
 1 

Amyloid-β aggregation and maturation 

dynamics and microglial response in 

evolving amyloid plaque pathology 

 

 

 

Katie Stringer 

 

 

 

 

 

UCL 

 

 

 

Thesis submitted for the degree of 

Doctor of Philosophy 

 

 

 

 

 

June 2022 

 



 2 

 

DECLARATION 

 

 

I, Katie Stringer, confirm that the work presented in this thesis is my own. Where 

information has been derived from other sources, I confirm that this has been 

indicated in the thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 3 

Acknowledgements 

 

Firstly, I would like to express my deepest thanks to my supervisor, Dr Jörg Hanrieder, 

for his excellent guidance, support and friendship throughout my PhD. It’s rare to find 

someone who has a real balance of knowledge, good humour and kindness, and it truly 

has been a pleasure to work with you.  

 

I would also like to thank Prof Frances Edwards for her supervision over the years, for 

always pushing for excellence, and for her very useful input into my thesis. I especially 

would like to thank Dr Damian Cummings for everything he has done not just for myself 

but also for the entire lab over the years, and particularly for his dedicated teaching and 

training, patience and kindness.  

 

I would also like to thank my lovely Edwards lab members. I consider myself very lucky 

to have met some friends for life, and truly you have all made this an incomparable 

experience for me. Particularly, I would like to thank my PhD sisters Kari and Diana – we 

were on this PhD journey together from the start, and you both made me look forward to 

coming into the lab every day. I would also like to thank Sneha and Jack for always being 

so helpful with my project, but also for their friendship. I extend my gratitude to the other 

lab members that I met along the way, especially Dervis for his incredible mentoring and 

training when I first joined the lab, but also Tashu for her kindness and life guidance, and 

also Eugenia, Jon, Mila and George. 

 

I would also like to thank my teammates in the Analytical Neurochemistry group over at 

Gothenburg University: Wojciech, Ambra, Patrick, Srinivas, Junyue, Karolina and Ajay. 

Moving to Gothenburg during a pandemic wasn’t easy, but you all made me feel so 

welcome. I’ve enjoyed some memorable moments at conferences and in Gothenburg 

with you all, and thank you all for your scientific expertise and friendship. 

 

I’d like to thank Fiona for being there for me, as always, during the (many many!) ups 

and downs of my entire PhD, and also Charles for being a ray of sunshine and pillar of 

support during my thesis writing. You both made life so much easier for me just by being 

around, and I’m very lucky to have you. 

 

And lastly, to the rest of my friends and family that I haven’t named (you know who you 

are) – thank you as always, for being so patient and supportive over the last four years. 

 

 



 4 

Abbreviations 

 

 

AD Alzheimer’s disease 

APOE  

APP 

Aβ    

BACE 

Apolipoprotein E 

Amyloid precursor protein 

Amyloid-beta 

Beta-secretase 

CD33 Siglec-3 

CD47 Cluster of differentiation-47 

CLU Clusterin 

CNS Central nervous system 

CR Congo red 

CR1 Complement receptor 1 

CSF Cerebrospinal fluid 

CSF1R Colony-stimulating factor 1 receptor 

DAM Disease-associated microglia 

DAP12 DNAX-activating protein of 12 kDa  

fAD Familial Alzheimer’s disease 

GWAS Genome-wide association studies 

Iba1 Ionized calcium-binding adaptor molecule 1 

IMS Imaging mass spectrometry 

iSILK Imaging mass spectrometry combined with 

stable isotope labelling kinetics 

LCOs Luminescent conjugated oligothiophenes 

LDL Low-density lipoprotein 

LTP Long-term potentiation 

MALDI Matrix-assisted laser desorption/ionisation 

MCI Mild cognitive impairment 

MRI Magnetic resonance imaging 

MS Mass spectrometry 

NfL Neurofilament light chain 

NFTs Neurofibrillary tangles 

OHSC Organotypic hippocampal slice culture 



 5 

PET Positron emission tomography  

PSD95 Postsynaptic density-95 

PS1 Presinilin-1 

PS2 Presinilin-2 

sAD Sporadic AD 

SIL Stable isotope labelling 

SILAC Stable isotope labelling in cell culture 

SILAM Stable isotope labelling in mammals 

SILK Stable isotope labelling kinetics 

Th Thioflavin-S 

TREM2 Triggering receptor expressed on myeloid 

receptors 2 

WAM White matter-associated microglia 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 6 

 

 

ABSTRACT 

 

 Amyloid-beta (Aβ) plaque deposition is one of the major pathological features of 

Alzheimer’s disease; however, the mechanism by which this occurs remains 

unclear. Microglia, the immune cells of the brain, have been shown to 

interact with plaques, but their significance to Aβ deposition is unknown.   

  

This project aims to assess Aβ deposition both in vivo and in cultures obtained 

from amyloid precursor protein (App) knock-in mice (AppNL-F and AppNL-G-F), and 

also assess the interaction with microglia. Using a novel chemical imaging 

paradigm termed ‘iSILK’, involving stable isotope labelling and in situ mass 

spectrometry methods, here we analysed specific aggregation dynamics of 

individual Aβ species on a nanometer level. Additionally, we employed amyloid-

specific dyes with high binding specificity in conjunction with hyperspectral and 

confocal imaging to quantitatively delineate plaque conformation and microgliosis 

in these mice. 

 

In these mice, iSILK revealed that plaques first form an aggregated core of 

entirely Aβ1-42, followed by further Aβ1-42 deposition, aggregation and later 

secretion and deposition of Aβ1-38. In addition, cortical plaques form prior to 

hippocampal plaques, which was further confirmed by hyperspectral imaging of 

the same plaques. Comparison between genotypes showed that  AppNL-G-F mice 

have the most structurally mature plaques and increased plaque-associated 

microgliosis compared to age-matched AppNL-G-F mice. Furthermore, perturbation 

of microglia in AppNL-F/Trem2R47H mice resulted in a significant reduction of plaque 

coredness, alongside alterations in plaque-associated microgliosis. Organotypic 

hippocampal slice cultures experiments demonstrated that even with external 

manipulation, cultures from App knock-in mice do not develop amyloid plaques. 

Overall, the results of this study highlight important differences in amyloid plaque 

composition and microglial response depending on App genetic mutation, and 

also implicate the role of triggering receptor expressed on myeloid receptors 2 in 

facilitating plaque maturation. This work provides a basis for further development 

of therapeutic targets for individuals with these variants.  
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IMPACT STATEMENT 

 

Alzheimer’s disease (AD) is the most common cause of dementia, accounting for 

over 50% of all dementia cases. With 10 million new cases each year, the impact 

on society and the economy is huge, in addition to the psychological effects on 

sufferers and their carers. A major hallmark pathology of AD is amyloid-beta (Aβ) 

plaque deposition; however, the process is complex and there is heterogeneity 

between individuals, and there remains a lot to be understood. Additionally, 

recent advances in AD research have highlighted microglia, the immune cells of 

the brain, as being significant contributors to AD pathology. Understanding the 

specific dynamics of plaque deposition, and the interaction with microglia, will be 

a crucial step toward finding a cure.  

 

To investigate this, I made use of a new chemical imaging paradigm involving 

stable isotope labelling combined with imaging mass spectrometry to assess the 

timeline of plaque deposition. This was examined in amyloid precursor protein 

(App) knock-in mouse models, which are more representative of human AD 

pathophysiology compared with traditional transgenic AD models. I additionally 

used a new App KI model with a perturbed microglial response to directly assess 

the impact of the microglial receptor triggering receptor expressed on myeloid 

receptors 2 on plaque conformation. The work presented here utilises novel and 

quantitative methods to directly contribute to the understanding of the pattern of 

plaque deposition, what plaques are composed of, and microglial/plaque 

interactions. To the best of our knowledge, these techniques have never been 

employed in these mouse models before. Here, I have shown temporal and 

regional alterations in Aβ plaque deposition, and significant changes in plaque 

composition when microglia are impaired. Overall, these results provide one of 

the first insights into the nature of Aβ and glial pathology in mouse models which 

are more representative of human disease. This will help contribute to further 

clinical research into potential therapeutics for AD. 
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The iSILK results have already been published in the Journal of Biological 

Chemistry (Michno et al., 2021), and the plaque conformation and microglia 

results will be written for publication later this year. These publications will provide 

mechanistic insight into amyloid pathology in AD, and provide a basis for future 

research. Although the Covid-19 pandemic meant that I wasn’t able to attend a 

number of conferences and workshops, I was able to present poster material at 

three conferences, both in person (ADPD – Lisbon, 2019; Mass Spectrometry & 

Advances in the Clinical Lab – Salzburg, 2019) and virtually (FENS – 2020; 

Society for Neuroscience – 2021). For Mass Spectrometry & Advances in the 

Clinical Lab 2019, I was awarded a Young Investigator grant, enabling me to 

present there and network with like-minded scientists. Additionally, I helped 

communicate current AD research with the public by demonstrating microscopy 

skills at UCL ARUK outreach events in 2018 and 2019, and I was involved in 

hosting In2Science students in the lab. Furthermore, I was awarded runner-up in 

UCL’s ‘Three-Minute Thesis’ competition in 2019, where I summarised my PhD 

work in lay terms in three minutes. 
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Chapter 1: Literature Review 

 

 

1.1 Alzheimer’s disease 

 

It is estimated that there are currently over 50 million people in the world living 

with dementia, with the Global Burden of Disease Study 2019 estimating the 

number expected to triple to 152 million by 2050, particularly in low- and middle-

income countries (Livingston et al., 2017). Alzheimer’s disease (AD) is the most 

common cause of dementia, accounting for over 50% of all dementia cases. With 

10 million new cases each year, the impact on society and the economy is huge, 

in addition to the psychological effects on sufferers and their carers. However, 

there is still no effective treatment. Therefore, understanding the pathology of this 

disorder represents a crucial step towards finding a cure.  

 

1.1.1 Pathology 

 

AD was first identified in 1907 by Dr Alois Alzheimer, who observed the presence 

of abnormal aggregated protein in the post-mortem brains of patients (Alzheimer, 

1907). The hallmark pathologies of AD are amyloid-beta (Aβ) plaques and 

neurofibrillary tangles (NFTs), leading to neurodegeneration (Serrano-Pozo et al., 

2011). Aβ plaques are extracellular deposits of Aβ protein in the brain 

parenchyma, and also occur in cerebral blood vessels (called cerebral amyloid 

angiopathy). NFTs are composed of intracellular aggregated 

hyperphosphorylated tau protein, and are thought to arise from mis-localisation 

of tau and subsequent deregulation of microtubule dynamics (Alonso et al., 2008). 

Aβ plaques accumulate first and result from cleavage of APP by beta secretase 

and gamma secretase into many different isoforms of Aβ, including Aβ1-40 

and Aβ1-42, which readily aggregate to form structures such as oligomers and 

amyloid fibrils. Over a period of up to decades, insoluble aggregated forms of Aβ 

recruit surrounding soluble Aβ to aggregate and deposit around neurons, 

contributing to synaptic dysfunction and neuronal cell death (Lambert et al., 1998; 



 17 

Townsend et al., 2006). Subsequent to changes in Aβ, the microtubule 

associated protein tau becomes hyperphosphorylated and aggregates to form 

NFTs, leading to neuronal damage and neurodegeneration (Hardy and Selkoe, 

2002).  

 

The interaction between Aβ and tau is unclear, but one proposed idea is the 

‘amyloid cascade hypothesis’, which outlines how early Aβ accumulation is an 

initiating factor for later pathology (Hardy and Higgins, 1992). Indeed, Aβ-induced 

toxicity has been shown to depend on the levels of tau (Beach et al., 1989; Itagaki 

et al., 1989; Rogers et al., 1988), emphasizing their link. Further support for the 

amyloid cascade hypothesis comes from a number of sources. Human biomarker 

studies using amyloid-positron emission tomography (PET) or cerebrospinal fluid 

(CSF) analysis have demonstrated how changes in tau occur many years after 

Aβ (Bateman et al., 2012). Additionally, over 50% of individuals with Down’s 

syndrome (who harbour three copies of the APP gene due to trisomy 21) will 

develop AD before the age of 50 (Ballard et al., 2016); and mutations within and 

immediately next to the Aβ region of APP causes aggressive forms of fAD, 

highlighting the role of APP in contribution to disease.  

 

In line with Aβ and tau pathology, glial activation occurs in microglia (the resident 

immune cells of the brain) and astrocytes. It is now well established that in AD, 

both cell types respond to tissue inflammation signals and migrate to sites of Aβ 

plaques and NFTs (Ittner et al., 2010; Leroy et al., 2012; Rapoport et al., 2002). 

This is now understood to not only be a response mechanism but an equal 

contributor to disease progression, through complex pro- and anti-inflammatory 

signalling interactions (Heneka et al., 2015).  

 

1.1.2 Risk factors for AD 

 

AD can be divided into two sub-types: sporadic AD (sAD), which occurs after 

about the age of 65; or familial AD (fAD), occurring primarily between the ages of 

45-60 (Campion et al., 1999). The rarer fAD exhibits autosomal-dominant 

inheritance, and is linked to mutations in three genes: amyloid precursor protein 

(APP), presenilin-1 (PS1) and presenilin-2 (PS2) (Berezovska et al., 2005; 

Scheuner et al., 1996). It was the discovery of disease mutations in these three 



 18 

genes that were key to the development of the amyloid cascade hypothesis 

(Hardy and Selkoe, 2002). sAD is termed sporadic, as cases are not genetically 

predetermined (although there are attributed genetic risk factors), and accounts 

for over 95% of AD cases. This is thought to arise from a complex interplay 

between genetic and environmental factors. Although ageing is the single biggest 

risk factor for AD (Guerreiro and Bras, 2015), up to a third of AD cases could be 

attributed to seven potentially modifiable external risk factors: obesity, smoking, 

diabetes, hypertension, depression, lack of cognitive activity, and low level of 

education (Barnes and Yaffe, 2011; Killin et al., 2016). These are important to 

consider as they are preventable, through education schemes and governmental 

changes.  

 

Genome-wide association studies (GWAS) have highlighted the impact of genes 

in AD aetiology (Karch and Goate, 2015). The strongest genetic risk factor for 

sAD known to date is the ε4 allele of the apolipoprotein E (APOE) gene (Corder 

et al., 1993; Sanan et al., 1994), which encodes for the protein APOE, a 

lipoprotein expressed primarily in the liver and then in the brain (Mahley and Rall, 

2000).  

 

The human APOE gene exists as three different alleles: ε2, ε3 and ε4. Of all the 

alleles, APOE4 appears to have the biggest effect: one or two copies of the allele 

has been found to increase the risk of developing AD by 3- and 12-fold, 

respectively (Verghese et al., 2011). Conversely, APOE2 carriers may be 

protected against AD to some degree, whereas APOE3 does not appear to alter 

disease risk (Corder et al., 1993). It is unclear what mechanism underlies this 

isoform-specific effect, but there may be an interaction between APOE and Aβ. 

APOE4 may change the normal function of microglia by binding to Aβ and 

preventing its clearance. Indeed, APOE3 carriers have been shown to have fewer 

Aβ plaques and oligomers than APOE4 carriers in both humans (Hashimoto et 

al., 2012; Koffie et al., 2012; Schmechel et al., 1993) and mice (Fagan et al., 2002; 

Hudry et al., 2013).  

 

The significance of the microglial response in AD is supported by evidence that 

disease risk is associated with genes for immune receptors. GWAS studies have 

highlighted a number of microglial or microglia-associated genes that are 
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implicated in AD, such as clusterin (CLU), Siglec-3 (CD33), 1-phosphatidylinositol 

4,5-bisphosphate phosphodiesterase gamma-2 and complement receptor 1 

(CR1) (Jansen et al., 2019). The most prominent microglial risk gene is triggering 

receptor expressed on myeloid cells 2 (TREM2), of which the R47H missense 

mutation increases susceptibility to AD by 2 to 4.5-fold (Guerreiro et al., 2013a; 

Jonsson et al., 2013). APOE has also been shown to interact with microglia and 

trigger a cascade of events resulting in enhanced transcription of APP, thereby 

increasing levels of Aβ (Huang et al., 2017). Additionally, research has shown 

that the APOE4 allele results in increased microgliosis compared with APOE3, in 

both humans (Minett et al., 2016) and in mouse models expressing human 

isoforms of APOE (Rodriguez et al., 2014). APOE is also upregulated in disease-

associated microglia (DAM), further suggesting an interaction between APOE, 

Aβ and microglia. Overall this further highlights the role that genes and immune 

cells have in AD risk; however, sAD is generally thought to arise 

from a complex interplay between genetic and environmental factors (Barnard et 

al., 2014). 

 

1.2 Clinical symptoms and diagnosis 

 

Clinical symptoms of AD include initial problems with episodic memory and 

difficulties multi-tasking, followed by more profound cognitive impairment as the 

disease progresses, including behavioural and mood changes, and eventual 

decline into full dementia (Jost and Grossberg, 1995). Confusingly, plaque 

pathology does not correlate with disease stage (Nelson et al., 2012); rather, 

region-specific synapse loss has been shown to correlate best with cognitive 

deficit (DeKosky and Scheff, 1990; Spires-Jones and Hyman, 2014; Terry et al., 

1991), potentially because synaptic function underlies cognitive performance. 

Synapse loss has been proposed to be a downstream effect of amyloidosis, 

tauopathy and inflammation. 

 

1.2.1 Diagnosing AD 

 

There is no single test to diagnose AD or other forms of dementia. Traditionally, 

dementia is diagnosed based on a combination of patient health history, the 

pattern of cognitive deficits, and a panel of clinical investigations including 
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structural brain imaging and blood tests (Blennow et al., 2006; Porsteinsson et 

al., 2021). However, there is great heterogeneity in the pathology and clinical 

presentation of AD, which makes diagnosis difficult (Blennow and Wallin, 1992). 

AD cannot be definitively diagnosed until post-mortem neuropathologic 

evaluation, upon identification of both Aβ plaque deposition and NFTs (Braak et 

al., 2006; Braak and Braak, 1991).  

 

As clinical features of AD are thought to emerge many decades after amyloid 

pathology has started (Bateman et al., 2012), it is incredibly important to develop 

effective methods to identify the disease in its early stages. As AD shares the 

feature of abnormal protein aggregates with other dementias, such as dementia 

with Lewy bodies (DLB) or frontotemporal dementia (FTD) (Matej et al., 2019), it 

is crucial to keep developing new diagnostic tools to be able to accurately 

distinguish between these disorders. Amyloid and tau can now be imaged in live 

patients (Scholl et al., 2016; Suppiah et al., 2019), and functional imaging 

approaches such as PET, magnetic resonance imaging (MRI) to measure brain 

atrophy, and quantitative electroencephalogram are all being used to aid the 

diagnosis of AD (Jack et al., 2013).  

 

1.2.2 Treatments for AD 

 

Despite robust studies detailing the involvement of Aβ and tau in AD, treatments 

targeting aggregated peptide removal have repeatedly failed in clinical trials. 

There were high hopes for several anti-Aβ antibodies (aducanumab and 

BAN2401, which target fibrillar Aβ; and solanezumab for monomeric Aβ), and 

indeed there was a modest reduction in the rate of cognitive decline in subsets 

of AD patients. However, the side effects such as cerebral microhaemorrhages 

and vasogenic edema have limited their clinical efficacy (Honig et al., 2018; 

Salloway et al., 2014).  

 

Recent work has suggested that it is in fact Aβ oligomers, rather than the plaques 

themselves, that are more responsible for neurotoxicity (Viola and Klein, 2015).  

Therefore, new therapeutics that target oligomeric Aβ, rather than other forms, 

may be more effective. Another explanation is that treatment is occurring far too 

late in disease course – anti-Aβ or -tau compounds may only be effective in the 
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very early stages. Therefore, it is critical to identify fluid biomarkers, such as in 

blood or urine, that can be screened to identify AD onset before cognitive 

symptoms have started. 

 

Very recently, the top-line Phase 3 clinical trial results were released for the anti-

amyloid antibody lecanemab, where Biogen/Eisai reported that all primary and 

secondary endpoints were met. Significantly, these data provide the first example 

of a therapeutic antibody that changes the course of AD pathology, and certainly 

strengthen the amyloid cascade hypothesis (Biogen, 2022). 

 

1.2.3 Biomarkers for AD 

 

Currently, AD is only definitely diagnosed post-mortem (Braak et al., 2006; Braak 

and Braak, 1991). The identification of AD-related biomarkers in blood, plasma 

and CSF would allow for a less invasive and more accurate diagnosis of the 

disease during the patient’s life, and would also allow for therapeutic intervention 

before too much pathological damage. Biomarkers which are perturbed in AD 

and are detectable in fluid include Aβ, neurofilament light chain (NfL), tau and 

synaptic proteins, and are the centre of fluid biomarker research today. 

 

Changes in CSF Aβ are believed to be one of the first signs of AD. In particular, 

low CSF Aβ1-42 correlates with amyloid burden because in the brain, this sticky 

peptide has already aggregated into plaques, leaving less to be secreted into the 

extracellular space (Strozyk et al., 2003). The development of PET ligands 

targeting fibrillar Aβ led to multiple studies confirming around 90% concordance 

between low CSF Aβ1-42 levels and positive amyloid PET scans (Blennow et al., 

2015). However, Aβ aggregation starts many years before clinical symptoms 

emerge. A recent study correlated higher CSF Aβ1-42 levels with better cognitive 

health and hippocampal volume, regardless of plaque burden, suggesting that it 

is in fact the soluble forms of Aβ that are influencing dementia symptoms 

(Sturchio et al., 2021). This also could be why anti-amyloid drugs have low 

efficacy, as they target plaques rather than soluble Aβ. Therefore, it would be 

useful to examine nonfibrillar forms of Aβ such as oligomers and protofibrils, 

which are more representative of the dynamic profile of Aβ during early disease.  
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It is important to also consider other isoforms of Aβ, of which Aβ1-40 is the most 

abundant in CSF (Portelius et al., 2007). A 1998 study found that combined Aβ1-

40 and Aβ1-42 analysis improved the diagnostic accuracy for AD (Shoji et al., 

1998), with a subsequent study showing that the CSF Aβ1-42/Aβ1-40 ratio was 

better than Aβ1-42 alone in correlating with p-tau levels (Wiltfang et al., 2007). 

Higher CSF Aβ1-38 has been shown to potentially be protective in individuals 

positive for AD biomarkers (as determined by CSF p-tau/Aβ1-42 ratio), by slowing 

decline in Mini-Mental State Examination scores (Cullen et al., 2021). This 

highlights the potential pathogenic significance of secretion and deposition of 

Aβ1-38, a peptide not as thoroughly researched as Aβ1-42 and Aβ1-40. An 

intriguing recent study found that plasma Aβ1-42/40 ratio drops in blood 

potentially years before CSF, opening up a potential screening window. In this 

study, both CSF Aβ1-42 and Aβ1-40 levels increased with age, so the ratio 

stayed the same; however, in plasma, Aβ1-40 levels increased over time more 

than Aβ1-42, suggesting that clearance of Aβ1-42 starts to falter (Li et al., 2022). 

CSF Aβ1-42/Aβ1-40 ratios have also been used to distinguish AD from other 

neurodegenerative diseases, such as DLB or FTD, which share common 

pathological features (Paterson et al., 2018). Considering these diseases often 

have an overlap of cognitive symptoms (Matej et al., 2019), being able to 

differentiate them at the molecular level is highly useful in order to tailor the 

correct treatment plan for the patient. Overall, these studies implicate Aβ 

metabolism and clearance as early factors contributing to AD development, 

rather than amyloid plaque burden. 

 

1.3 Amyloid pathology  

  

In line with the amyloid cascade hypothesis, Aβ has been shown to be critical for 

the initiation and progression of AD pathology. Downstream, this further leads to 

tau pathology, synaptic alterations and neurodegeneration.  

 

1.3.1 APP processing and Aβ aggregation  

  

APP is an endogenous transmembrane protein of varying amino acid length, that 

comprises a large extracellular N-terminal domain and a smaller intracellular C-

terminal domain. APP is believed to have a role in modulating neuronal 
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differentiation, growth, branching and synaptogenesis (Roch et al., 1994). 

However, its precise role remains unclear, particularly as deletion of App in mice 

appears to have no significant effect (Herms et al., 2004; Wang et al., 2005). APP 

is produced in large amounts by neurons (Lee et al., 2008) and is sequentially 

cleaved by several proteases along two pathways: the amyloidogenic and the 

non-amyloidogenic. Along the non-amyloidogenic pathway, APP is cleaved by 

the α- and β-secretases to form sAPPα and C83. If APP is instead processed 

along the amyloidogenic pathway, β-secretase cleaves APP into a shorter 99 

amino acid long C-terminal fragment (known as CTFβ and C99), which is 

subsequently processed by γ-secretase into an Aβ peptide and a longer soluble 

N-terminal fragment (sAPPβ), which been implicated to function as a death 

receptor 6 ligand and modulate axonal pruning and neuronal cell death (Nikolaev 

et al., 2009). Figure 1 shows the amyloidogenic pathway of APP processing.  

 

 

 

Figure 1. The amyloidogenic pathway of APP processing. Cleavage of transmembrane APP 

by β-secretase generates sAPPβ. C99 is cleaved by γ-secretase, generating AICD and Aβ. Once 

oligomerised, Aβ subsequently protofibrils, which come together to form insoluble long, mature 

fibrils, with then further aggregate to form plaques. 

Abbreviations: s, soluble; APP, amyloid precursor protein; Aβ, amyloid-beta. 

 

 

In terms of the amyloidogenic pathway, beta-secretase 1 (BACE1) was identified 

as a major β-secretase. Therefore, BACE1 may be a therapeutic target for AD, 

to prevent overactivation of the amyloidogenic pathway (and therefore 

overproduction of Aβ). BACE1 inhibition in AD mouse models has been shown 

to ameliorate neuronal loss and memory deficits alongside a marked reduction in 

Aβ1-40/42 levels (Ohno et al., 2007; Ohno et al., 2004). Additionally, AD brains 



 24 

have shown increased BACE1 activity (Johnston et al., 2005; Yang et al., 2003), 

implicating abnormal activation of BACE1 as a pathological mechanism. However, 

inhibition of BACE1 carries potentially toxic effects; for example, BACE1 knock-

out mice had a high mortality rate in the first weeks after birth and were smaller 

and more hyperactive than their wild-type (WT) counterparts (Dominguez et al., 

2005). As BACE1 has multiple other substrates, including voltage-gated sodium 

channel (Nav1) β2 subunit, Golgi-localized membrane-bound α2,6-

sialyltransferase and P-selectin glycoprotein ligand-1 (Vassar et al., 2009), it is 

likely that drugs targeting BACE1 will have unwanted effects on other 

physiological pathways.  

 

γ-secretase cleavage of APP via the tripeptide cleavage process can generate 

both Aβ1-40 and Aβ1-42. This occurs via a pathway that generates Aβ1-40 and 

APP intracellular domains (AICD) 50-99 or Aβ1-48 and AICD 49-99 (Kakuda et 

al., 2006). Following this, Aβ1-49 and Aβ1-48 are cleaved sequentially in three 

amino acid increments to produce mainly Aβ1-40 and Aβ1-42, respectively 

(Takami et al., 2009).  

 

In total, Aβ has over 15 different isoforms and truncations, with Aβ1-40 being the 

most abundant. The longer isoforms, especially Aβ1-42, are more fibrillogenic 

and hydrophobic, and therefore more predisposed to aggregate (De Felice et al., 

2008; Esch et al., 1990; Jarrett et al., 1993). Traditionally, Aβ1-42 has been 

viewed as the most pathogenic peptide in regard to plaque deposition; however, 

a growing body of evidence has implicated the involvement of both Aβ1-38 and 

Aβ1-40 (Lehmann et al., 2020; Michno et al., 2021; Michno et al., 2019c). 

Additionally, these peptides have been proposed to have several physiological 

roles, including neurogenesis, calcium homeostasis, and modulation of synaptic 

activity and plasticity (and therefore learning and memory) (Garcia-Osta and 

Alberini, 2009; Muller et al., 2017). In the healthy brain, a fine balance between 

Aβ production and clearance exists. There are several factors that influence the 

dynamic equilibrium of Aβ, including its location, source and the specific enzyme 

that is degrading it (Saido and Leissring, 2012). However, the precise 

physiological role of Aβ remains unclear.  
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One hypothesis is that, in AD, a disruption of clearance mechanisms, combined 

with a natural elevation of Aβ levels with age, results in either overproduction or 

reduced clearance of Aβ. The former is supported by individuals with fAD who 

have an increase in Aβ production due to missense mutations; the latter is 

supported by sAD cases who may have underlying genetic risk factors combined 

with lifestyle triggers that contribute to disrupted clearance mechanisms of Aβ, as 

supported by CSF studies (Mawuenyega et al., 2010; Rodrigue et al., 2009). 

Different proteases are responsible for degradation of Aβ substrates; for example, 

neprilysin, insulin-degrading enzyme and angiotensin-converting enzyme 

degrade non-aggregated forms of Aβ; whereas matrix metalloproteinase-2 and -

9, and cathepsin B and D degrade aggregated Aβ. A disruption of this dynamic 

equilibrium affects the overall concentration of Aβ peptide (including its 

proteoforms: Aβ1-38, -40 and -42), as well as Aβ aggregates such as oligomers 

(Saido and Leissring, 2012). 

 

Ultimately, both reduced clearance and overproduction leads to excess forms of 

Aβ in the brain with a propensity to oligomerise. Once oligomerised, Aβ forms 

protofibrils, which come together to form insoluble long, mature fibrils (Bitan et al., 

2003; Carulla et al., 2009), which are the primary component of Aβ plaques. 

Certain misfolded oligomers called ‘seeds’ can induce other Aβ molecules to take 

the misfolded form, leading to a cascade of misfolded proteins similar to a prion 

infection (Harper and Lansbury, 1997; Jarrett et al., 1993). All forms of Aβ prior 

to fibrils are considered ‘soluble’.  

