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Abstract 
 
The adaptive and plastic nature of synapses allows the brain to perform 

complex cognitive tasks, like memory formation and retention. A multitude of 

disorders affecting the central nervous system are associated with the 

dysfunction and loss of synapses. These include dementia disorders, 

schizophrenia, multiple sclerosis, and motor neuron disease. Alzheimer’s 

disease (AD) is the most common form of dementia and is a progressive 

neurodegenerative disease that affects the elderly population. An estimated 

46.8 million people had AD in 2015, with these numbers expecting to reach 75 

million people by 2030 due to the increasing life-expectancy of people, and 

growing population. Neurodegeneration in the AD brain can occur as loss of 

neurons and synapses, with the latter being the strongest pathological 

correlate to cognitive decline in AD. There are currently no effective treatments 

to halt disease progression nor provide curative effects. Therapeutic 

interventions in mice, although promising, have failed to translate to humans, 

leading to a reproducibility crisis in the field of AD research. Adding to this low 

success rate is the fact that the majority of clinical interventions have focused 

on reducing the levels of one of the hallmark protein aggregates found in the 

AD brain, amyloid-β (Aβ). It is now becoming apparent that reducing Aβ levels 

late in disease is not a successful strategy in halting neurodegeneration and 

the field has opened its windows to new avenues. Research into non-neuronal 

cells and their response to AD has emerged as a promising target to resolve 

AD-related pathologies. For instance, microglia are immune cells in the brain, 

resembling in morphology and function peripheral macrophages, that have 

emerged as central players in AD pathogenesis. Specifically, some of the ways 

that microglia contribute to homeostasis are by regulating neuroinflammation, 

clearing debris by phagocytosis, and aiding the formation of myelin sheaths. 

Synapse numbers during development are also adjusted when microglia 

phagocytose less active ones, in a controlled manner. However, recent 

evidence from animal models of AD has demonstrated that there is excessive 



 
 

ii 

phagocytosis of synapses in the AD brains, and points to microglia as a 

contributor to synapse loss, leading to the progressive cognitive decline. 

Currently, there is little evidence to support these findings in human brains, 

and given the problem of reproducibility in the AD field, it is crucial to 

investigate whether this applies to humans prior to any therapeutic targets 

going to clinical trials. This doctoral thesis has shown that microglia in the 

human brain ingest more synapses in AD compared to aged controls and that 

this process is exacerbated near Aβ plaques. Moreover, isolated pHrodo-

tagged synaptoneurosomes from AD and control brains were given to human 

and mouse microglia and astrocytes in-vitro, and were live imaged in a 

phagocytosis assay. AD-synaptoneurosomes were ingested both more and 

faster than control synaptoneurosomes, suggesting disease-related 

alterations to the synaptic preparations makes them more prone to elimination. 

From a previous proteomic analysis in the lab, it is known that such signals 

include complement proteins that are upregulated in AD synapses. 

Mechanistic studies are now ongoing to determine whether the increased 

phagocytosis of synapses can be modulated by targeting these synaptic 

changes. Of note, schizophrenia is a psychiatric disorder affecting the mood 

and personality, where reduced synaptic levels have also been reported. 

Schizophrenia brains were examined similarly to AD brains, but in this case no 

significant differences were found between schizophrenia and control brains, 

suggesting different disease processes affect synapses. Therefore, is it likely 

that the progressive synapse loss in AD reflects the increased synaptic 

ingestion, unlike schizophrenia.  

 

Hypothesis: The hypothesis of this thesis is that glial cells contribute to 

exacerbated synapse loss in the AD and schizophrenia brains by actively 

removing synapses from brain, and it is predicted that they use opsonin tags 

on the synapses to induce this change in synaptic ingestion.  
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Lay abstract 
 

Dementia is commonly thought of as a single disease where a person’s 

memory fades away. In fact, dementia encompasses many distinct disorders 

affecting the elderly population and one of their common features is 

progressive cognitive decline, including memory deficits and behavioural 

changes. Alzheimer’s disease (AD) is the most common form of dementia and 

like in all other dementias, individuals with AD display significant memory 

problems which worsen over time. An estimated 46.8 million people had AD in 

2015, with these numbers expecting to reach 75 million people by 2030 due to 

the increasing life-expectancy of people and growing population. By examining 

a brain from someone with AD, one can notice remarkable shrinkage in the 

brain, which is referred to as atrophy. This atrophy is mainly seen because of 

the loss of nerve cells (neurons) in the brain and the vast network of 

connections (synapses) between these cells. Neurons and synapses allow the 

brain to perform complex tasks, like forming new memories and remembering 

them, learning a new language, or coordinating motor tasks. The loss of these 

neurons and synapses is known as neurodegeneration, and consequently it 

results in a failure of the brain to efficiently carry out these tasks. In the AD 

brain, two proteins known as amyloid-β and tau begin to behave differently and 

become toxic to synapses and neurons, which in turn kills them and 

contributes to neurodegeneration. However, treatments focusing on removing 

amyloid-β plaques have failed to provide any beneficial outcomes for these 

patients. Sadly, AD is a lethal disease and there are currently no treatments to 

slow down the disease progression or cure the disease. Currently, an 

emerging field in neuroscience is the study of glial cells, which are non-

neuronal cells in the brain that can aid the function of neurons and support 

brain health. Microglia and astrocytes are examples of glial cells that help the 

formation of new synapses but also remove weaker synapses during brain 

development by eating them. In mice that express AD-like pathology, their 

microglia eliminate more synapses leading to cognitive impairments. 



