoforms by IHC does not 

guarantee lack of expression in the tissue as low level production of toxic species 

may prevent visible plaques due to fibrilisation thresholds not being met. 

Additionally, mass spec will enable analysis of post translational modifications 

such as the previously mentioned pyroglutamate and others including 

isoaspartate, which may also be important in pathogenesis (Barykin et al., 2017; 

Wildburger et al., 2017; Zakharova et al., 2018). 

Mutation differences 

When comparing between mutation groups, there did not appear to be any 

obvious differences in the deposition of Aβ42 between the groups (Chapter: 

6.3.1). When considering Aβ40, there were varied levels between cases, 

however there was Aβ40 cases present in all mutation groups (Chapter: 6.3.2). 

Distinct alterations in Aβ pathway selection have been noted in specific mutations 

and may explain these mutation specific differences. For instance mutations 

which lead to greater selection of the Aβ49 pathway, which can lead to the 

generation of Aβ40 may result in greater cortical Aβ40 deposition. Mutations 

which result in increased selection of the Aβ49 pathway include PSEN1 R278I 

and A434T (Charles Arber et al., 2019a; Sun et al., 2017). It would be interesting 

to investigate if the Aβ40 positive cases are those which have shown higher levels 

of CAA as that may account for some of the differences in vessel staining. Indeed, 

some cases (2, 8, 13, 14, 16 and 20) had notable high CAA positive vessels in 
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the occipital cortex, with Aβ40 positivity seen in the occipital cortex Aβ40 specific 

IHC. 

Aβ43 was not observed in all cases (6.3.3). There was little to none present in 

the APP cases, suggesting that APP V717I and V717L mutations favour the 

processing of Aβ via the Aβ48 pathway, as has been previously suggested 

(Charles Arber et al., 2019a). This matches with the idea that APP mutations lead 

to altered Aβ42:40 ratios due to amino acid changes altering APP structure, 

hindering processivity (Dimitrov et al., 2013). In the PSEN1 post-codon 200 cases 

there was frequent Aβ43 in the PSEN1 R278I, E280G and A434T & T291A cases. 

As mentioned, multiple studies have shown the R278I mutation is associated with 

increases in Aβ43 ratios (Charles Arber et al., 2019a; Nakaya et al., 2005; 

Veugelen et al., 2016). The findings from our R278I case support this, highlighting 

how this work is complementary in that it shows Aβ43 deposition in human brain 

tissue, which was not used in the previously mentioned studies (Saito et al., 

2011b; Veugelen et al., 2016). Aβ40 deposition is also apparent, which would be 

expected given that both Aβ40 and 43 are on the same Aβ pathway. Similar 

findings have been found in an A434T mutation model and in other mutations 

near this locus (Kretner et al., 2016; Nakaya et al., 2005; Sun et al., 2017), with 

these similar results replicated in our T291I & A434T double mutation case. 

Additionally, high levels of Aβ40 production in a cell model of the alternative 

T291P mutation have been found, matching our pathological observation of Aβ40 

in the tissue of the T291I & A434T double mutation carrier (Dumanchin et al., 

2006). The E280G mutation has been shown to have an increased Aβ42:40 ratio 

compared to controls, but this was not as significant as other mutations 

(Dumanchin et al., 2006), which may imply Aβ40 levels are still high in these 

mutations. This would correspond to the high Aβ40 seen in our case with this 

mutation. Despite the reduced Aβ40 ratio, pathology may be high in these cases 

with Aβ43 as it has the ability to aggregate Aβ40 (Burnouf et al., 2015). The link 

between these observations and reported Aβ ratios highlights mutation specific 

differences in Aβ isoform pathology. This may have effects on disease course 

due to varying toxicity of the different isoforms. Interestingly, some cases without 

Aβ43 had Aβ40 pathology, suggesting better cleavage of Aβ43 to Aβ40 in those 

mutation cases. 

Differences between APOE genotypes 
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As discussed, Aβ deposition is frequently shown to be higher in APOE4 carriers. 

By microscopic observation in our cohort, the frequency of Aβ42 or Aβ43 did not 

appear to differ by APOE genotype (Chapter: 6.3.1 and 6.3.3 and Figure 6-14). 

In chapter: 3.3.4, there was a non-significant trend for increased average Aβ load 

in our APOE4 carriers. The increase in APOE4 carriers may therefore be due to 

increased Aβ40. In this cohort, the Aβ40 IHC revealed an increase in cortical 

Aβ40 pathology in APOE4 carriers (Chapter: 6.3.2 and Figure 6-14). Aβ40 

deposition was also particularly strong in blood vessels, however this was also 

observed in APOE4 non-carriers. As previously discussed, APOE4 is associated 

with greater Aβ40 deposition in sAD cases and has been suggested in FAD cases 

(Gearing et al., 1996; David M. A. Mann et al., 2001; P. M. Smith et al., 1997) and 

APOE4 has previously shown no effect on Aβ42 pathology in sAD and FAD (Ishii 

et al., 2001). Our results show this same effect of APOE4 in FAD. In particular 

we show that this effect appears to be consistent across the same mutation, in 

different mutation carriers, namely the PSEN1 Intron4 and APP V717L mutation 

cases.  

Pathologically, Intron4 cases have been shown to express high Aβ42 pathology, 

but generally low Aβ40 pathology, although presence as CAA can be seen and 

distinct patterns of cortical layer pathology have been noted, with diffuse 

pathology in upper layers which became more compact in the lower layers 

(Janssen et al., 2000; Singleton et al., 2000). Analysis of PSEN1 intron4 mutation 

cell lines also confirms significantly increased Aβ42:40 ratios compared to 

controls (Charles Arber et al., 2019b). Aβ42 production by PSEN1 was also 

shown to be increased in extracts containing PSEN1 from PSEN1 Intron4 

mutation brain tissue, and this was notable in comparison to control and other 

PSEN1 mutations (Szaruga et al., 2015). In our cases, Aβ40 is relatively low 

except in the APOE4 positive case, which supports the suggestion that Aβ40 

deposition is influenced by the APOE4 genotype. 

Frequently, in APP V717I lines Aβ40 ratios or levels have been shown to be low 

in comparison to other mutations (De Jonghe et al., 2001; Muratore et al., 2014; 

Tamaoka et al., 1994). Using patient iPSC-derived neuronal cell lines, we have 

also shown this mutation produces greater Aβ42 and Aβ42:43 ratios compared 

to controls, with no significant difference in Aβ43:40 compared to controls 

(Charles Arber et al., 2019b). These results indicate that this mutation 
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significantly affects the Aβ48 pathway, increasing Aβ42 production and not Aβ40 

production. Again this supports the suggestion that Aβ40 deposition is enhanced 

by the APOE4 genotype in these cases. As APOE4 has been shown to increase 

the Aβ40 fibrilisation potential, this may explain the mechanism for this increased 

deposition. This highlights that even in FAD, APOE4 genotype can affect 

pathological outcome. 

Interestingly, in the two R278I mutation cases, Aβ40 pathology was frequent in 

both cases despite one being an APOE4 carrier and the other a non-carrier 

(Chapter: 6.3.2). The non-carrier did however have an ε2 allele which has also 

been linked to CAA, which is highly composed of Aβ40. However, as there are 

only two cases with this mutation, it cannot be confirmed how much the pathology 

is influenced by the APOE genotypes. It is possible that FAD cases which lead to 

selection of the Aβ49 pathway, as has been shown in R278I mutations, also lead 

to high Aβ40 pathology, regardless of APOE4 influences. FAD mutations driving 

Aβ40 pathology were seen in other APOE4 negative cases, although there were 

no additional matched mutation cases for comparison. A larger number of same 

mutation cases with different APOE genotypes would be needed to explore these 

differences further and decipher the influence of APOE4 genotype.   

Conclusion 

The results from this small subset confirm previous findings regarding isoform 

specific pathology but extended this into a range of PSEN1 and APP mutation 

cases, with matched mutations and differing APOE genotypes for comparison. 

The results highlight the importance of APOE genotypes in FAD and that these 

should be considered in FAD patients, particularly in relation to amyloid-modifying 

therapy trials. CAA is increased in some patients after amyloid modifying 

treatment, and is noted particularly in APOE4 carriers. The release of the pool of 

Aβ40 present in the parenchyma at higher levels in APOE4/4 carriers may 

contribute to the greater risk of immune responses to vascular amyloid that may 

be seen following these therapies. It may therefore be important in future clinical 

trials of these therapies to take into account both FAD mutation and APOE 

genotype and consider stratifying treatment accordingly.  
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Chapter 7 

 

Cellular model of FAD
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 Cellular model of FAD 

 Abstract 

Introduction: Mutations in FAD alter the cleavage of APP, affecting APP 

processing, leading to generation of Aβ. In particular, alterations in the ratios of 

Aβ isoforms may be particularly influential in disease pathogenicity and 

heterogeneity.  

Methods: Using two control and four iPSC cells lines from PSEN1 FAD mutation 

carriers (One M146I, one R278I and two E280G), two of which were generated 

for this study, the Aβ profiles of FAD mutation lines were analysed and PSEN1 

protein maturity assessed.  

Results: Aβ ratios significantly differed between FAD lines and controls, and 

between FAD lines. Aβ ratios were significantly altered in a mutation specific way. 

Aβ42:40 was increased in the M146I and E280G lines compared to controls but 

was not significantly different in R278I neurons. The Aβ43:40 ratio was increased 

in R278I and E280G lines compared to controls while M146I was not. Differences 

were not related to changes in PSEN1 expression. PSEN1 maturity may also 

differ in association with mutation.  

Conclusions: These results, in concert with other similar findings, highlight the 

role of mutation location in the pathological phenotype, due to alterations in 

PSEN1 activity. By using iPSC, it is possible to analyse alterations in molecular 

mechanisms in FAD and further study will enable greater understanding of 

pathogenic mechanisms in AD. 

 Introduction 

As discussed in Chapter: 1.7 Aβ peptides of varying length are generated via the 

initial epsilon cleavage of the C99 fragment producing Aβ49 and Aβ48. These 

fragments are further cleaved in a carboxypeptidase manner, generating the 

small Aβ fragments (Figure 7-1). As discussed previously (Chapter: 6) Aβ 

isoforms have different pathological presentation, and Aβ ratios are linked to 

disease progression. Additionally, ratios are altered in mutation specific ways. 

Studies in cell lines with FAD mutations have complemented these findings 

(Charles Arber et al., 2019a; Suárez-Calvet et al., 2014; Sun et al., 2017; 
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Veugelen et al., 2016). Importantly the analysis of ratios in cell models is likely 

reflective of the early perturbations in Aβ processing, a benefit compared to FAD 

brain tissue which is end stage.  

 

Figure 7-1 Aβ generation.  

The initial epsilon cleavage by -secretase of the C99 fragment leads to the generation 

of an Aβ49 or Aβ48 peptide which undergoes sequential cleavage. 