 

Converging evidence suggests that, rather than oligomers serving as an 

intermediate step to development of Aβ plaques, they are in fact initiators of the 

pathological process. In the preclinical phase of AD, soluble oligomeric Aβ 

accumulates to a threshold that eventually leads to symptomatic AD. Indeed, 

previous work in our lab showed that hippocampal CA3 pyramidal cells in 

transgenic TASTPM mice (harbouring the Swedish mutation in APP and the 

M148V mutation in PS1) exhibit increased release probability (the probability of 

a synaptic vesicle to release its transmitter content in response to an action 

potential – a major determinant of synaptic strength) even before plaque 

formation (Cummings et al., 2015). We also demonstrated increased release 

probability in App knock-in (KI) mice during pre-plaque stages or early plaque 
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deposition (Benitez et al., 2021; Saito et al., 2014). This suggests that soluble 

forms of Aβ are affecting the network prior to insoluble Aβ aggregation and 

deposition. Aβ oligomers have been demonstrated to trigger damage to the 

surrounding environment via gliosis, oxidative damage, tau hyperphosphorylation, 

and synaptic and mitochondrial toxicity (Kurz and Perneczky, 2011), thereby 

driving the brain to the tipping point where neurodegeneration occurs. In both AD 

animal models (Cleary et al., 2005; Shankar et al., 2008) and in humans (Lesne 

et al., 2013; Perez-Nievas et al., 2013), oligomers can drive cognitive impairment; 

and in vitro, exposure to oligomers rapidly reduces the expression of synaptic 

proteins involved in neurotransmission and learning and memory (Lacor et al., 

2007) and over time, loss of synapses and spines (Wang et al., 2017). There may 

also a link between oligomeric Aβ and tau, as tau contributes to oligomeric Aβ-

related synapse loss (Ittner and Ittner, 2018; Ittner et al., 2010); and reduction of 

tau levels rescues some of these synaptotoxic effects (Roberson et al., 2007) 

however, the underlying mechanisms are unclear.  

 

Limited understanding of specific Aβ dynamics may be one of the reasons why 

drugs targeting Aβ have had no success (Mehta et al., 2017). Therefore, 

understanding at a subcellular level which Aβ species are the most harmful, and 

how this impacts the surrounding cellular network over time, represents a critical 

step towards identifying and targeting biological pathways to effectively halt 

further deficit.  

 

1.3.2 Plaque conformational polymorphism  

 

In AD, individuals display differences in both plaque morphology and composition 

(Dickson and Vickers, 2001; Rasmussen et al., 2017; Tycko, 2015). However, it 

is unclear whether this represents different plaque type, or just different stages of 

growth for the individual plaque. Chemical dyes specific for β-pleated sheets, 

such as Congo red (CR) or Thioflavin-S (Th) in conjunction with 

immunohistochemistry (IHC) are commonly used to classify plaque types into 

mature/dense-cored (CR/Th positive) and immature/diffuse (IHC positive; CR/Th 

negative) plaques. In sAD, Th-positive plaques are associated with dystrophic 

neurites, synaptic and neuronal loss and increased glial activation (Serrano-Pozo 

et al., 2011). Dense-core plaques are consequently regarded as more neurotoxic 
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(Howie and Brewer, 2009). However, confusion lies in the fact that diffuse 

plaques occur even in cognitively normal elderly individuals, and therefore are 

not included in the pathological diagnosis of AD (Edwards, 2019). Therefore, are 

diffuse plaques a precursor to cored plaques, or are they formed through 

distinctly separate mechanisms? Recently developed electro-optically active 

oligomeric probes, luminescent conjugated oligothiophenes (LCOs), can 

distinguish between plaques with different conformations (Nystrom et al., 2017; 

Rasmussen et al., 2017). 

 

Using these tools, studies of Aβ aggregates have shown a high degree of 

conformational variation among oligomers, protofibrils, fibrils and plaques 

(Hammarstrom et al., 2010; Rasmussen et al., 2017). Aβ can aggregate into 

unique structural variants depending on disease type; for example, different 

plaque conformations have been found in fAD vs. sAD cases (Dickson and 

Vickers, 2001); and the arrangement of Aβ varies within and among plaques, 

even in the same individual (Liu et al., 2016; Rasmussen et al., 2017). Cryo-

electron microscopy and solid-state nuclear magnetic resonance spectroscopy 

studies have also shown that polymorphism exists within peptides; for example, 

Aβ1-42 can fold in different ways that yield multiple structural models of fibrils 

(Gremer et al., 2017; Lu et al., 2013; Qiang et al., 2017; Saido and Leissring, 

2012). These conformational polymorphisms thus pose a huge challenge to the 

detection of plaques for diagnostics (Hammarstrom et al., 2010), and for the 

development of therapeutics targeting Aβ aggregates. 

 

Diffuse plaques could be regarded as an earlier and possibly neuroprotective 

form, by recruiting toxic soluble Aβ to localise the damage (Edwards, 2019). 

Cored plaques may be formed at later stages of disease and trigger early 

cognitive deficits via hyperphosphorylated tau (Dickson and Vickers, 2001); 

however, amyloid burden alone does not correlate with dementia severity 

(Ingelsson et al., 2004). Therefore, understanding the function and neurotoxicity 

of plaques remains critical for the development of AD treatments. However, the 

disconnect between plaque burden and cognitive deficit suggest that there are 

other mechanisms at play, such as overreactive glia or NFTs.  

 

1.3.3 Plaque growth and spread 
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Plaque growth is a complex event and may involve selective processing of APP 

into its metabolites, followed by recruitment of different peptides over time. In both 

humans and APP transgenic mice, premature diffuse plaques are associated 

with higher levels of Aβ1-42, whereas neurotoxic cored plaques contain more 

Aβ1-40, implicating Aβ1-40 deposition as a secondary event. The ratio of Aβ1-

40/Aβ1-42 increases over time in these mice, involving hydrophobic priming of 

Aβ1-42 through pyroglutamation followed by Aβ1-40 deposition and core 

formation. This indicates that Aβ1-42-rich premature plaques serve as a 

precursor for senile plaques (Michno et al., 2019a). Additionally, Aβ1-38 secretion 

and deposition occurs after Aβ1-42 deposition in App KI mice, as evidenced by 

an Aβ1-42-rich core and more Aβ1-38 in the periphery of plaques (Enzlein et al., 

2020; Michno et al., 2021), suggesting that individual plaques evolve over time. 

Therefore, pre-formed plaques may serve as a platform for Aβ1-38 to attach to 

and misfold. A pre-cored plaque stage may be a key point of 

therapeutic intervention; therefore, it is critical to understand which mechanism 

draws in Aβ1-40 and encourages plaque maturation. 

 

Further studies have highlighted the theory that individual plaques may evolve 

over time. In Down’s syndrome patients, diffuse Aβ1-42-rich plaques were found 

to precede cored plaques containing Aβ1-40 (Iwatsubo et al., 1995). Post-mortem 

studies have shown that plaque type varies with age: diffuse extracellular plaques 

were found in 12 year-old children, whereas compact plaques were not seen until 

the age of 30 (Lemere et al., 1996), suggesting that diffuse plaques may morph 

into compact plaques over a lifetime. However, this is challenged by a particular 

study in mice, where diffuse Aβ accumulation was found to occur independently 

of compact plaque formation, suggesting that diffuse and compact plaques 

develop via separate pathways (Lord et al., 2011).  

 

In terms of how plaques spread, different brain regions show selective 

vulnerability to amyloid pathology. In humans, amyloid spread is much less 

predictable than NFTs, but two staging systems have been proposed based on 

the patterns noticed in post-mortem evaluation of individuals with AD. The first is 

by Braak and Braak (Braak and Braak, 1997), and the second by Thal and 

colleagues (Thal et al., 2002).  
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Both of these staging systems identify that cortical and hippocampal areas are 

affected in early- and mid-stage AD, and this is supported by multiple other 

studies. An early post-mortem study in Down’s syndrome patients revealed that 

the amygdala, entorhinal cortex are first and worst affected, followed by spread 

to other cortical and subcortical areas, and the olfactory bulb (Mann et al., 1986). 

In humans, the neocortex and dentate gyrus show a disease-related decline in 

numerical synaptic density, which correlates with cognitive decline (Scheff and 

Price, 2006). An MRI study demonstrated that AD patients have accelerated loss 

in hippocampal volume compared with controls (Schuff et al., 2009). Vulnerability 

of the hippocampus in AD may be mediated by dysfunctional adult hippocampal 

neurogenesis (Mu and Gage, 2011), which may contribute to deficits in learning 

and memory observed in individuals with AD. This hippocampal susceptibility to 

pathology is reflected when examining plaque distribution in AD mouse models; 

for example, AppNL-G-F mice have a heavier plaque load in specific areas such as 

the CA1, as demonstrated by the de Strooper lab (Rice et al., 2020) and our lab 

(Vitanova, 2021). Additionally, neuronal and synaptic activity may underlie 

regional vulnerability; for example, AppNL-G-F mice display deficits in long-term 

potentiation (LTP) in the cortex prior to the hippocampus (Latif-Hernandez et al., 

2020); transgenic mice show impairment in hippocampal LTP after exposure to 

soluble Aβ (Rowan et al., 2003); and early plaque pathology is associated with 

loss of spontaneous action potential-mediated activity in the CA1 and dentate 

gyrus of the hippocampus (Cummings et al., 2015). Overall, this highlights the 

importance of considering potential differences in AD pathology between brain 

regions. 

 

 

1.4 Microglia  

 

1.4.1 Microglia in the healthy brain 

 

Microglia are derived from myeloid progenitor cell lineage and serve as the 

‘immune cells’ of the brain. During embryonic development, they migrate from the 

embryonic yolk sac to the brain and grow into immature microglia, where they 

constitute 5-10% of all brain cells (Ginhoux et al., 2010; Li and Barres, 2018). 
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Local cell signalling causes microglia to adopt tissue-specific signatures, creating 

a distinct and heterogeneous populations across the brain (Gautier et al., 2012; 

Hickman et al., 2013; Li et al., 2019). Microglia contribute to the homeostasis of 

the brain by display a ramified or ‘branch-like’ morphology, in which their 

processes are continuously sampling the environment by extending and 

contracting (Kettenmann et al., 2011). Microglia also respond to tissue injury by 

migrating to the site and assuming an ‘activated’ state, allowing them to 

phagocytose toxic material and release pro- or anti-inflammatory factors such as 

cytokines, chemokines and reactive oxygen species (Kettenmann et al., 2011).  

 

Initially, microglia were believed to have only two forms: pro-inflammatory (in 

response to disease) and homeostatic (sampling the environment). The 

development of new techniques, such as single-cell genomics, bioinformatics, 

proteomics and epigenetics has allowed for characterisation of immune cell types 

and states; in fact, a wide range of current research has revealed that there are 

multiple subpopulations of microglia within the brain, all carrying out different 

roles (Butovsky et al., 2014; Hickman et al., 2013; Holtman et al., 2015). They 

are highly mobile and reactive, both responding to cell signalling molecules and 

releasing their own to modulate the integrity of neuronal networks and synaptic 

functioning. They also play a role during human nervous system development, 

when excess neuronal connections are formed that require pruning (Katz and 

Shatz, 1996). In the dentate gyrus, ramified microglia engulf apoptotic 

neuroblasts (Sierra et al., 2010) and are involved in the pruning and remodelling 

of synapses, thus carving out appropriate neural circuits in the brain (Paolicelli et 

al., 2011). Microglia also aid synaptic pruning by interacting with the complement 

system, which is a cascade formed of protein complexes that aids the immune 

system in eliminating invading pathogens (Dunkelberger and Song, 2010). In 

mice, C1q, the initiator of the complement cascade, is activated by astrocytes 

and then further activates C3b, which attaches to neurites and tags them for 

elimination. Deposited C3 then activates C3 receptors on microglia, initiating 

microglia-mediated phagocytosis of inappropriate synapses (Bialas and Stevens, 

2013; Stevens et al., 2007). In addition, microglia play a role in adult hippocampal 

neurogenesis by phagocytosing apoptotic new-born cells (Sierra et al., 2010). It 

appears that microglia have important functions surrounding reorganisation of 

hippocampal synapses, both throughout development and adult life. Altogether, 
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research up until now has shown how microglia play an active role in the 

functioning of the central nervous system. 

 

 

1.4.2 Microglia in AD 

 

Over the past decade, GWAS studies have highlighted several microglia-specific 

genes that are strongly associated with AD risk, including mutations in the gene 

encoding for TREM2 (Guerreiro et al., 2013a; Jonsson et al., 2013) and CD33 

(Stewart et al., 2010). This has shifted the attention in the field towards the 

interaction between microglia and AD-related pathology, in line with consistent 

evidence that glial activation is a component of AD (Itagaki et al., 1989). 

 

The precise function of microglia in relation to AD pathology remains unclear. 

Microglia have repeatedly been demonstrated to cluster around plaques and 

undergo morphological and gene expression changes (Medawar et al., 2019). 

However, it is unclear whether microglia facilitate plaque deposition, or aid 

removal of toxic Aβ. Initially, microglia are thought to be neuroprotective by 

removing of synaptic damage in and around plaques (Edwards, 2019). Murine 

microglia have been shown to cluster round plaques and promote them to 

become denser and more compact, by compartmentalising them to restrict the 

formation of protofibrillar Aβ, thereby reducing neuritic dystrophy (Bolmont et al., 

2008; Meyer-Luehmann et al., 2008). Cell-surface receptors on microglia are able 

to bind to soluble Aβ oligomers and Aβ fibrils (Salih et al., 2019), after which the 

cell becomes activated to produce proinflammatory cytokines and chemokines 

(Stewart et al., 2010). However, microglia have also been shown to secrete 

factors that mediate Aβ fibrillisation (Venegas et al., 2017) or physically ingest 

and modify extracellular Aβ which is then released to seed further plaques. 

Therefore, different subpopulations of microglia may have different roles, or the 

individual microglia may switch function over the course of the disease. 

 

Studies involving colony-stimulating factor 1 receptor (CSF1R), of which 

signalling is critical for microglia survival, also highlight the role of microglia in 

plaque maturation. When CSF1R is depleted using an inhibitory drug called 

PLX5622, 5xFAD mice demonstrate reduced plaque formation, apart from in 
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areas where microglia survive (Condello et al., 2015). In our lab’s previous work, 

microglial ablation resulted in a reduction of small plaques in AppNL-G-F mice 

(Benitez et al., 2021). This suggests that microglia contribute to plaque 

maturation in some way, potentially by compacting soluble Aβ into plaques and 

thus reducing the spread of Aβ toxicity. Interestingly, even prior to plaque 

deposition, microglia numbers are significantly higher in transgenic AD mouse 

models compared with WT mice (Medawar et al., 2019), suggesting an increase 

in proliferation in response to early accumulation of soluble Aβ, or small plaques 

below the detection threshold. Over time, chronic activation in response to excess 

Aβ release may push a switch from a neuroprotective to a neurotoxic phenotype 

via proinflammatory signalling cascades (Sawada et al., 2008), although how this 

occurs is unclear.  

 

Emerging evidence is showing that rather than all microglia experiencing this 

switch, there are many different subtypes of microglia, each with distinct functions. 

A pivotal transcriptional study in WT and AD-transgenic mice identified a 

neurodegeneration-specific subset of the cells, termed ‘DAM’ (Keren-Shaul et al., 

2017). DAM are suggested to play a protective role (via the TREM2 signalling 

pathway) by displaying a specific sensory mechanism to detect damage within 

the central nervous system (CNS) (Huang et al., 2017). Their existence was also 

confirmed in other AD models (Ajami et al., 2018; Friedman et al., 2018), 

implicating that under Aβ pathological conditions, a certain population of microglia 

are assigned to prevent further damage. A new subset of microglia, termed white-

matter-associated microglia (WAM), were recently shown to exist across many 

different mouse models, including 5xFAD, App/PS1 and AppNL-G-F. WAM were 

shown to engulf old and fraying myelin debris, and interestingly, they displayed a 

similar gene expression profile to DAM, but appeared to allow plaques to grow 

(Safaiyan et al., 2021). Overall, this highlights how in mice, microglia are 

heterogenous cells that elicit specialised responses to different pathologies. 

 

While certain groups of microglia may be protective, there are microglia-

associated mechanisms that lead to synaptotoxicity. The classical complement 

cascade, which is typically activated during neurodevelopment, has been shown 

in mice to be inappropriately activated and mediate synaptic loss in the early 

stages of pathology (Hong et al., 2016). If left unchecked, the mechanisms 



 33 

involved in microglia-mediated synaptic development can turn pathological, 

severely affecting synapses. Indeed, early AD research showed that many of the 

complement proteins were localised to neuritic plaques (Eikelenboom and Stam, 

1982), and AD patients display elevated CSF concentrations of C3 and CR1, two 

of the complement proteins, indicating perturbations in the pathway (Daborg et 

al., 2012).  

 

It is important to note that microglial signatures in humans can vary considerably 

from mice. Human transcriptomic studies have reported a wide array of findings, 

such as no DAM signature at all (Mathys et al., 2019), or an incomplete DAM 

pattern, involving upregulation of key DAM genes such as TREM2, APOE and 

CD68, but no detection of other markers such as CST7 and LPL (Sayed et al., 

2020). Proteomic studies have further highlighted the limited overlap between 

human and mouse AD microglial signatures, where upregulated human 

astrocyte-microglial metabolism-associated genes were only partially mirrored in 

mice (Johnson et al., 2020). However, a recent study demonstrated that the 

microglial sensome, i.e. the set of genes associated with microglia continuously 

sensing the environment and responding to those changes, had 57 genes 

conserved between mice and humans (Abels et al., 2021). It is clear that 

microglial genes have vast applicability in physiology and pathology; therefore, 

further proteomic and transcriptomic studies are required to better understand 

how accurately we can model human diseases such as AD in mice. 

 

An individual’s genetic variability in the microglial response to Aβ deposition has 

also been identified as a major determinant for AD risk (Salih et al., 2019). For 

example, tolerance to plaque load may be determined by the ability of the 

microglia to remove damaged synapses (Edwards, 2019). This suggests 

transcriptional changes in microglia in response to Aβ pathology, highlighting the 

importance of investigating their interaction. 

 

1.4.3 TREM2  

 

TREM2 is a cell-surface transmembrane glycoprotein receptor, which in the brain 

is expressed exclusively on the surface of glial cells. It is not clear whether 

TREM2 is expressed in all microglia or only a subset, and interestingly, its 
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expression is modulated by inflammation in the surrounding environment. 

TREM2-positive cells in the AD mouse brain have been shown to be resident 

microglia, rather than infiltrating monocytes (Wang et al., 2016). 

 

TREM2 has been shown to be involved in numerous processes, including 

phagocytosis, inflammatory signalling, and myeloid proliferation, migration and 

survival. TREM2 mediates two pathways to regulate the microglial phenotype; 

one is phagocytic (Frank et al., 2008; Takahashi et al., 2007), and the other 

suppresses inflammatory signalling (Piccio et al., 2007). TREM2 acts primarily 

through interaction with DNAX-activating protein of 12 kDa (DAP12), forming a 

DAP12-TREM2 complex that mediates microglial activation, cell survival, 

phagocytosis and cytokine production (Ma et al., 2015). Once TREM2 associates 

with DAP12, tyrosine phosphorylation of DAP12 occurs within its immunoreceptor 

tyrosine-based activation motives by Src family kinases, resulting in a cell 

signalling cascade and immune response (Lanier et al., 1998). Other TREM2 

ligands include lipids (Cannon et al., 2012) and apolipoproteins such as APOA1, 

APOA2, APOB, CLU and APOE (Atagi et al., 2015; Song et al., 2017; Yeh et al., 

2016).  

 

1.4.4 TREM2 in AD 

 

TREM2 was first implicated in having a role in disease when TREM2/DAP12 

mutations were shown to cause Nasu-Hakola disease, which is characterised by 

extensive white matter loss and frontotemporal-like dementia (Paloneva et al., 

2002). The link between TREM2 and AD was then demonstrated in 2013, when 

two independent GWAS studies highlighted a rare variant in exon 2 of the TREM2 

gene, causing an arginine-to-histidine substitution at amino acid position 47 

(R47H), which increases the risk of developing AD by 2- to 4-fold (Guerreiro et 

al., 2013a; Jonsson et al., 2013), similar to the risk when carrying one copy of the 

APOE4 allele. This was further confirmed by numerous other studies (Benitez et 

al., 2013; Finelli et al., 2015; Ruiz et al., 2014), highlighting the pathophysiological 

role of TREM2. Indeed, TREM2 is upregulated in AD patients (Frank et al., 2008; 

Takahashi et al., 2007), and CSF TREM2 is a potential biomarker of AD-related 

neurodegeneration (Suarez-Calvet et al., 2016). Several other variants of TREM2 

were then identified as risk factors for AD, including R62H, d87N, H157Y, T96K 
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and R136Q (Guerreiro et al., 2013c; Jin et al., 2014; Sims et al., 2017; Song et 

al., 2017). However, it is unclear what the precise role of TREM2 is in this context, 

although the R47H mutation has been shown to change the conformation of the 

ligand-binding region of TREM2 and therefore reduces binding of its ligands, 

including CLU, low-density lipoprotein (LDL) and APOE (Atagi et al., 2015), and 

CLU-LDL lipoprotein-associated Aβ1-42 aggregates (Yeh et al., 2016).  

 

Trem2 mouse models have helped with understanding of the involvement of 

TREM2 protein in sAD. There is now a strong line of evidence showing the strong 

association of Trem2 with Aβ. We previously reported that Trem2 is upregulated 

in both the cortex and hippocampus of TASTPM mice, and is strongly connected 

with other genes associated with Aβ pathology (Matarin et al., 2015). Additionally, 

Trem2 facilitates Aβ1-42 uptake alongside downregulation of the microglial pro-

inflammatory cytokine response (Jiang et al., 2014). Interestingly, recent work 

has shown that in vitro, oligomeric Aβ binds directly to Trem2 and activates 

signalling with DAP12. Numerous studies have reported that Trem2-deficient 

mouse models show decreased microglial activation, resulting in a reduction of 

plaque-associated microglia and altered plaque morphology (Jay et al., 2015; 

Wang et al., 2015; Yuan et al., 2016).  

 

The recent development of Trem2 mouse models with the R47H mutation has 

yielded further valuable information about the role of this variant. 5xFAD mice 

expressing human Trem2R47H were first developed in 2018, and show impairment 

in microglial clustering around plaques, and reduced microgliosis and microglia 

density in both the cortex and hippocampus (Song et al., 2018). Additionally, 

soluble Trem2 was found to colocalise with neurons and plaques in mice carrying 

the common variant of human TREM2, indicating that in  mice, Trem2 has a role 

in recognising damaged neurons (Song et al., 2018). Intriguingly, this is impaired 

in Trem2R47H mice, highlighting an interaction between Aβ and soluble Trem2 

(Zhong et al., 2018). Cheng-Hathaway and colleagues subsequently crossed 

these mice with App/PS1 mice to examine the effects of the R47H mutation in 

relation to Aβ (Cheng-Hathaway et al., 2018). These mice display reduced 

quantities of dense-cored plaques (Cheng-Hathaway et al., 2018), suggesting an 

impairment in the ability of microglia to compact plaques. Mice harbouring the 

R47H point mutation were also demonstrated to have reduced microglial density 
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and downregulated Trem2 expression (Xiang et al., 2018). Overall, this suggests 

that the R47H mutation causes loss-of-function of TREM2. Additionally, TREM2 

may have a progression-dependent effect on amyloid burden. A particular study 

demonstrated that Trem2 deletion has no effect on plaque burden until advanced 

stages of pathology in 5xFADxTrem2-/- mice (Wang et al., 2016). In 2 month-old 

APP/PS1-21 mice, Trem2 depletion resulted in reduced plaque size and area, 

whereas the opposite effect was found in 8 month-old mice (Jay et al., 2017). 

Therefore, TREM2 may have a greater contribution to Aβ deposition early in 

pathology, with this effect waning as the disease progresses. 

 

Recently, our lab reported that AppNL-F mice display upregulated plaque-induced 

gene expression exclusively in microglia touching plaques, with the Trem2R47H 

mutation ameliorating this effect, suggesting that microglia must touch plaques 

before Trem2 gene expression is increased (Wood et al., 2022). This same study 

showed that AppNL-F/Trem2R47H mice exhibit a higher density of plaques in the 

hippocampus than AppNL-F mice, driven by a larger number of smaller sized 

plaques (Wood et al., 2022). Overall, this suggests that a perturbed microglial 

response in AppNL-F/Trem2R47H mice may be affecting plaque clearance. 

Therefore, microglia may have an essential role for the clearance of smaller 

plaques, whilst not having much of an effect on larger plaques. Alternatively, the 

barrier formation function of microglia (Condello et al., 2015) may be lost in these 

mice, resulting in increased breaking off of smaller plaques from bigger plaques. 

Therefore, it would be useful in this context to further explore the effects that the 

Trem2R47H mutation has on microglial activation and plaque morphology.  

 

1.5 Models of AD 

 

A fully representative mouse model of AD, which develops plaques that naturally 

leads to tangles, still does not exist. However, there are hundreds of well-

established AD mouse models, many of which that have been developed on the 

basis of the amyloid hypothesis (McGowan et al., 2006).  

 

1.5.1 Transgenic mouse models  
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Over the past few decades, transgenic mouse models engineered with the 

overexpression of AD-related proteins, such as App, PS1 and PS2, Trem2 and 

ApoE (Hall and Roberson, 2012) have been widely used in AD research. 

Transgenic mice are generated by random insertion of the transgene into the 

genome, thereby increasing the copy number of the gene (Chartier-Harlin et al., 

1991; Goate et al., 1991). Three isoforms of human APP (695, 751 and 770 hAPP) 

have been used for the generation of transgenic lines. APP gene mutations are 

named after the place of discovery, such as the Indiana (V717F) (Murrell et al., 

1991), Swedish (K670N and M671L) (Mullan et al., 1992), London (V717I) (Goate 

et al., 1991) and Arctic (E693G) (Nilsberth et al., 2001). Table 1 summarises 

some of the most used transgenic mouse models for the study of AD. 

 

Tg line Transgene Promot

er 

Features Referenc

e 

APP23 huAPP751 (Swe) 

 

Mouse 

Thy-1 

Aβ plaques at 6 

mo; gliosis; 

hippocampal 

neuronal loss; 

dystrophic 

neurites 

containing 

hyperphosphoryla

ted tau; spatial 

memory deficits 

(Sturchler

-Pierrat et 

al., 1997) 

TgJ20 hAPP770 (Swe/Ind) 

 

PDGF Aβ plaques at 8 

mo; gliosis 

(Mucke et 

al., 2000) 

TgTASTP

M 

PS1: M146V Thy-1 Aβ plaques at 3-6 

months old; 

gliosis; localised 

neuron loss 

(Howlett 

et al., 

2004) 

APP/PS1 

Line 85 

mo/huAPP695 (Swe);  

Tg huPSEN1 (ΔE9) 

 

Mouse 

Prnp 

Aβ plaques at 6 

mo; gliosis; 

impaired memory 

and learning 

(Jankows

ky et al., 

2004) 
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APPPS1 huAPP695 (Swe);  

huPSEN1 (L166P) 

 

Mouse 

Thy-1 

Aβ plaque 

deposition from 6 

weeks old in the 

cortex and 3-4 mo 

in the 

hippocampus; 

significant 

decrease in CSF 

Aβ1-42 

concentrations 

with age; impaired 

LTP 

(Radde et 

al., 2006) 

5xFAD 

Tg6799 

huAPP695 (Swe/Flo/L

on);  

huPSEN1 

(M146 L/L286 V) 

Mouse 

Thy-1.2 

Aβ plaque 

deposition from 2 

mo; gliosis, 

downregulation of 

synaptic markers; 

impaired LTP and 

spatial working 

memory 

(Oakley et 

al., 2006) 

hTau.P30

1S 

huMAPT4R0N (P301S) Mouse 

Thy-1.2 

NFTs from 3 mo; 

gliosis from 5-6 

mo; memory 

deficits from 2.5 

mo 

(Allen et 

al., 2002) 

3xTg-AD 

 

huAPP695 (Swe);  

MAPT4R0N (P301L);  

PSEN1 M146V knock-

in 

 

Mouse 

Thy-1 

Aβ plaque 

deposition from 3-

4 mo; gliosis; tau 

immunoreactivity 

in hippocampal 

CA1 neurons but 

no tau pathology; 

cognitive 

impairment from 4 

mo 

(Oddo et 

al., 

2003b) 



 39 

Table 1. Summary of the most commonly used transgenic AD mouse models. 

Abbreviations: mo, months old; NFTs, neurofibrillarary tangles; LTP, long-term potentiation; Swe, 

Swedish; Flor, Florida; Lon, London; Ind, Indiana; APP, amyloid precursor protein; PS1, presinilin-

1; MAPT, microtubule associated protein tau; AD, Alzheimer’s disease. 

 

Throughout the last few decades since their development, these mice have 

proved highly useful and have been the basis for hundreds of AD-related studies. 

The 5xFAD model has been particularly popular; these mice carry five mutations 

in the App and Ps1 transgenes, and develop widespread plaque pathology, 

gliosis, synaptic degeneration, neuronal loss and cognitive deficits (Oakley et al., 

2006).  

 

Whilst no doubt useful, it is important to note that due to random insertion of the 

transgene, the number of gene copies of App is significantly increased, thus App 

is overexpressed which in turn leads to leads to overproduction of other App 

fragments in addition to Aβ. This may result in multiple other phenotypes that may 

not accurately reflect the human disease. Additionally, there are potential extra 

artefacts related to the random insertion into the genome which may interfere with 

expression of other unrelated genes, as well as the use of a range of different 

promoters that result in App being expressed at different times and places than 

would be the case with the App promoter. Another key limitation of App transgenic 

models is that there is no model where Aβ plaques naturally lead to tau tangles, 

making them not fully representative of human AD. This problem was addressed 

in part by the development of models which also included a MAPT tau mutation, 

such as the 3xTg (Table 1) which overexpresses App, Ps1 and MAPT (Oddo et 

al., 2003b). However, a concern with this is that in humans, the development of 

tau tangles arises from accumulating Aβ rather than from tau mutations, therefore 

again these mice are not as comparable with human AD. Overall, transgenic 

models provide good mechanistic insight into early AD-related pathological 

mechanisms, but their conclusions should not be over-extrapolated due to the 

potential confounding effects from App overexpression.  

 

1.5.2 App knock-in models 

 

App KI mouse models were first developed in 2014 to overcome the issues 

associated with transgenic models. These models have an advantage in that 
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promoter-driven gene expression is used to increase pathogenic levels of Aβ 

without overexpressing App. Saito and colleagues (Saito et al., 2014) humanised 

the murine Aβ sequence by replacing three amino acids, and one to three fAD 

mutations were inserted into the App sequence. These mutations are: the 

Swedish (KM670/671NL), which increases beta site cleavage of App leading to 

an increase in Aβ1-40 and -42 levels, the Beyreuther/Iberian (I716F), which alters 

gamma-cleavage at the C-terminal position, leading to a rise in the ratio of Aβ1-

42 to -40, and the Arctic (E693G), which predisposes the oligomerisation of Aβ 

fibrils (Saito et al., 2014).   