 
 

iv 

Interestingly, when this process is stopped, cognition improves and synapses 

are healthier. This is a potential new avenue for the treatment of AD, but 

whether microglia contribute to synapse loss by eating them is unknown in 

humans. This thesis examined human post-mortem brains with and without 

AD, and found that microglia in AD brains contained more synapses than 

brains without AD. Interestingly, near these pathological amyloid-β plaques, 

microglia ate even more synapses. Moreover, synapses from human brains 

were isolated from control and AD individuals, and they were fed to microglia 

and astrocytes from mouse and human brains in culture. The synapses from 

these AD brains were eaten both more and faster than control brains. These 

data suggest that something about AD synapses makes them more vulnerable 

for microglia to eat them, and future experiments will address what these 

signals are and how to limit them. Of note, schizophrenia is a psychiatric 

disorder affecting the mood and personality, where reduced synaptic levels 

have been reported. Schizophrenia brains were examined similar to AD brains, 

but in this case no significant differences were found these cases and controls, 

suggesting different disease processes affect synapses. It is possible that 

synapses in schizophrenia are more resilient to degeneration as the age 

groups are younger in the schizophrenia cohort than the AD group, and that 

distinct molecular pathways are involved in the disease. Also, it is not clear 

whether in schizophrenia synapses are lost, like they are in AD, or whether 

they have never formed properly, suggesting a developmental phenotype, 

which is different to AD.  
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Chapter 1: Introduction  

 

1. Alzheimer’s disease 
 
1.1 History of Alzheimer’s disease  

 

In 1901, German neuropsychiatrist Alois Alzheimer examined Auguste Dieter, 

a 51-year old woman who displayed rapid cognitive decline, and psychiatric 

symptoms like apathy and depression (Hippius and Neundörfer, 2003; 

Goedert and Spillantini, 2006). She passed away 5 years later in 1906, when 

Alois Alzheimer examined her brain and presented the pathological findings in 

1906. Upon post-mortem examination, Alzheimer found neuropathological 

lesions that he named neurofibrillary tangles and plaques, as well an 

accumulation of cells with elongated projections near these pathologies (glial 

cells). Despite senile dementia being described prior to that study, the disease 

eventually took its name after him and is now known as Alzheimer’s disease 

(AD). Looking at the hand-drawings Alzheimer made, it can be appreciated 

that he accurately depicted the landscape of an AD brain as we know it today, 

and much of what he described more than 100 years ago still holds true. 

Indeed, diagnosis of Alzheimer’s disease still relies on post-mortem 

identification of plaques and tangles.  

 

1.2 Clinical progression of AD 

 

AD belongs in the family of dementia disorders, which encompasses a number 

of neurodegenerative diseases primarily affecting the elderly population 

(Keller, 2006; Prince et al., 2013). Age is the biggest risk factor for developing 

AD, and with a growing population that also lives longer, there is an increasing 
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number of people who develop AD (Prince et al., 2015). Disease-associated 

pathologies, like plaques, tangles and gliosis, precede the onset of clinical 

symptoms (Ingelsson et al., 2004), which often include memory loss, spatial 

navigation, mood imbalances, and irritability and confusion (Robinson, Tang 

and Taylor, 2015). Also, ageing individuals can display mild cognitive 

impairment (MCI), which can either impair cognitive functions or progress into 

full-blown dementia (Figure 1) (Petersen, 2004). This is also associated with 

an increase in neurodegeneration and gliosis. Specifically, individuals with 

MCI display issues in at least one of the five neurocognitive domains: learning 

and memory, executive function, complex attention, language, social 

cognition, and perceptual motor function (Verghese et al., 2007; Hugo and 

Ganguli, 2014), but their daily life is not significantly impaired by these changes 

(Knopman and Petersen, 2014). On the other hand,  individuals with dementia  

display problems in more than one cognitive domain, and their daily life is 

significantly affected by this change in cognition. Once MCI has progressed 

into dementia, it is not possible to turn back, as dementia disorders are 

progressive in nature (Petersen et al., 1999; Petersen, 2004). This means that 

cognitive impairments worsen over time, and new symptoms, like depression 

or the inability to execute motor function, appear as the disease spreads 

throughout the brain, making it debilitating to the individual. The average life-

span from dementia diagnosis can vary significantly depending on the age of 

onset with an average of 6.7 years (Wolters et al., 2019), while insufficient 

pharmacological interventions are currently available to prevent or slow down 

the disease. 
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Figure 1. Clinical progression from normal cognitive ageing, to mild 
cognitive impairment (MCI) and Alzheimer’s disease (AD). Hallmark 
features of AD like synapse loss and pathological protein aggregate 
accumulations are also seen during normal ageing but in lower levels. As these 
pathologies increase over time, individuals experience MCI which is 
considered an intermediate stage between ageing and AD. Not all individuals 
who develop MCI go on to develop AD, but once they do it is not possible to 
revert to healthy ageing. It is currently unknown why some people develop AD 
while others show resilience to cognitive ageing and pathology build-up.  
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1.3 Prevalence and cost of AD 

 

Currently, AD and dementia are one of the biggest medical challenges 

worldwide for a multitude of reasons. Dementia currently affects 50 million 

people worldwide, and at the current rate these numbers are expected to 

project to a staggering 152 million people by 2050. The most common type of 

dementia is AD, accounting for approximately 65% of all dementia cases, 

meaning an estimated 32.5 million people worldwide are affected by AD alone 

(Prince et al., 2016). The personal cost of people living with dementia and their 

families is immeasurable; however, the financial cost of dementia is 

considerably large, costing £26 billion in the United Kingdom (UK) (Lewis et 

al., 2014), a sum that is projected to increase to £55 billion by 2040 (Prince et 

al., 2014). To put this in perspective, in the UK the healthcare and social care 

cost of dementia is greater than cancer and chronic heart disease combined 

(Luengo-Fernandez, Leal and Gray, 2015). 

 

1.4 Neuropathology of Alzheimer’s disease 

 

The underlying causes and symptoms between different forms of dementia 

can vary but some common features include progressive cognitive decline 

(memory in particular) and accumulation of pathological protein aggregates 

(Kent, Spires-Jones and Durrant, 2020; Henstridge, Pickett and Spires-Jones, 

2016; Braak and Braak, 1991; Thal, Rüb, Orantes and Braak, 2002). 