Evidence from cell assays suggests that the majority of PSEN1 mutations are 

believed to cause an increase in the ratio of Aβ42 to total Aβ, compared with wild 

type PSEN1 (Murayama et al., 1999). However, it is known that the mechanism 

by which ratios are altered can differ by mutation. In transfected SH-SY5Y cells, 

PSEN1 I249L and PSEN1 P433S mutations were shown to have differing effects 

on Aβ production. Both lines generated increase Aβ42/40 ratios, but only the 

P433S mutation inhibited PSEN1 endoprotease activity and had enhanced Aβ43 

production (Shen et al., 2019). Mouse embryonic fibroblasts with the PSEN1 

I213T mutation showed altered Aβ ratios, which was driven by a decrease in 

Aβ40 production, caused by reduced -secretase activity. This was confirmed in 

mouse brain homogenate with the same mutation. Even though there were ratio 

alterations, there was an additional overall decrease in Aβ production, 

highlighting a mutation effect on PSEN1 activity (Shimojo et al., 2008). In cells 

stably expressed a range of FAD mutations, authors found the method of Aβ42/40 

ratio alteration occurred via mutation specific mechanisms (N. Li et al., 2016). Six 

mutations mainly increase the generation of Aβ42 by decreasing the cleavage of 

Aβ42-Aβ38 and Aβ43-Aβ40 implicating -secretase disruption, while epsilon 

cleavage alteration was implicated in six mutations which increased selection of 
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the Aβ48 line, and one case lead to a decrease in the selection of the Aβ49 

pathway. An important study randomly generated FAD mutations and expressed 

them in cell lines to analyse mutation characteristics, including PSEN1 maturity. 

Initially, PSEN1 exists as a full length immature form which undergoes proteolytic 

autocleavage to generate mature PSEN1 composed of an N-terminal and C-

terminal unit. Western blot analysis reveal multiple mutations results in an 

increase in immature PSEN1, including the A434T, L435H, and R278I mutations. 

The R278I, L435H and A434T lines showed increased Aβ43 production 

compared to Aβ40 production via ELISA. Further investigation of the L435H, and 

R278I mutations showed this alteration in Aβ profile was not a consequence of 

altered PSEN1 cellular location, and through additional mutagenesis at these 

residues they found that the effect on PSEN1 was caused by mutations and this 

was specific to distinct SNP which caused specific amino acid alterations (Nakaya 

et al., 2005). Although these studies were not conducted in human iPSC derived 

neurons, they show how mutations can differ in their contribution to disease.  

In a study using some of the iPSC generated in this chapter, 7 iPSC FAD lines 

were differentiated in to neurons and Aβ ratios analysed. Compared to controls, 

all FAD lines had increased Aβ42:40 ratios. However, ratios for Aβ43, Aβ38 and 

other shorter fragments showed variation compared to controls. For example i) 

the APP V717I mutation lead to a preference for the Aβ48 pathway ii) the M146I 

mutation lead to increased Aβ42 ratios, possibly via reduced PSEN1 processivity 

and iii) the R278I mutation lead to greater Aβ43 ratios, possibly via selection of 

the Aβ49 pathway and reduced PSEN1 processivity. Between individual mutation 

lines differences were also observed, although they were not compared 

statistically (Charles Arber et al., 2019a).  Another recent study from the author 

showed that Aβ ratios were altered in a CRISPR edited PSEN1 intron4 deletion 

mutation cell line series. This alteration was in a gene dosage specific manner 

with greater differences in the homozygous mutant cell line (Charles Arber et al., 

2019b). These findings show that PSEN1 -secretase processivity can be 

modelled in iPSC derived neurons with FAD mutations, which may be more 

relevant to disease than other non-neuronal models. 

There are fewer studies which involve numerous APP mutations, however from 

those that exist, they tend to show an increase in Aβ42 production, and this was 

also observed in a DSAD line which had APP trisomy (Dashinimaev et al., 2017). 
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However, there are different expression patterns between different APP 

mutations, with overall decreased extracellular Aβ40 and Aβ42 in the APPE693Δ 

mutation line while an APP V717L mutation line had increased extracellular Aβ42 

(Kondo et al., 2013).  

Comparison between PSEN1 and APP mutation in iPSC derived neurons also 

highlights mutation differences between causative genes, with PSEN1 mutations 

showing reduced percentage of Aβ40 and reduced ratio of Aβ38/Aβ42 compared 

to APP V7171I neurons (Moore et al., 2015). Using ELISA to analyse conditioned 

media, a patient fibroblast cell line with the PSEN1 I143T mutation showed an 

increased Aβ42:40 ratio compared to controls and an APP KM670/671NL 
mutation line (Keller et al., 2010).  

Additionally, findings in FAD iPSC have been observed in FAD and sAD tissue, 

with increased ratios of the Aβ peptides, implying -secretase alterations can 

occur in sAD (Sandebring et al., 2013). These universal findings highlight how 

these models are essential to developing basic molecular understanding, 

necessary for drug design and advancement. 

Precise mechanisms by which mutations alter Aβ ratios are still being explored. 

However, in some specific mutations an increase in Aβ43 ratio has been linked 

to an increase in the immature form of PSEN1. The PSEN1 R278I mutation is 

one that has previously been shown by our group (Charles Arber et al., 2019a), 

but also by other groups in different models (Nakaya et al., 2005; Saito et al., 

2011b; Veugelen et al., 2016). Importantly, alterations in PSEN1 maturity was not 

caused by differences in PSEN1 expression, and APP expression did not differ 

either (Charles Arber et al., 2019a) implying the mutation affects disease by 

alterations in the structure of the encoded protein. Along with R278I, other 

mutations with high Aβ43 ratios tend to lie around the intracellular loop implicating 

the lack of PSEN1 endoproteolysis as a driver of this phenotype. 

Overall there is evidence to suggest that mutations lead to specific alteration in 

Aβ processing and in PSEN1 mutation cases this is due to alterations in PSEN1 

processivity. However, the E280G mutation has not previously been investigated 

in iPSC. Although compared to controls, HEK lines expressing this mutation 

showed significantly increased Aβ42 concentration, non-significantly increased 

Aβ40 concentration and an overall significantly increased Aβ42:40 ratio in 
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conditioned media (Dumanchin et al., 2006). However, as discussed by the 

authors, these results suffer from the caveat that only mutated PSEN1 is 

expressed in these lines compared to heterozygous mutation carriers where wild 

type PSEN1 is also expressed. Pathologically, a biopsy from a PSEN1 E280G 

carrier showed numerous Aβ deposition, including CWPs and CAA (O'Riordan et 

al., 2002). E280Q mutations also show similar pathology (Rogaeva et al., 2003). 

With a patient derived E280G fibroblast cell line available, Aβ will be investigated 

in this line, with the hypothesis that the mutation will lead to an increase in 

Aβ43:40 ratio compared to controls due to its proximity to the R278I mutation.  

 Aims 

Cellular models with FAD mutations can be used to investigate the molecular 

effects of the precise mutations. In this chapter, the aim was to generate FAD 

IPSC, explore molecular effects of mutations in induced cortical neurons and to 

extend the resource of FAD mutation IPSC available for future research. The 

main aims were: 

1. To generate a range of FAD mutation containing stem lines by 

reprogramming patient derived fibroblasts, including the E280G mutation. 

2. To induce a range of FAD mutation containing iPSC in to neuronal like 

cultures. 

3. To determine the secreted Aβ peptide profiles of a range of FAD 

mutations from induced cortical neuronal like cultures. 

4. To determine PSEN1 maturity from a range of FAD mutations in lysate 

derived from induced cortical neuronal like cultures. 

 Material and methods  

Methods used for this project are described in chapter: 2.6-2.8. In brief, fibroblasts 

were reprogrammed into iPSC using the Shi et al. (2012b) method. Cells were 

transfected with episomal vectors to convert fibroblasts into a stem cell 

phenotype. iPSC were then pushed towards a neuronal fate using dual SMAD 

inhibition. Aβ in conditioned media from day 100 media was analysed by ELISA, 

PSEN1 protein was analysed by western blot and qPCR, neuronal phenotype 
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was assessed by ICC and qPCR, with statistical analysis conducted where 

appropriate. 

 Results 

 Data analysis methods 

ELISA Data within this chapter were assessed for normality using QQ plots (see 

chapter: 9   
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Appendix, Figure 9-8) and qPCR data for PSEN1 was assessed for normality 

(Figure 7-15). QQ plots show results are reasonably normally distributed and so 

parametric statistical analysis have been applied throughout.  

 Reprogramming and characterisation 

In total, five separate stem cell lines were generated from patient fibroblasts: four 

PSEN1 mutations (R278I, Y115H and two E280G) and one APP V717I. 

Demographic details of each participant are shown in Table 7-1.  

Mutation 
Line 

name 
Sex D.O.B. 

Biopsy 
date 

Age 
at 

onset 

Status at 
biopsy 

APOE 
status 

TREM2 
R62H 

- A1 F - 20-24 -  - 3/4 n/a 

- RB101 M - 45-49 -  - 3/3 n/a 

APP 
V717I * 

 F 1970 15.12.14 -  
A-

symptomatic 
3/3 n/a 

PSEN1 
Y115H * 

 M 1971 22.11.10 34 Affected 3/3 n/a 

PSEN1 
M146I 

M146I M 1974  33 Affected 3/3 n/a 

PSEN1  
R278I * 

R278I M 1950 15.11.10 58 Affected 2/4 n/a 

PSEN1 
E280G * 

E280G.A M 1966 15.09.15 38 Affected 3/4 G/A 

PSEN1 
E280G * 

E280G.B M 1968 10.03.14 41 Affected 3/3 G/G 

Table 7-1 Stem cell line clinical data.  

D.O.B.: Date of birth. n/a: TREM2 genotype not confirmed in these cases. Asterisk (*) 

indicates mutation lines reprogrammed for this study. 

Fibroblasts were reprogrammed as described in 2.6.1. Stem cell identity was 

confirmed via ICC to markers of pluripotency: SSEA4 and Oct4 (Figure 7-2 and 

Figure 7-3). SSEA4 is a glycosphingolipid cell surface antigen expressed in early 

embryonic development and in pluripotent stem cells. It’s expression expected in 

puncta throughout the cell (Breimer et al., 2017; Kannagi et al., 1983). Oct4 is a 

transcription factor involved in pluripotency maintenance and its expression is 

expected within the cell nucleus (Nichols et al., 1998; Pan et al., 2002). Both 

markers are restricted to this stem cell stage and should not be expressed upon 

differentiation. ICC confirming stem cell identity in the APP V717, PSEN1 Y115H, 
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R278I, E280G.A and E280G.B cell lines is shown in Figure 7-2 and the A1, 

RB101 and M146I cell lines is shown in Figure 7-3. 

 

Figure 7-2 ICC confirming stem cell phenotype.  

Representative images of each FAD iPSC line showing endogenous pluripotency 

markers. DAPI: blue, Oct4: green, SSEA4: red. Representative images from APP V717I, 

PSEN1 Y115H, R278I, E280G.A and E280G.B are shown. Scale bar represents 50µm. 
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Figure 7-3 ICC confirming stem cell phenotype in additional cell lines. 

Representative images of each additional FAD iPSC line (A1 and RB101 controls and 

M146I) showing endogenous pluripotency markers. DAPI: blue, Oct4: green, SSEA4: red. 

Scale bar represents 200µm 
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 Karyotype analysis 

DNA from the E280G.B and E280G.A lines were analysed for chromosomal 

abnormalities using the hPSC Genetic Analysis Kit. Results from the qPCR were 

analysed on the StemCell genetic analysis app (Figure 7-4). Results indicate an 

amplification in a minimal critical region of chromosome 17 of the E280G.B line, 

with a calculated copy number of 3.36. There were no significant amplifications 

in the E280G.A line. 

The PSEN1 Y115H, R278I and APP V717I lines developed jointly by myself and 

Christopher Lovejoy were sent for karyotypic analysis (TDL genetics, London), 

the preparation of this was conducted by Christopher Lovejoy and Dr Charlie 

Arber. All lines were deemed karyotypically normal (chromosome images are 

shown in Appendix, Figure 9-7, and with details shown in Charles Arber et al. 

(2019a)).  

Control cell lines A1 and RB101 (RBi001-A at EBISC cell bank) were obtained 

from the EBISC cell bank (https://ebisc.org/) and have been previously 

characterised before distribution, including karyotype analysis. They have been 

studied extensively within the Wray lab and did not undergo karyotype analysis 

for this project.  