 

Three strains of mice have been generated using this model; AppNL (harbouring 

the Swedish mutation), AppNL-F(harbouring the Swedish and Beyreuther/Iberian 

mutations), and AppNL-G-F(with an additional Arctic mutation) (Fig. 2). Both AppNL-

Fand AppNL-G-F  models exhibit a progressive rise in amyloidosis, with AppNL-F mice 

starting to develop plaques at around 9 months, and AppNL-G-F at 2 months. Hence, 

the former is an excellent model for studying early pathological changes, whereas 

the latter is good for examining advanced, post-plaque alterations in the brain. 

Microgliosis and astrogliosis have also been observed around plaques, with 

AppNL-G-F  mice showing increased microglia density in the cortex from 6 months 

old and the hippocampus from 9 months old, and AppNL-F displaying microglial 

alterations from 24 months of age (Benitez et al., 2021). However, there is no 

evidence of NFTs or neurodegeneration (Saito et al., 2014). 

 

In terms of behaviour, AppNL-G-F mice display cognitive deficits from around 6 

months old (Masuda et al., 2016; Mehla et al., 2019; Sakakibara et al., 2018), as 

well as exploratory behaviour and memory impairments (Pauls et al., 2021; 

Whyte et al., 2018). AppNL-F mice, which represent a slower model of amyloid 

deposition, show early pre-plaque alterations in paired-pulse ratios (Benitez et al., 

2021), synaptic protein levels (Schedin-Weiss et al., 2020) and Morris water 

maze performance (Shah et al., 2018), but overall exhibit a more modest 

phenotype compared to AppNL-G-F. Previous work by our lab showed that both 

models display changes in the frequency of spontaneous excitatory postsynaptic 

currents during mid- to late-pathology (9 months for AppNL-G-F and 20 months for 

AppNL-F). Overall this suggests that early soluble Aβ may initiate certain 

behavioural and synaptic deficits, perhaps due to its interference with presynaptic 
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activity. This is supported by a particular study demonstrating that both models 

have impaired presynaptic protein turnover at 6 months old but not at 12 months 

old, highlighting the early vulnerability in synapse dynamics (Hark et al., 2021).  

 

Recently, a new App KI mouse model with three humanised APP mutations 

(Swedish KM670/671NL, Arctic E693G and Austrian T712I) was developed 

(APPSAA) (Xia et al., 2021). By 2 months old, these mice have an increased Aβ1-

42/40 ratio in the brain, plasma and CSF compared to WTs. Amyloid plaques 

develop at 4 months old, and follow a pattern of spread consistent with humans 

(Thal et al., 2002): cortex/hippocampus first, followed by the entorhinal region, 

amygdala, thalamus and striatum. In particular, these mice demonstrate altered 

glial responses and increased neurodegeneration markers such as CSF tau and 

Nfl (Xia et al., 2021). 

 

App KI models have a particular advantage over transgenic models in that they 

avoid overexpression of App. However, these models do have their limitations, in 

that they do not develop tau tangles, and are therefore only useful to explore early 

amyloid-related pathology and the effects on the surrounding cellular network. In 

humans, tau pathology may not emerge for up to two decades (Bateman et al., 

2012); therefore, the age to which mice live could be a constraint for observing 

this effect. It is also important to highlight that AppNL-G-F mice are an aggressive 

model of amyloid pathology, with very early-onset plaque development (from 2 

months old) due to the additional Arctic mutation which increases the propensity 

of Aβ to aggregate (Saito et al., 2014). This is faster than would occur in humans, 

and additionally unrepresentative of human AD, as this combination of fAD 

mutations has not been identified. However, these mice are very useful for quickly 

and cheaply observing the initial effects of Aβ, and they also display altered glial 

responses, and are therefore a good model for the present work. AppNL-F mice 

are arguably more representative of human AD due to a slower rate of amyloid 

deposition, but present time and cost constraints in that they do not develop 

plaques until 9 months old, and do not show significant glial alterations until later 

on in pathology (Benitez et al., 2021; Saito et al., 2014). However, these models 

remain useful for identifying Aβ pathogenesis and early biomarkers. 
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Figure 2. Plaque pathology over time in AppNL-F and AppNL-G-F mice. The predisposition 

towards early plaque deposition results in a different insoluble/soluble Aβ equilibrium compared 

with AppNL-F mice. Both mouse models develop amyloid plaques but no evidence of tau pathology, 

with AppNL-G-F mice developing plaques at 2 months, and AppNL-F developing plaques at around 9 

months (Saito et al., 2014). Plaques were detected using LCOs (green) in the hippocampus of (A) 

AppNL-F and (B) AppNL-G-F mice. DAPI (blue) was used as a nuclear counterstain. (C) Plaque 

pathology scores in male and female AppNL-F and AppNL-G-F mice. Figure adapted from Benitez et 

al. (2021). 
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1.5.3 Cellular models 

 

1.5.3.1 Induced pluripotent stem cells 

Induced pluripotent stem cells (iPSCs) are pluripotent stem cells derived from 

adult somatic cells. Cells can be generated from a patient with a specific genotype 

or phenotype of interest, and then differentiated into a target cell type, such as 

neurons or glia. In this way, in vitro models with the patient’s specific genome can 

be used for study into the precise disease mechanism of interest. For example, 

iPSCs have been widely used to assess cellular mechanisms in AD, including in 

neurons (Israel et al., 2012), astrocytes (Oksanen et al., 2017) and microglia 

(Reich et al., 2020). iPSCs derived from AD-linked mutations in PS1 and PS2 

have shown that much like neurons derived from sAD patients, they have greater 

vulnerability to Aβ-induced toxicity and oxidative stress compared to cells from 

healthy controls (Ochalek et al., 2017). Additionally, glutamatergic neurons 

expressing mutated APPV717I showed altered subcellular distribution of APP and 

cleavage of β- and γ-secretases, demonstrating the mechanism underlying the 

perturbed Aβ production in these cells (Muratore et al., 2014).  

 

iPSCs can also be differentiated into microglia-like cells, allowing for the study of 

microglia in health and disease. For example, iPSC-derived microglia-like cells 

from patients with TREM2 mutations demonstrated reduced TREM2 expression 

and secretion, and impairments in phagocytosis and cytokine release and 

migration (Garcia-Reitboeck et al., 2018). A further study showed that mutant 

TREM2 in these cells experienced abnormal accumulation, proteolysis and 

trafficking (Brownjohn et al., 2018). Such studies no doubt provide valuable 

insight into disease mechanisms in human-specific cells. 

 

This technique has been revolutionary in recent years, by allowing for an endless 

supply of human cells expressing disease-causing genes. iPSCs also have a 

significant advantage over animal models in that they don’t have exogenous gene 

expression, and therefore are more genetically representative of humans. 

However, some concerns lie in that iPSCs are ‘rejuvenated’ and don’t reflect the 

age of the donor (Lee et al., 2020). An additional key limitation of studying just 

one cell type is that interactions across multiple cell types can’t be examined; 

therefore, a new ‘3D culture’ system was recently developed, whereby iPSC-
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derived neurons, astrocytes and immortalised human microglia were co-cultured. 

The authors found that this system successfully recapitulates AD phenotypes, 

including Aβ aggregation, phosphorylated tau and neuroinflammation (Park et al., 

2018). 

 

1.5.3.2 Organotypic hippocampal slice culture 

 

The hippocampus is one of the earliest and most-affected areas in AD and is 

therefore a critical area to investigate (Davies et al., 1988). Primary cell culture 

systems allow for easy manipulation and examination of hippocampal cells, but 

are not fully representative of the internal environment of an animal due to the 

lack of other cell types. Organotypic hippocampal slice culture (OHSC), where 

whole hippocampal brain sections are cultured, represents a three-dimensional 

cell culture technique that maintains the structural integrity of hippocampal 

networks, including glial cells, providing a more in vivo-like environment 

compared with primary cell culture (Stoppini et al., 1991). An additional 

advantage is that many brain slices can be obtained from one animal, with each 

subjected to separate testing conditions, thereby reducing the numbers of 

animals required. Brain slices are typically obtained from young postnatal animals 

(<P7) because of improved morphology and survival of up to several months. 

Once cut, slices are cultured for 10-14 days before treatment, to allow them to 

‘recover’ from the slicing process, which typically results in activated microglia, 

astrogliosis, and an excess release of glutamate and inflammatory factors due to 

tissue injury. 

 

OHSCs have been applied to the study of Aβ. Acute slices from AD transgenic 

mice are widely used for electrophysiology, and have demonstrated Aβ-

associated synaptic alterations (Cummings et al., 2015). In terms of cell culture, 

many groups have attempted to model Aβ plaque deposition using slices from 

transgenic AD mouse models, however with limited success. Slices simply 

cultured without external manipulation do not develop amyloid plaques; for 

example, OHSCs from TgCRND8 mice did not develop plaques even after 4 

months in culture (longer than it would take in the living mouse) (Harwell and 

Coleman, 2016), and cultures from 3xTg-AD pups demonstrated increased Aβ1-

42 levels after only 4 weeks in culture, however also in the absence of Aβ 
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deposition (Croft et al., 2017). However, one study in 2016 demonstrated that 

application of exogenous Aβ, obtained from App23 or App/PS1 brain 

homogenate plus synthetic Aβ1-40, resulted in OHSCs developing plaques after 

10 weeks in culture (Novotny et al., 2016). If replicable, the potential application 

of this model is vast, as amyloid aggregation dynamics could be visualised with 

ease. Numerous studies have also tried applying OHSC to sections from adult 

AD mice, who already bear plaques, but there is limited neuronal survival 

(Humpel, 2015b), with only 5-10% of cultures surviving a month in culture (Staal 

et al., 2011; Su et al., 2011). This may be due to greater vulnerability to the culture 

environment or reduced plasticity compared with slices from younger mice. 

 

Although it is difficult to assess plaque growth in OHSCs, they may prove useful 

to assess other features of AD, such as tau pathology, neuroinflammation, 

synapse loss and gliosis. The study of tau has been particularly successful, as 

multiple AD models have shown that tau pathology occurs faster in vitro 

compared to in vivo. OHSCs from JNPL3 and hTau mice develop phosphorylated 

tau at just 2 weeks in culture (Duff et al., 2002) compared to in vivo at 5 or 6 

months, respectively (Andorfer et al., 2003). Additionally, OHSCs from 3xTg-AD 

mice show tau phosphorylation at 4 weeks in culture compared to 12-15 months 

old in vivo (Oddo et al., 2003a; Oddo et al., 2003b). Recently, using rAAVs to 

express mutant MAPT in OHSCs resulted the formation of tau inclusions followed 

by cell loss (Croft et al., 2019). In this context, OHSCs provide an efficient and 

simple way of assessing tau dynamics. Additionally, OHSCs may be useful to 

study neuroinflammation and glial responses because they retain all the cell 

types of the CNS. Aβ-treated OHSCs have been used to examine the effects of 

anti-inflammatory compounds against loss of serotonergic, cholinergic and 

dopaminergic neurons (Hochstrasser et al., 2013). In terms of glia, studies have 

used cultured brain slices to assess astrocyte response to Aβ (Xu et al., 1999), 

the role of microglia in plaque clearance (Hellwig et al., 2015b), Trem2 (Mazaheri 

et al., 2017) and ApoE (Marksteiner and Humpel, 2008). These studies highlight 

how OHSCs offer the ease of in vitro approaches whilst maintaining the cellular 

network of the intact brain, and can provide insight into the molecular 

mechanisms underlying neurodegenerative pathologies.  
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1.6 Neurochemical tools to probe AD pathology 

 

1.6.1 Fluorescent amyloid imaging 

 

Plaques are commonly visualised by chemical staining involving Th or IHC. 

Fluorescent microscopy strategies allow for multiplexed imaging of plaques. 

Moreover, new amyloid-specific probes (LCOs) allow delineation of structural 

aspects of polymorphic plaque pathology. LCOs bind to the beta-pleated sheet 

of amyloid fibrils (and other aggregated structures) and display spectral 

differences based on the twisting of the flexible LCO backbone (Aslund et al., 

2009; Klingstedt et al., 2011). Upon binding, LCOs adopt a more planar 

arrangement and undergo a change in effective conjugation, and subsequently 

emit a shift in excitation/emission, which can be detected by hyperspectral 

imaging (a combination of light microscopy and spectroscopy), whereby a 

spectral detector collects spectrally separated emission light for every pixel within 

an image. This technique is particularly useful for analysis of overlapping 

fluorophores leading to signal bleed-through, and also allows for high-speed 

acquisition of multiple spectral profiles at the same time. LCOs have been shown 

to bind more accurately to pathological protein aggregates compared to standard 

amyloid dyes, and can also be used to determine aggregate morphology 

(Magnusson et al., 2014). Indeed, a particular study in APP/PS1 and APP23 mice 

demonstrated that LCOs can distinguish differences in Aβ plaque structure 

between genotypes (Heilbronner et al., 2013), highlighting the value of LCOs in 

elucidating plaque morphology. 
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Figure 3. Principles of LCO imaging. 

(A) Staining for LCOs (qFTAA and hFTAA). qFTAA binds preferentially to more mature fibrils, 

whereas hFTAA recognises both mature and immature, prefibrillar Aβ. (B) The LCO probes have 

different emission properties that are delineated by CLSM using a spectral detector providing a 

continuous emission spectrum (32+2 channels) with each pixel generating a lambda stack. (C,D) 

The shift in emission spectra is illustrated in normalised intensity map of line scans across the 

plan ROI, showing a characteristic blue-shift across the core. 

Abbreviations: qFTAA, quadro-formyl thiophene acetic acid; hFTAA, heptameric formyl 

thiophene acetic acid; LCOs, luminescent conjugated oligothiophenes; CLSM, confocal laser 

scanning microscopy. Figure adapted from (Michno et al., 2021). 

 

1.6.2 Mass spectrometry in AD 

 

The best therapeutic window for anti-AD drugs would be right at the start of the 

disease, before too many Aβ plaques have had a chance to grow and create 

damage to the surrounding neuronal network; however, this is almost impossible 

due to cognitive symptoms only appearing years after disease onset (Bateman 

et al., 2012). AD mouse models are a good way of observing these early 

mechanisms; however, until recently, there has been a lack of imaging 

techniques with the appropriate spatial resolution, specificity and sensitivity to 

measure early Aβ processes on a subcellular level.  

 

Mass spectrometry (MS) has recently been increasingly used in bioanalytical 

science, particularly in proteomics (Aebersold and Mann, 2003). The introduction 

of soft ionisation techniques such as matrix-assisted laser desorption ionisation 

(MALDI) (Karas and Hillenkamp, 1988) and electrospray ionisation (ESI) (Fenn 

et al., 1989) MS enabled fast, sensitive and chemically specific detection of intact 

large biomolecules. Today, MS is the key technique for protein and peptide 

identification, characterisation and quantification, and is highly used for clinical 

screening of metabolites and proteins in blood, CSF and tissue.  

 

Studies using MS have been instrumental for the identification of novel AD 

biomarkers and key pathogenic species involved in AD, such as Aβ and tau 

proteoforms (Goedert et al., 1989; Portelius et al., 2006). MS studies in whole-

brain extracts of AD patients have revealed that sAD, fAD and cognitively 

unaffected but amyloid-positive (CU-AP) patients have similar overall Aβ 

proteoform profiles, but may have differences in Aβ proteoform quantities. For 
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example, even though both AD and CU-AP patients have Aβ1-40 and -42 

peptides, MALDI-MS revealed that the former have a higher portion of Aβ1-40 

and lower portion of Aβ1-42, compared with the latter (Gkanatsiou et al., 2019). 

A study in whole-brain extracts from cerebellum, cortex and hippocampus of sAD 

and fAD (with Swedish and PS1 mutations) cases revealed multiple C- and N-

terminally truncated Aβ proteoforms, but overall no significant differences in Aβ 

proteoform coverage patterns between the two groups (Portelius et al., 2010), 

highlighting the overlapping amyloid profiles of these two diseases.  

 

However, much of MS-based proteomic work has been conducted on whole 

plaques extracted and purified from brain samples, therefore individual plaque 

composition cannot be determined. Additionally, a major limitation in proteomics 

is that there is a lack of spatial information in regard to analyte localisation. Given 

the intricacies of the CNS, it remains critical to understand precise protein and 

peptide distribution in AD, to understand region-specific roles and vulnerabilities. 

Furthermore, analysis into peptide composition at the single-plaque level may 

provide additional insight into how Aβ aggregates and deposits.  

 

1.6.3 Mass spectrometry-based imaging 

 

Recent advances in imaging technologies such as imaging mass spectrometry 

(IMS) greatly increase the resolution of such events. IMS is a powerful chemical 

imaging technique that can be used to measure Aβ patterns at single plaque 

resolution (Carlred et al., 2016; Kakuda et al., 2017; Kaya et al., 2018; Michno et 

al., 2018; Michno et al., 2019a). This involves collecting mass spectra at defined 

pixel-by-pixel points across a sample, and the resulting spectral peak for the 

molecule of interest is then used to map its distribution across the sample. The 

image integrity is assessed by overlaying it with a consecutive brain section that 

has been subjected to immunohistochemistry or staining, allowing for comparison 

of molecule distribution (Miura et al., 2010). In this way, the lipid, protein and 

peptide species and localisation can be identified in situ with high chemical 

specificity (Hanrieder et al., 2015; Hanrieder et al., 2013).  

 

IMS allows for visualisation and analysis of hundreds of molecules at the same 

time, whilst providing spatial information that traditional MS methods do not. A 
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particular advantage of IMS is that prior visualisation of the target protein (e.g. 

using antibodies) isn’t required, and therefore binding/specificity issues are 

avoided. Furthermore, the samples require minimal preparation and treatment. 

However, despite advantages in high spatial resolution and molecular specificity, 

IMS has its limitations. Whilst there certainly is a possibility to simultaneously 

detect many classes of metabolites, ion suppression may occur, whereby each 

metabolite impairs the desorption and ionisation efficiency of every other 

molecule (Chughtai and Heeren, 2010). As a result, more abundant metabolites 

are selectively ionised, leading to increased signal from high-abundance 

metabolites. Another disadvantage comes from the sample preparation itself, 

whereby thawing the tissue can lead to degradation of analytes that are not stable 

at room temperature, thus skewing the results (Chughtai and Heeren, 2010).  

 

 

 

 

Figure 4. Workflow of MALDI-IMS. (A) The tissue of interest is sectioned and mounted onto a 

special glass slide, followed by precoating with a matrix before subject to scanning with a laser 

probe. Ionisation generates larger intact molecular species, including peptides and proteins. (B) 

MALDI single ion images outline different Aβ isotopologues across the brain at the single plaque 

level. (C) Here, total 15N-Aβ1-42 [Σ mass/charge ratio (m/z) 4450 to 4465] localizes 

predominantly to the plaque core.  

Abbreviations: MALDI-IMS, matrix-assisted laser desorption/ionisation imaging mass 

spectrometry. 

  

  

In AD research, IMS is becoming a popular method to elucidate plaque-

associated protein, lipid and metabolite profiles. Two main IMS systems have 

been applied: Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) and 

Matrix-Assisted Laser Desorption/Ionisation (MALDI)-IMS. For MALDI-IMS, a 
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special matrix is applied to the sample, followed by desorption/ionisation of the 

sample with a laser beam (Buchberger et al., 2018), whereby accelerated ions fly 

towards the detector and the flying time (and m/z) is calculated, on the principle 

that ions with a lower mass have a shorter time of flight compared to heavier ones. 

For a typical MALDI-IMS workflow, see Fig. 4.  

 

Such studies have yielded useful information about the composition of plaques 

in AD. The very first application of IMS for analysis of individual plaques showed 

that Aβ proteoforms were both N- and C-terminally truncated in senile plaques 

and leptomeningeal CAA (Kakuda et al., 2017). A recent study revealed that Aβ4-

42 and Aβ1-42, are the primary species in both cored and diffuse sAD and CU-

AP plaques, and that Aβ1-40 was present in highly cored plaques (Michno et al., 

2019a). Additionally, diffuse plaques in sAD contained 3pE-42 as compared to 

diffuse plaques CU-AP patients. This suggests a hydrophobic functionalization of 

Aβ1-42 specific to AD plaque pathology that enables deposition of less 

aggregation prone Ab species incl 1-40 upon plaque maturation into cored 

plaques  (Michno et al., 2019a).  

 

 

 

 

 

 

 

 

 

 

Figure 5. MALDI-IMS of multiple amyloid species in 18 month-old tgAPPArcSwe transgenic 

AD mice. (a) Hierarchical cluster analysis shows histological features resembling plaque 

pathology (yellow, green). (b-d) Examination of variables in the clusters reveals various Aβ 

species within brain sections. (e, f) Aβ-antibody staining on the same section confirms the 

localisation of Aβ plaques. Figure adapted from (Carlred et al., 2016).  

Abbreviations: MALDI-IMS, matrix-assisted laser desorption/ionisation imaging mass 

spectrometry; Aβ, amyloid-beta; IHC, immunohistochemistry. 
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Other methods of mass spectrometry are also continuously being developed, and 

providing further high-resolution insight into AD. The newly developed 

synaptometry by time-of-flight (SynTOF) (Gajera et al., 2021; Gajera et al., 2019) 

utilises single-synapse analysis combined with mass cytometry to characterise 

up to millions of individual synapses. Interestingly, human AD synapses contain 

little Aβ, in contrast to App transgenic mouse models (Phongpreecha et al., 2021), 

emphasising that despite the significant advances that have been made in 

developing more representative AD mouse models, there remains some key 

differences with humans. 

 

1.6.4 Spatial and temporal assessment of protein dynamics using metabolic 

labelling 

 

The current neurochemical tools, including MS, used to understand AD pathology 

are commonly limited to static analysis and do not provide insights on protein 

dynamics. This is critical, as AD pathology and amyloid plaque formation 

specifically, are highly dynamic processes that are difficult to capture with time 

course experiments based on repetitive sampling of either clinical samples or 

collecting mice at different timepoints. These limitations can be overcome by in 

vivo labelling (metabolic labelling) with stable isotopes in combination with MS 

techniques (Oda et al., 1999). 

 

Stable isotopes (such as 15N) have the same number of protons but a different 

number of neutrons as common elements (such as 14N), which results in the 

same physical properties but a difference in mass and can hence be 

distinguished in mass spectrometry. Here, stable isotopes (e.g. 15N, 13C, 18O or 

2D) are provided systemically by infusion or diet and incorporated into newly 

synthesized proteins (i.e. metabolic labelling). 

 

MS and metabolic stable isotope labelling (SIL) was introduced 20 years ago 

(Oda et al., 1999) and most prominently used for cell culture, termed ‘stable 

isotope labelling by amino acids in cell culture’ (SILAC) (Ong et al., 2002). 

Similarly, this approach has been introduced to mammalian organisms termed 

‘stable isotope labelling in mammals’, or ‘SILAM’), whereby fractionally heavier, 

non-radioactive isotopes of natural elements (e.g. 15N, 13C, 2H) are introduced 
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into the amino acid structure that is supplemented into the mouse feed, which 

then uniformly labels the proteome of all newly synthesised proteins. By having 

a feeding (‘pulse’) period followed by a rest (‘chase’) period, later ‘heavy’ form of 

the proteins can be differentiated from the earlier endogenous unlabelled ‘light’ 

proteins by MS (McClatchy et al., 2007; McClatchy and Yates, 2008, 2014). 

 

A very elegant SIL strategy has been developed for following protein kinetics ex 

vivo in AD pathology, termed ‘stable isotope labelling kinetics’ (SILK). Importantly, 

SILK was successfully introduced for probing Aβ and tau turnover in CSF from 

AD patients, revealing significant insights on protein clearance impairment 

associated with AD pathology (Bateman et al., 2006a). In detail, SILK was used 

to measure the turnover of proteins such as Aβ, tau and APOE. In these 

pioneering studies, labelled amino acids (such as 13C6) can be safely 

administered to AD patients and then serially measured from blood or CSF 

(Bateman et al., 2006b; Paterson et al., 2019; Wildsmith et al., 2012). This 

provides dynamic measures of protein production and clearance, giving a more 

detailed overview of the mechanisms underlying alterations of biomarker levels 

in AD (Patterson et al., 2015; Potter et al., 2013). A SILK assessment into Aβ1-

38, -40 and -42 kinetics demonstrated a general decline in Aβ turnover rate with 

age (Patterson et al., 2015). Additionally, Aβ1-38 and -40 had similar kinetics 

regardless of amyloid-PET Aβ status in the individual, whereas soluble Aβ1-42 

was increased in Aβ-positive patients. Other variables such as how 

pharmacotherapies or sleep affects Aβ clearance rates have also been assessed. 

A SILK study assessing daily Aβ1-40 and -42 fluctuations demonstrated an early 

age-associated loss of Aβ1-42 day/night levels, and a decline in Aβ1-42 over time 

in amyloid-negative individuals; however, this effect was lost in those with 

amyloidosis (Lucey et al., 2018). This indicates that amyloid deposition affects 

the dynamic equilibrium of Aβ1-42, which subsequently affects the sleep-wake 

cycle. Overall this highlights how SILK allows for the assessment of peptide 

activity over time, providing valuable insight into the nature of how Aβ behaves in 

health and disease. 

 

SILK has also been applied to cell culture, termed ‘stable isotope labelling with 

amino acids in cell culture’ (SILAC). In such experiments, typically 13C6-leucine is 

incorporated into newly synthesised proteins to understand protein kinetics. In 
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iPSC neurons, disease-associated tau species showed increased turnover (Sato 

et al., 2018), suggesting that proteostasis differs according to peptide species. In 

terms of Aβ, SILAC has been used to compare Aβ-treated cells with control cells 

to then assess alterations in protein levels (Andrew et al., 2019; Correani et al., 

2017). A particular advantage of SILAC is that the role of a specific cell type can 

be directly examined, as opposed to in vivo where many other cell types may 

have an influencing factor. However, this is also a limitation, as the lack of other 

cell types means that the complex brain environment is not recapitulated. 

 

Very importantly, SIL has already been applied to AD mouse models, with 

promising results. At shorter labelling periods, chimeric proteins consisting of 

both 15N and 14N atoms dominate the brain proteome (Savas et al., 2016), 

impairing the ability to assess global protein lifetimes. This is because chimeric 

proteins are difficult to identify by MS due to their broadened isotopic envelope, 

due to the fact that the cut-off for protein detection in MALDI is typically 20kDa in 

linear TOF mode, and 6kDa in reflector TOF mode. Small proteins above 6kDa 

can only be detected in linear mode. However, at this m/z the mass resolution is 

too poor to quantify label incorporation due to peak broadening.  Therefore, 

extended pulse/chase periods are recommended. Indeed, a previous 15N study 

in WT mice demonstrated a three-fold reduction in the number of measured 

proteins after a 1- or 2-month chase, compared to very long or short chase 

periods (Savas et al., 2016). In App KI mice, SILK demonstrated that 6 month-

old AppNL-F and AppNL-G-F had significantly increased synaptic protein levels 

compared to AppNL controls, whereas by 12 months, those elevated protein levels 

were decreased relative to AppNL. (Hark et al., 2021). This suggests that App KI 

mice display early vulnerability to synaptic pathology, but as synapses 

degenerate, alterations in protein expression levels occur again. Overall, this 

highlights how SILK can be used to effectively measure protein dynamics over 

time.  

 

While these studies no doubt provide significant insight into protein turnover 

dynamics, there is a lack of information about spatial isotope incorporation; 

however, chemical imaging technologies such as IMS can increase the resolution 

of these events. The localisation of plaque-associated peptides and lipids can 

also be assessed in this way (Kaya et al., 2017a; Michno et al., 2018; Michno et 
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al., 2019e). These results can be validated by parallel experiments involving 

amyloid staining of the brain section, followed by laser microdissection of the 

plaques and immunoprecipitation to purify Aβ. Samples are then analysed by 

MALDI-MS for assessment of the molecular composition of the plaque and further 

verification of IMS findings. 

 

SILK combined with MALDI-IMS allows for visualisation of old versus new protein 

based on the spectral peaks for heavier vs. light proteins, e.g. 14N versus 15N, 

and therefore the pattern of Aβ deposition over time can be determined. Here in 

our lab, we applied metabolic isotope labelling to AppNL-G-F mice to determine 

spatial plaque growth dynamics. Using MALDI-IMS to assess amyloid 

aggregation at the single plaque level, we found that Aβ1-42 deposits first, 

forming an initial core followed by later secretion and deposition of Aβ1-38. 

Additionally, usage of pulse/chase feeding regimes allowed us to determine that 

plaques formed in the cortex prior to the hippocampus, providing useful temporal 

and spatial information about plaque growth (Michno et al., 2021).  

 

Taken together, Aβ pathogenesis is a highly complex event, involving 

morphologically heterogeneous plaques, structural polymorphism of Aβ fibrils, 

and intricate effects on the surrounding cellular network. Therefore, it is important 

to utilise new technologies to explore this at a high resolution. Being able to run 

animal and human SILK studies in parallel will no doubt provide invaluable 

information not only about the efficacy of the technique itself, but also about how 

newly formed Aβ behaves. 

 

 

1.7 Summary and the present study 

 

In AD, the precise dynamics of how amyloid plaques form, which Aβ species they 

are composed of, and what their effect is on the surrounding environment remain 

unclear. This may be why drugs targeting amyloid have consistently failed clinical 

trials. However, significant previous evidence has implicated soluble and 

insoluble Aβ and gliosis as key players in AD. The chemical imaging techniques 

in this project remain novel; therefore, being able to use the latest techniques to 

elucidate single plaques at an ultrastructural and nanometre level represents a 
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critical step towards our understanding of disease pathogenesis. Additionally, the 

development of isotope labelling of proteins followed by high-resolution imaging 

of such isotopes opens up the possibilities for measuring spatial protein turnover 

kinetics in tissue. This will also provide information for future human studies using 

the same techniques, and serve as a trial for methods of tissue analysis that are 

currently being applied to human samples. 

 

Compared with transgenic mice, App KI mice are arguably more representative 

of human AD due to the knock-in of humanised fAD mutations. In AppNL-G-F mice, 

the predisposition towards Aβ fibrillation and early plaque deposition results in a 

different insoluble/soluble Aβ equilibrium compared with AppNL-F mice, but also 

alterations in microglial and synaptic changes (Benitez et al., 2021). Therefore, 

this project will not only characterise plaque polymorphism and how it relates to 

the timeline of pathology, but also compare gliosis between the two lines to 

understand why cellular responses are affected by the balance of insoluble and 

soluble Aβ. 