Specifically in AD, the three cardinal neuropathological features of the disease 

are cortical atrophy, and the presence of two pathological protein aggregates; 

amyloid-β (Aβ) plaques and phosphorylated tau tangles (Figure 2) (Spires-

Jones and Hyman, 2014; Ingelsson et al., 2004). The silver-positive stains 

Alois Alzheimer reported down the microscope are in fact these two 

pathologies, which can interact to induce neuron and synapse loss in the brain, 

thus contributing to the cortical atrophy seen in the disease (Koffie et al., 2009; 

Gomes et al., 2019; Tai et al., 2014; Pickett et al., 2019). To this day, AD 
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staging relies on the neuropathological spread of these aggregates. 

Specifically, tau staging is referred to as Braak staging (Braak and Braak, 

1991) and Aβ spread is referred to as Thal staging (Thal et al., 2002). Early 

stages of these categories represent few and localised incidents of protein 

aggregates, whereas late stages suggest the majority of grey matter is affected 

with pathology, indicating the presence of Alzheimer’s disease. Brain atrophy 

is represented by the loss of neurons and synapses, which initially occurs in 

brain areas important for memory processes, like the hippocampus and 

temporal lobe (Sheng, Sabatini and Südhof, 2012; Koffie, Hyman and Spires-

Jones, 2011). It has been known for almost 30 years that out of all pathological 

features described above, synapse loss correlates most strongly with cognitive 

decline in AD. Specifically, in the early 90’s two groups showed that poor 

performance at the Mini Mental Score Exam (MMSE) strongly correlated to 

lower synaptic counts, counted both by EM and optical density of DAB staining 

(DeKosky and Scheff, 1990; Terry et al., 1991). Since then, numerous other 

studies have consistently reported synapse loss in AD, as reported in a recent 

meta-analysis (de Wilde, Overk, Sijben and Masliah, 2016). That, as well as 

the highly plastic nature of synapses, has put synaptic biology at the centre of 

AD research.  
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Figure 2. Amyloid-β and phosphorylated tau in ageing and Alzheimer’s 
disease. The figure displays representative images of human post-mortem 
tissue showing amyloid-β (labelled with BA4) and phosphorylated-tau (labelled 
with AT8). Tissue was stained with 3,3'-Diaminobenzidine (DAB) and 
counterstained with haematoxylin to label nuclei. Amyloid-β (Aβ) plaques are 
found both in non-demented control (NDC) brains (A-B), as well as brains with 
Alzheimer’s disease (E-F). More Aβ plaques are found in the AD brain, and 
the APOE4 genotype is associated to a greater density of these plaques both 
in NDC and in AD brains. Meanwhile, virtually no phosphorylated tau (p-tau) 
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tangles are found in NDC brains (C-D), whereas AD brains are packed with 
misfolded tau tangles (G-H). Scale bar in A, 1mm; scale bar in C 50μm; scale 
bar in C insert, 25μm. Figure adapted from “Tzioras, M. et al., 2019. Invited 
Review: APOE at the interface of inflammation, neurodegeneration and 
pathological protein spread in Alzheimer’s disease. Neuropathology and 
Applied Neurobiology, 45(4), pp.327–346.” 
 
 
1.5 Synapses: the brains’ great communicators 

 

Synapses are the sub-cellular structures that form a bridge of communication 

between neurons, and are present both in the central nervous system (CNS) 

as well as the peripheral nervous system (PNS) (Harris and Weinberg, 2012). 

They are highly dynamic structures that can be formed and eliminated rapidly 

to provide quick neuronal responses, which forms the basis of synaptic 

plasticity (Matsuzaki et al., 2001; Engert and Bonhoeffer, 1999). In turn, 

synaptic plasticity is critical for learning and retaining information, ranging from 

motor skills to memory, and beyond (Morris, Anderson, Lynch and Baudry, 

1986; Morris, 1989; Dayan and Cohen, 2011). Changes in the voltage 

properties of a synapse constitute electrical signalling, and specifically, 

strengthening of a synaptic response after a stimulus constitutes long-term 

potentiation (LTP), whereas a diminished synaptic response is known as long-

term depression (LTD) (Matsuzaki, Honkura, Ellis-Davies and Kasai, 2004). 

The electrical signals in the synapse are often coupled to a chemical exchange 

of neurotransmitters, or chemical messengers, from the pre-synapse to the 

post-synapse. Depending on location and morphology of the synapse, as well 

as the neurotransmitters exchanged, synapses can be distinguished into two 

broad categories: excitatory and inhibitory synapses (Penzes et al., 2011; 

Hensch and Fagiolini, 2005). Live imaging of synapses has elucidated the 

dynamic nature of these sub-structures, where newly formed dendritic spines 

can extend or retract when stimulated via learning or sensory experience (Fu, 

Yu, Lu and Zuo, 2012; Toni et al., 1999; Mostany et al., 2013). Competition 

between weaker and stronger synapses results in the maintenance of the 

stronger ones and the removal/elimination of weaker ones, a process known 
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of as synaptic refinement (Wiesel and Hubel, 1963; Mikuni et al., 2013; 

Torborg and Feller, 2005; Holtmaat and Svoboda, 2009). Synaptic refinement 

is a crucial process in development which ensures correct network formation 

and an appropriate balance of excitation and inhibition in the brain (Turrigiano 

and Nelson, 2004; Harauzov et al., 2010). Interestingly, such process are not 

only found in cortical neural networks, but are conserved across other 

systems, like the retino-thalamic tract (Hong and Chen, 2011) and PNS 

structures like the neuromuscular junction (Wang et al., 2014). In the case of 

the retino-thalamic tract, mono-ocular deprivation experiments in mice (known 

to reduce sensory information) result in greater spine elimination, while 

binocular deprivation also increases the size of existing spines, with neither 

forms of deprivation affecting synapse numbers (Zhou, Lai and Gan, 2017). 

This indicates that synaptic refinement and remodelling is a sensitive and 

dynamic process in the brain and is crucial to brain function.  