 

Figure 7-4 Karyotype analysis of E280G lines.  

A: Significant amplification indicated (asterisk *) by primer pair chr17q in sample 1. B: 

Graph showing results for primer pair chrXp, control is female, confirming male sex in 

both E280G lines. Sample1 = E280G.B, sample 2= E280G.A. Data based on technical 

repeat n=2 and normalised to control. 
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 Genotyping 

APOE genotyping was conducted on PSEN1 Y115H, M146I, R278I, E280G and 

APP V717I stem cell lines. Genotype was given by comparing PCR bands to 

control DNA with confirmed APOE identity. The genotype results are presented 

in an agarose gel image (Figure 7-5) and described in Table 7-1. 

  

Figure 7-5 PCR amplification and restriction enzyme digestion of APOE DNA in the 

FAD stem cell lines.  

Gel A: APP V717L APOE 3/3, PSEN1 R278I APOE 2/4. Gel B: PSEN1 Y115H APOE 

3/3, PSEN1 M146I APOE 3/3. Gel C: PSEN1 E280G.A 3/4, PSEN1 E280G.B 3/3. APOE 

alleles are indicated by presence of bands with following base pair length: ε2= 91, 83, 

ε3= 91, 48, 35, ε4= 72, 48, 35, 19. APOE 3/4 and APOE 2/2 genotypes are used as 

controls to highlight each possible allele (ε2, ε3, ε4). Gaps in gel images represent 

excised lanes from samples irrelevant to these results. 

PSEN1 E280G 

DNA from the E280G lines was amplified by PCR, followed by PCR clean up, 

after which DNA was sequenced by Source BioScience sequencing. Sequences 

were analysed and PSEN1 E280G mutation was confirmed in both lines (Figure 

7-6). 
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Figure 7-6 PSEN1 sequencing.  

Sequencing reads confirm PSEN1 exon 8 E280G SNP (A>G) in one allele, confirming 

heterozygous mutation in both cell lines. Red box outlines E280G SNP location. 

TREM2  

DNA from the E280G lines was amplified by PCR, followed by PCR clean up, 

after which DNA was sequeunced by Source BioScience sequencing. Sequences 

were analysed and R62H mutation was confirmed in the E280G.A line (Figure 

7-7). 

 

 

Figure 7-7 TREM2 sequencing. 

1% agarose gel showing PCR amplified DNA from E280G cell lines using TREM2 

primers. Band observed is at the expected 385bp. Sequencing reads confirm TREM2 

R62H SNP (G>A) in one allele in the E280G.A cell line. Red box outlines R62H SNP 

location. 
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 Characterisation of FAD neurons. 

  ICC 

Neural Rosettes  

As described in the methods, stem cells were differentiated into cortical neurons 

(Chapter: 2.6.5). On day ~20 cells were split and replated. During this process a 

small fraction was replated on to coverslips. On day 25 the coverslips were fixed. 

ICC was conducted on these coverslips using antibodies which bind proteins 

indicative of an early neural progenitor population (Figure 7-8).  

TUJ1 is a neuronal specific marker, highlighting post mitotic neurons throughout 

all stages of development. It is a component of microtubules, present throughout 

the cytoplasm of the neuron (M. K. Lee et al., 1990; Menezes & Luskin, 1994). 

FOXG1 is a neuron specific transcription factor, acting as a transcriptional 

repressor, preventing neurogenesis of the initial layer 1 neurons. In the 

developing brain it is expressed in proliferate cells, acting to control the rate of 

neurogenesis (Hanashima et al., 2004; Tao & Lai, 1992). In Figure 7-8, FOXG1 

expression can be seen within nuclei of cells within the rosettes, while some of 

the neuronal TUJ1 expressing cells separate from the rosettes do not express 

FOXG1. 
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Figure 7-8 Confirmation of cortical neurogenesis in D25 cortical neurons. 

Representative images shown. DAPI: blue, TUJ1: green, FOXG1: red. White scale bar 

represent 200µm and is the scale for all images 

Cortical neurons  

T-box Brain Transcription Factor 1 (TBR1) is a nuclear transcription factor 

expressed in early glutamatergic cortical neurons and is involved in regulation of 

differentiation of lower layer neurons (Hevner et al., 2001). BRN2 is a neural 

specific marker representative of upper layer neurons. It is a nuclear, temporally 

expressed transcription factor expressed in post mitotic neurons, involved in 

regulation of layer migration, and continues to be expressed in mature neurons 
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(Dominguez et al., 2013; M. K. Lee et al., 1990). Collectively, along with TUJ1, 

expression of these markers indicate neural differentiation of neurons 

representative of all stages of cortical development. For TBR1 staining see Figure 

7-9, for BRN2 staining see Figure 7-10. 

 

Figure 7-9 Images of ICC using TBR1 and TUJ1.  

DAPI: blue, TBR1: green, TUJ1: red. White scale bar represent 200µm and is the scale 

for all images. Image shown for E280G.A is at 20x magnification rather than 40x 

magnification, unable to retake at 40x due to COVID19 governmental guidelines. ~D100 

neurons. 
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Figure 7-10 Images of ICC using BRN2 and TUJ1.  

DAPI: blue, BRN2: green, TUJ1: red. White scale bar represent 200µm and is the scale 

for all images. Image shown for M146I is at 20x magnification rather than 40x 

magnification, unable to retake at 40x due to COVID19 governmental guidelines. ~D100 

neurons. 

 Quantification of Aβ isoform production by ELISA 

It has previously been suggested that different FAD mutations may differentially 

influence the production of Aβ isoforms (Charles Arber et al., 2019a; Thordardottir 

et al., 2017; Veugelen et al., 2016). To investigate how the E280G mutation 

affects Aβ production in human neurons, ELISA analysis of Aβ 40, 42 and 43 was 
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conducted on the cell line conditioned media to measure the Aβ isoforms. To 

compare between lines, isoform ratios rather than absolute levels were used. This 

is because using ratios might not be affected by differences in cell numbers in 

the separate cultures, and have been shown to remain consistent over time 

(Charles Arber et al., 2019a). Additionally, in CSF, ratios have been shown to be 

more highly correlated with measures of AD than absolute values (Jan et al., 

2008). 

Aβ42/38 (Figure 7-11 A) 

The ratio of Aβ42/38 was significantly different across the cell lines (p<0.0001, 

ANOVA). Compared to controls, M146I, E280G.B and E380G.A had a 

significantly increased ratio (p=0.04, p=0.0009, p<0.0001, Dunn’s test). 

Compared to R278I, E280G.A an E280G.B had a significantly increased ratio 

(p=0.03, p<0.0001). The E280G.A also had a significantly increased ratio 

compared to M146I and E280G.B (p<0.0001, p=0.0005).   

Aβ43/40 (Figure 7-11 B) 

Aβ43:40 is significantly different between cell lines (p<0.0001). Compared to 

controls, there was a significantly higher ratio in the R278I, E280G.B and 

E280G.A lines (p=0.0001, p<0.0001, p=0.001). The ratio in the R278I, E280G.B 

and E280G.A lines was also significantly higher compared to M146I (p=0.0003, 

p=0.0002, p=0.003). 

Aβ42/43 (Figure 7-11 C) 

The ratio of Aβ42/43 is significantly different across cell lines (p=0.002). 

Compared to controls, there was a significantly decreased ratio in the R278I, 

E280G.B and E280G.A lines (p=0.04, p=0.05, p=0.05). Additionally, compared to 

M146I, there was a significantly decreased ratio in the R278I, E280G.B and 

E280G.A lines (p=0.01, p=0.01, p=0.01). 

Aβ42/40 (Figure 7-11 D) 

There was a significant difference in the Aβ42/40 ratio across the cell lines 

(p<0.0001). Compared to controls, there was a significantly increased ratio in the 

M146I, E280G.B and E280G.A lines (p<0.0001, p<0.0001, p=0.006). M146I and 
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E280G.B also had significantly increased ratios compared to R278I (p=0.0003, 

p=0.003). The M146I line also had a significantly increased ratio compared to 

E280G.A (p=0.01).  

Aβ38/40 (Figure 7-11 E) 

There was a significant difference across the lines in the ratio of 38/40 

(p<0.0001). Controls had a significantly increased ratio compared to R278I, 

E280G.B and E280G.A lines (p=0.01, p<0.0001, p<0.0001). The M146I line had 

a significantly increased ratio compared to the E280G lines (B: p=0.0003 A: 

p<0.0001). R278I also had a significantly increased ratio compared to the E280G 

lines (B: p=0.03 A: p<0.0001). The ratio was also significantly increased in the 

E280G.B compared to E280G.A (p=0.0002). 

Representative images of Aβ isoform specific IHC on matched mutation human 

cortical tissue, but not matched patient, are shown in Figure 7-12. These images 

display intense Aβ42 deposition in all cases. Aβ40 is also present in all cases but 

present mainly as CAA in M146I while present as CAA and cortical deposition in 

the remaining cases. Aβ43 IHC specifically shows the difference in Aβ43 

deposition, with low deposition in the M146I line but abundant deposition in the 

R278I and E280G lines, which matches the ELISA results for high Aβ43 levels in 

those lines. 

 



256 
 

C
ontr

ol

M
14

6I

R
27

8I

E28
0G

.B

E28
0G

.A

0.0

0.5

1.0

1.5

2.0

2.5

A. 42/38

* *** ****
****

* ****

***

C
ontr

ol

M
14

6I

R
27

8I

E28
0G

.B

E28
0G

.A

0.00

0.02

0.04

0.06

0.08

B. 43/40

R
a
ti

o

***

***

**

***

****

**

C
ontr

ol

M
14

6I

R
27

8I

E28
0G

.B

E28
0G

.A

0

10

20

30

40

C. 42/43

R
a
ti

o

* * *

* * *

C
ontr

ol

M
14

6I

R
27

8I

E28
0G

.B

E28
0G

.A

0.00

0.05

0.10

0.15

0.20

D. 42/40

R
a
ti

o

**
****
**********

C
ontr

ol

M
14

6I

R
27

8I

E28
0G

.B

E28
0G

.A

0.00

0.05

0.10

0.15

0.20

0.25

E. 38/40

R
a
ti

o

********

* ****

*******

***

**

 

Figure 7-11 Aβ ratios in the cell lines.  

A. Aβ42/38 B. Aβ42/40 C. Aβ42/43 D. Aβ43/40 E. Aβ38/40. Controls n=6, PSEN1 

mutation lines n=3. N=2 for Aβ38 in E280G.A as levels were undetectable in 1 induction. 

Error bars represent mean and standard error of the mean (SEM), one-way ANOVA with 

Tukey’s test, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. PSEN1 E280G.A line has the 

TREM2 R62H AD risk associated variant. 
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Figure 7-12 Aβ pathology in mutation matched cortical tissue.  

Representative images of IHC performed on temporal cortex using antibodies specific to 

Aβ42 (A-D), Aβ40 (E-H) and Aβ43 (I-L) (See chapter: 6.3). Images and ELISA results 

cannot be directly compared as ELISA is expressed as ratio and IHC images are not 

quantified. There is abundant Aβ42 in all cases. Aβ40 is present in all cases however, by 

observation E280G displays the greatest Aβ40 deposition. Aβ43 is absent in M146I, 

however is present in R278I and E280G cases. No figure available for image F due to 

tissue damage during IHC. Scale bar represents 100µm, 4x objective magnification 

applicable to all images.  