 

Therefore, the primary aim of this study was to characterise plaque deposition at 

the single plaque level and assess potential changes in microglia number and 

activation. These changes were compared in a model of slow deposition in old 

age (AppPNL-F) with a model where Aβ is structurally changed to more rapidly 

deposit (AppNL-G-F), at both early and late stages of pathology (4 and 18 months 

for AppNL-G-F; 9 and 18 months for APPNL-F). Additionally, as the R47H mutation 

of the TREM2 gene has recently been identified as a risk factor for AD and a key 

player in plaque deposition, microgliosis was assessed in AppNL-F mice 

harbouring the Trem2R47H mutation. A secondary aim was to develop an OHSC 

model in parallel from App KI neonatal mice that develops Aβ plaque-like 

pathology, to determine the pattern of Aβ deposition in an in vitro model.  
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Chapter 2: Materials and Methods 

 

 

2.1 Animals 

 

All animal experiments were performed in accordance with animal protocols 

authorised by the UK Home Office Animals (Scientific Procedures) Act 1986 

regulations and with local ethical approval. Mice were housed in cages of up to 

five in individually ventilated cages at the Biological Services Central and 

Cruciform Units of University College London. Mice were housed under a 12/12 

h light/dark cycle with controlled temperature and humidity, and given food and 

water ad libitum.  

 

For OHSCs, P5-7 AppNL-G-F, AppNL-F and WT C57Bl/6J control pups of either 

gender were used. For iSILK experiments, male homozygous AppNL-G-F (ranging 

from 6-17 weeks old) and AppNL-F (from 6-18 months old) were used. For imaging 

experiments, male homozygous App KI mice (AppNL-G-F and AppNL-F), mice 

homozygous for both APPNL-F and the TREM2R47H mutation (AppNL-F/Trem2R47H), 

or age-matched WT C57Bl/6J control mice were used. Trem2R47H mice were 

obtained from the Jackson Laboratory which were subsequently crossed in-

house with AppNL-F mice. App KI mice were a gift from the Saido group, who 

originally developed the model (Saito et al., 2014). For imaging experiments, 

mice aged 4, 9 and 18 months old were used.  

 

 

2.2 Metabolic labelling  

 

For iSILK experiments, male homozygous AppNL-G-F mice (n=3/condition) were 

fed a 15N-labelled diet comprised of 15N-labelled algae protein (spirulina) that 

upon digestion serves as amino acid precursor for protein synthesis(cat. no. 

MLK-SPIRULINA-N, Cambridge Isotopes Ltd., Leicestershire, UK). This was 

mixed 1:3 with standard chow, with the following labelling schemes: 

 

Scheme 1: 10-week PULSE (weeks 7 – 17), no CHASE  

Scheme 2: 4-week PULSE (weeks 6 – 10), 7-week CHASE 
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Scheme 2b: 4-week PULSE (weeks 6 – 10), 4-week CHASE 

Scheme 2c: 4-week PULSE (weeks 6 – 10), 10-week CHASE 

Scheme 3: 4-week PULSE (weeks 10 – 14), 4-week CHASE 

 

This time period was chosen as it is a sufficient window to label the first seeds of 

Aβ until small plaques have formed.  

 

For AppNL-F mice, males were fed the same 15N-labelled diet as above but from 

6-10 months of age (n=3) or from 6-10 months followed by a 6-month chase 

period (n=4). A brief overview of factors to consider during metabolic labelling is 

provided below (Fig. 6). 

 

Age-matched WT control animals (n=3) for each scheme received control 14N 

spirulina diet also mixed 1:3 with standard chow. 

 

 

 

 

Figure 6. Schematic of metabolic labelling and factors to consider. 

(a) Mice should have easy access to pellets; this can be achieved either through a steel weight 

on top of the food, or by placing food directly in the cage in bowls suspended from the steel bars 

above. Food consumption and animal weight should be recorded throughout the experiment, to 

ensure adequate food intake. Bedding should be changed regularly to avoid mouse consumption 

of fecal pellets, which can interfere with labelling. Calculate approx. 3.5 g food/mouse/day. (b) 

Estimated food consumption for a short experimental design. Figure taken from (Alevra et al., 

2019). 

 

2.3 Preparation of mouse tissue  
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For imaging experiments, mice were killed by decapitation and the brain was 

rapidly extracted on ice. One hemisphere was snap-frozen on dry ice and stored 

at -80°C for future use; the other was drop-fixed in 4% paraformaldehyde solution 

and stored at 4°C overnight, followed by washing three times with 0.01 M PBS 

and then storage in PBS with 30% sucrose and 0.03% sodium azide at 4°C until 

ready for IHC and imaging.  

 

15N-fed and control mice were decapitated, and the brain was rapidly removed 

on ice and hemisected. One hemisphere was snap-frozen immediately in liquid 

nitrogen-cooled isopentane, and stored at -80 °C until use. The other hemisphere 

was dissected into anatomical regions and drop-fixed in 4% paraformaldehyde at 

4°C, after which the tissue was subjected to further processing at the University 

of Gothenburg for electron microscopy or nanoSIMS as described in (Michno et 

al., 2019b). 

 

2.4 Preparation of OHSCs 

 

OHSCs were prepared from pups according to the interface method (Stoppini et 

al., 1991), with slight modifications (Fig. 7). All procedures were performed under 

sterile conditions. Briefly, pups were killed by decapitation, following which the 

brain was rapidly removed on ice, hemisected and cut transverse to the long axis 

of the hippocampus. Brains were glued down (Loctite) on the cut side onto a 

vibratome stage and flooded with ice-cold slicing buffer consisting of Earle’s 

Balanced Salt Solution (EBSS; Gibco-Invitrogen) and 1M Hepes (Sigma-Aldrich). 

Slices (300 μm thick; average six per pup) were obtained using a vibratome 

(Campden Instruments), using sterile syringe needles to dissect out the 

hippocampus. Using a sterile glass dropper, each hippocampal slice was placed 

onto a section of 0.45 m semipermeable membrane termed ‘confetti’ (Millipore), 

of which up to three were then placed on a 0.4 μm culture plate insert (Millipore) 

in six-well plates. Each well contained 1 ml pre-warmed culture mediμ (pH 7.25, 

315 mOsm/l), comprising 50% Minimum Essential Medium plus Glutamax-1, 25% 

horse serum, 18% EBSS, 5% EBSS plus 0.72 M D-glucose, 50 units/ml 

penicillin/streptomycin (all from Gibco-Invitrogen), and 6.25 units/ml nystatin 

(Sigma-Aldrich). The medium was completely changed 1 h after slicing to remove 

any excess glutamate produced after slice injury. For untreated slices, 50% 
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medium was replaced once a week to allow for both Aβ accumulation and 

adequate delivery of nutrients (Harwell and Coleman, 2016). For seeding 

experiments, media was replenished three times a week. Slices were cultured for 

up to 16 weeks at 37°C in 5% CO2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Preparation of organotypic hippocampal slice cultures.   

(A) Hippocampal slices (300-µm thick) are sectioned from P5-7 mouse pups using a vibratome. 

(B) Each culture insert rests on 1 ml culture medium in a six-well plate. (C) Slices are cultured for 

the desired length of time at 37°C in 5% CO2. 

 

2.5 Seeding experiments 

 

Aβ seeding experiments were performed on OHSCs prepared from P5-7 AppNL-

G-F, APPNL-F and WT pups. A previous protocol was used, with slight modifications 

(Novotny et al., 2016). Slices were maintained in culture for 10 days before 

manipulation, to allow time for them to recover from the slicing process (Fig. 5). 

OHSCs were treated with brain homogenate from older animals bearing plaques, 

or synthetic Aβ1-40 or Aβ1-42 peptide, or a combination of all three (Table 2).  
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Table 2. Aβ seeding schemes for organotypic hippocampal slice cultures.  

Combinations of treatment of OHSCs, using brain homogenate from older plaque-bearing mice 

and synthetic peptide (1.5 µm).  

Abbreviations: OHSC, organotypic hippocampal slice culture; WT, wild-type. 

 

2.5.1 Adding brain homogenate from older animals 

 

Brain homogenate was obtained from either homozygous AppNL-G-F animals aged 

12 months and above, or heterozygous TASTPM animals aged 9 months and 

above. Heterozygous TASTPM mice express human APP with the Swedish 

mutation and PS1 with the M146V mutation, and develop mature plaques at 8 

months old (Matarin et al., 2015). Brains were collected into autoclaved Costar 

‘non-sticky’ Eppendorf tubes, snap-frozen and stored at -80 °C until ready for 

homogenisation. Tissue was homogenised at 10% (w/v) in sterile phosphate-

buffered saline (PBS) using a glass tissue dounce, which was fully turned ten 

times per hemisphere. The tissue was subsequently vortexed for 15 s, followed 

by sonication for 15 s. The tissue was then centrifuged at 3000 x g for 5 min at 

4 °C. The supernatant (soluble fraction) and pellet (insoluble fraction) were 

separated and both stored at -80 °C until use. On the day of use, the supernatant 

was briefly thawed under UV light for sterility. At 10 days in vitro (DIV), 2 µl brain 

extract was pipetted once onto the surface of each slice. 

 

OHSC 

genotype 
 

 

Brain homogenate 
 

 

Peptide added 
 

AppNL-G-F From aged AppNL-G-F None 

None Aβ1-42 

From aged AppNL-G-F Aβ1-42 

TASTPM Aβ1-40 

Aβ1-42 

WT From aged AppNL-G-F None 

None Aβ1-42 

From aged AppNL-G-F Aβ1-40 

From aged AppNL-G-F Aβ1-42 

None Aβ1-40 and Aβ1-42 

TASTPM Aβ1-40 

Aβ1-42 
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2.5.2 Adding synthetic Aβ peptide 

 

A stock solution of 100 mM synthetic Aβ1-40 (A-1153-2, rPeptide, Watkinsville, 

Georgia, USA) or Aβ1-42 (A-1163-2, rPeptide) peptide was made up in sterile 

PBS. This was vortexed for 15 s on wet ice, aliquoted and kept at -80 °C until 

ready for use. On the day of use, aliquots were added to the feeding medium to 

make up a final concentration of 1.5 µm. OHSCs were supplemented with this 

three times a week for 9 weeks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Seeding scheme for organotypic hippocampal slice cultures.  

Cultures are obtained from AppNL-G-F, AppNL-F and WT pups (P5-7) mice. At 10 DIV, slices are 

seeded once with brain homogenate from older plaque-bearing animals, and also continuously 

supplied with synthetic Aβ1-42 or Aβ1-40 in the culture media until week 10. After 10 weeks, 

sections are fixed in paraformaldehyde and subsequently processed for immunohistochemistry.  

Abbreviations: OHSC, organotypic hippocampal slice culture; DIV, days in vitro. 

 

 

Two LCO fluorophores, quadro-formyl thiophene acetic acid (qFTAA) and 

heptameric formyl thiophene acetic acid (hFTAA), were used for the staining of 

both fresh-frozen and formalin-fixed tissue (Nystrom et al., 2013; Rasmussen et 
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al., 2017). Fresh-frozen mouse brain tissue sections (12-μm thick) were cut using 

a cryostat microtome at -18°C, and consecutive sections were collected on 0.17 

PEN membrane slides (Zeiss/P.A.L.M., Microlaser Technologies, Bernsried, 

Germany), or on indium tin oxide slides for MALDI, and stored at −80°C. Before 

staining, sections were thawed in a desiccator and fixed at -20°C for 10 min in 

95% ethanol, followed by double-staining for 30 min in the dark with 2.4 μm 

qFTAA and 0.77 μm hFTAA in PBS, as previously described (Nystrom et al., 2013; 

Rasmussen et al., 2017). Sections were subsequently washed with ddH20 water 

and dried in a desiccator. 

 

For staining of OHSCs, slices were washed in PBS for 10 min three times 

followed by double staining with 2.4 μm qFTAA and 0.77 μm hFTAA for 30 min 

in the dark. Slices were then rinsed once with PBS for 10 min, stained with 4′,6-

diamidino-2-phenylindole (DAPI; 1:10,000 in PBS) for 5 min, washed once more 

with PBS for 10 min, and then mounted onto Superfrost Plus glass slides (Thermo 

Fisher Scientific, Waltham, MA, USA) using Fluoromount-G medium 

(SouthernBiotech, Birmingham, AL, USA), and left to dry before imaging.  

 

2.6 Immunohistochemistry 

 

The PFA-fixed hemisphere of App KI mice was sectioned transverse to the long 

axis of the hippocampus at 30 μm thickness using a frozen sledge microtome 

(SM 2000-R, Leica). Serial sections were collected until the hippocampus was no 

longer visible, and stored free-floating at 4°C in 24-well plates containing PBS 

with 0.03% sodium azide. For IHC, sections were washed once in PBS and then 

for 10 min three times in 0.3% Triton X-100 in PBS (PBST). Subsequently, 

sections were incubated for 1 h in a blocking solution of 3% goat serum (Novex, 

cat no. PCN5000) in 0.3% PBST. Sections were then incubated overnight with 

primary antibodies (Table 3) in blocking solution at 4°C. The next day, sections 

were washed for 10 min three times in 0.3% PBST followed by incubation with 

secondary antibodies in blocking solution (Table 3) for 2 h in the dark at room 

temperature. Following this, sections were washed in once in PBS for 10 min, 

stained with LCOs (qFTAA and hFTAA; Table 3) for 30 min in the dark, washed 

in PBS for 10 min, then incubated for 5 min in DAPI (Table 3). Finally, slices were 

floated in PBS and mounted onto Superfrost Plus glass slides (Fisher). Sections 
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were air-dried in the dark for 1 h, followed by application of Fluoromount-G 

medium (SouthernBiotech, Alabama, USA) and coverslips.  

 

 

Table 3. Antibodies and dyes used in the present work. 

Abbreviations: Iba1, ionised calcium-binding adapter protein-1; CD68, cluster of differentiation 

68; DAPI, 4′,6-diamidino-2-phenylindole; LCOs, lumoinescent conjugated oligothiphenes; qFTAA, 

quadro-formyl thiophene acetic acid; hFTAA, hepta-formyl thiophene acetic acid. 

 

 

2.7 Mass spectrometry 

 

2.7.1 MALDI-IMS 

 

For MALDI-IMS, frozen tissue sections (12-μm thick), consecutive to those 

collected on polyethylene naphthalate (PEN) slides for LCO staining, were thaw-

mounted on special-coated, conducting glass slides (indium tin oxide; Bruker 

Daltonics, Bremen, Germany) and stored at −80 °C. Sections were washed 

sequentially as follows: 100% EtOH for 60 s, 70% EtOH for 30 s, Carnoy’s fluid 

(6:3:1 EtOH/chloroform/acetic acid) for 110 s, 100% EtOH for 15 s,  in ethanol 

H2O with 0.2% TFA for 60 s, and 100% EtOH for 15 s. Formic acid vapour was 

 

Antibody 
 

 

Dilution 
 

 

Catalogue number 
 

Rabbit anti-Iba1 1:1000 Wako, 019-19741 

Rat anti-CD68 1:500 BioRad, MCA 1957.   

Goat anti-rabbit Alexa Fluor 594 1:1000 Invitrogen, a-11032 

Goat anti-rabbit Alexa Fluor 647 1:1000 Invitrogen, a-21244 

LCOs (qFTAA and hFTAA) qFTAA: 1:5000; 

hFTAA: 1:10,000 

Donated by Jörg 

Hanrieder 

DAPI  

 

1:10,000 Abcam, ab228549 
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applied to tissue for 20 min. The matrix compound (2,5-dihydroxyacetophenone) 

was applied using a TM Sprayer (HTX Technologies, Chapel Hill, NC). A matrix 

solution (15 mg/ml 2,5-dihydroxyacetophenone in 70% acetonitrile, 2% acetic 

acid, 2% TFA) was sprayed onto tissue sections as described: nitrogen flow (10 

p.s.i.), spray temperature (75 °C), nozzle height (40 mm), eight passes with 

offsets and rotations, spray velocity (1000 mm/min), and isocratic flow of 100 

μl/min using 70% acetonitrile as pushing solvent. Following the matrix deposition, 

the preparations were recrystallized with 5% methanol at 85 °C for 3 min as 

described previously (Kaya et al., 2017a; Yang and Caprioli, 2011). 

 

 

 

 

Figure 9. Schematic of workflow for MALDI-IMS. The tissue of interest is sectioned and 

mounted onto a special glass slide, followed by precoating with a matrix before subject to 

scanning with a laser probe. The MS spectra at each point on the section is mapped and 

constructed into single ion images. 
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2.7.2 Data acquisition 

A high-speed MALDI-TOF instrument (rapifleX TissueTyper ToF/ToF, Bruker 

Daltonics) was used for MALDI-IMS experiments. A scanning Smartbeam 3D 

laser with a beam diameter of 10 μM is used at a frequency of 1000 Hz, a laser 

power of 90%, and 200 shots per pixel. A mass range of 2000-20,000 m/z (tuned 

for mass range of Aβ peptides at around 4000 m/z) was used in a linear positive 

mode. The system was calibrated pre-acquisition with peptide calibration 

standard I and synthetic Aβ peptides (Aβ1-38, -39, -40, -42, -43, -44, -45, -46, -

47 and -48) to ensure calibration over the entire range of Aβ isoforms. Spectra 

were acquired using custom laser settings with a field size of 10 μm. FlexImaging 

5.0 software (Bruker Daltonics) was used for data acquisition and processing. 

The average spectra of the annotated ROIs were normalised to total ion current, 

and the file exported as csv. in FlexImaging. Subsequent binning analysis 

involved importing all ROI data into Origin (v.8.1; OriginLab, Northampton, MA, 

USA), where peaks and peak widths were detected on average spectra of each 

region of interest using the implemented peak analyser function. Bin borders for 

peak integration were exported as tab delimited text file, following which bin 

borders were used for area under curve peak integration within each bin (pea-

bin) of average spectra of all individual regions of interest. An R script developed 

in-house was used and data was log transformed. Univariate comparisons 

between groups were performed using a paired two-tailed t-test and data are 

presented as the mean ± standard deviation (P<0.05).  

2.7.3 MALDI-IMS data analysis 

Plaque ROIs (whole plaque, core, and periphery) were annotated on the basis of 

the coaligned LCO fluorescent images acquired on consecutive sections. Total 

ion current normalized average spectra of the annotated ROIs were exported as 

*.csv file. 

 

Isotope pattern analysis was performed in GraphPad Prism (version 7). Here, 

MALDI-IMS ROI spectral data were loaded into Prism, and average distribution 

curves were fitted to the individual peptide isotope signal pattern. The centroid 

was used as a measure for average isotope incorporation, allowing either signal 

comparisons of the corresponding isotopologue (m/z value) and for comparative 
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analysis in between distinct ROI (plaque cortex versus plaque hippocampus) and 

peptides (Aβ1-42 and Aβ1-38). Univariate comparisons between the groups were 

performed using unpaired, two-tailed t test (P<0.05). 

 

For individual peak statistics, ROI spectra data files were imported into Origin 

(version 8.1, OriginLab, Northampton, MA, USA) for peak detection and peak 

width determination using the implemented peak analyser function. The 

determined peak widths that serve as bin borders for peak integration were 

exported as tab delimited text file. The bin borders were used for area under curve 

peak integration within each bin (peak-bin) of all individual ROI average spectra 

using an in-house developed R script. Data were log-transformed. Univariate 

comparisons of distinct isotopologue signals (m/z) between the intraplaque 

regions (core versus periphery) were performed using unpaired, two-tailed t test 

(P<0.05). IMS/LCO Pearson r correlations were two-tailed and performed using 

GraphPad Prism (version 7) where P<0.05. 

 

2.8 Imaging  

 

2.8.1 Fluorescence microscopy 

 

Photomicrographs of OHSCs were taken using an epifluorescent EVOS FL Auto 

Cell Imaging System microscope (Life Technologies) under a 20X objective by 

area-defined serial scanning using constant light, gain and exposure settings. 

LCO was detected at a wavelength of 488 nm and DAPI at a wavelength of 356 

nm. Images from each channel were saved separately.  

 

2.8.2 Confocal and hyperspectral microscopy 

 

A Zeiss LSM 780 confocal microscope with a spectral detector was used to 

acquire spectra of plaques. Amyloid plaques stained with LCOs (qFTAA and 

hFTAA) were randomly chosen from the cortex and the hippocampus of brains 

sections.  Z-stacks of plaques (20 stacks per plaque, 1-μm apart) were acquired 

using a 20X air objective, and continuous emission spectra were acquired from 

470 to 695 nm. The plane with the most ‘core’ (the biggest spectral shift to the 
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left) was chosen for analysis. From this plane, spectra readings were taken from 

a small circle drawn in the very centre of each plaque (a few pixels in diameter) 

in order to take a reading from the true ‘core’ of the plaque. A total of 8-15 plaques 

per brain region (cortex and hippocampus) per mouse were analysed, and a total 

of 4-6 mice per group were analysed. The ratio of the intensity of emitted light at 

500 nm and 580 nm was used to differentiate plaque characteristics: the higher 

the ratio, the more mature the structure. 

 

For microglia, images were acquired using a regular confocal setup on a Zeiss 

LSM 780. Z-stacks were acquired of the same tissue area and plane as plaques 

(20 stacks per image, 1-μm apart). DAPI was detected at a wavelength of 356 

nm, CD68 at 594 nm, and Iba1 at 647 nm. Constant light intensity, gain and 

exposure were used for image acquisition. A minimum of 4 sections were imaged 

and used as a mean for each animal, and a total of 4-6 mice per group were 

analysed. 

 

 

 

 

Figure 10. Schematic of MALDI-IMS/hyperspectral imaging workflow on sections obtained 

from one animal brain. Once removed from the skull, one hemisphere of the brain is (1) drop-

fixed in PFA for 24 h, whilst the other hemisphere is (2) snap-frozen in liquid nitrogen-cooled 

isopentane. For (1), the hemisphere is sectioned at 30 μm and subsequently processed for 

cv 

cv 
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immunohistochemistry, involving staining for amyloid plaques (LCOs), microglia morphology 

(Iba1), microglial activation (CD68) and nuclei (DAPI). Sections are then imaged using a confocal 

laser scanning microscopy with a spectral detector. For (2), the hemisphere is sectioned at 12 

μm, with sections being mounted on MALDI slides. MALDI slides undergo matrix sample 

preparation, followed by MALDI-IMS.  

Abbreviations: qFTAA, quadro-formyl thiophene acetic acid; hFTAA, heptameric formyl 

thiophene acetic acid; LCOs, luminescent conjugated oligothiophenes; MALDI, matrix -

assisted laser desorption/ionisation; IMS, imaging mass spectrometry; LMD, laser 

microdissection; IP, immunoprecipitation; Iba1, ionised calcium-binding adapter protein-1; 

CD68, cluster of differentiation 68; DAPI, 4′,6-diamidino-2-phenylindole; PFA, 

paraformaldehyde; PEN, polyethylene naphthalate. 

 

 

2.9 Image analysis 

 

Custom-written semi-automated macros within Fiji ImageJ were used for analysis. 

The macros are available at: https://zenodo.org/record/5847431 

 

2.9.1 Plaque thresholding macro 

 

Images of the hippocampus and cortex for each mouse were converted into an 

8-bit colour and thresholded with the ‘Otsu’ threshold to remove background. 

Particles <10 μm2 were counted as noise and excluded from the analysis. 

 

2.9.2 Plaque concentric circles macro 

 

For each plaque within the selected hippocampal or cortical region, concentric 

circles were drawn outwards with increasing 10 μm radii from the plaque, 

reaching a final circle with a radius of the average plaque radius plus 100 μm. 

Where two plaques are distanced <200 μm apart, concentric circles terminated 

at the nearest 10 μm to the halfway point to avoid overlapping data. As most 

plaques were not more than 100 μm apart, data here are shown up to 50 μm from 

the plaque edge. For images from WT mice, ten randomly placed circles each 

with a 10 μm radius were positioned within the image to imitate the measurement 

in relation to plaques above. Circles were drawn outwards with incrementing 10 

μm radii reaching distance of 100 μm from the inner circle. Again, data here are 

shown up to 50 μm from the central circle. 
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2.9.3 Iba1/CD68 intensity macro 

 

For measurement of Iba1 expression, fluorescence intensity of Iba1 staining 

(AU/pixels) was calculated for plaque regions and radiating concentric rings. For 

CD68 expression, pixels colocalising with Iba1 pixels were calculated in the same 

way.  

 

2.9.4 Microglial density  

 

Following running of macros, microglial number (cells positive for both Iba1 and 

DAPI) within every two circles (classed as ‘on plaque’, 0 – 10 μm; ‘peri-plaque’, 

10 – 30 μm; ‘away from plaque’, 30 – 50 μm) were counted using Fiji ImageJ 

software. Density was calculated by dividing by ring area in mm2. Where a 

microglial cell was overlapping two circles, it was always counted as part of the 

innermost circle. 

 

2.10 Statistical analysis 

 

All data analyses were performed blinded to condition or genotype. Statistical 

analyses were performed using GraphPad Prism 9 (La Jolla, California, USA). 

Where multiple slices/images were obtained from one animal, data were 

averaged to obtain a mean for that animal, which was subsequently used for 

analysis. Data were analysed using t-tests, one-way or two-way ANOVAS as 

appropriate, with the appropriate post-hoc test. Graphs show mean ± standard 

error of the mean. All diagrams in this work were created with GraphPad Prism 

9, Microsoft PowerPoint or Biorender.com. 
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Chapter 3: Modelling amyloid deposition in organotypic 

hippocampal slice culture 

 

3.1 Introduction 

 

The hippocampus is one of the earliest and most-affected areas in AD and is 

therefore a critical area to investigate (Davies et al., 1988). Primary cell culture 

systems allow for easy manipulation and examination of hippocampal cells but 

are not fully representative of the internal environment of an animal due to the 

lack of other cell types. OHSC, where whole hippocampal brain sections are 

cultured, represents a three-dimensional cell culture technique that maintains the 

structural integrity of hippocampal networks, including glial cells, providing a more 

in vivo-like environment compared with primary cell culture (Stoppini et al., 1991). 

 

The applications of OHSCs are vast. OHSCs can be used for electrophysiology, 

live imaging and molecular biology techniques, and the study of 

neurodegeneration, oxidative stress, ischaemia and spine/synaptic mechanisms, 

to name a few (Humpel, 2015a). Aβ plaque deposition in OHSCs has been 

attempted many times before by multiple research groups, with limited success. 

OHSCs from AD model pups, including the TgCRND8 (Harwell and Coleman, 

2016) and 3xTg-AD, do not develop amyloid plaques without external 

manipulation (Croft et al., 2017). OHSCs cultured from adult mice, who already 

bear plaques, have limited neuronal survivability beyond a few days in culture, 

potentially due to reduced plasticity and increased sensitivity to the culture 

environment (Humpel, 2015b). However, one study in 2016 demonstrated that 

application of exogenous Aβ, obtained from APP23 or APP/PS1 brain 

homogenate, plus supplementation of synthetic Aβ1-40, resulted in OHSCs 

developing plaques after 10 weeks in culture (Novotny et al., 2016). If replicable, 

the potential application of this model is vast, as amyloid aggregation dynamics 

could be visualised with ease.  

 

Given how OHSCs offer the ease of in vitro approaches whilst maintaining the 

cellular network of the intact brain, the aim in this chapter was to develop a model 

of Aβ deposition in OHSCs obtained from neonatal App KI pups. This would 

therefore provide key insight into the molecular mechanisms underlying not only 
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plaque formation, but the effects of toxic Aβ species on surrounding neurons and 

glial cells. If successful, further down the line this model could provide a simple 

and effective way of screening the potential therapeutic benefit or toxicity of novel 

anti-amyloid drugs. 

 

3.2 Finding 1 - OHSCs from AppNL-G-F pups do not develop amyloid deposits, 

even after 16 weeks in culture   

   

It has been notoriously difficult to establish a slice culture model that naturally 

develops Aβ deposits, even with slices taken from mice overexpressing 

App (Harwell and Coleman, 2016). It was hoped that the new App KI models may 

be more successful, particularly the AppNL-G-F, where presence of the Arctic 

mutation causes increased oligomerisation of Aβ (Saito et al., 2014), and 

therefore increases the likelihood of amyloid deposition. Preliminary experiments 

involving culturing slices with a standard feeding protocol (media change three 

times a week) failed to yield any form of Aβ deposition even after a 16-week 

culture (these mice develop plaques at around 8 weeks in vivo). Therefore, the 

feeding frequency was reduced to a 50% media change once a week, to avoid 

washing away excess Aβ secreted into the media (Harwell and Coleman, 2016). 

This new feeding protocol also did not result in any form of Aβ deposition in 

OHSCs after the same duration of culturing (data not shown).   

  

Long-term culture of slices from adult mice with existing plaque pathology (AppNL-

G-F aged 5 months and above) was attempted using an adjusted slicing and 

feeding protocol (Jang et al., 2018), however, widespread cell death occurred 

after 3 weeks in culture and this approach was abandoned.    

  

3.3 Finding 2 - Seeded Aβ deposit morphology and density depends on the 

type and combination of synthetic Aβ peptide and brain homogenate 

added  

  

As the initial approaches were unsuccessful, the addition of exogenous Aβ 

peptides was attempted based on a previously published protocol (Novotny et al., 

2016), with slight modifications.  
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Initially, seeding experiments were performed on OHSCs from AppNL-G-F pups, 

due to this being a more aggressive model of amyloid deposition compared to 

AppNL-F. Novotny et al. reported that Aβ deposition can be induced even in WT 

cultures after application of exogenous Aβ; therefore, here, WT OHSCs were 

treated in parallel for comparison (Table 2; Methods). Brain homogenate from 

aged AppNL-G-F mice was added once at 10 DIV to encourage seeding of Aβ, after 

which 1.5 μm synthetic Aβ1-42 peptide was continuously supplemented in the 

media until week 10. Once the treatment schedule was complete, OHSCs were 

fixed in 4% PFA, double-stained with LCOs (qFTAA and hFTAA) and imaged with 

an epifluorescent microscope.  