 

Importantly, synaptic refinement and plasticity is also maintained after 

development, too (Peretti et al., 2015). In the adult mouse cortex, motor-skill 

learning results in enhanced experienced-dependent plasticity, as shown by 

live imaging, and changes in LTP facilitate modifications of dendritic spines 

(Xu et al., 2009). Furthermore, synaptic refinement also persists in the adult 

hippocampus, an area that is necessary for forming, consolidating, and 

retrieving memories (Pilz et al., 2016; Morris and Frey, 1997; Takeuchi, 

Duszkiewicz and Morris, 2014). Due to its high-demand performance, it is not 

surprising that, through recent advances in hippocampal imaging, spines in the 

CA1 region display a remarkably high turnover rate of 40% change in 4 days 

(Pfeiffer et al., 2018). Whether synapse refinement is a cell-autonomous 

process, non-cell-autonomous process, or a combination of the two is 

important in understanding synaptic connectivity and its effects in cognitive 

processes. Over the past 20 years there have been great scientific advances 

that spotlighted glial cells, in particular microglia and astrocytes, as primary 
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non-neuronal contributors to synaptic health and function, and have emerged 

as central players in many forms of neurodegeneration, like AD.  

 

 

1.6 Risk factors for developing Alzheimer’s disease  

 

The classification of AD falls under two main categories: early-onset AD 

(EOAD) and late-onset AD (LOAD). EOAD is a rare, hereditary form of AD, 

where mutations can occur in the genes encoding for the amyloid precursor 

protein (APP) or the proteins involved in cleaving APP to form different forms 

of Aβ, known as presenilin proteins (Goate et al., 1991; Hardy and Allsop, 

1991; Chartier-Harlin et al., 1991; Tanzi and Hyman, 1991; Wright, Goedert 

and Hastie, 1991). These mutations are autosomal dominant, and they were 

discovered in the late 80’s and early 90’s, revolutionising our understanding of 

AD aetiology. As the name suggests, individuals with EOAD have an early 

dementia onset, typically between 50-60 years old (Wragg, Hutton and Talbot, 

1996). People with EOAD are afflicted with rapid cognitive decline, and they 

develop high levels of AD-related pathology, e.g. Aβ plaques, and tau tangles 

(Goate et al., 1991; Hardy and Selkoe, 2002). Nevertheless, EOAD accounts 

for only 1% of total AD cases, and the other 99% develop LOAD (Karch and 

Goate, 2015). Naturally, the age of onset in LOAD is later than EOAD, often 

from 65 onwards. Unlike EOAD, the causes for developing LOAD are less 

understood and at the moment, a mix of environmental, lifestyle, and genetic 

factors are all linked to developing LOAD (Goate et al., 1991; Silva et al., 2019; 

Roses, 1996; Karch and Goate, 2015). Having more years in education 

appears to be protective against cognitive decline late in life, whereas obesity 

and impairments in vascular health, including traumatic brain injury, contribute 

negatively to cognition (Profenno, Porsteinsson and Faraone, 2010; Kivipelto 

et al., 2005). In fact, cognitive reserve is a prominent hypothesis suggesting 

that more years in education enriches the brain with more synapses, and 

therefore provides resilience to cognitive decline when synapses are lost 



 
 

- 10 - 

during ageing (Scarmeas and Stern, 2003). Genome-wide association studies 

(GWAS) in the past decade have revealed a number of variants that 

predispose individuals to develop LOAD, with the apolipoprotein E (APOE) 

variant APOE4 being the greatest genetic risk factor. Many of these variants 

are highly expressed by glial cells in the brain, which has put them on the 

spotlight of current research (this will discussed in detail later on).  

 

 

1.7 Genetic risk factors and their association to pathologies of Alzheimer’s 

disease 

 

In both EOAD and LOAD, various conformations of Aβ and tau species, like 

fibrillar and oligomers, accumulate in the brain. Aβ deposits are primarily 

extracellular and although the study of plaques had dominated the AD field, it 

is now understood that oligomeric forms of Aβ are more harmful to neurons 

and synapses (Koffie, Hyman and Spires-Jones, 2011; Garcia-Marin et al., 

2009; Baglietto-Vargas et al., 2010). Aβ oligomers induce LTP deficits in 

hippocampal neurons and increase LTD by interfering with glutamate uptake 

at the synapse (Li et al., 2009). In culture, neuronal dendritic spines are 

susceptible to degeneration in response to addition of human Aβ (Wu et al., 

2010), suggesting that spine loss can occur cell-autonomously. In human post-

mortem tissue, high-resolution array tomography has revealed that individuals 

with AD have reduced synapse densities compared to age-matched controls, 

and that more synapses are lost in the vicinity of Aβ plaques (Koffie et al., 

2012). Aβ oligomers can be found bound to synapses, but it is unclear what 

the synaptic ligand for Aβ is, and how that induces synapse degeneration. 

Moreover, AD patients with an APOE4 genotype have greater synapse loss 

compared to ones with APOE3 (Koffie et al., 2012), which partially accounts 

for the E4 allele being a risk factor for AD. On the other hand, the tau protein 

(encoded by the MAPT gene) is a microtubule-stabilising protein normally 

found in neuronal axons, and it facilitates transport between the cell body and 
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the synapse (Kosik, Joachim and Selkoe, 1986). Array tomography images 

have shown tau localised on human synapses (Largo-Barrientos et al., 2021), 

which in the context of AD is regarded as exerting synaptotoxic effects. Mice 

with tau mutations can form toxic aggregates which result in synaptotoxicity 

(Kopeikina et al., 2013b; a; Tai et al., 2014) and indeed, tau and Aβ can work 

in tandem to induce synapse loss and cognitive impairments (Pickett et al., 

2019). The APOE4 genotype is also associated to more tangles in the brain 

(Farfel et al., 2016) (Figure 2) and greater loss of interneurons in mice, as well 

as deficits in learning and memory (Andrews-Zwilling et al., 2010). The role of 

APOE and its association to neurodegeneration and neuroinflammation has 

been extensively reviewed during my PhD has the full manuscript can be found 

in the Appendix: “Invited Review: APOE at the interface of neurodegeneration, 

neuroinflammation, and pathological protein spread in Alzheimer’s disease”.  