 Quantification of PSEN1 protein by western blot 

As has been previously shown, the R278I and E280G lines have been seen to 

have PSEN1 in both the mature cleaved formation as well as the immature un-

cleaved PSEN1. By using western blots to probe for the PSEN1 NTF the 

presence of mature and immature PSEN1 were assessed in the cell lines (see 

Figure 7-14 A-C). In each induction mature PSEN1 was present in all cell lines. 

The full length immature PSEN1 showed variability between lines and inductions. 

Actin used as a protein loading control is presented below each western blot.  

The presence of other bands on western blots was also observed, likely reflecting 

non-specific binding of the antibody or degradation products in the lysates. To 
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ensure the correct bands were analysed, we loaded previously confirmed positive 

loading control sample (R278I.CA, Figure 7-14 B). The composition of the other 

bands is currently unclear and has not been investigated further. 

To quantify western blots, immature and mature PSEN1 relative to actin were 

compared between cell lines, relative to control line RB101. Additionally, 

immature PSEN1 relative to mature PSEN1 was compared between cell lines, 

relative to control line RB101. Positive control sample was not included in the 

analysis. 

Immature PSEN1 

Firstly the amount of immature PSEN1, relative to actin and normalised to the 

RB101 control cell line was compared between cell lines. There was no 

statistically significant difference across the lines (p=0.09, one-way ANOVA) 

however a trend for increasing levels in the R278I, E280G.B and E280G.A lines 

can be observed (Figure 7-13 A). 

Mature PSEN1 

Secondly, the amount of mature PSEN1, relative to actin and normalised to the 

RB101 control line was compared between cell lines. Mature PSEN1 levels 

significantly differed across lines (p=0.0007). Compared to the A1 control line, 

mature PSEN1 was significantly higher in the E280G.B and E280G.A lines 

(p=0.008 and p=0.004 respectively, Tukey’s multiple comparison test). 

Compared to the R278I line, mature PSEN1 was also significantly higher in the 

E280G.B and E280G.A lines (p=0.005 and p=0.002 respectively), see Figure 

7-13 B. 

Immature PSEN1 relative to Mature PSEN1  

Finally, the levels of immature PSEN1 relative to mature PSEN1, normalised to 

the RB101 control line was compared between cell lines. Immature PSEN1 

relative to mature PSEN1 was significantly different across lines (p=0.0008) with 

higher immature PSEN1 levels in the R278I line compared to all other lines 

(R278I compared to A1: p=0.002, RB101: 0.001, M146I: P=0.002, E280G.B: 

P=0.005, E280G.A: P=0.005), see Figure 7-13 C. This indicates a mutation 

specific effect in the R278I line on the processing of immature to mature PSEN1. 
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Figure 7-13 Western blot analysis of PSEN1 in the cell lines.  

A: Immature PSEN1 did not statistically differ across cells lines. B: Mature PSEN1 was 

significantly higher in the E280G.B and E280G.B lines compared to the A1 control and 

PSEN1 R278I lines. C: Immature PSEN1 relative to mature PSEN1 was significantly 

higher in the PSEN1 R278I line compared to all other lines. One-way ANOVA with 

Tukey’s multiple comparison, error bars represent mean and SEM, *p<0.05, **p<0.01. 
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Figure 7-14 Western blot of PSEN1.  

A: induction 1. B: Induction 2. C: Induction 3. Arrows indicate the full length PSEN1 

(immature) in the loading control. Loading control in B is R278I.CA (sample from ARBER 

ET AL). Loading control in A and C is R278I.I2, which is the R278I sample from Induction 

2 (see B).  
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 Quantitative PCR 

Differences in PSEN1 protein are hypothesised to be due to mutation effects on 

protein structure, rather than differences in PSEN1 expression. To determine 

PSEN1 expression in the different mutations, qPCR was conducted. This was to 

assess for any differences in gene expression which may influence protein 

expression. RPL18 gene which encodes for the 60S Ribosomal protein L18 

protein, was used as a house keeping gene, and has previously been published 

as a housekeeping gene in neurons with FAD mutations (Charles Arber et al., 

2019b). The control line RB101 was used as the normalisation cell line. For each 

line in one induction, raw CT values used for analysis were calculated from 

duplicate rather than triplicate as inspection of the dissociation curve indicated a 

separate peak for one row of repeats in that qPCR. As the anomaly was present 

in each line for only 1 repeat from the triplicate, this indicates that there was an 

issue in the wells for that row, rather than a qPCR wide issue. Based on this, 

values from that row were omitted. Unfortunately as time was limiting, the PCR 

was not repeated to rectify this issue although this would be possible as cDNA is 

preserved at -800c. Dissociation curves and amplification plots can be seen in 

chapter: 9, Figure 9-9, Figure 9-10 and Figure 9-11.  

The average fold change from the qPCR results were compared between the 

different cell lines, normalised to controls. Normality was assessed by QQ plot, 

with an acceptable result. There were no statistically significant difference 

between the cell lines (p=0.44, One-Way ANOVA), indicating that there was no 

significant differences in gene expression between the cell lines.  
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Figure 7-15 PSEN1 qPCR. 

A: Fold change in PSEN1 expression (2^delat delta CT), normalised to RB101 control 

line. No significant differences between lines. N=3 per cell line with each individual dot 

representing qPCR data from triplicate technical repeats, except in the A1 line where n=2. 

Additionally, in each cell line, one dot represents qPCR data from duplicate technical 

repeats. Error bars represent mean and SEM. B: QQ plot of the fold change data. Each 

dot represents the same data shown in graph A. 

Due to some weak staining in the ICC images, qPCR was conducted to assess 

the transcriptional level of TUJ1 (encoded by Tubulin Beta Class III (TUBB3)), 

TBR1 and Special AT-rich sequence-binding protein 2 (SATB2). SATB2 is a DNA 

binding protein which is expressed in later born cortical neurons (Saito et al., 

2011a) and was used in replacement for BRN2 as there were no BRN2 primers 

readily available in the lab for qPCR. For all qPCRs the control line RB101 was 

used as the normalisation cell line. This is because cDNA from one of the A1 

inductions did not work (induction 1). Dissociation curves and amplification plots 

can be seen in chapter: 9, Figure 9-12, Figure 9-13 and Figure 9-14. 

Expression of TBR1 (lower layer cortical neurons) was compared across cell 

lines, relative to the RB101 control cell line. There was a significant difference 

across cell lines (p=0.05, one-way ANOVA with Tukey’s multiple comparison test) 

however multiple comparisons revealed there was no significant difference 

between individual mutation groups. A trend for decreased TBR1 expression in 

the FAD lines can be seen, especially in the E280G.A cell lines.  
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Expression of SATB2 (upper layer neurons) was compared across cell lines, 

relative to the RB101 control cell line. There was no statistically significant 

differences in SATB2 expression between cell lines (p=0.4).  

Expression of TUJ1 was compared across cell lines, relative to the RB101 control 

cell line. Expression of TUJ1 was significantly different across all cell lines 

(p=0.04) however multiple comparison revealed no significant difference when 

comparing directly between individual cell lines.  

 

Figure 7-16 qPCR of neuronal markers. 

A: TBR1 expression significantly differed across cell lines. B: SATB2 expression did not 

significantly differ across cell lines. C: TUJ1 expression significantly differed across cell 

lines. n=3 per cell line with each individual dot representing qPCR data from triplicate 

technical repeats, except in the A1 line where n=2. Error bars represent mean and SEM. 

One-Way ANOVA with Tukey’s multiple comparison, *p<.05. 

 Discussion 

 
Main findings 

Generation of FAD 

mutation iPSC from 

patient derived 

fibroblasts 

5 FAD mutation iPSC lines were generated (3 in 

collaboration with Christopher Lovejoy, 2 

independently) including the first E280G mutation 

line. 

Neuronal 

characterisation 

Reduced expression of neuronal markers were 

observed in some of the FAD mutation lines, 

especially the E280G lines.  

Aβ peptide profiles 
FAD mutation lines produce distinct Aβ peptide 

profiles. 
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Significant differences in ratios exist when comparing 

between both controls and other FAD mutation lines. 

PSEN1 protein 

maturity 

FAD mutations lines have significant differences in 

PSEN1 protein maturity when comparing between 

both controls and other FAD mutation cell lines. 

In this study we generated FAD stem cell lines from five individuals, permitting 

the study of mutation-specific disease mechanisms. Some of the lines generated 

have had their potential to generate neurons confirmed in published reports, with 

analysis of Aβ profiles indicating mutation-specific differences on Aβ ratios 

(Charles Arber et al., 2019a). The work within this study confirms observations of 

altered Aβ peptide levels and ratios in FAD cell lines, reviewed in C. Arber et al. 

(2017); J. Yang et al. (2016) but also extends the analysis into mutation specific 

effects revealing a specific effect of the E280G and R278I mutations on 

increasing Aβ43 production. 

Genetic analysis 

APOE genotyping was conducted in all cell lines to provide more detailed 

information but also to confirm the identity of the E280G lines which had distinct 

APOE genotypes (Figure 7-5). Although we have not been able to investigate 

differences by APOE genotype, future work with greater cell line numbers should 

attempt to investigate the effects of APOE in FAD lines. This will be important as 

APOE genotype has been shown to influence neuronal cells in culture, leading to 

altered transcriptional profiles, early differentiation, increased and impaired Aβ 

clearance compared to controls (Y.-T. Lin et al., 2018). It was also shown in 

earlier chapters that APOE genotype can influence multiple aspects of FAD, such 

as disease duration (chapters: 3.3.2 and 5.5.1) and CAA pathology (chapters: 

5.5.4, 5.5.7). Although the molecular mechanism of all associations are not yet 

understood, it could affect cells in culture. 

Karyotypic analysis of the newly generated lines detected a chromosomal 

alteration on chromosome 17 in the E280G.B line, while no significant alterations 

were observed in the E280G.A line (Figure 7-4). The exact primer probe binding 

sequence is not disclosed by the StemCell technologies thus the exact region of 

amplification cannot be confirmed. However, analysis of the literature on 
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chromosome 17 amplifications can be used to consider the potential effects of 

this abnormality. Amplifications in 17q are commonly found in hPSC cultures 

indicating a pro-survival benefit to stem cells (Draper et al., 2004). They are also 

associated with neuroblastoma, with multiple candidate oncogenic genes within 

the 17q region, such as BIRC5 which encodes survivin and NME which encodes 

NME/NM23 nucleoside diphosphate Kinase 1 (Bown et al., 1999). A lack of 

differentiation potential would suggest an overriding pluripotent phenotype due to 

the amplification. The presence of this abnormality did not impact on the initial 

neuronal differentiation and therefore the line was included in experimentation 

and analysis. 

The 17q region also contains the MAPT gene. MAPT encodes for tau, which 

forms pathological deposits in multiple dementia’s including FAD where it occurs 

downstream of Aβ pathology. A MAPT mutation which leads to chromosomal 

instability and copy number variations in mutation carrier lymphocytes and 

fibroblasts exist (Rossi et al., 2012), and so further analysis of tau in our lines 

could be warranted.  

There is no indication that PSEN1 physically interacts with tau or that PSEN1 

mutations would influence tau protein expression. It has been shown that FAD 

mutations are not associated with increased tau in human cortical neurons 

(Moore et al., 2015). In contrast, Aβ may interact with tau, and increased 

aggregation prone Aβ peptide ratios in our FAD lines, as well as a potential 

increase in tau if the MAPT gene is amplified, could lead to increased interaction 

between the two proteins which could exacerbate pathology. The E280G.A line 

has no amplification in this region and the results from this line are generally 

comparable to the E280G.B line indicating there is no obvious effect of the 17q 

amplification on Aβ peptides. However, future work would aim to use other iPSC 

clones of this mutation with normal karyotypes. 