  

The results demonstrated that after 10 weeks in culture, untreated OHSCs from 

both AppNL-G-F (Fig. 11A) and WT (Fig. 11D) pups did not develop any form of 

plaque pathology. OHSCs treated with just synthetic Aβ1-42 peptide had 

widespread small deposits of Aβ within the slice, for both AppNL-G-F (Fig. 11B and 

C) and WT (Fig. 11E and F). In WT slices, the addition of synthetic Aβ1-40 

peptide alongside Aβ1-42 resulted in deposits with slightly different morphology 

(Fig. 11G and H), compared with those treated with just Aβ1-42. However, these 

results were highly variable between cultures; therefore, it is difficult to draw 

definite conclusions about Aβ deposit morphology due to the addition of synthetic 

Aβ. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Supplementation of solely synthetic Aβ peptide in feeding media results in small 

Aβ aggregates. Representative fluorescence microscopy images of OHSCs from P5-7 (A-C) 

AppNL-G-F and (D-H) WT pups. OHSCs were: (A and D) untreated; or treated with 1.5 μm synthetic 

Aβ1-40 + Aβ1-42 peptide 
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(B, C, E and F) just Aβ1-42; or (G and H) both Aβ1-42 and Aβ1-40 peptide continuously 

supplemented in the media three times a week for 9 weeks. LCO double staining for Aβ and DAPI 

co-staining for cell nuclei was performed. LCO (qFTAA and hFTAA) double staining for Aβ and 

DAPI co-staining for cell nuclei was performed. Images are taken at either 4X (A, B, D, E and G) 

or 20X magnification (C, F and H). Abbreviations: LCO, luminescent conjugated oligothiophene; 

OHSCs, organotypic hippocampal slice culture; WT, wild-type. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Application of brain homogenate from aged AppNL-G-F mice plus supplementation 

of synthetic Aβ peptide in the feeding media results in aggregation of small Aβ deposits 

on the surface of the slice. Representative fluorescence microscopy images of OHSCs from 

P5-7 (A-C) APPNL-G-F and (D-H) WT pups, which were either: (A and D) treated once with brain 

homogenate from aged AppNL-G-F mice at 10 DIV; or (B, C, E and F) additionally supplemented 

with 1.5 μm synthetic Aβ peptide supplemented in the media three times a week for 9 weeks. 

LCO (qFTAA and hFTAA) double staining for Aβ and DAPI co-staining for cel l nuclei was 

performed. Images are taken at either 4X (A, B, D and E) or 20X magnification (C and F). Red 

arrows highlight areas of aggregation. Abbreviations: LCO, luminescent conjugated 

oligothiophene; OHSCs, organotypic hippocampal slice culture; WT, wild-type; DIV, days in vitro.  

In both AppNL-G-F (Fig. 12A) and WT (Fig. 12D) OHSCs, treatment with just brain 

homogenate was not sufficient to seed any form of plaque pathology. OHSCs 

from AppNL-G-F (Fig. 12B and C) and WT (Fig. 12E and F) treated with both brain 

homogenate and synthetic Aβ1-42 peptide had a layer of LCO signal on the 
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surface of the slice, which may be the homogenate and synthetic peptide 

interacting in some way and superficially aggregating. Again, these results were 

inconsistent between different cultures.  

 

Interestingly, when we then tried to more closely replicate the work by (Novotny 

et al., 2016) by using brain homogenate from aged TASTPM animals (harbouring 

the Swedish mutation in App and the M146V mutation in PS1, and have plaques 

richer in Aβ1-40 compared with APPNL-G-F animals (Howlett et al., 2004)) plus 

addition of Aβ1-42 (Fig. 13B and C) or Aβ1-40 (Fig. 13D and E) in the media, it 

was observed that unlike in their paper, here there was negligible LCO signal 

within the cell body layer of OHSCs. Again, the superficial layer of amyloid was 

visible on the surface of the slice, which is not seen in OHSCs treated with just 

synthetic peptide but no homogenate (Fig. 11). Overall, this highlights how the 

combination of synthetic peptide or type of homogenate applied to OHSCs 

determines aggregation regardless of genetic background, and closer 

examination of precisely which mechanisms determine this is 

required. Additionally, further research is required to see if these aggregates are 

formed over time via interaction with cellular mechanisms within the slice, as 

opposed to just pooling on the surface. 
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Figure 13. Brain homogenate from aged TASTPM mice plus supplementation of synthetic 

Aβ peptide does not induce Aβ deposition. Representative fluorescence microscopy images 

of OHSCs from P5-7 AppNL-G-F pups, which were (A) left untreated, or treated once with brain 

homogenate from aged TASTPM mice once at 10 DIV plus 1.5 m synthetic (B and C) Aβ1-42 or 

(D and E) Aβ1-40 peptide continuously supplemented in the media three times a week for 9 weeks. 

Images are taken at either 4X (A, B, D) or 20X magnification (C and E). Abbreviations: LCO, 

luminescent conjugated oligothiophene; OHSCs, organotypic hippocampal slice culture; DIV, 

days in vitro. 

 

 

3.4 Chapter summary 

 

This chapter explored the potential to model amyloid deposition in OHSCs, based 

on a previous study showing that plaques can be induced in OHSCs from App 

transgenic mice after seeding once with brain homogenate from aged App 

transgenic mice while supplementing the media continuously with synthetic Aβ 

(Novotny et al., 2016). Therefore, here I tested a protocol involving seeding 

OHSCs once with brain homogenate from older plaque-bearing animals, in 

combination with continuous supplementation of synthetic Aβ in the media. This 

approach was tested on a range of brain homogenates and on OHSCs from both 

AppNL-G-F and WT backgrounds. Despite some visible amyloid aggregation after 

application of exogenous Aβ, the results were inconsistent and there was no 

robust plaque pathology in OHSCs even after 9 weeks in culture. Additionally, it 

is likely that the amyloid aggregation observed was due to exogenous Aβ pooling 

on the surface of the slice, but due to inconsistency in results and time constraints, 

this was not explored further. Therefore, it was concluded here that these 

methods are not sufficient to promote cellular-induced plaque deposition in 

OHSCs. 
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Chapter 4: Modelling amyloid deposition in App KI 

models 

 

 

4.1 Introduction 

 

Amyloid plaques are a hallmark pathology of AD, whereby continuous plaque 

growth exerts neurotoxic effects on surrounding neurons, axons and dendritic 

processes, eventually leading to cell death via phosphorylation of tau and 

formation of NFTs. However, precisely what plaques are composed of, how 

individual plaques grow, and how amyloid deposition spreads across brain 

regions over time, remains unclear.   

 

Traditionally, human post-mortem studies have categorised amyloid plaques into 

‘dense-core’ and ‘diffuse’ morphologies, based on CR or Th positivity (Howie and 

Brewer, 2009). It has been suggested that diffuse plaques are an earlier and 

possibly neuroprotective form, by recruiting soluble Aβ to localise the damage, 

whereas cored plaques are formed at later stages of disease and trigger cognitive 

deficits (Dickson and Vickers, 2001). However, the mechanisms around this 

remain uncertain, and further complexity lies in that the aggregation properties of 

Aβ are likely far more varied; for example, sAD and fAD patients display 

differences in Aβ structure within plaques (Cohen et al., 2015; Rasmussen et al., 

2017). These conformational polymorphisms thus pose a huge challenge to the 

detection of plaques for diagnostics, and for the development of therapeutics 

targeting Aβ aggregates. Therefore, it is important to identify and understand 

plaque heterogeneity in AD, to be able to tailor the most effective therapeutics. 

 

Plaque growth and spread is a complicated event, and may involve selective 

processing of APP into its metabolites, followed by recruitment of different 

peptides over time. Indeed, our previous work involving metabolic labelling in 

AppNL-G-F mice showed that Aβ1-38 secretion and deposition occurs after Aβ1-42 

deposition, as evidenced by an Aβ1-42-rich core and more Aβ1-38 in the 

periphery of plaques (Enzlein et al., 2020; Michno et al., 2021), suggesting that 

individual plaques evolve over time. Previous work in our lab showed that plaque 



 77 

deposition varies between App KI models and over time; for example, older 

AppNL-G-F mice have a larger number of smaller-sized plaques compared to their 

younger counterparts; and AppNL-F/Trem2R47H mice exhibit a higher density of 

plaques in the hippocampus than APPNL-F mice, driven by a larger number of 

smaller sized plaques. Overall, this highlights how plaque formation, growth and 

spread are complex events, and are mediated by genetic mutation. Therefore, 

understanding these processes in App KI models would certainly drive 

understanding of plaque dynamics in human fAD. 

 

The characterisation of amyloid has been aided by LCOs, a group of β-pleated 

sheet-specific fluorescent dyes. LCOs have been used to detect plaque 

heterogeneity in samples from both humans (Cohen et al., 2015; Liu et al., 2016; 

Rasmussen et al., 2017) and animals (Heilbronner et al., 2013; Michno et al., 

2021). When bound to amyloid, LCOs emit a unique fluorescence spectrum that 

reflects the 3D structure of protein aggregates (Aslund et al., 2009), thereby 

allowing for detection of different plaque conformations. qFTAA binds 

predominantly to more putatively mature structures (such as the core of the 

plaque) and has a more left-shifted spectral signature (with an emission 

maximum at 500 nm), whereas hFTAA binds to more diffuse, putatively immature 

structures and has a more right-shifted spectral signature (with an emission 

maximum at 580 nm). Thus, double-staining plaques followed by hyperspectral 

imaging (where the spectrum for each pixel in the image is determined) can yield 

important information about plaque conformation and maturity. 

 

Therefore, in this chapter I aimed to assess conformational amyloid plaque 

polymorphism across genotypes in App KI mice, in early vs. late plaque pathology. 

The hypothesis is that upon plaque maturation, plaques undergo conformational 

changes that are particularly prominent at the cored centre. Biochemically, this 

amyloid maturation and resulting structural amyloid polymorphism includes 

changes in the content and density of amyloid cross-beta sheet motifs (Almstedt 

et al., 2009). As cortical and hippocampal brain regions show selective 

vulnerability to plaque pathology, I also aimed to examine potential differences 

between the two regions in these mice. To do this, I combined LCO fluorescent 

amyloid staining with hyperspectral imaging, to examine potential differences in 

plaque structure.  



 78 

 

4.2 Finding 1 – Plaque core structures continuously mature over time 

 

First, I aimed to assess the conformational heterogeneity of plaque cores in 

young vs. old App KI mice. This was achieved by examining the 500/580 nm 

emission ratio of LCOs, recorded at the centre of plaques in the cortex and 

hippocampus of AppNL-G-F mice at 4 and 18 months old, and APPNL-F mice at 9 

and 18 months old (Fig. 14). These ages were chosen as they represent early 

and late stages of amyloid pathology in these models (AppNL-G-F mice develop 

plaques at around 2 months old; AppNL-F at 9 months old).  

 

 

Figure 14. Age-associated increase in plaque maturity in App KI mice. 

(A) Representative confocal images of LCO double staining (qFTAA and hFTAA) of cortical 

plaques in young and old AppNL-G-F and AppNL-F mice, taken at 20X magnification. Quantification 

with an unpaired t-test revealed a statistically significant age-associated increase in the 500/580 

nm emission ratio of plaques in the (B) cortex and (C) hippocampus of AppNL-G-F mice; and the (D) 

cortex and (E) hippocampus of APPNL-F mice. Number of animals: N=4-5 per group. **P<0.01; 

***P<0.001; ****P<0.0001.  

Abbreviations: LCO, luminescent conjugated oligothiophene; mo, months old. 

 

 



 79 

Visually, 4 month-old AppNL-G-F mice had less compact plaques than their 18 

month-old counterparts (Fig. 14A); and likewise, 9 month-old AppNL-F mice, who 

only have a few plaques across the whole brain section at this age, displayed 

fewer plaques than those at 18 months old (Fig. 14A).  Statistical analysis showed 

that in AppNL-G-F mice, the emission ratio of plaques at 18 months was significantly 

increased compared to at 4 months, in both the cortex (Fig. 14B; P<0.01) and the 

hippocampus (Fig. 14C; P<0.001). Likewise, in AppNL-F mice, the emission ratio 

of plaques at 18 months was significantly increased compared to at 9 months, in 

both the cortex (Fig. 14D; P<0.0001) and the hippocampus (Fig. 14E; P<0.001). 

 

Firstly, this approach demonstrates that plaque maturity is measurable using the 

500/580 nm emission ratio of LCOs. Secondly, these results indicate that plaque 

maturation is a continuous event across multiple brain regions, at least up to the 

age of 18 months. Additionally, the lack of extreme variability in plaque emission 

ratio within each mouse indicates that individual plaques grow over time, as 

opposed to consistent seeding of new plaques which then plateau in growth.  

 

AppNL-F mice at 9 months only have one or two plaques in the cortex or 

hippocampus at this age, so an advantage is that every plaque was captured in 

this analysis. However, it should be noted that due to the experimental setup and 

time constraints, the smallest ‘seeds’ of plaques were not examined. Thus, very 

newly growing plaques may have been overlooked in this analysis. In the future 

it would be interesting to examine the emission ratio of very small plaques in older 

mice, to see if these also have a very mature structure, or if they represent 

young/early plaques and thus have a lower emission ratio.  

 

4.3 Finding 2 – Plaque structural maturity is dependent on mutations in App 

and Trem2  

 

Knowing that plaque structure (and therefore maturity) can indeed be assessed 

using LCOs, next, I aimed to examine potential differences in plaque 

conformation between App KI models. The addition of the Arctic mutation in 

AppNL-G-F predisposes Aβ to oligomerise and aggregate more compared to AppNL-

F. Therefore, we hypothesised that plaques in AppNL-G-F would display a more 

cored and mature structure. Additionally, previous research has shown that the 
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Trem2R47H mutation causes an impairment in the ability of microglia to promote 

formation of compact plaques (Cheng-Hathaway et al., 2018). Therefore, it was 

hypothesised that plaques in AppNL-F/Trem2R47H mice may show interesting 

conformational differences, compared to AppNL-F. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Genotype-associated alterations in plaque maturity in App KI mice. 

(A) Representative hyperspectral images of LCO double staining (qFTAA and hFTAA) of cortical 

plaques in 18 month-old AppNL-G-F, AppNL-F and AppNL-F/Trem2R47H mice, taken at 20X 

magnification. Quantification with one-way ANOVA followed by Holm-Šídák's multiple 

comparisons test revealed statistically significant genotype-associated alterations in the 500/580 

nm emission ratio of plaques in the (B) cortex and (C) hippocampus of AppNL-G-F, AppNL-F and 

AppNL-F/Trem2R47H mice. Number of animals: N=4-5 per group. **P<0.01; ***P<0.001; 

****P<0.0001.  

Abbreviations: LCO, luminescent conjugated oligothiophene. 

 

APP
NL-G-F

 APP
NL-F

 APP
NL-F

/Trem2
R47H

 

A 

B C 

LCO 



 81 

Therefore, to assess the effect of genotype on plaque conformation, I performed 

qFTAA and hFTAA LCO double-staining followed by hyperspectral confocal 

imaging of amyloid plaques in the cortex and hippocampus of 18 month-old App 

KI mice. The staining showed that plaques in AppNL-G-F had a dense core and a 

halo of staining around the periphery; whereas AppNL-F mice had smaller plaques 

composed of mainly a core (Fig. 15A). Pathology in AppNL-F/Trem2R47H mice, on 

the other hand, consisted of clusters of smaller plaques (Fig. 15A). A one-way 

ANOVA revealed a main effect of genotype between AppNL-G-F  and AppNL-F, and 

again between AppNL-F and AppNL-F/Trem2R47H mice. Post-hoc analysis with 

Holm-Šídák's multiple comparisons test demonstrated significance between 

AppNL-G-F and AppNL-F in the cortex (Fig. 15B; P<0.001) and hippocampus (Fig. 

15C; P<0.001). AppNL-F mice, in turn, displayed an increased plaque emission 

ratio compared to AppNL-F/Trem2R47H mice, in both the cortex (Fig. 15B; P<0.0001) 

and hippocampus (Fig. 15C; P<0.0001). Overall, as predicted, this suggests that 

the addition of the Arctic mutation in AppNL-G-F mice results in plaques with a more 

mature dense core structure compared to AppNL-F. Additionally, compared to 

AppNL-F, the presence of the Trem2R47H mutation decreases the average plaque 

emission ratio across brain regions, inferring a loss-of-function of microglia and 

strongly implicating their role in determining plaque structure/promoting plaque 

maturation.  

 

4.4 Finding 3 - Plaques mature over time, where cortical plaques are more 

structurally mature than hippocampal plaques  

 

Amyloid pathology precipitates in distinct brain regions followed by a defined 

spread throughout the brain (Thal et al., 2015). Similar to human pathology, 

plaque formation in the KI mice studied here is initiated in cortical areas followed 

by spreading to subcortical and neocortical areas (Saito et al., 2014). Therefore, 

another way of considering the comparisons above (Fig. 15) is to compare the 

maturation of plaques in the cortex vs. hippocampus.  

 

After visualisation of plaques with fluorescent amyloid imaging (Fig. 16A), 

quantification of plaque emission ratios was performed followed by statistical 

comparisons. The results showed that the plaque emission ratio was significantly 
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higher in older animals as compared to younger animals within the respective 

genotype, suggesting continuous plaque maturation with age (Fig. 16B,C). 

 

Moreover, when comparing brain regions within each genotype and age group, 

the results show that cortical plaques had a higher 500/580 nm ratio compared 

with hippocampal deposits in 9- (P<0.05) and 18 (P<0.01) month-old AppNL-F (Fig. 

16B) as well as for 4 month-old AppNL-G-F (Fig. 16C; P<0.05) mice.  

 

 

 

Figure 16. Regional alterations in plaque maturity in App KI mice. 

(A) Representative hyperspectral images of LCO double staining (qFTAA and hFTAA) of cortical 

and hippocampal plaques in 18 month-old AppNL-G-F, AppNL-F and AppNL-F/Trem2R47H mice, 

taken at 20X magnification. (B) Quantification with a t-test revealed a significant increase in the 

500/580 nm emission ratio of plaques in the cortex compared to the hippocampus of AppNL-F mice, 

at both 9 and 18 months old. (C) This effect was only seen in 4 month old AppNL-G-F mice: there 

were no significant differences between regions in both 18 month-old AppNL-G-F and (D) 18 month-

old AppNL-F/Trem2R47H mice. Number of animals: N=4-5 per group. *P<0.05; **P<0.01; ns, non-

significant.  

Abbreviations: LCO, luminescent conjugated oligothiophenes; mo, months old; Ctx, cortex; Hipp, 

hippocampus. 
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Interestingly, both AppNL-G-F and AppNL-F/Trem2R47H mice at 18 months (Fig. 16C 

and 16D, respectively) did not display significant differences in the plaque 

emission ratio between the two brain regions.  

 

A potential explanation for these results could be that in AppNL-G-F mice, Aβ is 

structurally changed to more rapidly deposit, so by 18 months old, hippocampal 

plaques have experienced a ‘ceiling effect’, whereby plaques have reached the 

maximum maturity that they will reach in both regions. Plaques in AppNL-

F/Trem2R47H mice, on the other hand, may have undergone a ‘floor effect’, where 

they never start to mature and are thus similar across both regions. It is important 

to note that due to time constraints not every plaque per animal was analysed, 

so smaller newly growing plaques may have been overlooked. In future studies, 

it would be interesting to sub-divide the plaques into smaller and larger ones for 

comparison.  

  

In terms of AppNL-F/Trem2R47H mice, previous research has shown that the 

Trem2R47H mutation causes dysfunction of microglia in compacting plaques 

(Cheng-Hathaway et al., 2018). Indeed, previous work by our lab showed that 

compared with 18 month-old AppNL-F, 18 month-old AppNL-F/Trem2R47H show a 

greater plaque area coverage in the hippocampus, which is reflected by a greater 

density of small plaques, rather than larger ones (Wood et al., 2022). Overall, this 

indicates that microglia have a role in shaping plaque morphology, and that there 

is an impairment in this function in these mice. Hence it would be of interest for 

future studies to expand these experiments covering younger timepoints of 

AppNL-F/Trem2R47H mice for comparison. 

 

 

4.5 Chapter summary 

 

This chapter explored the plaque conformation of App KI mice in early and late 

plaque pathology, and in the cortex and hippocampus, to understand how genetic 

background, brain region and age affects the nature of amyloid deposition.  

 

Both AppNL-G-F and AppNL-F demonstrated an age-associated increase in plaque 

structural maturity, indicating that the majority of plaques grow and mature over 
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time. When examining plaques across different brain regions, it was established 

that both young and old AppNL-F, and young AppNL-G-F, have more mature plaques 

in the cortex compared with the hippocampus. However, aged AppNL-G-F mice did 

not display regional alterations in plaque maturity. A potential explanation for this 

could be that because the additional Arctic mutation in AppNL-G-F mice causes 

rapid aggregation and deposition of Aβ, by 18 months old, these mice are at a 

much later stage of pathology compared to AppNL-F. Therefore, by this age, 

hippocampal plaques have experienced a growth ceiling effect, despite being 

initially deposited after cortical plaques. AppNL-F mice, on the other hand, are a 

more physiological model of human AD in that they have rising soluble Aβ that 

subsequently leads to gradual plaque deposition (Saito et al., 2014). Therefore, 

these 18 month-old mice may only be at mid-stage amyloid pathology, whereby 

excess soluble Aβ is still being recruited to plaques and causing further growth.  

 

Finally, it was found that genetic background determines the morphology of 

plaques. AppNL-G-F mice, harbouring three fAD mutations, including the Arctic 

which increases the propensity of Aβ to oligomerise and aggregate, had plaques 

with the most mature and cored structure. AppNL--F mice, in turn, had more cored 

plaques compared to their counterparts with a Trem2R47H mutation. Overall, this 

further supports previous human studies that plaque type is dependent on 

dementia subtype (Rasmussen et al., 2017), and also implicates the role of 

TREM2 in determining plaque structure and promoting plaque maturation.  

 

Overall, these data provide interesting implications about how both fAD mutations 

and Trem2 interactions shape plaque structure and maturity. This could provide 

a basis for understanding not only the biochemical processes underlying plaque 

deposition dynamics, but also how to individualise anti-amyloid therapies 

depending on disease type. 
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Chapter 5: Chemical imaging of plaque formation 

dynamics with iSILK 

 

 

5.1 Introduction 

 

Aβ plaque formation represents the earliest key pathological hallmark of AD, and 

has been identified as a critical earliest pathogenic driver of AD pathogenesis. 

However, amyloid peptide accumulation, aggregation and deposition are highly 

dynamic processes that are hard to capture in an in vivo model, or even more so 

in patients. A major challenge of studying Aβ accumulation is the lack of robust 

imaging technologies that provide the necessary spatial resolution, sensitivity and 

specificity. The gap in our understanding of subcellular amyloidogenic protein 

aggregation dynamics in AD relates to the lack of effective imaging tools with high 

chemical, spatial and temporal precision.  

 

Previous studies often utilise antibody-based assessment of proteins, including 

Aβ and tau, for example combined with biochemical purification and MS analysis 

(Alcalay et al., 2016; Hark et al., 2021). Whilst no doubt useful as a foundation 

for understanding the steady state of Aβ, these studies do not examine dynamic 

Aβ. These challenges are overcome by the development of in vivo SIL, also 

referred to as metabolic labelling followed by MS, which has been demonstrated 

as a powerful tool to measure protein turnover in both cells (SILAC) (Ong et al., 

2002), mice (SILAM) and humans (SILK) (Bateman et al., 2006b). Particularly, in 

the context of AD pathology, pioneering SIL work has been reported in both mice 

(Hark et al., 2021; Savas et al., 2016) and humans (Bateman et al., 2006b), where 

protein turnover is measured in brain extracts or CSF ex vivo. 

 

Consequently, while, these SIL-MS tools are highly useful, they are performed ex 

vivo and thus provide only limited spatial information about isotope incorporation 

or cellular behaviour. This can be overcome using IMS, whereby the spatial 

intensity of distribution profiles of molecular species in tissue can be analysed 

(McDonnell and Heeren, 2007). A particular advantage of IMS is that previous 

knowledge of the target species is not required, and this method is not dependent 
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on antibody specificity. The application of IMS to study AD plaque pathology has 

previously been pioneered by our group, including applications to transgenic App 

mice (Carlred et al., 2016; Kaya et al., 2017b; Michno et al., 2019c; Michno et al., 

2019d; Michno et al., 2019e) and post-mortem human brain (Michno et al., 

2019a).  

 

5.2 Finding 1 – iSILK allows for analysis of amyloid plaque formation over 

time in AppNL-G-F mice 

 

Over the course of this thesis, I was involved in the first experiments where we 

made use of this expertise and developed a dynamic chemical imaging paradigm 

based on in vivo SIL and IMS. Here we established a SIL method in which AppNL-

G-F mice were fed a diet enriched with 15N stable isotopes, which are then 

incorporated into the proteome allowing for analysis of the time course and of 

App production, Aβ secretion and Aβ plaque deposition (Michno et al., 2021). 

The principles of iSILK are outlined in Fig. 17. 

 

Subsequent MALDI-IMS allows for visualisation of Aβ aggregation dynamics 

within single plaques across both the cortex and hippocampus. First, the 

composition of plaques as well as the degree of label incorporation was evaluated. 

Using a full stop PULSE labelling scheme (Scheme 1, Fig. 18A-E), it was 

determined that the main peptide depositing was Aβ1-42, along with Aβ1-38 to a 

lesser degree. All Aβ species were found to contain 15N atoms. This confirmed 

that starting labelling at week 7 is sufficient to allow metabolic incorporation into 

App and Aβ, prior to plaque pathology onset that is estimated to be at week 8-10 

for these mice.  
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Figure 17. Principle of iSILK. (A) Mice are metabolically labelled with 15N protein diet leading to 

incorporation into A plaques. Stable isotope incorporation into plaques can be delineated with 

imaging mass spectrometry. (B) MALDI-IMS employs a laser analyte desorption and ionisation 

and allows for detection of intact A peptides (C) at 10 μm resolution. (D) Single ion images can 

be generated for different peptides in parallel, including and A peptide outlining spatial peptide 

localization across different brain regions and within single A plaques. (E) This further includes 

delineation of different A isotopologues at the single plaque level. Here, pronounced localisation 

of 15N labelled A1-42 (E) to the core of the plaques (rainbow Int.). Figure adapted from (Michno 

et al., 2021). 

Abbreviations: MALDI-IMS, matrix-assisted laser desorption/ionisation imaging mass 

spectrometry. 

 

Second, differences in isotope incorporation across intra-plaque structures, i.e. 

the core and periphery, were investigated. For the first labelling scheme, it was 

found that the degree of 15N content in Aβ1-42 was less in the core than in the 

periphery. More labelled Aβ1-42 was found to deposit homogenously across the 

entire plaque (Fig. 18A-E). Given that according to the labelling scheme, less 

labelled App and Aβ are secreted earlier than the later secreted proteins that 

contain consequently more label, this suggests that the core of these plaques 

was the earliest structure formed within the plaque. 
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Figure 18. iSILK from AppNL-G-F KI mice. (A, F, I) PULSE/CHASE schemes to analyse protein 

expression before and during plaque pathology onset. (B, C) MALDI-IMS allows delineation of 

different Aβ1-42 isotopologues across single plaques in different brain regions at 10 μm resolution. 

(D, E) IMS single ion images show that the initially deposited Aβ42 (D, H, J), localize to the core 

structure, while Aβ1-42 deposited later is homogenously distributed (E, G, K). Moreover, iSILK 

allows us to delineate the timeline of deposition for multiple Aβ peptides. Here, Aβ1-38 was found 

to be deposit after Aβ1-42, as shown by different levels of 15N encoded in the respective isotopic 

envelopes (L, O, R). Using appropriate PULSE/CHASE labelling scheme 2 and 3, allows us to 

resolve differential label incorporation as illustrated in the single ion images (P, Q; S,T). 

 

We further validated these observations by modifying and devising two additional 

labelling schemes (Fig. 18F, I). Both additional experiments further confirmed that 

the plaques in this App mouse model form first as small compact core and grow 

upon homogenous deposition of later secreted Aβ (Fig. 18F-K).  

 

Third, label incorporation across different brain regions was compared to 

evaluate where in the brain plaque deposition precipitates first. Similar to the intra 

plaque region comparison, we statistically evaluated the average degree of label 

incorporation in cortical and hippocampal plaques. The results showed that 

cortical plaques contained more earlier-formed Aβ, which suggests that the 

cortex is the primary site of pathology onset.  

 

Finally, we evaluated the sequence upon which the different Aβ species deposit. 

By comparing relative isotope incorporation in Aβ1-42 and 1-38, we observed 

that Aβ1-42 is the earlier formed species as confirmed across the three 

independent labelling schemes (Fig. 18L-T). Moreover, we could delineate that 

Aβ1-38 is secreted independently and at a later time than Aβ1-42. This rejects 

the hypothesis that Aβ1-38 is a product of on-plaque Aβ1-42 processing (Szaruga 

et al., 2017). This also proves that Aβ1-38 is secreted at a later time and is not 

derived from the same early Aβ1-42/App through instant Aβ1-42 processing, 

where delayed deposition can be explained through e.g. transmembrane 

interactions as suggested earlier. This is important as this further shows that later 

Aβ1-38 secretion occurs as a result of early Aβ1-42 mediated effects, such as 

gamma secretase modulation (De Strooper et al., 2012). 
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In summary, these experiments highlight the potential of using iSILK to follow Aβ 

plaque formation in an AD mouse model, with great temporal and chemical 

precision. 

 

5.3 Finding 2 – In AppNL-F KI mice, amyloid plaques precipitate first in the 

cortex as small, cored deposits consisting of Aβ1-42 

 

While these initial experiments were key for establishing the technique and its 

feasibility, there are limitations with respect to the Arctic mutation in APPNL-G-F 

mice, whereby the chemical properties of Aβ are altered, leading to increased 

aggregation propensity. This results in rapid plaque onset and pronounced 

formation of cored deposits. Therefore, by building on the previous findings from 

AppNL-G-F mice, in these experiments I aimed to follow Aβ aggregation in evolving 

and progressing plaque pathology in AppNL-F mice, which represent a more 

physiological model of amyloid aggregation, and are more comparable to human 

pathology.  

 

For this, 6 month-old AppNL-F mice were labelled for four months with 15N and 

culled at either immediately at 10 months old, or after a 6-month CHASE at 18 

months old, to obtain two groups with both early and established plaque 

pathology.  

 

First, we evaluated the isotope content in 10 month-old animals that did not 

undergo any CHASE period following 15N PULSE. Here, we observed solely 

sparse Aβ plaque deposition in the cortex, with the plaques containing solely Aβ1-

42. Importantly, it was observed that all Aβ1-42 peptides detected showed 15N 

incorporation (data not shown), thereby ensuring that the onset of PULSE 

scheme at 6 months old was sufficient to introduce the 15N label into APP prior to 

pathology onset. 

 

Secondly, to address the question on intra-plaque heterogeneity (core vs. 

periphery), the relative 15N content of these plaque structures was evaluated. 