 

 

1.8 Lack of treatments for AD: paving new ways forward 

 

Unfortunately, there are no effective treatments in slowing down AD 

progression, treating symptoms, reducing the mortality rate, or curing any 

aspects of the disease. Amongst other reasons, this is due to a lack of 

understanding the underlying causes of the disease, as well the a lack of tools 

to accurately study the CNS in the past. Importantly, the genetic variants in 

APP synthesis and its processing in EOAD has  pushed clinical trials to focus 

on reducing the levels of Aβ in the brains of AD patients. Although these 

interventions have been promising in mice, none of the clinical trials have 

provided positive outcomes in humans, and in some cases have even 

increased mortality and cognitive decline (LaClair et al., 2013; Long and 

Holtzman, 2019; Gilman et al., 2005). In combination, the increasing 

prevalence of AD and the lack of therapeutic targets highlight the urgency for 

effective treatments. The recent GWAS evidence has prompted the field to 

focus more on non-neuronal cells in the brain, for example the microglia. 
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Microglia are highly complex and dynamic cells in the brain, and their strong 

association to AD pathology has made them an excellent candidate for further 

investigation, and a potential new therapeutic target.  

 
 

2. Microglia: the brain’s Swiss army knife 
 

2.1 Introduction into microglia 

 

Microglia are non-neuronal cells in the brain whose primary functions include 

immune responses and supporting CNS homeostasis (Prinz and Priller, 2014; 

Tay et al., 2017; Sierra et al., 2016). These functions are widely varied and 

include, but are not limited to: phagocytosis (Sierra, Abiega, Shahraz and 

Neumann, 2013; Kim et al., 2017; Liu et al., 2013), immune surveillance (like 

pathogen recognition) (Laudisi et al., 2013; Husemann et al., 2002; Kigerl et 

al., 2014), detecting and producing cytokines (Zhao et al., 2019; Azevedo et 

al., 2013; Liddelow et al., 2017), myelin sheath formation (Miron et al., 2013), 

and neural circuit formation (Figure 3) (Vainchtein et al., 2018; Schafer et al., 

2012; Oosterhof et al., 2019). In many ways, microglia resemble peripheral 

macrophages (Ginhoux et al., 2013), which form part of the innate immune 

response in the body. It is characteristic for macrophages to differ 

morphologically and transcriptomically depending on their niche environment 

(Hume, 2015; Schultze, Freeman, Hume and Latz, 2015; Bennett et al., 2016), 

but also microglia differ in their origin compared to macrophages. While the 

majority of macrophage populations arise from the bone marrow and foetal 

liver, yolk sac progenitor cells enter the bloodstream and subsequently 

populate the brain parenchyma during early stages of embryogenesis (Alliot, 

Lecain, Grima and Pessac, 1991; Alliot, Godin and Pessac, 1999; Ginhoux et 

al., 2010). The blood-brain-barrier forms after yolk sac-derived macrophages 

populate the brain (Ginhoux et al., 2010), thus trapping these cells in the brain 

where they specialise into microglial cells. In contrast, circulating monocytes 
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cannot freely enter the brain under homeostasis, although this changes in 

diseases that involve BBB breakdown, like multiple sclerosis (Correale and 

Villa, 2007), stroke (McColl, Rothwell and Allan, 2008; Moss and Williams, 

2020) or even AD (Montagne et al., 2015). A major challenge in the field has 

been distinguishing microglia from infiltrating macrophages that are 

morphologically indistinct but have different functions in the brain (Greenhalgh 

et al., 2018; Chiot et al., 2020). Even though there are still hurdles to overcome, 

RNA-sequencing approaches have uncovered a set of microglia-specific 

markers, like Tmem119, P2Y12, and Sall1 (Bennett et al., 2016; Li et al., 2019; 

Buttgereit et al., 2016).  

 

 
 

Figure 3. Microglial properties. Microglia have a wide range of functions in 
the brain and actively participate in achieving brain homeostasis. Microglia are 
the primary phagocytes of the brain and clear debris via phagocytosis, which 
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they also employ for sculpting neural circuits by removing weaker synapses. 
They detect changes in the brain and can regulate immune responses 
accordingly. They are involved in forming myelin sheaths to protect neuronal 
axons, and are involved in the remyelination process following myelin damage. 
They can even co-operate with astrocytes to ensure a tight blood-brain-barrier 
is achieved.  
 

Microglia are not only dynamic in development, but throughout life. To do this, 

they are equipped with a plethora of receptors located on their branching 

protrusions and cell soma in order to sense their environment. These receptors 

range from scavenger receptors, like MSRA (El Khoury et al., 1998; Husemann 

et al., 2002), to phagocytosis-associated receptors, like CD11b (or CR3) (Hong 

et al., 2016), to innate immunity receptors, like toll-like receptor 4 (TLR4) 

(Kielian, 2006). This extensive assortment of receptors allows microglia to 

actively alter their morphology to adapt to their surroundings, by extending or 

retracting their processes, as well as becoming hypertrophic and "amoeboid-

like” (Davalos et al., 2005; Nimmerjahn, Kirchhoff and Helmchen, 2005). 

Indeed, morphologic, functional, and transcriptomic changes are also seen in 

ageing, as well between different brain areas (Galatro et al., 2017; Tay et al., 

2017; Grabert et al., 2016). The powerful phagocytic response by microglia 

has been studied in the context of clearing debris, but they are far more 

dynamic than that. One of the main microglial responses is their role in the 

formation of neural circuits by aiding synaptogenesis as well synapse removal.  

 

 

2.2 The role of microglia in synaptic refinement 

 

The incredible complexity of the brain requires synaptic connections to be 

dynamic in nature, and as such both cell autonomous and non-cell 

autonomous mechanisms have evolved to modify synaptic structures. 