Characterisation  

In this study we have generated five FAD patient derived cell lines, two of which 

contain the PSEN1 E280G mutation which had not previously been developed 

from patient fibroblasts. This has expanded the repertoire of available FAD iPSC 

which were confirmed to be iPSC using ICC and morphological analysis, showing 
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cells expressing pluripotent factors and morphologically accurate cell type. Their 

ability to differentiate was also confirmed by ICC, showing that these lines are 

able to generate early and late born neurons, making them a physiologically 

relevant tool for investigating the neuronal based mechanisms in FAD. While ICC 

is useful for confirming expression of specific markers, issues can be 

encountered with this method.  

During ICC characterisation, a particular issue was encountered when too many 

cells have been plated on coverslips. This leads to dense packing of the cells 

making imaging of nuclear markers difficult, as nuclear bodies can be masked 

and under cellular processes. This problem may be more severe for later born 

neurons as restriction of space due to earlier born neurons will lead to clumping 

of these cells. Indeed cells positive for later markers can be seen in clumped 

structures. This issue was encountered on coverslips for different lines, indicating 

it was not a mutation specific issue, rather a technical issue. In situations such as 

this, further quantification of expression of relevant markers can be confirmed by 

qPCR.  

The qPCR analysis of markers for neuronal identity highlighted a trend for 

decreased expression of neuronal markers in some of the mutation cell lines 

(Chapter: 7.3.5.4). Further steps to investigate the phenotype of the cells in more 

detail would involve looking at astrocytic markers and also stem cell markers. 

Astrocytic markers would assess if a greater proportion of cells had become 

astrocytic while stem cell markers would investigate if a reduced conversion from 

stem cells to neurons has occurred. While differences between controls and 

mutations line can be of concern, it has also been suggested that a reduced 

neuronal phenotype and increased astrocytic phenotype may exist in FAD 

mutation cell populations, by deconvolution analysis of transcriptomic data from 

human brain samples (Z. Li et al., 2018) therefore assessing the astrocytic 

phenotype may be an important next step. Additionally the APOE4 genotype also 

displayed this phenotype and could compound the affect. Alternations in neuronal 

differentiation in FAD mutation cell lines has also been noted, with premature 

differentiation and decreased proliferation (J. Yang et al., 2017). Differences we 

observe may be related to these interesting observations. Additionally, 

observations within the R278I line match those previously described (Charles 
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Arber et al., 2019a) highlighting the results do recapitulate mutation specific 

effects. 

If the mutation lines are less neuronal, this may not be negatively impact on the 

validity of findings as the use of ratios helps to normalise the data.  Additionally, 

analysis of PSEN1 mutations has been studied in non-neuronal populations, 

including fibroblasts (Braggin et al., 2019; Gray & Quinn, 2015) where mutation 

effects on readouts such as Aβ levels are still observed, implying non-neuronal 

phenotypes are able to recapitulate phenotypes. Mutations expressed in mouse 

embryonic fibroblasts also reveal mutation specific effects that are applicable to 

human brain samples (Szaruga et al., 2015; Veugelen et al., 2016). Other types 

of cell lines have also been used for studying FAD mutations (Suárez-Calvet et 

al., 2014). This suggests that the results observed may still be valid in relation to 

mutation effects. That the PSEN1 transcriptional levels do not change cross cell 

lines also supports that differences observed are related to effect of mutation on 

PSEN1 processivity. 

Aβ ratios  

Our ELISA analysis confirms that FAD PSEN1 mutations can lead to quantitative 

differences in Aβ ratios compared to controls (Chapter: 7.3.5.2). We also show 

mutation specific differences, highlighting heterogeneity in FAD. Results from the 

M146I line confirm previous findings showing increased Aβ42 ratios (Charles 

Arber et al., 2019a). The R278I line results do not always reach statistical 

significance compared to controls as was previously found, however the same 

trends are observed. The discrepancies are possibly related to technical 

differences between the studies, including greater n number in the former, and 

different statistical tests employed to answer slightly different questions. With this 

in mind the current results should be considered to show similar findings to those 

previously found. Both the M146I and R278I lines had significantly different ratios 

highlighting the different effect of these mutations on PSEN1 processivity. 

As expected, the E280G line ratios significantly differed compared to controls. 

Importantly, they also differed from the other FAD lines, highlighting mutation 

linked heterogeneity in FAD. It also highlights differences exist within mutations 

classified into the PSEN1 post-codon 200 group. The alterations in ratios in the 
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E280G lines can be interpreted to show an endopeptidase and a 

carboxypeptidase alteration in both the Aβ48 and 49 pathways. This 

carboxypeptidase alteration is particularly notable due to the low, and in one 

E280G.A induction undetectable, levels of Aβ38. Interestingly, we found there to 

be differences between the two E280G lines in terms of the extent of the changes 

with more extreme ratios in the E280G.A line, although the pattern for 

increase/decrease was the same. A number of factors could contribute to this, 

such as the different APOE genotypes. As previously mentioned, APOE4 

genotypes have been shown to lead to differences in cells compared to APOE3 

genotypes, including alterations in synaptic number, early endosomes, increased 

Aβ42 and an altered transcriptome profile (Y.-T. Lin et al., 2018). The patient from 

which the E280G.A line is derived has also been diagnosed neuropathologically 

as having both FAD and multiple sclerosis (MS). The cause of the MS in this case 

is currently uncertain and its effects in cell culture are unknown. Inflammation is 

a major feature of MS and the combination of TREM2 and APOE4 genotype may 

influence inflammatory responses in this case. However, the TREM2 mutation 

may not contribute to differences observed in our neuronal culture as TREM2 is 

not expressed in neurons. Despite this the unknown effects of these factors have 

to be considered in relation to this line. 

Knowing that mutations have specific effects on γ-secretase processivity will be 

important for therapies. In particular, those which modulate PSEN1 processivity. 

As reviewed by (Golde et al., 2013) This would be in addition to the negative 

consequences caused by PSEN1 inhibitors which effect processing of substrates 

other than APP, such as notch (Chávez-Gutiérrez et al., 2012). Kukar et al. (2008) 

discuss γ-secretase modulators, and differences in PSEN1 processivity may to 

some extant explain why PSEN1 modulating therapies so far have not always 

been successful. A variety of modulators which tackle the range specific alteration 

caused by the FAD mutation will need to be developed and correctly administered 

to match the mutation driven alteration. To do this, mutation-specific effects need 

to be known. iPSC are a practical and feasible tool for this analysis.   

The use of therapies is only relevant if they produce significant clinical effects. 

One issue within this study is that for the majority of cell lines, fibroblast biopsies 

were taken prior to symptom onset, therefore clinical correlations could not be 

conducted. In the future it may be possible to include these data to asses if 
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different ratio patterns differentially affect phenotypic heterogeneity such disease 

onset, duration or clinical features. Aβ43 is thought to be particularly toxic 

therefore it may be expected that this is form could associate with more severe 

outcomes.  

An interesting aspect of our results was the observation of Aβ specific IHC in 

matched mutation human cortical tissue, which confirmed ELISA findings (Figure 

7-12). While matched cases would be a gold standard, this method has enabled 

some confirmation of cell line results to human pathological tissue, highlighting 

the validity of the models to recapitulate FAD mechanisms and their 

appropriateness to investigate clinical and pathological associations.  

Western blot analysis revealed a trend for increased immature PSEN1 in the 

PSEN1 R278I and E280G mutation cell lines (Chapter: 7.3.5.3). This has 

previously been shown for the R278I line, with a significant increase in immature 

PSEN1 observed, and has been linked to Aβ43 production (Charles Arber et al., 

2019a; Nakaya et al., 2005; Saito et al., 2011b; Veugelen et al., 2016). The 

findings by western blot corroborate with the results from the ELISA analysis, 

where high levels of Aβ43 were observed in the PSEN1 R278I and E280G 

mutation lines. It is likely that the mutation location hinders processivity of 

immature in to mature PSEN1. 

The levels of mature PSEN1 were also observed to be higher, and significantly 

so in the E280G mutation lines (Chapter: 7.3.5.3). As PSEN1 expression 

measured by qPCR was not higher in these lines, it suggests that in the E280G 

lines there is an accumulation of mature PSEN1 levels, and possibly this may 

also be why there are higher levels of immature PSEN1 in these mutation lines, 

possibly in addition to the proposed mutation effect on the processing of immature 

PSEN1 to its mature form. This increase in mature PSEN1 may explain the high 

levels of Aβ42 observed in these lines, in addition to the high Aβ43. This again is 

replicated in the human post mortem tissue where intense Aβ42 deposition is 

observed. 

Finally, the level of immature relative to mature PSEN1 was significantly higher 

in the R278I line, which reflects the increase in products of the Aβ49 pathway 

only in this line (Chapter: 7.3.5.3). This measure also highlights that the R278I 
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mutation specifically effects the processing of immature to mature PSEN1, 

compared to other lines.  

Conclusions 

Our results show significant differences in PSEN1 -secretase processivity 

between FAD mutations in a physiologically relevant model. This highlights the 

variable routes by which FAD mutations can lead to ab pathology, albeit centered 

on Aβ. The FAD lines will enable future research into mutation specific 

mechanism in pathogenesis with these lines. Of particular interest are the PSEN1 

E280G lines where Aβ production and PSEN1 processivity can be analysed 

between same mutation carriers from non-related patients which may help further 

understanding of heterogeneity between same mutation carriers, and the 

potential influence of other genetic factors. 
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 Discussion  

The field of AD research is complex, and the exact role of Aβ in disease remains 

unclear. While Aβ pathology has long been observed in sAD, the finding of 

genetic mutations which cause AD via disruption in the Aβ pathway confirmed its 

causal role in neurodegeneration. The mechanisms by which altered Aβ 

processing leads to downstream consequences have not been fully ascertained. 

There is ongoing research into many possible routes to degeneration, as studies 

using various FAD models have highlighted disturbances in multiple processes 

including metabolic pathways (Mosconi et al., 2006; Schöll et al., 2011; Yau et 

al., 2015), lysosomes (Piras et al., 2016), calcium pathway abnormalities 

(Cheung et al., 2008; Tu et al., 2006), mitochondria (Martín-Maestro et al., 2017; 

Trushina et al., 2012) and astrocytes (Jones et al., 2017; M. Oksanen et al., 

2017).  

Histologically, Aβ is seen as aggregates but the role of soluble Aβ present as 

toxic oligomers is another field of research and has been reviewed elsewhere (S. 

Li et al., 2018; D. J. Selkoe & Hardy, 2016; Shankar et al., 2008). Understanding 

the activity of these soluble forms on the above mentioned pathways will help 

explain how the Aβ molecule can cause such widespread dysfunction and cellular 

death. Nevertheless, investigations into the histological aggregates can reveal 

insights into molecular underpinnings and effects on clinical course.  

This study has focused on PSEN1 and APP mutations, which cause FAD. Due 

to the shared pathology with sAD, it is hoped that findings from the study of FAD 

may be applicable to increasing our understanding of sAD. In FAD research there 

are many individual case reports but as greater numbers of cases come to post-

mortem, larger studies with multiple cases has enabled more detailed analysis of 

the disease. Currently, the location of mutation has been shown to play a role in 

the pathological and clinical heterogeneity that has been observed (David M. A. 

Mann et al., 2001; Ryan et al., 2015a; Shea et al., 2016). The aim of this thesis 

was to further elucidate the differences considering a wide range of pathologies 

in addition to genetic and clinical factors (Age at onset and disease duration). 

Using multiple techniques, associations and contributions of these features have 

been investigated. 
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As mentioned, all cases in the study had been classified pathologically as end 

stage Alzheimer’s. However, upon inspection it can be observed that despite this 

end stage AD pathology classification, the FAD cases in the QSBB have marked 

variability in the type and laminar distribution of Aβ pathology.  