Here, plaques in 10 month-old AppNL-F mice (PULSE age 6-10 months, no 

CHASE) displayed lower 15N content for Aβ1-42 in the core compared with the 

periphery (Fig. 19A, P<0.01). This suggests that earlier secreted, less 15N 
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containing Aβ1-42 is deposited at the core, while later secreted Aβ1-42 deposits 

at the periphery, which is consequently formed later. In 18 month-old animals 

(PULSE age 6-10 months, 6-month CHASE), the pattern is reversed due to the 

significant deposition of unlabelled Aβ1-42 during the CHASE period (Fig. 19B-

D, P<0.05).  

Both experiments suggest that indeed that these plaques deposit as small 

compact plaque cores that grow upon homogenous deposition across the entire 

plaque area.  

 

Third, differential label incorporation across cortical and hippocampal plaques 

was evaluated, to identify the initial sites of plaque formation, similar as for the 

AppNL-G-F mice. While at 10 months no plaques were detected in the hippocampus, 

in 18 month-old mice the average degree of label incorporation in cortical plaques 

was higher as compared to hippocampal plaques (Fig.19E). Keeping in mind the 

design of the labelling scheme used, these data indicate that cortical plaques 

contain more earlier-formed Aβ, which in turn suggests that the cortex is the 

primary site of pathology onset.  
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Figure 19. iSILK results from 18 month-old AppNL-F mice.  

(A,B) Spatial stable isotope labelled Aβ1-42 deposition patterns associated with intra plaque 

heterogeneity to determine plaque formation dynamics. Quantification of 15N incorporation was 

performed by determining the centroid of the curve fitted to the isotopologue envelope for Aβ1-

42. (A) At 10 months, core structures contained less labelled, hence earlier secreted Aβ1-42. At 

18 months after a CHASE period, core structures contained more labelled Aβ1-42 compared to 

peripheral deposited Aβ1-42. IMS single ion images show that the initially deposited Aβ1-42, 

localise to the core structure (arrow, m/z 4523, C), while Aβ1-42 deposited later is distributed 

more to the periphery (m/z 4512, D). iSILK allows us to delineate the timeline of deposition across 

different brain areas as shown by different levels of 15N encoded in the respective isotopic 

envelopes (E). Here cortical plaques contained more 15N label than hippocampal plaques. 

Number of animals: N=3 per group. Number of plaques 10 months: N=5/animal; 18 months: N=5-

10/region/animal. Scalebar E,F: 20 m. 

Abbreviations: IMS, imaging mass spectrometry; iSILK, imaging mass spectrometry combined 

with stable isotope labelling kinetics; mo, months old; Peri, periphery; Ctx, cortex; Hipp, 

hippocampus. 

 

5.4 Finding 3 – Plaques mature with age, as revealed by correlative 

iSILK/LCO imaging 

 

The previous LCO imaging experiments determined that an average increase in 

plaque maturation is observed with age across brain regions in both genotypes. 

This strongly suggests that plaque mature with age, and that this is reflected in 

the LCO signatures, though conclusions are drawn at the group level. To 

ultimately validate that plaque maturation (as observed by increased LCO 

emission ratios with age) is a continuous process for each plaque, I set out to 

correlate iSILK isotope signals with corresponding LCO signatures at the single 

plaque level. This is important as a correlation of Aβ peptide labelling results with 

LCO plaque aggregation state will thus reveal the degree of newly synthesised 

Aβ over time for individual Aβ plaques across brain regions.  

 

To achieve this, consecutive sections were taken from AppNL-F mice at 18 months 

old (PULSE 6-10 months old, CHASE 10-18 months old), where one section was 

used for MALDI-IMS and the other for LCO amyloid staining and hyperspectral 

imaging. In this way, individual plaques (partially on each section) were assessed, 

and MALDI-IMS data subsequently correlated with LCO data, in both the cortex 

and hippocampus.  
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In terms of the MALDI-IMS data, the results showed that in 18 month-old APPNL-

F mice, cortical plaques (Fig. 20A) have a higher level of 15N incorporation, 

whereas plaques in the hippocampus have a lower level of incorporation (Fig. 

20B), as reflected by a higher fourth isotopic peak (black arrows indicate, Fig. 

20A and B). In line with this, LCO hyperspectral analysis of the same plaque on 

a consecutive section revealed that cortical plaques have a higher 500/580 nm 

LCO emission ratio compared with hippocampal plaques, which is indicative of a 

more mature plaque structure.  

 

A Pearson r correlation of these two findings in three individual 18 month-old mice 

showed that across all mice, cortical plaques have higher 15N incorporation 

(indicated by the 4th/3rd isotopologue peak ratio) and higher LCO emission ratio 

values compared to hippocampal plaques (Fig. 20G, mouse 2, R=0.8350, P<0.01, 

N=9; Fig. 20H, mouse 3, R=0.8936, P<0.01, N=7; Fig. 20I, mouse 4, R=0.6386, 

P<0.05, N=10). Further, there was a positive correlation between plaque age (15N 

content) and maturation (LCO emission profiles) (Fig. 20G-I). This validates that 

more structurally mature plaques are older than those less structurally mature. 

Overall, this confirms that plaques maturation occurs continuously over time until 

the age of the here studied mice (18 months old), representing fully developed 

amyloid pathology. The interesting question arising from these results is what 

other cellular processes modulate plaque maturation.  
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Figure 20. iSILK/LCO correlations in 18 month-old AppNL-F mice. 

Representative MALDI-IMS mass spectrum of Aβ1-42 for a single (A) cortical- and (B) 

hippocampal plaque in stable isotope labelled mice (PULSE 6-10 months old, CHASE 10-18 

months old). Elevation of the fourth isotopologue peak most prominently illustrates 15N 

incorporation (black arrows, A,B), whereby the absolute intensity is higher in the cortical plaque 

than the hippocampal plaques. (C-F) LCO hyperspectral emission profiles from the same cortical 

and hippocampal plaques used for IMS (C, mouse 2; D, mouse 3; E, mouse 4; F, average spectra 

of all three mice). Cortical plaques have a more mature structure than hippocampal plaques, as 

shown by higher emission intensities at around 500 nm due to higher qFTAA binding. (G-I) Two-

tailed Pearson r correlation of IMS values with LCO emission values for the same cortical and 

hippocampal plaques (G, mouse 2; H, mouse 3; I, mouse 4). Here a higher IMS 4th/3rd isotopic 

peak ratio positively correlates with the LCO 500/580 nm emission ratio. XY pairs (N number), 

significance and r values are indicated accordingly. Number of animals: N=3 per group. Number 

of plaques: N=3-5/region; N=7-10/animal.  

Abbreviations: IMS, imaging mass spectrometry; SILK, stable isotope labelling kinetics; LCO, 

luminescent conjugated oligothiophenes. 

 

5.5 Chapter summary 

 

In this chapter, I utilised a novel chemical imaging paradigm involving in vivo SIL 

of App KI mice to determine early and progressing Aβ peptide accumulation, 

aggregation and deposition dynamics with great temporal and chemical precision. 

 

Here, it was found that iSILK allows for analysis of amyloid plaque formation over 

time in AppNL-G-F mice, where all Aβ species were found to contain 15N atoms, 

indicating that initiation of labelling at week 7 is early enough to capture initial 

plaque deposition in these mice. Furthermore, the timeline of plaque deposition 

was established by comparing the relative isotope incorporation of Aβ peptides: 

first, plaques are deposited as an initial core formed entirely of Aβ1-42, followed 

by further deposition of Aβ1-42 along with Aβ1-38 to a lesser degree; second, 

that plaque cores form first, followed by the periphery; and third, that cortical 

plaques form prior to hippocampal plaques. Additionally, Aβ1-38 secretion was 

established as secondary to and independent of Aβ1-42, suggesting that it is a 

product of on-plaque Aβ1-42 processing.  
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These experiments were repeated in AppNL-F mice, a more physiological model 

of human AD. Again, at 10 months, all Aβ peptides contained 15N atoms, 

confirming that undergoing PULSE labelling at 6 months old was sufficient. Much 

like AppNL-G-F animals, AppNL-F mice also deposit plaques as a core formed of 

Aβ1-42 followed by further deposition of Aβ1-42 into the periphery, and in the 

cortex prior to the hippocampus.  

 

Furthermore, correlative iSILK/LCO imaging analysis in 18 month-old AppNL-F 

mice revealed a positive correlation between plaque age (15N content) and LCO 

emission profiles (maturation). This confirms firstly: that both methods of 

measuring plaque age are valid, and secondly: that cortical plaques are older and 

thus formed prior to hippocampal plaques, in line with the iSILK data from AppNL-

G-F mice (Michno et al., 2021). Furthermore, this is consistent with the LCO results 

established in Chapter 4, providing further validation that in these mice, plaque 

deposition is dynamic and continuous over at least the first 18 months of life.  

 

Overall, these findings highlight how SIL in combination with MALDI-IMS is an 

effective tool to study Aβ deposition dynamics in App KI mouse models. The 

results showed that Aβ deposition is temporally dynamic, with certain brain 

regions consistently more vulnerable to earlier deposition, and production of 

different Aβ species occurring at varying stages of pathology.  
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Chapter 6: The association between plaque 

conformation and microgliosis in App KI mice  

 

 

6.1 Introduction  

 

It is well-documented that in AD, gliosis occurs in line with accumulating A 

pathology (Itagaki et al., 1989), and AD mouse models have provided insight into 

the potential roles of microglia around plaques. Initially, microglia are thought to 

be neuroprotective by removing synaptic damage in and around plaques 

(Condello et al., 2015). Murine microglia have been shown to cluster round 

plaques and promote them to become denser and more compact, by 

compartmentalising them to restrict the formation of protofibrillar Aβ, thereby 

reducing neuritic dystrophy (Bolmont et al., 2008; Condello et al., 2015; Meyer-

Luehmann et al., 2008).  

 

App KI mice have been reported to display unaltered microglial dynamics in the 

early stages of plaque pathology. In AppNL-G-F mice, microglial activation has been 

shown to occur from about 5 months of age (Sacher et al., 2019), followed by 

altered expression of genes related to microglia modulation functions at 6 months 

of age (Castillo et al., 2017). Previous work in our lab showed that hippocampal 

microglial density and activation were unchanged compared to WTs at 3.5 

months of age (Benitez, 2021). However, by 9 months old, when AppNL-G-F mice 

have a heavy plaque load, they display increased numbers of Iba1+ microglia 

and increased microglial Trem2 expression (Benitez et al., 2021; Saito et al., 

2014). By 24 months old, AppNL-G-F mice have large plaques and reactive gliosis 

throughout the brain (including the cortex and hippocampus) (Sakakibara et al., 

2019). AppNL-F mice, who start developing plaques at around 9 months old, have 

also been shown to have unchanged microglial density and activation at 10 

months old compared to WT mice (Benitez, 2021). This suggests that it is late, 

rather than early Aβ accumulation which has a more significant effect on 

microglial behaviour. However, at what point and for what reason this occurs is 

unclear. Therefore, it would be useful to compare alterations in microglial density 
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and activation in early vs. late plaque pathology, to see if there is indeed a ‘switch’ 

in microglia behaviour over time. 

 

Numerous studies have reported that Trem2-deficient mouse models show 

decreased microglial activation, resulting in a reduction of plaque-associated 

microglia and altered plaque morphology (Jay et al., 2015; Wang et al., 2015; 

Yuan et al., 2016). Indeed, recently our lab demonstrated that gene expression 

of microglial phagocytic markers was dependent on Trem2 genotype (Wood et 

al., 2022). This same study showed that AppNL-F/Trem2R47H mice exhibit a higher 

density of plaques in the hippocampus than AppNL-F mice, driven by a larger 

number of smaller sized plaques (Wood et al., 2022). Overall this suggests that 

a perturbed microglial response in AppNL-F/Trem2R47H mice may be affecting 

plaque clearance. Therefore, microglia may have an essential role for the 

clearance of smaller plaques, whilst not having much of an effect on larger 

plaques. Alternatively, the barrier formation function of microglia (Condello et al., 

2015) may be lost in these mice, resulting in increased breaking off of smaller 

plaques from bigger plaques. Therefore, it would be useful in this context to 

further explore the effects that the Trem2R47H mutation has on microglial activation 

and plaque morphology.  

 

The present chapter will therefore explore microglial activation and distribution 

changes across two brain regions (cortex vs. hippocampus) in AppNL-G-F, AppNL-F 

and AppNL-F/Trem2R47H mice, and also compare these dynamics in early vs. late 

plaque pathology. 

 

To do this, plaque-associated microglial distribution and activation (as 

determined by Iba1+ microglia counts and CD68 intensity, respectively) were 

quantified in these three mouse models. Alterations in the cortex vs. 

hippocampus were also examined, to see if microglial distribution or level of 

activation around plaques is influenced by brain region or plaque age (cortical 

plaques are older as they form there prior to the hippocampus, as established in 

the previous chapter). Additionally, in AppNL-G-F and AppNL-F mice, microglial 

dynamics in 18 month-old mice were compared to a time point that reflected early 

plaque pathology (4 and 9 months old, respectively), to assess if more mature 

plaques attract greater quantities of activated microglia. Previous work by our lab 
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demonstrated that in AppNL-F mice, total hippocampal microglial distribution 

changes occur at around 24 months of age (Benitez et al., 2021); however, it is 

unclear whether there are plaque-associated alterations, or changes in the cortex. 

Furthermore, as AppNL-F/Trem2R47H mice exhibit alterations in microglial response, 

in addition to reduced levels of Trem2 (Wood et al., 2022), examining this model 

will add interesting insight into how addition of the Trem2R47H mutation affects 

microglia dynamics.  

 

6.2 Microglial activation and distribution changes across brain regions with 

age in App KI mice 

 

Here, I compared the distribution of microglia around individual plaques by 

comparing the distribution of Iba1+ cells in concentric circles increasing by 20 m 

radius out from the plaque edge. Microglia within the 0 – 10 m circles were 

classed as ‘on-plaque’, those in the 10 – 30 m circles were ‘peri-plaque’, and 

those in the 30 – 50 m circles were ‘away-from-plaque’. When a microglial cell 

is overlapping the border of on-plaque vs. per-plaque, or peri-plaque vs. away-

from-plaque, it is counted on the innermost side.  

 

6.2.1 Finding 1 – Alterations in microglial clustering across genotype 

 

Firstly, I aimed to compare the distribution of microglia across the three 

genotypess at the same age, to determine if genetic background (and therefore 

level of plaque pathology) contributes to alterations in microgliosis, without age 

as a confounding factor. Therefore, microglia positive for both Iba1 and DAPI 

were counted in concentric circles around the plaques of 18 month-old AppNL-G-F, 

AppNL-F and AppNL-F/Trem2R47H mice, and compared with age-matched WT mice. 

Figure 21 outlines the method of counting, whereby the macro draws concentric 

circles increasing in 10 m distance around each plaque, here illustrated with an 

Iba1/DAPI co-stained section from a 9 month-old AppNL-F mice (Fig. 21A). As can 

be seen, the macro has correctly identified plaques, as confirmed by LCO staining 

(Fig. 21B). For WT mice, the macro draws a pseudo-plaque (Fig. 21C). Only 

microglia positive for both Iba1 and DAPI were counted. As individual microglia 

often overlap with two concentric circles, counts were pooled into ‘on-plaque’, 

‘peri-plaque’ and ‘away-from-plaque’ areas, as described above. For 



 99 

normalisation, microglial density was calculated as per mm2 rather than exact 

counts, due to varying radius sizes of the rings measured depending on the size 

of the plaque. 

  

 

Figure 21. Counting method for microglia around plaques. (A) The macro identifies plaques 

within an image obtained by fluorescence confocal microscopy, and draws concentric circles 

increasing in 10 m distance around each plaque. (B) LCO amyloid imaging in the same section 

as for (A) confirms the correct localisation of plaques. Only microglia positive for both Iba1 (pink) 

and DAPI (blue) are counted. As individual microglia often overlap with two concentric circles, 

counts are pooled into ‘on-plaque’ (circles 0 – 10 m), ‘peri-plaque’ (circles 10 – 30 m) and 

‘away-from-plaque’ (circles 30 – 50 m) areas. When a microglial cell is overlapping the border 

of on-plaque vs. per-plaque, or peri-plaque vs. away-from-plaque, it is counted on the innermost 

side. (C) For WT mice, who do not bear plaques, pseudo-plaques are drawn by the macro, and 

microglia are counted as for App KI mice. 

Abbreviations: WT, wild-type; mo, months old. 

 

 

In 18 month-old App KI mice, who exhibit widespread amyloid pathology, 

antibody staining for Iba1 (for microglia) followed by LCO staining for plaques and 

DAPI staining for nuclei was performed. Visualisation after confocal imaging 

revealed that as expected, microglia cluster around plaques, with their density 

clearly increased in plaque-associated regions (Fig. 22). In particular, microglia 

around plaques in AppNL-F (Fig. 22A) and AppNL-G-F (Fig. 22B) mice demonstrate 

increased clustering compared with AppNL-F/Trem2R47H (Fig. 22C). 
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Figure 22. Clustering of microglia around plaques in 18 month-old App KI mice. 

Representative confocal images of Iba1, LCO double staining (qFTAA and hFTAA) and DAPI of 

hippocampal plaques in 18 month-old (A) AppNL-G-F, (B) AppNL-G-F and (C) AppNL-F/Trem2R47H mice. 

All images are captured at 20X magnification.  

Abbreviations: LCO, luminescent conjugated oligothiophenes. 

 

Quantification with a two-way ANOVA revealed a main effect of genotype on the 

plaque for AppNL-F vs. AppNL-F/Trem2R47H mice. Post-hoc comparisons using 

Holm-Šídák's test confirmed that on the plaque, APPNL-F mice had significantly 

more microglia compared to AppNL-F/Trem2R47H (Fig. 23A, P<0.01 cortex; Fig. 23B 

P<0.05 hippocampus). This trend was also seen in the peri-plaque and away-

from-plaque regions, although this was not statistically significant. Interestingly, 

the difference in microglial density around plaques was not statistically significant 

between AppNL-G-F  and AppNL-F mice, demonstrating that microglia from both 

genotypes have effective microglial clustering mechanisms around plaques. All 

three App KI groups exhibited significantly increased microglial density on the 

plaque compared to WT mice in both the cortex and hippocampus (red dotted 

line represents WT; Fig. 23A and B), although this effect evened out the further 

away from the plaque. 

 

A
P

P
N

L
-F

/T
R

E
M

2
R

4
7
H

A
P

P
N

L
-G

-F
A

P
P

N
L

-F

LCO DAPI Iba1 LCO
Iba1
DAPI

A

B

C



 101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Genotype-associated alterations in microglial clustering in App KI mice. 

Quantification with a two-way ANOVA followed by Holm-Šídák's multiple comparisons test 

revealed statistically significant genotype-associated alterations in microglial density around 

plaques in the (A) cortex and (B) hippocampus of AppNL-G-F, AppNL-F and AppNL-F/Trem2R47H mice. 

Numbers of microglia are expressed as per mm2 rather than exact counts due to varying radius 

sizes of rings measured depending on the size of the plaque. Number of animals: N=4-5 per 

group. Number of plaques: N=15-20/region/animal.  *P<0.05; **P<0.01. 

Abbreviations: WT, wild-type. 

 

Interestingly, when comparing AppNL-G-F and AppNL-F/Trem2R47H, the decreased 

microglial density around plaques in the latter suggests that the Trem2R47H 

mutation impairs the ability of microglia to cluster around plaques. This is in line 

with previous research showing that Trem2R47H mice display reduced quantities 

of dense-core plaques (Cheng-Hathaway et al., 2018), suggesting an impairment 

in the ability of microglia to compact plaques. Additionally, Trem2-deficient mouse 

models show decreased microglial activation, resulting in a reduction of plaque-

associated microglia and altered plaque morphology (Jay et al., 2015; Wang et 

al., 2015; Yuan et al., 2016). Also, as microglia counts were largely not 

significantly changed between the three genotypes or compared to WT in the 

peri-plaque and away-from-plaque regions, this suggests that in 18 month-old 

mice, microglial alterations are related to plaque-response mechanisms.  
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6.2.2 Finding 2 – Microglial clustering around plaques and across brain 

regions 

 

After establishing genotype-associated alterations in microglial density, next, I 

aimed to explore changes in clustering with increasing distance from the plaque, 

and also if these alterations are consistent between brain regions. Therefore, 

here I assessed cortical vs. hippocampal microglial density at 20-µm increments 

around plaques in AppNL-F (9 and 18 months old), AppNL-F/Trem2R47H (18 months 

old) and AppNL-G-F (4 and 18 months old) mice. 

  

Visually, it is difficult to detect differences between the two regions after Iba1 IHC 

for microglia and LCO/DAPI co-staining for plaques and nuclei, respectively (data 

not shown). Quantification with a two-way ANOVA revealed a main effect of 

plaque distance for all genotypes and age groups assessed (Fig. 24A-E). Post-

hoc comparisons using Holm-Šídák’s test confirmed that on-plaque microglial 

density was significantly increased compared to peri-plaque and away-from-

plaque areas, in both the cortex and hippocampus (Fig. 24A-E). The only 

exception was in 9 month-old AppNL-F  mice, where there were no differences 

between on-plaque and peri-plaque microglial counts in the cortex (Fig. 24C).  

 

Across all age groups and genotypes, there was no main effect of brain region 

(cortex vs. hippocampus), apart from in 4 month-old AppNL-G-F mice (Fig. 24A); 

although after post hoc analysis, this was not statistically significant.  
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Figure 24. Plaque-associated microglial clustering in App KI mice. 

Quantification with a two-way ANOVA followed by Holm-Šídák's multiple comparisons test 

revealed statistically significant plaque-associated alterations in microglial density in AppNL-G-F 

mice at (A) 4 and (B) 18 months old; APPNL-F at (C) 9 and (D) 18 months old; and (E) 18 month-

old AppNL-F/Trem2R47H mice. Numbers of microglia are expressed as per mm2 rather than exact 
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counts due to varying radius sizes of rings measured depending on the size of the plaque. Number 

of animals: N=4-5 per group. Number of plaques: N=15-20/region/animal. *P<0.05; **P<0.01; 

***P<0.001; ****P<0.0001. 

Abbreviations: Ctx, cortex; Hipp, hippocampus; WT, wild-type; mo, months old. 

 

 

 

6.2.3 Finding 3 – Age-associated changes in microglial clustering  

 

Both AppNL-F and AppNL-G-F models exhibit a progressive rise in amyloidosis, with 

AppNL-F mice starting to develop plaques at around 9 months, and AppNL-G-F at 2 

months. Hence, the former is an excellent model for studying early pathological 

changes, whereas the latter is good for examining advanced, post-plaque 

alterations in the brain. Therefore, I aimed to examine age-associated changes 

in microglia around plaques, using the same counting method as above. Due to 

lack of tissue, I was unable to assess AppNL-F/Trem2R47H mice at a younger age, 

and therefore this group is not included in this analysis. 
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Figure 25. Alterations in microglial clustering around plaques in young vs. old App KI mice.  

Representative confocal images of Iba1, LCO (qFTAA and hFTAA) and DAPI co-staining of 

hippocampal plaques in AppNL-G-F mice at (A) 4 and (B) 18 months old; and AppNL-F at (C) 9 and 

(D) 18 months old. All images are captured at 20X magnification. Number of animals: N=4-5 per 

group. Number of plaques: N=15-20/region/animal.   

Abbreviations: mo, months old. 

 

 

The confocal imaging results showed that younger App KI mice have fewer 

plaques than their older counterparts, and fewer microglia clustered around those 
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plaques (Fig. 25). The difference is particularly noticeable in AppNL-F  mice, where 

microglia are more consistently spaced throughout the section in 9 month-old 

mice (Fig. 25C) compared with 18 month olds (Fig. 25D). This effect is also seen 

when comparing young (Fig. 25A) vs. old APPNL-G-F (Fig. 25B). 

 

 

Figure 26. Age-associated alterations in microglial clustering in App KI mice. 

Quantification with a two-way ANOVA followed by Holm-Šídák’s multiple comparisons test 

revealed statistically significant age-associated alterations in microglial density directly around 

plaques in the (A) cortex and (B) hippocampus of AppNL-G-F mice; and the (C) cortex and (D) 

hippocampus of AppNL-F mice. Numbers of microglia are expressed as per mm2 rather than exact 

counts due to varying radius sizes of rings measured depending on the size of the plaque.  

Number of animals: N=4-5 per group. Number of plaques: N=15-20/region/animal.  *P<0.05; 

****P<0.0001.  

Abbreviations: mo, months old. 
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Quantification with a two-way ANOVA followed by Holm-Šídák's multiple 

comparisons test showed that for both App KI models and for both the cortex and 

hippocampus, older mice have significantly increased microglial counts around 

the plaque (Fig. 26). The peri-plaque and away-from-plaque regions were not 

significantly altered between ages; however, except for in the cortex of AppNL-G-F 

(Fig. 26A). Overall this suggests that recruitment of microglia occurs following 

plaque formation, implicating microgliosis as a secondary event to amyloid 

deposition.  

 

6.3 Microglial activation 

 

After establishing alterations in microglial distribution around plaques in App KI 

mice, next, I aimed to understand the activation status of these microglia by 

staining sections with CD68, a well-established marker of microglial phagocytic 

activity (Hopperton et al., 2018). For drawing of circles, the same macro was used 

as for microglial counting. An additional macro calculated CD68 signal only within 

Iba1 signal, to be certain that microglia-specific activity was being measured. 

Microglial CD68 immunoreactivity was measured in 10-m concentric circles 

around plaques until a 50-m radius was reached around the plaques. This radius 

was chosen as it is the furthest to reliably measure from a plaque at this age 

without other plaques impinging on the measurement. 

 

 

6.3.1 Finding 1 – Microglial activation around plaques is dependent on 

genetic background  

 

Firstly, I aimed to compare microglial activation across the three genotypes at the 

same age, to determine if genetic background contributes to alterations in 

microgliosis, without age as a confounding factor. Therefore, microglial CD68 

immunoreactivity was measured in 10-m concentric circles around plaques in 

18 month-old AppNL-G-F, AppNL-F and AppNL-F/Trem2R47H mice, and compared with 

age-matched WT mice. 

 

Visualisation of CD68 immunoreactivity with confocal microscopy showed that 

APPNL-G-F mice had the greatest level of activation not only directly around 
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plaques, but also in the periphery (Fig. 27A). AppNL-F mice demonstrated CD68 

immunoreactivity more tightly clustered around the plaque (Fig. 27B). AppNL-

F/Trem2R47H mice, on the other hand, had the lowest levels of activation around 

plaques (Fig. 27C). Quantification with a two-way ANOVA revealed a significant 

plaque distance x genotype interaction in the cortex (P<0.01) and hippocampus 

(P<0.001), with post-hoc tests revealing that at almost every 10-m increment 

from the plaque, AppNL-G-F mice had significantly increased microglial activation 

compared to APPNL-F in both brain regions (Fig. 27D cortex; Fig. 27E 

hippocampus). In AppNL-F mice, on the other hand, this effect was only seen 

compared with AppNL-F/Trem2R47H near the plaque, in both brain regions (Fig. 27D 

and E). Additionally, compared to WT, AppNL-G-F mice had significantly increased 

CD68 immunoreactivity at all distances measured from the plaque, whereas in 

AppNL-F and AppNL-F/Trem2R47H, this effect was only seen nearest the plaque (up 

to circle 20 µm; Fig. 27D and E). This was consistent across both brain regions 

(Fig. 27D and E). 
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Figure 27. Genotype-associated alterations in microglial activation around plaques in 18 

month-old App KI mice. Representative confocal images of CD68, LCOs (qFTAA and hFTAA) 

and DAPI co-staining of cortical plaques in (A) AppNL-G-F, (B) AppNL-F and (C) AppNL-F/Trem2R47H 

mice at 18 months old. All images are captured at 20X magnification. Quantification of microglial 

CD68 intensity in the (D) cortex and (E) hippocampus of 18 month-old App KI mice, and all 

compared to age-matched WT mice (red dotted line). Columns indicate mean  SEM. Number of 

animals: N=4-5 per group. Number of plaques: N=15-20/region/animal.  Interactions within plaque 

distances from a two-way ANOVA followed by Holm-Šídák's multiple comparisons test indicated 

by: *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 

Abbreviations: WT, wild-type; LCOs, luminescent conjugated oligothiophenes. 

 

 

Interestingly, CD68 protein expression in AppNL-G-F mice remained significantly 

higher than AppNL-F and AppNL-F/TREM2R47H even at 40 m away from the plaque 

(in both cortex and hippocampus), and at 50 m in the hippocampus. This  

is in contrast to the microglial density data, where I found no difference in 

microglial counts between genotypes in the peri-plaque and away-from-plaque 

regions. This suggests that at 18 months old, despite plaque-associated 

microglial distribution being the same as the other two genotypes, each microglia 

is expressing more CD68. Additionally, microglia are activated not only on the 

plaque, but also in the periphery, suggesting that microglia-associated toxic Aβ 

species in these mice are not only confined to nearest the plaque, but also in the 

surrounding areas.  

 

6.3.2 Finding 2 – Microglial activation around plaques is not altered 

between the cortex and hippocampus in both early- and late-stage 

pathology in App KI mice 

 

Next, I aimed to assess differences in microglial activation between the cortex 

and hippocampus, at both early and late-stage pathology in App KI mice. Even 

though AppNL-G-F and AppNL-F mice show increased microglial density on the 

plaque in the cortex compared to the hippocampus, this was not replicated in 

activation levels. At all distances from the plaque, there were no differences in 

CD68 intensity between the cortex and hippocampus in both 4 and 18 month-old 

AppNL-G-F (Fig. 28A), and 9 and 18 month-old AppNL-F (Fig. 28B).  
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For AppNL-F/Trem2R47H, the only tissue available was from 18 month-old animals, 

therefore it was not possible to compare pathology to an earlier timepoint. 

However, consistent with the other two genotypes, AppNL-F/Trem2R47H mice also 

did not display regional differences in microglial activation at 18 months old (Fig. 

28C). Overall, these results indicate that despite alterations in plaque-associated 

microglial clustering between cortical and hippocampal regions, this is not 

associated with changes in microglial activation.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Cortical vs. hippocampal microglial activation around plaques in App KI mice. 

Microglial CD68 intensity around plaques in the cortex and hippocampus of (A) AppNL-G-F (B) 

AppNL-F and (C) AppNL-F/Trem2R47H mice, and all compared to age-matched WT mice (red dotted 
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line). Columns indicate mean  SEM. Number of animals: N=4-5 per group. Number of plaques: 

N=15-20/region/animal.   