Neurons possess intrinsic properties to undergo synaptic and spine elimination 

via apoptotic and necrotic signals localised at the synapse, both in response 

to refinement (Ertürk, Wang and Sheng, 2014) and degeneration (Wishart, 
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Parson and Gillingwater, 2006). However, the role of glial cells in the removal 

of weaker and aberrant synapses in health and disease has expanded our 

understanding of synaptic remodelling and its complexities (Eroglu and Barres, 

2010; Chung et al., 2013; Schafer et al., 2012). In particular, microglia and 

astrocytes, another abundant glial cell, have been the main non-neuronal 

contributors to synaptic refinement, as well as aiding the formation of new 

synapses (Henstridge, Tzioras and Paolicelli, 2019). Growing evidence has 

implicated microglia as central players in neural circuit formation and learning 

by contact mediated removal of synapses (Parkhurst et al., 2013), known as 

synaptic pruning (Figure 4).  

 

The loss of microglia in the human brain has conclusively shown their 

importance in normal brain function. Mutations in the colony-stimulating factor 

1 receptor (CSF1R) gene are the cause of a rare type of early-onset dementia; 

adult-onset leukoencephalopathy with axonal spheroid and pigmented glia, in 

short ALSP (Konno et al., 2017).  Perhaps the most striking example of the 

importance of microglia in the brain was shown by a recent case study, where 

congenital absence of microglia in an infant with a homozygous CSF1R 

mutation led to improper grey matter connectivity, seizures, and complete 

absence of a corpus callosum and cerebellum (Oosterhof et al., 2019). 

However, microgliopathies do not depend on a reduction of cell numbers, as 

mutations on microglial NRROS (negative regulator of reactive oxygen 

species) gene can also result in similar radiological findings and death (Smith 

et al., 2020).  

 

At the start of the decade, the Gross lab visualised microglia engulfing 

synapses using two super-resolution techniques, electron microscopy (EM) 

and stimulated emission depletion (STED) microscopy, providing some of the 

first evidence that microglia are capable of taking up synapses during 

development (Paolicelli et al., 2011). Reducing microglia via lack of fractalkine 

signalling in CX3CR1 knock-out (KO) mice resulted in higher dendritic spine 
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numbers in the CA1 region of the hippocampus at postnatal days 13-16, which 

are crucial in development. Moreover, greater PSD-95 levels were found inside 

microglia in the CX3CR1 KO mice, suggesting that microglia phagocytose the 

excess synapses. Additionally, the KO mice displayed increased LTD and 

miniature excitatory post-synaptic potentials (mEPSPs), both being signs of 

poor connectivity and immature synapses (Hsia, Malenka and Nicoll, 1998). 

More recently, the same group refined the hypothesis that microglia 

phagocytose entire synapses. Using correlative light-electron microscopy 

(CLEM), they showed that although sometimes entire synapses are 

phagocytosed, often only smaller parts of the synapse are engulfed by 

microglia in a process known as trogocytosis, while other times microglia only 

contact synapses without undergoing phagocytosis (Weinhard et al., 2018). 

Indeed, appropriate elimination of synapses in development is crucial, as 

developmental disorders like autism have been linked to impaired synaptic 

refinement by microglia (Filipello et al., 2018).  
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Figure 4. Microglial pruning of synapses. During development, 
synaptogenesis is a particularly dynamic process leading to an excess number 
of synapses. The less electrically active, or weaker, synapses are tagged with 
opsonin proteins, like complement proteins, which facilitate microglia to 
interact with them and remove them. These weaker synaptic puncta are 
engulfed by microglia, and later degraded, ensuring an appropriate number of 
synapses is maintained to allow efficient neural network communication.    
 
 
 
 
 
 
2.3 Flattery will get you everywhere: the complement system and synapse 

pruning 

 

Another widely-accepted theory for synaptic removal in the CNS is the use of 

the classical complement cascade (CCC). The CCC is a highly complex 

immunological system whose function is to tag cells and cellular sub-structures 

for removal by opsonising and attacking them (Michailidou et al., 2018; 



 
 

- 18 - 

Carpanini, Torvell and Morgan, 2019). The tagged substrate can vary from 

infectious pathogens, like bacteria, to cellular debris. To date, the retino-

thalamic system has been best studied in its relation to synaptic pruning via 

the CCC. Specifically, C1q is a molecule of the CCC that appears early in the 

cascade (Stephan et al., 2013) and is co-localised with the pre-synaptic marker 

SV2A in a multitude of CNS structures like the cortex, and parts of the retino-

thalamic system like the dorsal lateral geniculate nucleus (dLGN) and retinal 

ganglion cells (RGCs), early in development (P5-P8) (Stevens et al., 2007). 

Moreover, using array tomography, C1q was shown to co-localise less often 

with paired synaptic puncta (opposing SV2A and PSD-95) and more with 

individual synaptic puncta, suggesting C1q is present on the more immature 

synapses tagged for removal. In a separate study, microglia phagocytosed 

RGCs at the dLGN during this early postnatal stage of development (Schafer 

et al., 2012). Specifically, when the activity in the ipsilateral eye was blocked 

with tetrodotoxin, a Na+ channel blocker, microglia phagocytosed more RGCs 

in response to the greater number of weaker inputs. Contrarily, injection of 

forskolin, a K+ channel blocker, increased RGC activity creating stronger 

synaptic inputs and resulted in fewer RGCs being engulfed by microglia. In a 

different paradigm, using EM, microglia at the dLGN were shown to engulf 

synapses and that mice once deprived from light, when re-exposed experience 

a different microglial phenotype (Tremblay, Lowery and Majewska, 2010). 