By looking into to the pathology in detail using semi-quantitative and quantitative 

methods, it was found that there were mutation specific effects. For instance, 

CWP presence was higher in layer 5 in the post-codon 200 cases (chapter: 

3.3.3.4). This is interesting as CWP pathology has been associated with motor 

features, which was present in some of our cases (Not described within this 

thesis). As layer 5 neurons can project to regions associated with motor functions 

(Gerfen et al., 2016), this suggests a mechanistic linked between pathology and 

phenotype. An association between CWP and CAA was also found (chapter: 

3.3.3.3 and 5.3.2), which has been noted in CWP cases previously (Niwa et al., 

2013; Ryan et al., 2015a) and indicates a molecular link.   

Further to Aβ pathology, it was investigated whether microglial load differed over 

cortical layers (chapter: 4.3.1), varied by FAD mutation (chapter: 4.3.4), or 

differentially associated with Aβ plaque type and laminar distribution (chapter: 

4.3.6 - 4.3.6.3). The findings highlighted that microglial deposition tended to follow 

Aβ deposition, and that specific microglial markers were differentially associated 

with Aβ pathologies, suggesting an active role of microglia in pathology. 

Given the interesting results found regarding CAA and its associations with 

mutation position, this was further investigated in more detail in a larger extended 

cohort. Within this extended cohort, it was observed that mutation type had some 

association with CAA (chapter: 3.3.3.2, 5.3.2, 5.5.3, 5.5.6) and results for APOE 

genotypes were also suggestive of an influence (chapter: 5.5.4 and 5.5.7). Briefly, 

PSEN1 post-codon 200 mutation and APOE4 carriers have a greater proportion 

or more severe CAA, respectively. 

As pathologies are known to be composed of different Aβ isoform, it was sought 

to investigate if these differences may relate to differential isoform production by 

different mutations. By using IHC antibodies specific for Aβ isoforms, it was 

observed that mutation was indeed associated with differential isoform pathology 

(chapter: 6.3), as was the APOE4 genotype (chapter: 6.3). Notably for the 
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mutation associations, it was observed that Aβ43 was predominantly present in 

PSEN1 post-codon 200 mutation carriers with the R278I, E280G and A434T & 

T291A mutations. Interestingly, these mutations have also been associated with 

prominent CWP, CAA and atypical clinical phenotypes.  

As fibroblasts had been donated by PSEN1 R278I and E280G carriers, there was 

an opportunity to study the molecular mechanisms of these mutations further in 

iPSC derived neurons. Analysis of Aβ production revealed that there were 

mutations specific differences in Aβ production (chapter: 7.3.5.2), and this 

matched what was observed in isoform specific IHC on tissue from matched 

mutation carriers (see Figure 7-12). Interestingly, protein maturity for PSEN1, the 

catalytic component of -secretase responsible for APP cleavage, differed 

between mutations (chapter: 7.3.5.3) and may explain mutation differences in Aβ 

production.  

Overview of findings 

By confirming differences in clinical course due to mutation (chapter: 3.3.2 and 

5.5.1) we highlight how differences as small as a point mutation can cause such 

heterogeneity in the same disease and that understanding the initial molecular 

mechanisms in AD are essential to developing effective treatments and 

prevention. This study provided important insights into the influence of APOE 

genotype in FAD, with a longer disease duration observed in APOE4 carriers. 

While this may initially seem counter-intuitive given that APOE4 is such a strong 

risk factor for sAD, there are potential explanations. Antagonistic pleiotrophy of 

APOE4 in younger adults, such as those with FAD, may be involved, as better 

cognitive capabilities in young APOE4 carriers have been observed (Moreau et 

al., 2013; Rusted et al., 2013; Zink et al., 2019). While this is not the same as 

disease duration, it shows positive benefits of APOE4 genotype at younger ages 

can occur. In a recent review on APOE by Belloy et al. (2019), it was highlighted 

that while a genome wide association study (GWAS) has indicated APOE4 to be 

negatively associated with longevity and APOE2 positively associated, there was 

a study conducted in younger people which did not find this association. This 

could indicate that age effects are important. As mutations have been shown by 

others, and confirmed here, to affect onset and duration this may provide valuable 

knowledge to clinicians and those with FAD linked mutations. While currently 
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there are no disease-modifying treatments available, understanding more about 

the likely progression of disease may be helpful for prognostication and for future 

research into factors that may modify disease progression. These findings also 

highlight that other pathways affected by FAD need to be investigated, as some 

of these may also be contributing to sAD. The effects of APOE may also be 

mediated via microglia. In particular, microglia states are believed to differ over 

ageing (Olah et al., 2018). The effect of both microglia and APOE could therefore 

be relevant to age, especially in this FAD cohort. 

Changes in Aβ are one of the initial alterations in AD. With disease progression, 

Aβ can deposit as multiple distinct pathologies. These have been shown to vary 

between cases and may link to specific clinical features (for a review of the 

literature, see chapter: 3.2.4 and 3.2.5). In our clinically well-characterised cohort, 

associations were investigated and although trends were observed, significant 

associations were infrequent. This was a small sample study with few matched 

mutation cases, therefore reducing ability to find associations. To address this, 

analysis was also conducted in a larger extended cohort, although only CAA was 

investigated in this larger group (Chapter: 5.5). From this we observed CAA to be 

associated with mutation sub-group and possible evidence for increased severity 

of CAA in an APOE4 dependant manner, as well as support for clinical 

associations found in the smaller cohort, such as the previously mentioned effects 

of mutation and APOE on age at onset and disease duration (chapter: 5.3.1). 

However, associations between different pathological features highlighted 

potential shared mechanism between these different pathologies, such as the 

strong association between CAA and CWPs (Chapter: 5.3.2). Deciphering the 

molecular connection between these will be the next step, and may involve Aβ 

isoform specific pathways or microglia associated mechanisms.  

The previously discussed differences in layer pathology observed in sAD 

(Chapter: 3.2.2) were also found in our FAD cohort (Chapter: 3.3.4.3) and 

suggests vulnerability or higher risk in specific cortical layers which is not 

currently understood. One notable finding was not only higher load in lower layers 

in the PSEN1 post-codon 200 group compared to other subgroups, but higher 

CWP frequency in layer 5 in some of these cases (Chapter: 3.3.3.4). CWPs were 

found to associate with CAA and high CAA pathology was noted in the PSEN1 

post-codon 200 cases: I202F, one R278I, E280G and A434T/T291A. Some of 
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the PSEN1 mutation cases were then observed to have greater Aβ43 pathology, 

and Aβ43 present as CWP pathology (Chapter: 6.3.3). The Aβ43 expression was 

then shown in cellular models of these specific mutation cases (PSEN1 R278I, 

E280G, chapter: 7.3.5.2). Interestingly, the E280G mutation has been linked to 

atypical clinical phenotype, including prominent spastic paraparesis (O'Riordan 

et al., 2002), suggestive of a connection between these disease aspects. 

Another finding was high Aβ plaque frequency and Aβ load in layer 3 (Chapter: 

3.3.3 and 3.3.4.3), and using isoform specific antibodies, we were able to show 

that this layer specificity was particularly notable with the Aβ42 antibody (Chapter: 

6.3.1). Aβ42 showing this pattern may be a result of it being the most abundantly 

observed isoform in these cases, with Aβ40 and Aβ43 deposition not reaching 

high enough levels for such patterns to be noted. Although in cases where 

prominent Aβ40 and Aβ43 was observed, no consistent trend in laminar specific 

pathological deposition was observed. 

Microglia are involved in AD although whether the dysfunction observed is a 

cause or consequence is unclear. Microglia have been shown to be initially 

reactive, but they may also reach a level of senescence, hindering any further 

beneficial activities (Tang & Le, 2016). In our cohort we showed that microglial 

load did not differ between mutation groups (Chapter: 4.3.4), implying reactivity 

to Aβ pathology overall is the same despite differences between the mutation 

groups. As has been observed in AD previously, specific associations were 

observed between specific microglia phenotypes and distinct Aβ pathologies, 

(D'Andrea et al., 2004; Nagele et al., 2004; Sheng et al., 1995; Styren et al., 

1990), indicating they are directly involved in certain pathological phenotypes. 

For instance, in chapter: 4.3.6, we showed that Iba1 was negatively correlated 

with cored plaques, and had no association to diffuse plaques. CD68 was 

generally positively associated with CAA, except in the PSEN1 post-codon 200 

group, while CD68 was negatively correlated with total Aβ pathology and load. In 

general, CR3/43 had negative associations with Aβ pathologies and load. As our 

analysis was on post-mortem tissue, the cause and direction of association 

cannot be determined but supports research into microglia in AD as they can 

influence disease mechanisms. 
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CAA is a frequent pathology seen in sAD and in FAD, although it’s role disease 

is not yet fully understood. In our cohort, CAA did not strongly associate with age 

at onset or duration although trends were observed (Chapters: 5.5.2 and 5.5.5). 

In both the frontal and occipital cortex in the extended cohort, the overall 

proportion and severity of cortical CAA tended to positively associate with age at 

onset and disease duration, although many associations were weak and 

variability in direction could be observed between disease groups and levels of 

CAA severity. The association between the overall proportion and severity of 

leptomeningeal CAA was particularly mixed, and did not show associations as 

consistent as the cortical CAA. Study of larger cohorts would be needed to clarify 

any associations. FAD mutations are associated with CAA and in sAD APOE 

genotypes are associated with CAA, with the APOE4 allele conferring greater risk 

and severity (Ryan et al., 2015a; Shinohara et al., 2016). The combined effect of 

these two genetic influences in FAD is not clarified, and while APOE may play a 

role, it appeared that mutation may be a greater driving force in our study. 

Regression analysis adjusted for both FAD mutation and APOE genotype would 

allow greater investigation of the potential influence of these genotypes. While 

FAD shares many similarities with sAD, the role of CAA in sAD merits further 

investigation and the findings from FAD may not fully generalise to sAD, as 

impaired Aβ clearance may more strongly associate with sAD (for reviews, see 

Baranello et al. (2015); Wildsmith et al. (2013)).  

The range of pathological deposits of Aβ are known to be unevenly contributed 

to by different Aβ isoforms, as previously discussed (Chapter: 6). For example 

results from chapter 6.3 show that the central core of cored plaques was 

composed of Aβ40/43 while the outer ring was Aβ42, CWPs were primarily 

composed of Aβ42 and generally lacked Aβ40, although Aβ43+ve CWPs were 

present in some cases, CAA was primarily composed of Aβ40, but may also 

contain Aβ42 and while Aβ43+ve CAA was less common. As FAD mutations are 

being shown to differentially influence generation of Aβ isoform ratios, this may 

impact on plaque pathology in FAD. Few studies have assessed multiple 

mutations with a range of isoform specific antibodies, but based on the findings 

shown in the thesis it appears the processivity of PSEN1 does to some extent, 

affect the development of specific plaque pathologies and observed 

heterogeneity. We have shown that PSEN1 post-codon 200 mutations R278I, 
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E280G and A434T & T291A have intense Aβ43 and Aβ40 deposition compared 

to many other cases and these mutation cases also displayed intense CAA 

(Chapter: 6.3.2 and 6.3.3). This could be related to the immature PSEN1 within 

these mutation carriers (Chapter: 7.3.5.3). 