Abbreviations: Ctx, cortex; Hipp, hippocampus; WT, wild-type. 

 

 

6.3.3 Finding 3 – Age-associated increase in microgliosis in App KI mice 

 

With the knowledge that microglial activation differs between App KI models, next, 

I sought to understand how early vs. late plaque pathology affects microgliosis.  

 

First, in AppNL-G-F mice, who develop fast and aggressive amyloid pathology from 

around 2 months old (Benitez et al., 2021; Saito et al., 2014), microglial activation 

around plaques was compared between 4 and 18 month-old mice, to understand 

potential alterations at different stages of plaque pathology.  
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Figure 29. Age-associated changes in microglial activation around plaques in App KI mice. 

Representative confocal images of CD68, LCO (qFTAA and hFTAA) and DAPI co-staining of 

cortical plaques in AppNL-G-F mice at (A) 4 and (B) 18 months old; and APPNL-F mice at (C) 9 and 

(D) 18 months old. All images are captured at 20X magnification. Quantification of age-associated 

alterations in microglial CD68 intensity in the (E) cortex and (F) hippocampus of APPNL-G-F mice; 

and the (G) cortex and (H) hippocampus of AppNL-F mice. Columns indicate mean  SEM. Number 

of animals: N=4-5 per group. Number of plaques: N=15-20/region/animal. Interactions within 

plaque distances from a two-way ANOVA followed by Holm-Šídák's multiple comparisons test 

indicated by: **P<0.01; ***P<0.001; ****P<0.0001. 

Abbreviations: Ctx, cortex; Hipp, hippocampus; WT, wild-type; LCOs, luminescent conjugated 

oligothiophenes. 

 

 

Observation of CD68 staining showed a clear increase in CD68 immunoreactivity 

not only directly around the plaque, but also in the periphery in older animals (Fig. 

29B) compared with their younger counterparts (Fig. 29A). Statistical analysis 

with a two-way ANOVA revealed a significant plaque distance x genotype 

interaction only in the cortex (P<0.001). Subsequent Holm-Šídák's multiple 

comparisons test showed that in cortex, older AppNL-G-F mice displayed 

significantly increased levels of CD68 intensity at every 10-m increment from 

the plaque, compared with their younger counterparts (P<0.0001; P<0.001; 

P<0.01). Additionally, 18 month-old AppNL-F and AppNL-G-F animals had 

upregulated on-plaque microgliosis compared with age-matched WT mice in both 

the cortex and hippocampus; however, this effect was also only seen in young 

AppNL-F and not AppNL-G-F mice (Fig. 29E-H). 

 

These data combined thus suggest that plaque-associated microglial activation 

is a late, rather than early pathological response.  

 

6.3.4 Finding 4 – Plaque-associated microgliosis is dependent on 

Trem2genotype and stage of pathology 

 

Earlier in this chapter, it was established that, in AppNL-F and AppNL-G-F mice, 

individual plaque structures mature over time, and that this corresponds with 

increased microglial clustering and activation around plaques. AppNL-F/Trem2R47H 
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mice, on the other hand, display altered plaque morphology and an impairment 

in microglial clustering, likely due to the TREM2R47H mutation causing a loss-of-

function effect in the ability of microglia to form a protective barrier around 

plaques and/or compact them properly.  

 

With this knowledge, next, I aimed to examine the LCO profile of each individual 

plaque within App KI mice, i.e. its maturation state, and correlate this with CD68 

intensity in the ‘on-plaque’ (0 – 10 µm), ‘peri-plaque’ (10 – 30 µm) and ‘away-

from-plaque’ (30 – 50 µm) regions. The aim of this analysis was to determine:  

1. Do more mature plaques (with a higher 500/580 nm emission ratio) show 

increased CD68 immunoreactivity?; 

If so: 

2. Is this effect is only directly around the plaque, or also in the vicinity?;  

3. Is this different among genotypes?; 

4. Does this change with age?; and  

4. Is this different in the cortex vs. hippocampus? 

 

Thus, this will give interesting insight into the behaviour of microglia around 

individual plaques. If more mature/cored plaques have more microglial activation 

directly around them, this confirms microgliosis as a secondary event, i.e. amyloid 

aggregation and deposition draws in a microglial response. However, if it is in 

fact younger/less mature plaques with more activated microglia, this suggests 

that microglial activation precedes plaque maturation, and implicates their role in 

plaque formation.  

 

Spearman’s r correlation analysis showed that in 4 month-old AppNL-G-F mice, who 

are at early stages of plaque pathology, there is a strong positive correlation 

between increased plaque emission ratio and microglial CD68 intensity directly 

on the plaque, which is seen in both the cortical (Fig. 30A, R=0.57, P<0.0003) 

and hippocampal (Fig. 30B, R=0.53, P<0.0006) regions. This effect was lost the 

further away from the plaque, with no correlation observed in both brain regions 

(Fig. 30A and B). In 18 month-old AppNL-G-F mice, who have widespread amyloid 

pathology and more structurally mature plaques compared to AppNL-F and AppNL-

F/Trem2R47H, again there is a significantly positive correlation. This effect was 

most prominent on the plaque in both cortical (Fig. 30C, R=0.71, P<0.0001) and 
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hippocampal regions (Fig. 30D, R=0.64, P<0.0001), but was also seen in the peri-

plaque area for both brain regions (cortex: Fig. 30C, R=0.52, P<0.0027; 

hippocampus: Fig. 30D, R=0.64, P<0.0003). This effect was lost in the ‘away-

from-plaque’ area, where no correlation was observed. This suggests that even 

at 30 – 50 m away from the plaque, microglia may be responding to toxic species 

being diffused out from the plaque, which would be an interesting avenue to 

further explore. 
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Figure 30. Spearman’s r correlation analysis of plaque maturity and microglial activation 

in AppNL-G-F mice. Correlations of plaque emission ratio (500/580 nm) against microglial CD68 

intensity in on-plaque (0 – 10 m), peri-plaque (10 – 30 m) and away-from-plaque (30 – 50 m) 

areas; in the (A) cortex and (B) hippocampus of 4 month-old; and (C) cortex and (D) hippocampus 

of 18 month-old APPNL-G-F mice. Linear regression lines are presented. XY pairs (N number), 

significance and r values are indicated accordingly. Red dots, on-plaque; yellow dots: peri-plaque; 

green dots: away-from-plaque. 

Abbreviations: ns, non-significant; mo, months old. 

 

 

When examining AppNL-F mice, similar effects were observed. In 9 month-old 

AppNL-F mice, on the plaque, there was a positive correlation with increased 

plaque emission ratio and microglial activation (cortex: Fig. 31A, R=0.65, P<0.05 

cortex; hippocampus: Fig. 31B, R=0.78, P<0.01); however, this effect was lost in 

the peri-plaque and away-from-plaque regions. 18 month-old mice, on the other 

hand, showed a positive correlation for both the on-plaque (R=0.73, P<0.0001 for 

both cortex and hippocampus) and peri-plaque (cortex: Fig. 31C, R=0.46, 

P<0.001; hippocampus: Fig. 31B, R=0.37, P<0.05) areas, consistent with AppNL-

G-F mice of the same age. 
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Figure 31. Spearman’s r correlation analysis of plaque maturity and microglial activation 

in AppNL-F mice. Correlations of plaque emission ratio (500/580 nm) against microglial CD68 

intensity in on-plaque (0 – 10 m), peri-plaque (10 – 30 m) and away-from-plaque (30 – 50 m) 

areas; in the (A) cortex and (B) hippocampus of 9 month-old; and (C) cortex and (D) hippocampus 

of 18 month-old AppNL-G-F mice. Linear regression lines are presented. XY pairs (N number), 

significance and r values are indicated accordingly. Red dots, on-plaque; yellow dots: peri-plaque; 

green dots: away-from-plaque. 

Abbreviations: ns, non-significant; mo, months old. 
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Interestingly, the pronounced plaque maturity-associated increase in CD68 was 

totally lost in AppNL-F/Trem2R47H mice, where no correlation was observed 

between plaque morphology and microglial activation, in any of the concentric 

circles radiating from the plaque. This effect was consistent in both the cortex 

(Fig. 32A) and hippocampus (Fig. 32B).  

 

 

 

 

 

Figure 32. Spearman’s r correlation analysis of plaque maturity and microglial activation 

in 18 month-old AppNL-F/Trem2R47H mice. Correlations of plaque emission ratio (500/580 nm) 

against microglial CD68 intensity in on-plaque (0 – 10 m), peri-plaque (10 – 30 m) and away-

from-plaque (30 – 50 m) areas; in the (A) cortex and (B) hippocampus of 18 month-old AppNL-

F/Trem2R47H mice. Linear regression lines are presented. XY pairs (N number), significance and r 

values are indicated accordingly. Red dots, on-plaque; yellow dots: peri-plaque; green dots: 

away-from-plaque. 

Abbreviations: ns, non-significant; mo, months old. 

 

Overall this data is showing that in AppNL-G-F and AppNL-F mice, increasing plaque 

maturity correlates with more microglial activation. In early plaque pathology, this 

only occurs directly around the plaque, whereas in later plaque pathology, 

microgliosis spreads to the peri-plaque regions too. Additionally, this mechanism 

is likely mediated by Trem2, because microglia in AppNL-F/Trem2R47H mice are 

dysfunctional in becoming appropriately activated around mature plaques. 
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Next, I aimed for a more detailed comparison of plaque conformation/microglial 

activity correlations on the plaque, to understand genotype- and age-associated 

alterations in AppNL-G-F and AppNL-F mice. As no correlations were observed in 

AppNL-F/Trem2R47H mice, they were excluded from this analysis. Therefore, the 

correlation data specifically for the on-plaque area (0 – 10 m) was pooled across 

all ages and genotypes (Fig. 33A). Here, it is clear that 18 month-old AppNL-G-F 

mice exhibit the highest levels of microgliosis in relation to plaque pathology.  

 

Additionally, the difference in CD68-LCO correlation between old and young mice 

is most pronounced in AppNL-G-F, suggesting that microgliosis starts off at low 

levels, and increases with age and accumulating amyloid pathology (Fig. 33A).  

 

Intriguingly, plaques in AppNL-G-F mice at 4 months old display lower CD68 

intensity values than plaque in AppNL-F mice at 9 months old, despite AppNL-G-F 

having more cored plaques. This could either be an age effect (as AppNL-F mice 

are 5 months older in this comparison), or is indicative of the fact that amyloid 

deposition and aggregation occur first, followed by microgliosis at later stages of 

pathology. Positive correlations were statistically significant for both all groups 

measured (Fig. 33B).  

 

Overall, these results show that AppNL-F experience a more gradual increase in 

plaque-associated microgliosis compared to AppNL-G-F mice, in line with previous 

findings (Benitez et al., 2021; Saito et al., 2014).  
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Figure 33. Alterations in plaque-associated microgliosis between genotypes and across 

ages in App KI mice. (A) Correlations of plaque emission ratio (500/580 nm) against microglial 

CD68 intensity in the on-plaque (0 – 10 m) area. Simple linear regression lines are presented. 

(B) Corresponding XY pairs, significance and r values. (C) Plaques with a 500/580 nm emission 

ratio 0.25 or over were excluded, and their corresponding CD68 intensity values in the on-plaque 

area are presented. Columns indicate mean  SEM. Number of animals: N=4-5 per group. 

Number of plaques: N=15-20/region/animal.  Interactions from a two-way ANOVA followed by 

Holm-Šídák's multiple comparisons test indicated by: *P<0.05; **P<0.01; ***P<0.001. 

Abbreviations: ns, non-significant; mo, months old. 
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With the understanding that plaque maturity indeed correlates with increasing 

microglial activation, next, I aimed to more closely examine differences in CD68 

immunoreactivity around less structurally mature plaques, to see whether age or 

genotype drive early activation, or if it is the other way around. 

 

To do this, I focused solely on plaques with an LCO emission ratio below 0.25. 

The results showed that even when selectively looking at less cored plaques, 

there were alterations in microglial activation around, them depending on age or 

genotype, between young and old AppNL-G-F and AppNL-F mice (Fig. 33C). 

Interestingly, young APPNL-F had significantly increased CD68 levels compared 

with young AppNL-G-F even when the analysis was confined to less cored plaques 

only (Fig. 33C), consistent with the previous correlation across all plaques (Fig. 

33A). This again suggests that it is not only plaque pathology that encourages 

microglial activation, but also the age of the animal. Additionally, APPNL-F mice 

have higher levels of soluble Aβ than AppNL-G-F, so there certainly may be 

microglial responses to other forms of Aβ in AppNL-G-F mice that were out of the 

scope of the present study. Overall, this data shows that in older animals, 

particularly AppNL-G-F, plaques of the same structural maturity display more 

activated microglia directly around them than their younger counterparts. 

Therefore, it is important not to discount age as a contributing factor to microglial 

behaviour.  

 

 

6.4 Chapter summary 

 

In this chapter, I examined the relationship between early and late plaque 

morphology and microgliosis in AppNL-G-F and AppNL-F mice, and whether these 

phenotypes are altered in the presence of the Trem2R47H mutation. As established 

in the previous chapter, in late-stage pathology, AppNL-G-F mice (who experience 

increased Aβ oligomerisation) exhibit plaques with the most mature structure 

compared to AppNL-F; and in turn, plaque morphology was altered as a result of 

the R47H variant of TREM2, with AppNL-F/Trem2R47H mice exhibiting structurally 

less mature plaques compared to age-matched AppNL-F mice. In order to 

understand if these plaque changes are driven by alterations in microglial 
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behaviour, microglial distribution and activation around plaques were also 

examined.  

 

In general, microglial activation and distribution around plaques were fairly 

consistent with each other. Both young and old AppNL-G-F mice displayed the 

greatest levels of microglial clustering around plaques, and 18 month-olds had 

widespread microglial activation not just confined to directly around the plaque, 

unlike in 18 month-old APPNL-F mice. A potential mechanism for this could be that 

in aged AppNL-G-F mice, the sheer density of plaques results in soluble Aβ or other 

toxic substances diffusing from plaques may have a contribution from many 

nearby plaques, resulting in a more widespread microglial response. In AppNL-F 

mice, on the other hand, plaques are physically smaller with less of a surrounding 

halo of Aβ (as evidenced by LCO staining); therefore, it is more likely that only 

microglia directly around the plaque are in their activated state. The low levels of 

clustering and activation of microglia around plaques in App-F/Trem2R47H mice 

further confirm how Trem2 is a key factor in mediating plaque/microglia 

interactions. 

 

Interestingly, there were very few differences in plaque-associated microgliosis 

between the cortex and hippocampus in any of the groups, despite differences in 

plaque structural maturity as mentioned in Chapter 5. It could be that at the ages 

measured, it is too early or late to catch dynamic regional alterations, or in fact 

that there are no regional alterations at all.  

 

The correlation analysis provides an interesting link between plaque 

conformation and microglial response. The positive correlations for plaque 

maturity/on-plaque microglial activation for both AppNL-F and AppNL-G-F mice 

indicate that there is continuous promotion of plaque growth and peptide folding, 

with microglial activation as a secondary response. 

 

It is interesting that upon addition of the Trem2R47H mutation, these effects are 

completely abolished, highlighting how microglial behaviour around plaques is 

Trem2-dependent. This is supported by a previous study, which found that Trem2 

has a significant role in the early containment of plaque diffusion by microglia, in 

addition to its influence on the structure, composition and toxicity of Aβ deposits 



 124 

(Wang et al., 2016). A potential consequence of long-term impaired Trem2 

functioning, as is the case in AppNL-F/Trem2R47H mice, is increased toxic Aβ 

species in the brain (Wang et al., 2015), leading to further and uncontrolled 

seeding of plaques. These data give insight into TREM2-mediated mechanisms 

in the early stages of AD development, and provide a basis to further understand 

the pathological risks in individuals with a TREM2 mutation. 
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Chapter 7: Discussion 

 

AD is the most common form of dementia and is currently a worldwide crisis, with 

152 million individuals predicted to be affected by 2050 (Livingston et al., 2017). 

The impact of AD on the individual is significant; sufferers experience reduced 

quality of life as a result of cognitive decline and behavioural impairments. 

Although the amyloid cascade hypothesis has been established for decades, it is 

only recently that we have developed our understanding of the impact of 

pathological factors other than amyloid plaques, NFTs and synaptic dysfunction. 

The role of glial cells in AD pathogenesis has been widely researched over the 

past few years, with GWAS highlighting variants of several microglial genes, 

notably TREM2, as conferring an increased risk of developing AD (Guerreiro et 

al., 2013b; Jonsson et al., 2013). Furthermore, the original school of thought that 

microglia adopt either a classic pro- or anti-inflammatory state has been 

challenged in recent years, with multiple studies showing that they exist as 

heterogenous populations across different brain regions, with a multitude of 

functions. In terms of amyloid plaques, the significance of Aβ deposition in AD 

has long been recognised, but past technology lacked the chemical specificity 

and sensitivity to examine the specific dynamics of how plaques grow over time, 

what they are composed of, and their effects on the surrounding cellular 

environment.  

 

Therefore, in this project I aimed to assess, in detail, Aβ dynamics and the 

interaction with surrounding microglia. I examined two App KI models, AppNL-F 

and AppNL-G-F, and initially tried to model amyloid deposition in OHSCs derived 

from postnatal pups, based on a previous publication (Novotny et al., 2016). I 

then characterised plaque conformation in young and adult AppNL-F and AppNL-F 

mice using amyloid beta-sheet-sensitive dyes (LCOs), which have increased 

amyloid binding specificity and selectivity, compared to traditional amyloid stains, 

along with aggregation-induced fluorescence and differential emission properties. 

In this context, two LCOs (qFTAA and hFTAA) in combination are useful for the 

delineation of both mature cored and immature diffuse aggregates. Subsequent 

hyperspectral confocal microscopy can provide detailed information into the 

specific structural conformation within and across single plaques. I additionally 

examined AppNL-F mice harbouring a Trem2R47H mutation to assess the impact of 
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loss-of-function of microglia on plaque maturity and conformation. Unlike 

traditional transgenic models, knock in models, including AppNL-F/Trem2R47H mice, 

do not have overexpression of App or Trem2 nor other associated problems 

occurring with use of the transgenic technology. Instead, rising soluble Aβ leads 

to a gradual increase in plaque burden from 9 to 24 months of age (Benitez et al., 

2021), resulting in more subtle gene expression changes. This is more 

representative of human sAD, where plaque development starts in middle age 

and over the course of many decades, combines with other factors to result in 

clinical outcomes.  

 

In addition to the novel mouse models, in this work, I took advantage of recent 

advances in chemical imaging techniques, specifically a newly developed 

imaging paradigm termed ‘iSILK’, whereby stable isotope labelling combined with 

MALDI mass spectrometry imaging is employed to follow plaque development 

over time with high chemical specificity (Hanrieder et al., 2015; Hanrieder et al., 

2013; Michno et al., 2019b; Michno et al., 2021). The aim here was to apply these 

novel techniques in vivo to APP KI mice and correlate plaque growth and amyloid 

deposition dynamics with measures of plaque maturation (LCO) at the single 

plaque level across plaques and brain regions in different ages and genotypes. 

Finally, I assessed microglial distribution and activation levels in young and old 

App KI mice, to further understand the temporal relation of these immune cells in 

mediating plaque formation and maturation.  

 

7.1 OHSCs derived from postnatal App KI pups do not develop amyloid 

plaques representative of the in vivo phenotype 

 

OHSCs are a three-dimensional cell culture system so have advantages over 

primary cell culture, as cell types and connections are maintained. The initial aim 

for OHSCs was to develop an in vitro model of amyloid plaque deposition that 

successfully recaptured representative pathology compared to in vivo in these 

mice. This would allow for a more easily manipulated system to assess early 

plaque formation and deposition, and also reduce the number of animals required.  

 

Optimisation studies revealed that without extra manipulation, even after 16 

weeks in culture, there was no evidence of Aβ deposits in OHSCs from AppNL-G-
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F mice (these mice develop plaques in vivo at 2 months old or younger). Various 

research groups also have unsuccessfully attempted this approach using OHSCs 

from mice overexpressing App (Harwell and Coleman, 2016; Hellwig et al., 2015a; 

Johansson et al., 2006; Novotny et al., 2016). This failure may be due to microglia 

behaving differently in vitro; the slicing process appears to trigger an 

inflammatory response and chronically-activated microglia and astrocytes 

(Gerlach et al., 2016), which may ingest Aβ and prevent it from depositing 

(Hellwig et al., 2015a). Additionally, as Aβ is released from the slice into the 

surrounding media, the process of replenishing the media several times a week 

may wash out excess soluble Aβ, limiting the opportunity for it to build up and 

aggregate in the slice. Therefore, in these experiments, replenishing media was 

limited to once a week with a 50% media change, which still allows for adequate 

delivery of nutrients (Harwell and Coleman, 2016). However, even with this 

adapted feeding protocol, Aβ deposition was not seen after 16 weeks in culture. 

 

To overcome the issue of OHSCs not naturally developing Aβ deposits, here we 

seeded slices with synthetic Aβ1-40 or Aβ1-42 and brain homogenate from aged 

plaque-bearing animals, based on a previously published protocol (Novotny et al., 

2016). The concept of seeding, whereby misfolded proteins serve as a template 

to induce misfolding and aggregation of more proteins, is a common 

phenomenon in neurodegenerative disease (Jucker and Walker, 2013), and has 

been demonstrated for Aβ both in animal models (Kane et al., 2000; Meyer-

Luehmann et al., 2006; Morales et al., 2015) and humans (Jaunmuktane et al., 

2015; Jaunmuktane et al., 2018). Additionally, different conformations of Aβ are 

present in the AD brain (Rasmussen et al., 2017), and distinct structures may 

affect the speed of disease progression (Cohen et al., 2015), indicating that 

different species vary in levels of toxicity. Therefore, we hypothesised that the 

type of synthetic peptide or brain homogenate added would affect the level of Aβ 

deposition in OHSCs.  

 

Here it was demonstrated that the specific combination of synthetic Aβ1-40 or 

Aβ1-42 in the media, and whether the brain homogenate contained mainly Aβ1-

42 (APPNL-G-F) (Saito et al., 2014) or both Aβ1-40 and Aβ1-42 (TASTPM) 

(Cummings et al., 2015), determined Aβ aggregation outcome in OHSCs. 

However, the results were inconsistent between cultures, and fluorescent 
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amyloid imaging showed that much of the LCO was pooled on the surface of the 

section, indicating that seeded and exogenous Aβ were interacting and 

aggregating without being taken up by the cells within the OHSC. 

 

Additionally, the genetic background of OHSCs did not appear to influence 

deposition, indicating that OHSC-derived Aβ is not required for initial seeding. 

However, Novotny et al. (2016) observed that OHSC-generated Aβ appears to 

co-deposit with the induced Aβ deposits, suggesting that there is a cellular 

mechanism within the slice contributing to deposition. However, closer 

examination of exactly how much of the deposits contain OHSC-derived Aβ is 

required, and this can be performed with metabolic labelling of OHSCs (see 

Future Directions).  

 

While OHSCs may not be a good model to study natural plaque deposition, they 

are certainly useful to assess other AD-related mechanisms. An interesting 

recent study made use of collagen hydrogels to apply human Aβ peptides into 

OHSCs from transgenic AD mice, and assessed the spreading capability over 

the entire section. They found that of all the peptides studied, Aβ1-42 had the 

most potent spreading activity, which subsequently activated glial cells and was 

mostly taken up by microglia (Moelgg et al., 2021). Therefore, OHSCs can be 

successfully used to study certain Aβ dynamics and the effect on the surrounding 

environment, and can provide a good basis for further study using other AD 

models.  

 

It should be noted that OHSCs as a model system have certain limitations. Whilst 

they have an advantage over primary cell culture systems in that cellular networks 

and multiple cell types are maintained, it is important to remember that OHSCs 

are derived from early postnatal mouse donors. Therefore, in the context of 

studying ageing and neurodegenerative diseases, OHSC-derived cells may not 

have developed a mature phenotype and therefore do not have the same 

molecular architecture as the adult mouse brain. It is uncertain at what point an 

OHSC represents a mature adult environment, even after long-term culture. This 

may partially explain why here, amyloid plaque formation did not naturally occur 

in OHSCs; for example, if adult neurons and microglia are required to propagate 

and seed Aβ.  
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7.2 Plaque maturation in App KI mice is influenced by App genotype and 

Trem2  

 

The phenotypic variability of AD pathology, including plaque pathology, is 

currently not well understood. This heterogeneity is likely to involve many factors, 

including time of disease onset, inflammatory response, localisation and spread 

of brain pathology, and existence of comorbid conditions. Previous studies have 

shown that AD heterogeneity may be mediated by variability in the molecular 

architecture of Aβ aggregates in the brain (Rasmussen et al., 2017). 

 

Therefore, here I investigated whether structural polymorphism of Aβ plaques is 

altered depending on App genotype, brain region or disease stage, and also 

when inflammatory systems are perturbed. I examined two App KI models: AppNL-

G-F and AppNL-F, and also AppNL-G-F mice harbouring a Trem2R47H mutation. I first 

determined that in AppNL-G-F and AppNL-F mice, the structural maturity of the centre 

of plaques was increased in older mice compared to younger mice. This indicates 

that plaques continuously mature over time via age-related conformational 

rearrangement of Aβ, in line with previous findings (Nystrom et al., 2013). These 

results additionally build on previous data from a multiphoton in vivo imaging 

study, in which tracking of new plaque growth in young App/Ps1 mice over 6 

months revealed that both newly formed and existing plaques grew radially at a 

rate of 0.3 µm per week (Hefendehl et al., 2011). It would be interesting in the 

future to employ in vivo imaging techniques in Appp KI models, as App/PS1 

transgenic mice may have plaques unrepresentative of the human phenotype. 

 

In this chapter, I also found that in young and old AppNL-F mice, but only young 

AppNL-G-F mice, cortical plaques were more cored and mature than hippocampal 

plaques, and therefore are likely to have deposited earlier. The Arctic mutation in 

AppNL-G-F mice causes rapid and aggressive deposition of Aβ (Nilsberth et al., 

2001), so by 18 months old, hippocampal plaques may have experienced a 

growth ceiling effect, despite being initially deposited after cortical plaques. This 

can be explained by the fact that AppNL-F mice have slower Aβ deposition and 

much more soluble Aβ compared to AppNL-G-F (Saito et al., 2014); thus, by 18 

months old, these mice may only be at mid-stage amyloid pathology, whereby 
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excess soluble Aβ is still being recruited to plaques causing further growth. The 

findings in young AppNL-G-F mice are supported by a previous study by our group, 

which employed stable isotope labelling combined with MALDI-IMS to show that 

in these animals, plaques deposit in the cortex prior to the hippocampus (Michno 

et al., 2021). 

 

Importantly, I also found that genetic background influences plaque structure: 

AppNL-G-F mice, harbouring three fAD mutations, including the arctic APP mutation 

E693G, had plaques with a significantly more dense-core and mature structure 

compared to AppNL-F. This is likely due to the increased hydrophobicity of Aβarc 

and aggregation propensity respectively, which is consistent with previous data 

in transgenic AppArcSwe mice (Lord et al., 2011). 

  

In turn, in these experiments, loss-of-function of Trem2 caused by a Trem2R47H 

mutation dramatically decreased the structural maturity of plaques compared to 

AppNL-F mice without the mutation. Furthermore, AppNL-F/Trem2R47H mice showed 

no regional differences in plaque conformation. Therefore, here plaques may 

have undergone a ‘floor effect’, where they never began to mature and are thus 

similar across both regions. This is backed up by a notable previous study, where 

it was established that the Trem2R47H variant leads to a reduction of compact ThS-

positive plaques without altering 6E10-positive plaque burden (Cheng-Hathaway 

et al., 2018). Additionally, previous work by our lab showed that AppNL-

F/Trem2R47H mice have a greater density of smaller plaques covering a larger area 

than AppNL-F mice (Wood et al., 2022). This overall suggests that loss-of-function 

of Trem2 causes an impairment in the ability of microglia to organise and compact 

plaques. In the future, it would be interesting to expand these experiments to 

young AppNL-F/Trem2R47H mice, to understand whether this loss-of-function also 

occurs in earlier plaque pathology. 

 

In addition to the insights into drivers of Aβ behaviour, this approach also 

demonstrates that combined qFTAA and hFTAA amyloid staining together with 

hyperspectral microscopy is a straightforward and effective tool to delineate 

heterogenous plaque structures and plaque maturation levels in situ. Indeed, this 

approach to probe amyloid polymorphism has previously been used for the study 
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of both mouse and human AD tissue (Michno et al., 2019a; Nystrom et al., 2017; 

Nystrom et al., 2013; Rasmussen et al., 2017).  

 

It should be noted that due to the experimental setup and time constraints, the 

smallest seeds of plaques were not examined. Therefore, very newly growing 

plaques may have been overlooked in this analysis. In the future it would be of 

use to sub-divide plaques into size categories and to assess over a wider range 

of ages, to truly determine if plaque growth is continuous.  

 

In conclusion, these plaque data support previous studies about how both fAD 

mutation and Trem2 interactions shape plaque structure and maturity, and further 

highlights the strong interaction between microglia and plaques. This provides a 

strong basis for understanding the biochemical processes underlying plaque 

deposition dynamics, but also how to individualise anti-amyloid therapies 

depending on disease type. 

 

 

7.3 iSILK can be applied to App KI mice to study temporal and spatial Aβ 

peptide deposition 

 

The experiments presented above show that LCO imaging allows for delineation 

of plaque maturation over time. However, these results are limited to plaque 

structure and do not reveal how these plaques form and what Aβ species are 

associated with plaque formation, plaque growth and maturation, respectively. It 

is particularly difficult to elucidate the earliest events of plaque formation, as 

highlighted by the AppNL-G-F results, where plaques between different regions 

showed similar levels of maturation.  

 

In general, early Aβ deposition is not well understood, mainly due to difficulty in 

studying the earliest pathogenic events in AD as cognitive symptoms appear 

many years after disease onset (Bateman et al., 2012). It has been previously 

reported that a wide variety of Aβ species are present and differentially distributed 

in both human AD and transgenic mouse brain (Carlred et al., 2016; Philipson et 

al., 2009; Portelius et al., 2010; Tekirian, 2001). Furthermore, LCO and mass 

spectrometry studies have aimed to elucidate the connection between Aβ peptide 
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content, structural plaque polymorphism and type of cerebral amyloid pathology 

(Michno et al., 2019a) as well as different subtypes of AD (Rasmussen et al., 

2017). Together, these results suggest that the Aβ signature is associated with 

plaque conformation phenotype (Michno et al., 2019a).  