Specifically, under live imaging, microglia contact synapses but upon light re-

exposure they contact more synapses, form phagocytic pouches and 

phagocytose more synapses, demonstrating synaptic pruning is modulated in 

an experience-dependent manner.  
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2.4 Intrinsic and extrinsic properties of synapse pruning by microglia 

 

Interestingly, both neurons and microglia have intrinsic signals that can 

regulate synaptic pruning. For instance, mice lacking progranulin (a protein 

implicated pathologically in frontotemporal dementia, or FTD) display 

disturbed homeostasis in microglia, upregulation of C1q synthesis and 

increased internalisation of synapses by microglia in the ventral thalamus (Lui 

et al., 2016), leading to OCD-like behaviours. Likewise, conditional knock-out 

of TDP-43 in microglia results in exacerbated levels of PSD-95 inside 

microglial lysosomal compartments and greater synapse loss, although 

microglia also became better at clearing Aβ (Paolicelli et al., 2017). This shows 

that phagocytosis is not unilaterally beneficial or detrimental, but rather, it is a 

nuanced process that can result in both positive and negative outcomes. On 

the other hand, neurons express the endogenous complement inhibitor 

SRPX2 which is secreted and binds C1q to prevent complement activation 

(Sia, Clem and Huganir, 2013). During development, mice lacking SRPX2 

show increased microglial and complement activation, combined with 

enhanced synapse loss in the dLGN and upregulated engulfment of synapses 

(Cong et al., 2020). Similarly, most mammalian cells express the cell surface 

marker CD47, which acts as a “don’t eat me signal” against the immune system 

(Elward and Gasque, 2003). Microglia recognise CD47 through the SIRP1α 

receptor, and subsequently, loss of either CD47 or SIRP1α in mice during 

postnatal development leads to enhanced phagocytosis of dLGN synapse by 

microglia (Lehrman et al., 2018). Another signal localised at the cell membrane 

of the synapse is phosphatidylserine, which was believed to indicate apoptotic 

cells once flipped and exposed extracellularly (Segawa and Nagata, 2015), in 

order to recruit phagocytes for removal (Park et al., 2007). Now, it is becoming 

evident that non-apoptotic cells can also expose phosphatidylserine (Segawa, 

Suzuki and Nagata, 2011; Brelstaff et al., 2018; Smrz, Dráberová and Dráber, 

2007), and that C1q can bind to the extracellular component of 

phosphatidylserine (Païdassi et al., 2008). In the context of synaptic pruning, 
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it was recently shown that synapses of viable hippocampal neurons flip 

phosphatidylserine in a tightly-regulated window of development, and that 

microglia phagocytose these flipped phosphatidylserine-decorated synapses 

in a C1q-dependent manner (Scott-Hewitt et al., 2020).  

2.5 The purinergic system in microglial-mediated synapse pruning 

 

The purinergic system is also involved in microglia and synaptic refinement. 

Firstly, microglia use the P2 purinergic receptors to quickly respond to 

extracellular adenosine tri-phosphate (ATP) as a result of focal injury (Davalos 

et al., 2005), which would signal cell death and require microglia to clear the 

debris. Similarly, microglia are also capable of synthesizing and releasing 

purines, like ATP (George et al., 2015). In hippocampal slice cultures 

containing mossy fibre neurons of the dentate gyrus, activation of microglia 

with lipopolysaccharide (LPS) reduced synaptic plasticity via the release of 

ATP, whereby either blocking microglial release of ATP or the neuronal 

purinergic receptor P2X4 prevented impairments in synaptic transmission 

(George, Cunha, Mulle and Amédée, 2016). This is another example of how 

microglia can modulate synaptic transmission and plasticity without contacting 

neurons. On the other hand, mono-ocular deprivation in mice increases the 

number of microglial processes contacting synapses, as well as, synaptic 

inclusions in microglia shown by EM (Sipe et al., 2016). This process depends 

on P2Y12 signalling, a crucial purinergic receptor of homeostatic microglia 

(Krasemann et al., 2017).   

 

 

2.6 Epigenetic regulation of microglial-mediated synaptic pruning 

 

Synaptic engulfment by microglia under homeostatic conditions varies 

between brain areas, and can be epigenetically regulated under the polycomb 

repressive complex 2  (PRC2) (Ayata et al., 2018). Cerebellar microglia 

express higher levels of the phagocytosis marker CD68 and engage in greater 
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phagocytosis of apoptotic neurons  than striatal microglia. RNA-sequencing 

and Western blot validation of cerebellar microglia also revealed enhanced 

expression of phagocytosis and clearance markers, like AXL, APOE, and 

MHCII. Epigenetic modification of histone H3 lysine 27 trimethylation 

(H3K27me3) under PRC2 was suggested to account for the differences in 

synaptic clearance by microglia between brain areas, whereby PRC2 was 

predicted to silence clearance associated genes. Knocking-out the Eed gene, 

a key component of PRC2, led to loss of H3K27me3 and upregulation of 

clearance-associated genes in striatal microglia. In turn, this resulted in 

exacerbated spine loss, enlarged CD68 pouches in microglia, and poorer 

performance in cognitive tasks, like the open-arm maze. Taken together, these 

data suggest that the enhanced clearance phenotype in microglia in response 

to epigenetic cues contributes to synaptic refinement during development and 

tightly regulate this process depending on the brain area.  

 

2.7 Astrocytic contribution to synaptic pruning 

 

Overall, synaptic pruning during development is currently hypothesised to 

occur when glial cells detect electrically weaker, or less active, synapses that 

have become redundant. However, it is worth nothing that microglia are not 

the sole contributors to glial mediated synapse elimination. Astrocytes are glial 

cells which arise from neural precursors stem cells (radial glial cells) and 

become one of the most populous cell types of the CNS (Qian et al., 2000). 

They extend a complex network of long processes, and a single astrocyte in 

the human brain can in fact contact up to 2 million synapses at once 

(Oberheim, Wang, Goldman and Nedergaard, 2006). Astrocytes are 

heterogeneous cells in the human brain, varying in morphology, such as bushy 

or fibrous (mostly in white matter), and expression of various markers, such as 

GFAP (Allen and Eroglu, 2017). Although there is some overlap in terms of 

function between microglia and astrocytes, they are not the same cell types 

and have distinct roles in the brain. For example, astrocytes are far better 
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equipped as coupling with the vasculature of the brain and forming the blood-

brain-barrier using their astrocytic end-feet, and express proteins like 

aquaporin 4 to facilitate this (Hubbard, Hsu, Seldin and Binder, 2015).  