Recently, here has been increasing research into the effect of FAD mutations on 

processivity of PSEN1, leading to qualitative changes in Aβ isoform profiles 

(Charles Arber et al., 2019a; Charles Arber et al., 2019b; Szaruga et al., 2017; 

Szaruga et al., 2015). The mode of action for these differences is under 

investigation but it appears that there may be a range of ways that processivity is 

affected, such as reduced processivity, reduced substrate retention and 

decreased PSEN1 maturity. While there is some debate over whether certain 

mutations lead to a loss of PSEN1 function (Xia et al., 2015), it is generally 

accepted that alterations in function occur. The consequences of these changes 

are investigated in different models as it has been shown toxicity differs between 

generated isoforms. How these qualitative changes in Aβ relate to clinical course 

and pathology in a post-mortem cohort in unclear, however we have shown here 

matched findings in cell lines and post-mortem tissue indicating the changes may 

be reflected in pathological heterogeneity. Relation to clinical aspects could be 

further investigated, not only including age at onset and disease duration, but 

also behavioural, cognitive and motor phenotypes.  

Overarching theme 

Piecing results from all chapters together, a link emerges between mutation, Aβ 

peptide production and pathology. As recounted above, in the PSEN1 post-codon 

200 group, increased lower layer pathology was observed. In the Aβ isoform 

specific IHC, Aβ43 pathology was greater in this groups, with distribution over the 

cortical layers, in contrast to the greater Aβ42 deposition in the upper compared 

to lower layers. This suggests that in the PSEN1 post-codon 200 group, greater 

lower layer deposition may be a result of the increased Aβ43 deposition. The FAD 

cell line work corroborates the Aβ43 pathology, with increased Aβ43 ratios 

produced specifically in the PSEN1 post-codon 200 lines. As Aβ43 is aggregation 

prone (Conicella & Fawzi, 2014), it may aid deposition of other isoforms (Burnouf 

et al., 2015), and lead to the greater deposition in this group. This may also result 

in greater CAA, which was observed in this group, as Aβ43 was seen in the 



279 
 

vasculature showing it can reach the IPAD pathway, although it may promote 

deposition and thus disruption of this mechanism. Consequent of Aβ43 

deposition in the vasculature could also be greater Aβ42 and Aβ40 deposition, 

further increasing the proportion and severity of CAA. This Aβ43 may also 

underline differences in microglial associations with CAA in the PSEN1 post-

codon 200 group. Aβ43 may undergo phagocytosis less readily than the more 

physiological forms (such as Aβ40/Aβ42), leading to clearance via alternative 

routes, such as the IPAD pathway. Differences in Aβ peptide specific cellular 

uptake have been reported (Wesén et al., 2017). Therefore, mutation may relate 

not only to clinical factors and Aβ production, but the clearance and pathological 

deposition of Aβ. 

There was also evidence in this cohort that microglia were linked to the Aβ 

pathology, with CD68 correlating with reduced plaque load (Chapter: 4.3.6). 

CD68 microglia are phagocytic therefore can contribute to plaque reduction via 

internalisation and degradation of Aβ. CD68 was also positively correlated with 

greater CAA, in addition to reduced plaque burden. This may indicate that in 

situations of reduced IPAD clearance efficiency (with vascular Aβ build up), 

microglia may contribute to the clearance of Aβ via the phagocytic pathway 

(shown by CD68 +ve microglia), as an alternate method of removal. CR3/43 was 

also negatively associated with Aβ load (chapter: 4.3.6), however in contrast to 

CD68+ve microglia, the association with CAA was negative (Chapter: 5.4, 

indicating microglial phenotype differentially associates with Aβ pathology type, 

likely via consequences of the different downstream effects of their reactivity 

status. 

Conclusion 

Collectively, this thesis has confirmed that FAD mutations are associated with 

clinical and pathological heterogeneity. Diverse pathological features of FAD 

have been shown to have differing associations with mutation subgroups, and 

with distinct pathologies. Other factors beyond Aβ may also be influencing 

disease as Aβ did not fully account for all observations. This may include 

microglia, as we have shown, but could also include astrocytes. As astrocytes 

express APOE (Ye Zhang et al., 2014), they may be particularly important due to 

the influence of APOE genotype on certain features of FAD. Imaging of 
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astrocytosis in an FAD mutation cohort revealed increased astrocytosis in pre-

symptomatic carriers compared to controls, as well as increased PIB retention, 

suggesting a link between Aβ and astrocyte reactivity (Scholl et al., 2015). 

Histologically it has been shown astrocytes can accumulate Aβ (Nagele et al., 

2003), likely via phagocytic mechanisms. Importantly, it has also been shown that 

degradation of Aβ plaques by astrocytes may heavily depend on the presence of 

APOE (Koistinaho et al., 2004), thus effects of isoform differences in function may 

affect plaque interactions. Alterations in astrocytes has been observed in 

premature stages of CAA pathology in the transgenic arctic β-amyloid mouse 

expressing humanised APP protein (Merlini et al., 2011) and as discussed APOE 

genotype may influence CAA in FAD. The varied function and role of astrocytes 

provide routes for influence on pathology. However the study of astrocytes was 

beyond the scope of this study. For instance, astrocytes may influence plaque 

pathology, CAA or neuronal health 

As FAD mutations influence clinical (Ryman et al., 2014; Shea et al., 2016) and 

pathological (D. M. A. Mann et al., 2018; David M. A. Mann et al., 2001; Ryan et 

al., 2015a) heterogeneity, there is a need for mutation specific investigations. 

Work in cell models highlights specific mutation differences on Aβ isoform 

production (Charles Arber et al., 2019a; Keller et al., 2010; N. Li et al., 2016; 

Moore et al., 2015; Nakaya et al., 2005). As Aβ isoforms can influence 

pathological Aβ deposits, the altered production of ratios may link to specific 

pathologies and their association with mutation sub-groups. For instance, 

histological analysis of Aβ isoforms in the E280G mutation carrier revealed 

distinct pathology compared to other mutations (Chapter: 6.3), and a distinct 

PSEN1 phenotype was also observed in the iPSC model compared to other 

mutations, such as the M146I line (Chapter: 7.3.5.3). This was also true for the 

R278I mutation line. This highlights the benefit of using multiple models to 

investigate disease mechanisms. Deciphering the mechanism which lead to 

these behind pathology may enable new and more focused approaches to 

treatment in the future. 

While this study was limited by case numbers due to the rarity of FAD mutations, 

it has shown the importance of using FAD cases as a model for AD, as different 

routes to pathology are uncovered, which may provide insights into different 

disease pathways that may be involved in sAD. All studies on human post-
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mortem tissue are restricted in the assumptions which can be made based on 

associations found. This is because end-stage pathology cannot determine the 

temporal sequence events. However, they do help direct areas of investigation. 

Importantly, the cell model results from Chapter 7.3 complement the Aβ 

neuropathological data observed throughout the thesis. This highlights that the 

underlying effects from the FAD mutations on Aβ production occur at early stages 

and likely lead to the development of heterogeneous Aβ pathology observed in 

different FAD mutation cases. With the isoform specific contribution to plaque 

type and the isoform/plaque type specific interaction of microglia and clearance 

systems combining to generate the overall pathological phenotype. To conclude, 

the results here have shown that heterogeneity in FAD may be linked to mutation, 

genetics, Aβ pathology and microglial phenotype which can be explored further 

in future work. 

 Future directions 

This study has highlighted multiple associations between pathological, clinical 

and genetic features of FAD. Future work will need to focus on exploring these 

associations further. Investigations which could be conducted include:  

1. A future aim onwards from this thesis, is to incorporate the histological data 

generated with clinical features observed in the patients. Available data on 

features such as myoclonus, seizures, pyramidal, extrapyramidal and 

cerebellar signs from clinical notes will be used. The frequency data could 

be analysed using chi square methods to decipher if certain features are 

more frequent in association with the different pathological features. For 

example, we may observe and association between specific motor 

features (such as spastic paraparesis) and lower layer Aβ pathology or 

CWP pathology. This would extend upon previous observations that have 

been made between clinical features and mutation location by (Ryan et al., 

2016), deepening understanding of the patho-clinical associations. 

2. Another continuation from this thesis would involve investigating the 

relationship between the Aβ isoform specific peptide IHC with both the 

overall proportion and severity of CAA and microglial markers. This would 

enable the hypothesised link between these pathological components to 
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be interrogated. The Aβ isoform specific could be evaluated via % area 

stained or with a grading scale, and the values form this would be 

correlated to the values that exist for the other mentioned targets of 

interest.  

3. Mice models with FAD mutations that produce distinct Aβ peptide profiles 

could be used to compare clearance of Aβ peptides. Mutations that 

produce high Aβ42, high Aβ40 and high Aβ43 would be used, and the 

patterns of Aβ pathology in terms of plaque frequency, type and 

distribution, and CAA would be investigated. Analysis of microglia via IHC/ 

imaging mass cytometry (IMC) in relation to these features would indicate 

if the microglial response differs in association with Aβ peptides. Aside 

from using IHC/IMC to phenotype the microglia, RNA sequence analysis 

could indicate if there is greater expression of proteins related to the 

clearance pathways in the different model. For instance, compare 

differences in the levels of transcripts for gene involved in enzymatic 

degradation and phagocytosis. Using this approach would help reduce 

heterogeneity inherent in human based studies.  

4. Proximity of microglial subtype to distinct Aβ pathologies could be 

assessed in human post-mortem tissue to investigate if observed 

associations are due to potential interaction between these pathologies. 

IF using antibodies against microglia and Aβ, or a fluorescent dye for Aβ 

could be conducted. Using image analysis on software such as ImageJ, 

proximity could be calculated, with spatial association indicating if specific 

relationships between the microglial phenotypes and Aβ pathologies exist.  

A novel approach to expand on this would be to use IMC. This would allow 

the expansion of staining to include multiple microglial markers for deeper 

phenotyping, and Aβ peptide specific markers to assess relationship 

between specific peptides and microglia. Using this method, other cellular 

types could be investigated, such as astrocytes; this would allow a more 

global analysis of the mechanisms, and allow investigation of APOE 

location in relation to the histological features. 
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5. Generate control FAD mutation lines, where only the FAD mutation is 

altered to WT, allowing precise dissection of FAD mutation specific 

influence. This would initially focus on Aβ peptide ratios, and PSEN1 

maturity to confirm the mutation associated differences observed in these 

assessments.  

Data would be analysed using a two-sample t-test. Based on the data for 

Aβ peptide ratios from the cell data (Chapter: 7.3.5.2), using the values 

from the ratios with highest SD and no observed significant difference 

between control line and a FAD mutation line, to reach a power of >0.8, at 

the significance alpha level set to 0.05, a sample size of would be required 

repeat n=20. However, for comparison of ratios where a significant 

difference between the control data and an FAD mutation line data were 

observed, power calculations reveal repeat n=3 provides a power of >0.9. 

A modelling approach similar to this could be conducted in mice, enabling 

in vivo validation of results. However, generating multiple strains of mice 

would be costly in terms of both money and time, therefore unfeasible as 

an approach in the first instance. 

6. Cell line studies involving multiple lines with the same mutation to 

investigate consistency and heterogeneity in same mutation carriers. This 

could also be used to help understand the effect of APOE genotype in 

FAD. The use of CRISPR models would be an alternative to generate 

mutation lines without the influence of patient heterogeneity. This could be 

employed for multiple aims with an example being: 

Generation of multiple FAD mutation lines with a range of APOE 

genotypes. By investigating measures of cellular differentiation, health and 

survival, comparison of health between APOE genotypes could help 

investigate if the APOE4 genotype associates with any beneficial effects 

in FAD cell lines which may suggest routes for the APOE4 genotype 

benefit observed. RNA sequence analysis would highlight molecular 

pathways that are altered between APOE genotypes and may contribute 

to the APOE genotype affects observed. Using Nanostring technology, 
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transcripts relating to specific panels, such as cellular survival could be 

compared between groups. 