 

Both early deposition as well as continuous plaque growth at later stages has not 

been thoroughly studied due to lack of biochemical techniques that provide the 

necessary temporal and chemical precision. As mentioned above, this is further 

complicated by the fact that in humans, plaques are structurally diverse (Maxwell 

et al., 2021; Roher et al., 2017), which has been suggested to depend on 

underlying Aβ peptide composition. Furthermore, different mutations associated 

with Aβ pathology (e.g. App and PS1) result in different Aβ signatures, and 

previous findings show that plaques across different fAD groups constitute 

distinct clouds of polymorphism (Rasmussen et al., 2017), suggesting genotype 

associated differences in deposition mechanisms. Therefore, our aim here was 

to examine the combined effects of two or three App mutations on the spatial 

distribution of Aβ peptides and the timeline of early Aβ deposition.  

 

To elucidate the sequence of Aβ plaque formation, we took advantage of a new 

imaging paradigm, iSILK, involving a comprehensive PULSE/CHASE metabolic 

labelling scheme followed by MALDI-IMS of isotope enriched Aβ in single plaques. 

These analyses revealed that in AppNL-G-F mice, Aβ1-42 is deposited first and 

localises to the core of plaques, creating a seed that induces aggregation and 

deposition of shorter forms of Aβ such as Aβ1-38 (Michno et al., 2021). This is 

consistent with previous work indicating that Aβ1-40 and C-terminally truncated 

species such as Aβ1-38 are associated with plaque maturation (Michno et al., 

2019c). Indeed, here, Aβ1-38 was found in a certain proportion of plaques and 

was totally labelled, implicating it as a secondary event. A recent study involving 

MALDI-based 3D-reconstruction of plaques demonstrated that in old AppNL-G-

F mice, plaques consist of a Aβ1-42 core surrounded by Aβ1-38 in most but not 

at all plaques (Enzlein et al., 2020). An interesting future experiment would be to 

replicate these experiments in AppNL-F/Trem2R47H mice, to understand if Trem2 

impairment influences the secretion or deposition of particular Aβ species; for 

example, if they are unable to phagocytose soluble Aβ1-38 in the surrounding 

area.  
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Additionally, we observed that the earliest deposition of plaques occurs in the 

cortex prior to the hippocampus. Human imaging studies have also demonstrated 

increased early susceptibility to Aβ in cortical brain regions (Buckner et al., 2005), 

and in the entorhinal cortex compared with the hippocampus (Huijbers et al., 

2014). This may be due to different neuronal circuits within the brain displaying 

selective vulnerability to amyloidosis. Therefore, further examination of plaque 

load and type in these two regions would be of interest.  

 

We then aimed to further examine the timeline of plaque deposition in 10 and 18 

month-old AppNL-F mice, who have a slower rate of amyloid deposition. For 

individual plaques, SILK/MALDI-IMS was performed to obtain 15N incorporation 

rates. The results show that plaques AppNL-F mice form the same way as in AppNL-

G-F animals, i.e. through formation of a small core formation consisting of Aβ1-42, 

and homogenous growth upon further deposition of Aβ1-42.  

 

We then performed correlative LCO imaging on consecutive sections to obtain 

LCO emission values for the same plaques and eventually link plaque age (iSILK) 

to plaque maturation (LCO) for individual plaques across different brain regions 

and animals. Here, the results show that cortical plaques have higher 15N 

incorporation and higher LCO emission ratio values compared to hippocampal 

plaques. Further, there was a positive correlation between plaque age (15N 

content) and LCO emission profiles (maturation).  

 

These results are important as this confirms firstly: that both methods of 

measuring plaque age are valid, and secondly: that cortical plaques are older and 

thus formed prior to hippocampal plaques, in line with the iSILK data from AppNL-

G-F mice (Michno et al., 2021).  

 

Importantly, this is consistent with the LCO results established in Chapter 4, 

providing further validation that in these mice, plaque deposition is dynamic and 

continuous over at least the first 18 months of life.  
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It should be noted that not all plaques are able to be assessed in this setup, 

because the centre of a plaque has to be on two adjacent tissue sections (one 

for MALDI-IMS and one for LCO staining) in order for the correlation to be 

accurate. Therefore, further optimisation of this protocol is required to streamline 

the process in the future, and to allow for faster assessment of more plaques, 

including small compact plaques, if present. 

 

Overall, these findings highlight how stable isotope labelling in combination with 

MALDI-IMS is an effective tool to study Aβ deposition dynamics in App KI mouse 

models. The results showed that Aβ deposition is temporally dynamic, with 

certain brain regions consistently more vulnerable to earlier deposition, and 

production of different Aβ species occurring at varying stages of pathology. 

Further analysis of how these early plaques grow and accumulate additional 

peptide and lipid species will provide useful therapeutic information on which 

species can be targeted and when. 

 

With the ever-increasing spatial resolution of MALDI-IMS, the applications of this 

technique are vast, and will potentially even allow for analysis of tau pathology. 

These novel methods are already being applied to patients, whereby AD hospice 

patients take an infusion or bolus of heavy isotopes (Bateman 2006). It is hoped 

that heavy isotope incorporation into the proteome will yield information about 

amyloid pathogenicity or other proteinopathic mechanism that can be delineated 

with MALDI imaging of post-mortem brain tissue. Furthermore, the iSILK 

approach holds significant clinical relevance. For example, the enhanced spatial 

resolution of MALDI-IMS makes it a valuable tool for mapping the distribution of 

lipids and peptides for biomarker discovery and disease diagnosis (Ucal et al., 

2017). Additionally, assessment of dynamic protein turnover from SILK studies 

can provide immediate in vivo evidence of target engagement in clinical trials, 

thereby enhancing therapeutic discovery (Paterson et al., 2019).  

 

However, it should be noted that such experiments have their limitations, 

primarily with respect of spatial resolution and sensitivity to capture the earlies 

seeds of aggregated Aβ. To date, it remains unclear how Aβ exerts its neurotoxic 

effects and how this relates to plaque formation and plaque polymorphism. 
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Potentially soluble forms of Aβ drive neuron death and synaptic dysfunction 

(Deshpande et al., 2006) and exert their effects independently of plaques (Bloom, 

2014). Because soluble Aβ can propagate and spread through brain regions 

(Walker et al., 2016), it is important to detect these species before excessive 

damage to the neural network occurs.  

 

7.4 Alterations in plaque-associated microgliosis are dependent on APP 

mutation and TREM2 

 

The effects upon which Aβ exerts its pathogenic potential remain unclear. Here, 

the interaction of both soluble and aggregated Aβ with surrounding neural cells, 

including both nerve cells and glial cells, have been suggested to be critical in 

driving disease progression. Specifically, microglia have been extensively studied 

in the context of AD, and numerous roles have been reported. There is evidence 

that they are instrumental to the formation of plaques (Spangenberg et al., 2019); 

or actively phagocytose Aβ (Yu and Ye, 2015); or act as a barrier to 

compartmentalise Aβ-related toxicity (Clayton et al., 2021; Condello et al., 2015); 

or phagocytose plaque-associated synapses to limit the spread of damage 

(Edwards, 2019). The functions are believed to be dependent on Trem2 

functioning (Keren-Shaul et al., 2017), and are altered in the face of the 

Trem2R47H mutation (Cheng-Hathaway et al., 2018; Zhong et al., 2018).  

 

Previous studies have demonstrated that AppNL-G-F mice exhibit pronounced 

microgliosis (Sacher et al., 2019) and gene expression alterations (Castillo et al., 

2017) by 5 months old, and changes in the microglial proteome by 6 months old 

(Keren-Shaul et al., 2017; Sebastian Monasor et al., 2020). Additionally, a recent 

publication by our lab reported that compared to WT controls, AppNL-G-F mice 

exhibit increased microglial density and TREM2 expression per microglial cell at 

9 months old (Benitez et al., 2021), and that 18 month-old AppNL-F display 

upregulated microglial density compared to WT around even the smallest-sized 

plaques (Wood et al., 2022).  

 

Building on these previous findings, here I found clear genotype-associated 

alterations in microgliosis directly around plaques, in age-matched mice (all 18 

months old). We observed significantly increased microglial clustering and 
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activation in AppNL-G-F compared to AppNL-F mice; and again, in AppNL-F compared 

to AppNL-F/Trem2R47H mice; and in all three models compared to age-matched WT 

controls.   

 

7.4.1 Alterations in microglial activation around plaques in AppNL-G-F and AppNL-F 

mice 

 

A first, major finding of these experiments was that only on-plaque microglial 

activation and not solely microglial density was increased in 18 month-old AppNL-

G-F mice compared to AppNL-F mice. This suggests that both models have effective 

microglial clustering mechanisms around plaques; however, each microglia in 

AppNL-G-F mice is expressing more CD68, a lyosomal marker indicative of 

phagocytic activity (Walker and Lue, 2015). This may be a response to the length 

of exposure to Aβ, as by 18 months old, AppNL-G-F have experienced an extra 7 

months of plaque deposition compared to AppNL-F mice, given the increased 

aggregation propensity due to the arctic mutation. It may be that at late-stage 

pathology, plaque-associated microglia in AppNL-G-F mice have transitioned from 

protective to detrimental, whereby they become overactivated (Muzio et al., 2021). 

This is in contrast to early-stage pathology, where here it was observed that 

young AppNL-F mice had increased on-plaque microgliosis compared to young 

AppNL-G-F mice (further discussed below). Therefore, it would be of use to further 

characterise at what point this switch in microglial behaviour occurs, and potential 

transcriptional changes involved. 

 

A second main finding in the present work was that both AppNL-G-F and AppNL-F 

mice demonstrate an age-associated increase in microglial activation and 

clustering directly around plaques. This effect was most prominent on-plaque but 

evened out in the peri-plaque and away-from-plaque regions between old and 

young mice. This shows that microgliosis increases in line with accumulating Aβ 

deposition primarily in plaque-associated areas, rather than across the whole 

brain region. A potential explanation for this could be that over time, both soluble 

and insoluble Aβ species and composition are changing (Michno et al., 2019a), 

resulting in a dynamic temporal microglial response. In line with this, a human 

post-mortem study showed that AD brains exhibit a change in the ratio of ramified 
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to reactive microglia populations over time, rather than a change in overall 

microglial density (Franco-Bocanegra et al., 2021).  

 

Interestingly, here we observed that young AppNL-F mice (9 months old) have 

increased on-plaque microgliosis compared to young AppNL-G-F mice (4 months 

old), despite the latter being a more aggressive model of amyloidosis and 

showing higher aggregation propensity. This effect was consistent even when 

solely focusing on plaques with an LCO emission ratio of under 0.25 (i.e. less 

structurally mature plaques), suggesting that higher microgliosis observed for 

AppNL-F mice compared to AppNL-G-F mice is not related to plaque maturity. 

 

This shows is that at least in early amyloid pathology, the age of the mouse is a 

significant factor in contributing to plaque-associated microgliosis. The underlying 

mechanisms of this would be interesting to explore further; however, a potential 

explanation is that the equilibrium of Aβ is different between the two genotypes 

particularly at the younger ages. Indeed, AppNL-F display significantly increased 

levels of Aβ1-42 and a higher Aβ1-42/Aβ1-40 ratio compared to age-matched 

WT and even App23 mice (Saito et al., 2014), showing that even 7 months before 

plaque deposition, there is a strong upregulation of pathogenic forms of Aβ. 

Additionally, AppNL-F mice display synaptic alterations such as loss of presynaptic 

synaptophysin and postsynaptic PSD95 (Saito et al., 2014), which may be 

induced by soluble oligomeric Aβ (Dore et al., 2021; Liu et al., 2010a). Therefore, 

microglia in 9 month-old AppNL-F mice may also be responding to other toxic forms 

of Aβ around plaques.  

 

Furthermore, independent of genotype, the general ageing process heightens the 

inflammatory status of the brain (Currais, 2015; Norden and Godbout, 2013; Raj 

et al., 2017). Despite AppNL-G-F mice only being 2 months old and  AppNL-F 9 

months old, this 7-month age-gap may have resulted in important physiological 

and pathophysiological changes between the two, which warrants further 

investigation. Other age-associated pathologies such as synaptic alterations 

(Mostany et al., 2013) and astrocyte-microglial interactions may also play a role. 

For example, during ageing, impairments in astrocyte-mediated pathways 

promotes increased cytotoxicity of microglia (Trivino and von Bernhardi, 2021). 

Therefore, the increased microgliosis in young AppNL-F vs. AppNL-G-F mice 
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observed here may be mediated by other cellular mechanisms and pathogenic 

factors, in addition to aggregated Aβ. In the wider context of human AD, 

environmental factors such as stress, infection and diet have also been shown to 

promote microglial activation (Madore et al., 2020; Sugama et al., 2019), and 

should be considered.   

 

Tying the above results together, in the present study it was established that for 

both young and old AppNL-F and AppNL-G-F mice, a higher LCO spectral ratio (and 

therefore both plaque age and Aβ structural maturity) was positively correlated 

with increased microglial activation directly around individual plaques, in both the 

cortex and hippocampus. Together with the fact that plaque age and maturity 

(iSILK and LCO) correlate, this establishes that plaque deposition precedes 

microglial activation, given the positive correlation of plaque maturity and 

microgliosis.  

 

In addition, old but not young AppNL-G-F and AppNL-F mice also had positive 

correlations in the peri-plaque area in both brain regions, suggesting that plaque 

growth and spread over time causes activation of a wider radius of microglia. This 

may be due to the plaque simply increasing in size, or the presence of other forms 

of Aβ or toxic substances in the peri-plaque area that are triggering an immune 

response. Additionally, these results support the idea of a feed-forward loop; i.e. 

amyloid deposition initiates a microglial response, which further promotes 

continuous plaque growth.  

 

It would hence be very interesting to further investigate how microglia are 

contributing to amyloidosis. For example, to elucidate whether they are clearing 

excess Aβ (Bolmont et al., 2008; Liu et al., 2010b), or phagocytosing Aβ and then 

releasing it to contribute to the spread of new plaques (Baik et al., 2016), and 

also to understand the potential involvement in non-Aβ mechanisms such as tau 

propagation (Clayton et al., 2021).  

 

Here, a potential alternative role of microglia could be that Aβ-induced 

synaptotoxicity triggers phagocytosis of damaged synapses rather than Aβ, 

limiting the spread of damage (Edwards, 2019). Indeed, pharmacological 

depletion of microglia does not change plaque load once plaques are already 
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established (Benitez et al., 2021; Spangenberg et al., 2016), suggesting that 

plaque growth can occur independently of microglia. However, it is possible that 

the actual Aβ composition and morphology of plaques in these mice may have 

been altered, as was the case in the present study when microglia were impaired. 

Furthermore, several studies have suggested that microglia are initiators of 

plaque formation (Huang et al., 2021a; Spangenberg et al., 2019); therefore, 

further analysis is required to establish at what point in pathology this initiation 

occurs, or if in fact both mechanisms are true, i.e. there are sub-populations of 

activated microglia that precede and follow plaque formation. 

 

A third major finding was that young and old App KI models largely do not display 

regional alterations in plaque-associated microgliosis, despite differences in 

plaque structural maturity as mentioned in Chapter 5. The one exception was in 

18 month-old AppNL-F mice, who had increased on-plaque microglial clustering in 

the cortex compared to the hippocampus. Therefore, despite increased plaque 

maturity in the cortex in young App KI mice, perhaps inflammation has reached 

a ceiling effect by 18 months old, whereby amyloid burden has caused maximal 

microgliosis across brain regions. The discrepancy observed in older AppNL-F 

mice may be reflective of their phenotype, where Aβ accumulates at a much 

slower rate compared to AppNL-G-F mice (Saito et al., 2014), therefore at 18 

months old these mice may be at mid rather than late-stage pathology, overall 

leading to a shift in the dynamic of microglial behaviour.  

 

Overall, these results show that microglia do not initiate, but are critical for plaque 

maturation and compaction. If microglia were the initiators, then we would expect 

to see higher or the same level of activation in younger animals. In line with this, 

previous studies have shown that microglial alterations occur following plaque 

formation in AD mice (Benitez et al., 2021; Jung et al., 2015; Rodriguez et al., 

2013). It would be interesting to assess an older age (e.g. 30 months), to see if 

this effect remains consistent over time, or if there comes a point when microglia 

become dysfunctional and fail to carry out their roles. These results provide 

insight into mechanisms in early AD, and highlight the significant microglial 

response to plaques in App KI models of AD. It appears that microglial activity in 

response to early changes could in fact be protective, and implicating these 

immune cells as important therapeutic targets for future research.  
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7.4.2 The Trem2 mutation affects the ability of microglia to compact plaques 

 

Upregulation of Trem2 in line with plaque deposition is well-documented in 

studies of both mouse models (Benitez et al., 2021; Matarin et al., 2015) and 

post-mortem human tissue (Gratuze et al., 2018). Additionally, microglial 

behaviour around plaques is Trem2-dependent and altered in the presence of the 

Trem2R47H risk factor mutation (Korvatska et al., 2015; Wood et al., 2022).  

 

The results here demonstrated that compared to age-matched AppNL-F mice, 18 

month-old APPNL-F/TREM2R47H mice exhibit significant impairments in microglial 

clustering and activation around plaques. As established from the LCO spectral 

data, this corresponds to a dramatic decrease in plaque structural maturity. What 

this tells us is that Trem2 plays an important role in shaping plaques, in line with 

previous findings that mice with the Trem2R47H mutation display reduced 

quantities of plaque-associated microglia and altered plaque morphology 

(Cheng-Hathaway et al., 2018; Jay et al., 2015; Wang et al., 2015; Yuan et al., 

2016).  

 

There are two potential mechanisms underlying these observations; either, 

microglia are not appropriately accumulating around plaques to limit growth, or 

Trem2 is affecting the phagocytic activity of microglia, thus also contributing to 

changes in plaque structure. A two-photon study demonstrated that microglial 

deposition of previously phagocytosed Aβ material was essential for formation of 

dense-core plaques (Baik et al., 2016). Additionally, lysosomes within microglia 

have an acidic environment, which promotes the formation of dense protease-

resistant Aβ fibrils (Fu et al., 2012). Therefore, it could be concluded that Aβ fibrils 

are routed to lysosomes and subsequently become compacted into dense-core 

material that is indigestible, and must be released via exocytosis, further 

contributing to plaque compaction.  

 

It has been shown previously that microglia form a barrier around plaques, 

preventing toxic Aβ species from damaging neurites (Cheng-Hathaway et al., 
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2018), which would suggest that the impaired clustering observed here would 

lead to increased neuritic dystrophy. While this was not measured here, Cheng-

Hathaway and colleagues (2018) showed that Trem2R47H mice have an increase 

in dystrophic neurites in relation to plaque size, suggesting that larger plaques 

are more affected by Trem2 impairment and reduced clustering of microglia. 

These data implicate Trem2 in clearance of dystrophic neurites, which would be 

interesting to investigate in a future study. 

 

It is important to highlight that other mechanisms may also be affected by Trem2 

impairment. A previous unpublished study by our lab demonstrated a clear 

reduction in the area occupied by astrocytes in the vicinity of plaques in AppNL-

F/Trem2R47H mice compared to AppNL-F mice, implicating an impairment in the 

normal response of astrocytes to Aβ aggregates (Vitanova, 2021). Overall, this 

highlights an interesting interaction between Trem2, astrocytes and microglia, in 

line with a previous study demonstrating that microglial activation initiates 

astrogliosis (Liddelow et al., 2017). Future studies could focus on the precise 

mechanisms underlying Trem2-mediated alterations in astrocyte associations 

with plaques. 

 

Additionally, Trem2 is involved in signalling with many downstream factors. One 

notable recent study highlighted crucial roles of the TAM receptor kinases Axl 

and Mer in microglial recognition, response and phagocytosis of Aβ plaques 

(Huang et al., 2021b). They also found that the TAM system is required for 

microglial phagocytosis of Aβ and formation of dense-core plaques (Huang et al., 

2021b). One key implication from this study was that dense-core Aβ plaques do 

not form spontaneously, but are constructed from Aβ material by phagocytic 

microglia, mediated by TAM receptors, which suggests that microglia initiate 

dense-core plaque formation.  

 

In contrast to this, in the present study, the LCO imaging data revealed that AppNL-

F/Trem2R47H mice had plaques of a significantly decreased structural maturity 

compared to AppNL-F animals. Previous work in our lab showed that there are little 

alterations in plaque load but a greater number of smaller plaques in AppNL-

F/Trem2R47H mice compared to AppNL-F mice (Wood et al., 2022).  This could 

suggest that the activation of microglia expressing WT Trem2 may be involved in 
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the removal of very small plaques. However, when these plaques grow past a 

certain size (e.g. 100 μm2) they are no longer effective in their removal. An 

alternative explanation could be that the Trem2R47H mutation results in constant 

seeding of plaques either de novo (Friedrich et al., 2010) or by small plaques 

breaking off from the larger plaques. However, it seems that these extra plaques 

are not destined to grow into larger plaques. 

 

Overall this shows that plaque formation occurs first, followed by microgliosis. 

The conflicting data in the aforementioned study once again implicates the 

possibility of subpopulations of microglia with different roles, which would be 

interesting to further explore.  

 

An important question arising from this work is how the results observed here 

relate to human sAD patients carrying the Trem2R47H variant. Excitingly, here we 

have used direct and quantitative methods to show that in these mouse models, 

loss-of-function of Trem2 causes an impairment in microglial response to plaque 

pathology, resulting in altered plaque composition. This strengthens previous 

reports that microglia play a pivotal role in plaque compaction and maturation, 

and suggests that targeting TREM2 may alleviate disease progression. 

Additionally, TREM2R47H is implicated in numerous other neurodegenerative 

diseases such as FTD, ALS and PD (Borroni et al., 2014; Cady et al., 2014; 

Guerreiro and Hardy, 2013; Rayaprolu et al., 2013); therefore, these results 

provide a basis for understanding therapeutic targets in other disease areas.  

 

 

Limitations of App KI models 

 

App KI mice avoid many issues associated with transgenic models, especially 

overexpression and inappropriate expression of App driven by non-endogenous 

promoters. AppNL-G-F mice have been widely used in recent years to quickly 

examine amyloid aggregation and deposition; however, this model does have 

several limitations. In AD, plaque deposition occurs up to decades before 

cognitive symptoms first emerge. Subsequently, neuroinflammation, 

development of tau tangles, and synaptic loss and activity alterations leads to 

noticeable clinical symptoms. The presence of the App Arctic mutation in AppNL-
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G-F mice, which predisposes Aβ to aggregate, causes such rapid plaque 

deposition that it does not replicate the gradual build-up of pathological events in 

line with rising soluble Aβ as is the case in humans. Additionally, the structural 

change of Aβ may mean that the plaques formed are only specific to individuals 

with the fAD Arctic mutation, rather than those with sAD. Our previous research 

into AppNL-G-F plaques showed that they initially form a plaque core composed 

entirely of Aβ1-42, followed by further recruitment and deposition of Aβ1-42, and 

finally secretion and deposition of Aβ1-38 (Michno et al., 2021). On the other 

hand, in human sAD, maturation of diffuse into cored plaques is associated with 

increased Aβ1-40 (Michno et al., 2019a), whereas both AppNL-F  and AppNL-G-F 

mice have almost no Aβ1-40 (Saito et al., 2014). Therefore, it is important to bear 

in mind firstly, there are key differences between mice and humans, and secondly, 

that the dynamics of plaque maturation and spread may involve different 

processes depending on AD subtype, which further supports the need for 

individualised anti-amyloid therapies.  

 

One way to overcome some of these issues is to study AppNL-F mice, a less 

aggressive model of amyloidosis. In these mice, rising Aβ leads to a gradual rise 

in plaque load from 9 to 24 months of age (Benitez et al., 2021), resulting in more 

subtle gene expression changes compared to AppNL-G-F mice or other transgenic 

models. However, a disadvantage is that these mice are less time-efficient and 

costlier to study.  

 

With regard to the AppNL-F/Trem2R47H mice used in this study, Trem2R47H KI mice 

have previously been shown to have decreased Trem2 expression that was not 

found in human post-mortem tissue from individuals with the TREM2R47H mutation. 

Therefore, it is unclear whether this effect is mouse-specific, and requires further 

study. However, these previous studies assessed very young mice or iPSCs, 

therefore the results are potentially not comparable to aged humans. Thus, this 

decreased expression may be age-related, and highlights how TREM2-related 

alterations occur even in early development. 

 

It should be noted that unlike human AD, none of these mouse models naturally 

develop tau tangles as a result of progressive amyloidosis. However, they 
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nonetheless serve as good models for understanding early amyloid-associated 

mechanisms in AD. 

 

 

7.6 Conclusions 

 

In this project I examined Aβ dynamics and the interaction with surrounding 

microglia in App KI mice. Additionally, I utilised a newly developed paradigm 

involving stable isotope labelling combined with MALDI-IMS, to elucidate the 

timeline of Aβ deposition in these mice with high chemical sensitivity and 

specificity. Overall, the results of this study highlight important differences in 

amyloid plaque composition and microglial response depending on fAD genetic 

mutation, and also implicate the role of TREM2 in facilitating plaque maturation. 

Both Aβ composition within plaques and plaque-associated microgliosis are 

altered in the presence of the App Arctic or Trem2R47H mutations; thus, this work 

provides a basis for further development of therapeutic targets for individuals with 

these variants. It is clear that AD is in fact a multifactorial disease involving many 

cell types and interactions. With the continuous development of new and more 

physiologically relevant mouse models, it would be of use to further explore the 

interaction between microglia and plaques, in addition to other known drivers of 

AD such as synapses, tau and astrocytes.  

 

 

7.7 Future directions 

   

In light of the results presented here, there are many future research directions 

that could be taken. It is important to re-highlight the key differences between 

mice and humans; therefore, a natural next step would be to expand into human 

studies to further validate the results demonstrated here. SILK as a method has 

already been used to measure tau, APOE and Aβ turnover in the human CNS 

(Paterson et al., 2019). An innovative and intriguing next step, which is already 

in the pipeline, is to obtain human brain tissue (during routine surgery) from 

stable-isotope infused patients. This tissue can subsequently be subjected to 

MALDI-IMS, providing a novel way of measuring spatial protein dynamics in 

humans.  However, the applicability of SILK in both humans and mice is still 
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limited by the high cost of labelled amino acids, the availability of MS facilities 

and the time and effort involved, and should be considered. 

 

 

 

As highlighted in this thesis, there is large heterogeneity between human and 

mouse microglia. Therefore, a useful next experiment would be to further 

establish the precise role of murine microglia around plaques, such as clearing 

excess Aβ, or phagocytosing Aβ and then releasing it to contribute to plaque 

growth, perhaps using electron microscopy or super high-resolution microscopy 

to see whether Aβ is colocalised within microglial processes. It would then be 

interesting to validate these results with a comparative human microglia study, 

for example using microglia-like iPSCs derived from human donors. At this stage, 

the incorporation of novel technologies such as spatial transcriptomics would be 

of use, to assess gene expression changes in plaque-associated or non plaque-

associated microglia and astrocytes in both murine and human microglia. This 

would provide important human/mouse comparative information about the 

localisation of transcriptomic changes in response to Aβ. 

 

Regarding Aβ plaques, here it was shown that AD genotype has a strong 

influence on resulting plaque conformation. Further work is needed to improve 

the understanding of Aβ plaque pathology in AD, such as a broader analytical 

approach to incorporate other classes of biomolecules, such as the proteome, 

lipids or glycans to truly understand the local environment around Aβ plaques. In 

this context, IMS or electron microscopy-based approaches provide a powerful 

and accurate way to study these interactions at the single-plaque level. 

Furthermore, as the iSILK paradigm presented here proved to be an effective 

way to measure Aβ behaviour with high chemical specificity and sensitivity, this 

technique could be used to assess dynamic changes in other AD-associated 

pathologies, such as tau, alpha-synuclein, or synaptic alterations. Indeed, the 

PULSE/CHASE method has previously been applied to App KI mice to assess 

other AD-related pathologies, which revealed that upon initial Aβ accumulation, 

protein turnover in presynaptic terminals is selectively impaired (Hark et al., 2021). 

This highlights the vulnerability of the presynaptic terminal in early AD, which 

would be interesting to further explore. 
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A particular limitation of the present studies was that mice harbouring fAD 

mutations were examined, which genetically speaking are only relevant to a small 

population of AD sufferers. Genetic risk factors for late-onset AD, such as APOE4 

and TREM2, are much more prevalent in the general population and thus are a 

better reflection of sporadic AD. Creating a rodent model of sporadic AD is no 

doubt a highly complex task; however, it would be interesting in the future to 

expand the technologies used here into ApoE knock-out mice, for example, to 

assess alterations in certain biomolecules (such as lipids) at the single plaque 

level. It should be noted that ApoE knock-out mice have already been developed; 

however, murine and human forms of ApoE are only 70% homologus (Tai et al., 

2011). 

 

In terms of TREM2, this relatively newly discovered risk factor for Alzheimer’s 

requires much further investigation. In the present study, only Aβ/Trem2 protein 

interactions were examined; however, TREM2 has previously been shown to be 

interact with dystrophic neurites, tau and TAM receptors. For example, a recent 

paper showed that murine Trem2 may be protective at all stages of AD 

pathogenesis (Lee et al., 2021). With the development of new App and human 

tau KI mouse models, it would be interesting to explore the potential relationship 

between Trem2 and Aβ in the presence of tau.  

 

The long-term implications of the results of this thesis are significant. Firstly, the 

methodologies used here pave the way for future SILK and MALDI-IMS based 

experiments, be that in neurodegenerative disorders or others, such as oncology. 

Notably, SILK can be applied in vivo to humans, meaning that human and mouse 

studies can be run in parallel to examine AD-related protein synthesis and 

turnover from all angles. Additionally, PULSE/CHASE experiments are a powerful 

and flexible tool to examine the timeline of amyloid pathology. Importantly, these 

results also contribute to the understanding of microglia/plaque interactions in AD.  

In a clinical context, the importance of studying Aβ has been highlighted over the 

last few decades, with so many anti-amyloid antibodies failing clinical trials, likely 

because they are introduced too late into disease progression. Furthermore, the 

role of Aβ has been confirmed by the recent success of Biogen/Eisai’s anti-

amyloid antibody lecanumab, highlighting the importance of further 
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understanding amyloid. Overall, the use of pre-clinical mouse models in SILK, 

MALDI-IMS and wider cellular analysis provides a powerful and straight-forward 

way to investigate AD pathology, providing the opportunity to reveal early disease 

targets before onset of cognitive symptoms. 
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