7. As APOE is largely produced in astrocytes, astrocyte/neuronal co-cultures 

could investigate the mechanistic role of APOE in FAD lines in an attempt 

to investigate the effects of the APOE4 isoform on neuronal 

health/survival. Humanised mouse models with FAD mutations expressing 

the range of human APOE isoforms could be generated, with FACS 

coupled single cell RNA sequencing allowing cell specific changes related 

to Apoe4 genotype investigated. Transcripts of particular interest would be 

those related to cell survival. 

8. Conduct regression analysis on a larger cohort of FAD cases consisting of 

a wide range of mutations and un-related individuals to investigate APOE 

effects on FAD onset and disease duration. Both linear and non-linear 

methods should be investigated, with the relationship between age at 

onset and disease duration included as an interaction. Power calculations 

based on figures obtained from linear regression in the thesis (Chapter: 

5.5.1.2, disease duration adjusted for mutation group and APOE status) 

indicate that with the 38 cases we have in the current cohort, the power of 

detection is 0.99 with significance alpha set to 0.05, therefore greater 

numbers would provide powered results and enable the inclusion of more 

prediction variables in the model, such as family membership. 
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 Appendix 

 

Figure 9-1. Bland Altman plots for determining number of squares (ROIs) to be 

analysed.  

A, B, C: Plot for 10 squares for the 3 separate samples (1,2,3 respectively). D,E,F: Plot 

for 20 squares for the 3 separate samples (1,2,3 respectively).  

 10 squares  20 squares 

 R2 P  R2 P 

Sample.1 0.08 0.43  0.02 0.60 

Sample.2 0.02 0.68  0.02 0.52 

Sample.3 0.006 0.83  0.002 0.86 

Table 9-1 linear regression results for determining number of squares (ROIs) to be 

analysed. 

Lower R squared (R2) values and higher p values signify a more reliable method. 20 

squares had better consistency compared to 10 squares however, it was not feasible to 

measure 20 squares so 15 squares were chosen as a compromise. Regression analysis 

preformed on GraphPad Prism version 8.00 for Windows. 
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A B A B A B A B A B A B 

0 0 1 1 2 2 2 2 3 3 0 0 
0 0 0 0 3 3 2 2 2 2 2 2 
1 1 0 0 2 2 2 2 2 2 0 0 
0 0 1 1 3 3 0 0 3 3 3 3 
1 2 0 0 2 2 2 2 2 2 0 0 
1 1 0 1 1 1 3 3 2 2 0 0 
0 0 1 1 3 3 3 3 2 2 0 0 
0 0 1 0 2 2 2 2 3 3 0 0 
1 1 0 0 3 3 2 2 0 0 0 0 
0 0 1 1 3 3 3 3 1 1 0 0 
1 1 0 0 2 2 2 2 3 3 0 0 
0 0 1 1 2 2 3 3 3 3 0 0 
0 0 1 1 2 2 2 2 0 0 1 1 
0 0 1 1 2 2 1 1 0 0 0 0 
0 0 1 1 2 2 3 3 3 3 3 3 
1 1 0 0 1 2 3 3 0 0 0 0 
1 1 2 2 1 1 3 3 3 3 0 0 
2 2 1 1 2 2 3 3 0 0 0 0 
0 1 1 1 1 1 3 2 0 0 0 0 
1 1 0 0 3 3 3 3 0 0 0 0 
1 1 2 2 2 2 3 3 3 3 0 0 
0 0 3 3 2 2 3 3 3 3 0 0 
2 2 2 2 3 3 2 2 3 3 0 0 
0 0 2 2 2 2 3 3 0 0 0 0 
1 1 2 2 2 2 2 2 3 3 0 0 
2 2 2 2 2 2 3 3 0 0 3 3 
2 2 2 2 2 1 3 3 3 3 0 0 
2 2 2 2 2 2 2 2 0 0 0 0 
2 2 2 2 3 2 2 2 2 2 0 0 
2 2 0 0 1 1 2 2 0 0 3 3 
0 0 2 2 3 3 2 2 0 0 2 2 
1 1 3 2 1 1 3 2 3 3 2 2 
0 0 3 3 1 1 2 2 3 3 0 0 
1 1 2 2 3 3 3 3 1 1 1 1 
0 0 2 2 2 2 2 2 0 0 3 3 
0 0 2 2 2 2 2 2 3 3 3 3 
0 1 3 2 2 2 3 3 0 0 3 2 
0 0 2 2 3 3 2 2 3 3 0 0 
2 2 1 0 2 2 2 2 0 0   
1 1 3 2 3 3 1 2 0 0   
1 0 2 2 2 2 2 2 0 0   

Table 9-2 Grading scores from grading repeats for intra-rater reliability testing.  

A high degree of consistency was found. The average measure intraclass correlation 

coefficient was 0.97 (95% CI: 0.97 - 0.98) (F(242,242)= 73.23, approximate 

p<0.0000). Intraclass correlation coefficient for consistency. Grading by myself, A = 

repeat 1, B = repeat 2. 
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Rater 1 Rater 2 Rater1 Rater 2 Rater1 Rater 2 Rater1 Rater 2 

0 0 1 1 2 2 0 0 

1 1 2 2 1 2 0 0 

0 0 3 2 1 2   

2 1 3 3 2 2   

2 1 2 1 2 2   

0 0 2 2 2 2   

0 1 2 2 1 2   

2 2 3 2 2 2   

2 2 2 2 0 0   

2 2 2 1 3 3   

1 2 2 1 0 0   

1 1 2 2 0 0   

2 2 2 2 0 0   

1 1 2 2 3 3   

1 1 2 1 0 0   

0 0 0 0 0 0   

1 1 2 2 0 0   

2 1 2 2 3 3   

1 1 2 2 0 0   

1 1 1 1 0 0   

1 1 2 2 0 0   

1 1 3 3 3 3   

2 2 3 3 0 0   

0 0 1 2 0 0   

3 2 2 3 0 0   

2 2 3 3 3 3   

1 1 3 3 0 0   

2 2 2 2 0 0   

3 3 2 2 0 0   

3 3 2 2 3 3   

Table 9-3 Grading scores from rater 1 and rater 2 for inter-rater reliability testing.  

A high degree of agreement was found between the two raters. The average measure 

intraclass correlation coefficient was 0.96 (95% CI: 0.94 - 0.97) (F(91,91)= 23.02, 

p<0.0000). Intraclass correlation coefficient for absolute agreement. Rater 1= QSBB PhD 

student, rater 2 = Nanet Willumsen. 
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Figure 9-2 CWP frequency by layer.  

CWP frequency varied in the PSEN1 post-codon 200 group in layer 5 (A) and layer 6 (B).  
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Figure 9-3 Average microglial load in the QSBB cohort and in mutation groups. 

A: Iba1. B: CD68. C: CR343. Data presented as mean and standard deviation. 
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Figure 9-4 CAA severity and demographic data in the PSEN1 pre-codon 200 group. 

Correlation between the proportion and severity of CAA and age at onset (A,C,E,G) or 

disease duration (B,D,F,H) in the frontal (A-D) and occipital cortex (E-F).  
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Figure 9-5 CAA severity and demographic data in the PSEN1 post-codon 200 

group. 

Correlation between the proportion and severity of CAA and age at onset (A,C,E,G) or 

disease duration (B,D,F,H) in the frontal (A-D) and occipital cortex (E-F).  
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Figure 9-6 CAA severity and demographic data in the APP group. 

Correlation between the proportion and severity of CAA and age at onset (A,C,E,G) or 

disease duration (B,D,F,H) in the frontal (A-D) and occipital cortex (E-F).  
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Cell induction Cell line Concentration (ng/ul) 260/280 260/230 

  
   

In
d

u
ct

io
n

 1
 

A1 51.05 2.34 0.22 

RB101 203.2 1.8 1.93 

M146I 157.71 1.77 1.99 

R278I 19.31 1.69 0.76 

E280G.B 241.99 1.78 1.69 

E280G.A 233.92 1.84 1.92  

 
   

In
d

u
ct

io
n

 2
 

A1 31.44 1.61 0.83 

RB101 109.71 1.71 1.45 

M146I 117.02 1.76 1.56 

R278I 13.13 1.41 0.36 

E280G.B 205.2 1.86 2.18 

E280G.A 325.01 1.87 2.03  

 
   

In
d

u
ct

io
n

 3
 

A1 17.68 1.59 0.37 

RB101 102.93 1.77 1.98 

M146I 48.73 1.7 0.7 

R278I * 14.8 1.51 0.4 

E280G.B * 62.23 1.73 1.62 

E280G.A 170.36 1.85 2.12 

     

Table 9-4 RNA concentration and purity.  

RNA measured from 1:10 dilution of the 20ul stock RNA.  *=Diluted 1:5. 

 

 

Figure 9-7 Karyotype images for PSEN1 R278I, PSEN1 M146I and APP V717I lines. 
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Figure 9-8 QQ plots showing data normality for ratio values from ELISA analysis.  

Each dot represents one induction. Control n= 6, M146I n= 3, R278I n= 3, E280G.B n= 

3, E20G.A n=3. 
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Figure 9-9 Induction 1 PSEN1 dissociation curve and amplification plot.  

Dissociation curve y axis = Fluorenscence (-R’ (T)), x axis = temperature. Amplification 

plot y axis = Flourescence (dRn), x axis = cycles. Red box indicates the anomaly relating 

to a separate peak, all samples within the peak were from the first row of samples. Graphs 

produced on software. 

 

Figure 9-10 Induction 2 PSEN1 dissociation curve and amplification plot.  

Dissociation curve y axis =  Fluorenscence (-R’ (T)), x axis = temperature. Amplification 

plot y axis = Flourescence (dRn), x axis = cycles. Graphs produced on software. 

 

Figure 9-11 Induction 3 PSEN1 dissociation curve and amplification plot.  

Dissociation curve y axis = Fluorenscence (-R’ (T)), x axis = temperature. Amplification 

plot y axis = Flourescence (dRn), x axis = cycles. Graphs produced on software. 
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Figure 9-12 TBRI dissociation curve and amplification plots. 

Dissociation curves for TBRI gene expression qPCR (A: induction 1, C: Induction 2,E: 

induction3). Corresponding amplification curves for TBRI gene expression (B: induction 

1, D: Induction 2, F: induction3). Dissociation curve y axis = Fluorenscence (-R’ (T)), x 

axis = temperature. Amplification plot y axis = Flourescence (dRn), x axis = cycles. Red 

box indicates poor amplification of induction 1, sample A1, which was omitted from 

analysis. Graphs produced on software. 
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Figure 9-13 SATB2 dissociation curve and amplification plots. 

Dissociation curves for SATB2 gene expression qPCR (A: induction 1, C: Induction 2, E: 

induction3). Corresponding amplification curves for SATB2 gene expression (B: induction 

1, D: Induction 2, F: induction3). Dissociation curve y axis = Fluorenscence (-R’ (T)), x 

axis = temperature. Amplification plot y axis = Flourescence (dRn), x axis = cycles. Red 

box indicates poor amplification of induction 1, sample A1, which was omitted from 

analysis. Graphs produced on software. 
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Figure 9-14 TUJ1 dissociation curve and amplification plots. 

Dissociation curves for TUJ1 gene expression qPCR (A: induction 1, C: Induction 2, E: 

induction3). Corresponding amplification curves for TUJ1 gene expression (B: induction 

1, D: Induction 2, F: induction3). Dissociation curve y axis = Fluorenscence (-R’ (T)), x 

axis = temperature. Amplification plot y axis = Flourescence (dRn), x axis = cycles. Red 

box indicates poor amplification of induction 1, sample A1, which was omitted from 

analysis. Graphs produced on software. 
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