 

It is now appreciated that astrocytes are important in secreting neurotrophic 

factors to stimulate synaptogenesis (Eroglu and Barres, 2010), and they play 

a very important role in synapse health (Chung et al., 2016; Zhang et al., 2003). 

Relevant to synapse formation and elimination, astrocytes are capable of 

engulfment and phagocytosis but at much slower rates than microglia (Byun 

and Chung, 2018). This means that astrocytes may be involved in facilitating 

synaptic ingestion at different developmental time points to microglia, in 

separate brain areas or responding to distinct pathways in recognising 

synapses for elimination. However, these questions are still being answered 

and there no definitive answers at the moment. 

 

Interestingly, astrocytes can modulate microglial-mediated synapse 

phagocytosis by releasing soluble factors like IL-33, C1q, TNF-α, and IL-1α 

(Figure 5) (Vainchtein et al., 2018; Liddelow et al., 2017).  Furthermore, active 

phagocytosis of synapses in the mouse hippocampus has been recently 

shown to be critical for homeostatic control of these circuits (Lee et al., 2021). 

Therefore, even though microglia are the primary phagocytes of the brain, 

astrocytes too play an important role in maintaining synapse health.   
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Figure 5. Astrocytes contribute to synaptic pruning directly and 
indirectly. Astrocytes can prune synapses in the developing mouse brain for 
appropriate neural network function by actively engulfing synapses. They are 
also powerful immune responders, and can secrete cytokines, like IL-33 and 
TNF-α, which modulate microglial pruning of synapses, therefore indirectly 
influencing synaptic pruning.  
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3. Microglia in AD pathogenesis 
 
The hypothesis that microglia are involved as mediators in Alzheimer’s disease 

is not a new concept. Over 30 years ago, Paul and Edith McGeer had already 

started investigating the presence of these macrophage-like cells in diseased 

brains and linking them to AD pathogenesis due to their close proximity and 

reactive appearance near Aβ plaques (Figure 6) (McGeer and McGeer, 1998; 

Itagaki et al., 1989). Morphologic changes like reduced arborisation of 

microglia and hypertrophy (Davies, Ma, Jegathees and Goldsbury, 2017) have 

primed researchers to think that functional changes occur in these cells too. 

The extent to which these changes are driving AD pathology or are merely a 

response to it, has been a great debate in the field, and is still actively 

researched. At the time, the tools to study these cells were scarce and the field 

lacked basic understanding of glial biology, so research into their roles in 

neurodegeneration became more prominent over 20 years later.  

 

3.1 Genetics implicate microglia in AD 

 

Many AD risk genes identified by GWAS are expressed by microglia. 

Accumulating evidence from RNA sequencing studies show that microglia 

form different expression clusters in AD brains compared to controls, which 

are associated with pathology. For instance, GWAS revealed mutations on 

triggering receptor expressed on myeloid cells 2, or TREM2, which is primarily 

expressed by macrophages and microglia, as a risk-factor for developing AD 

(Guerreiro et al., 2013; Jonsson et al., 2013). Since then, TREM2 has been 

strongly implicated in neurodegeneration, showing it is an important receptor 

for interacting with apoptotic cells, Aβ species, and regulation the transcription 

of APOE in microglia, as well as microglial pruning of synapses (Krasemann 

et al., 2017; Kim et al., 2017; McQuade et al., 2020; Filipello et al., 2018). RNA 

sequencing studies have deduced that microglia change their transcriptome in 

response to Aβ pathology and are referred to as “disease-associated 
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microglia” (Keren-Shaul et al., 2017), complementing the known morphologic 

changes that happen near these plaques. These changes involve multiple 

pathways, including upregulation of phagocytosis, something that is reflected 

in more recent single-cell RNA sequencing of human AD samples (Mathys et 

al., 2019; Olah et al., 2020; Kunkle et al., 2019). On one hand, upregulation of 

phagocytosis pathways is beneficial for clearing toxic Aβ species from the 

brain, however it can be detrimental to healthy tissue if this process is not 

tightly regulated. It is likely that this balance is tipped during Alzheimer’s 

disease, favouring excessive synapse loss. 
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Figure 6. Microglia and astrocytes in ageing and Alzheimer’s disease. 
The figure displays representative images of human post-mortem tissue 
showing microglia (labelled with CD68) and astrocytes (labelled with GFAP). 
Tissue was stained with 3,3'-Diaminobenzidine (DAB) and counterstained with 
haematoxylin to label nuclei. The microglial lysosomal marker CD68 is 
expressed in both non-demented control (NDC) brains (A-B), as well as brains 
with Alzheimer’s disease (E-F). There is a greater coverage of CD68 in AD 
brains, indicating an upregulation of lysosomal and phagocytosis pathways. 
Similarly, GFAP-positive astrocytes are also more prevalent in AD brains (G-
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H), compared to NDC brains (C-D). Also, AD astrocytes are more pigmented, 
suggesting an upregulation of GFAP within cells. The APOE4 genotype is also 
associated with exacerbated gliosis in AD, compared to APOE3 carrying 
individuals. Scale bar in A, 100μm; scale bar in A insert, 25μm; scale bar in C 
200μm; scale bar in C insert, 100μm. Figure adapted from “Tzioras, M. et al., 
2019. Invited Review: APOE at the interface of inflammation, 
neurodegeneration and pathological protein spread in Alzheimer’s disease. 
Neuropathology and Applied Neurobiology, 45(4), pp.327–346.” 
 
 

4. Microglial contribution to synapse loss  
 

The role of microglia in synaptic pruning during development has been 

extensively studied, highlighting systems like the classical complement 

cascade, purinergic signalling, and fractalkine signalling which are selected to 

remove weaker synapses and shape neural circuits. Microglial activation 

(measured by TSPO ligand binding) occurs prior to disease onset in AD (Long 

and Holtzman, 2019; Boche, Gerhard, Rodriguez-Vieitez and MINC Faculty, 

2019; Parhizkar et al., 2019), and concomitantly with synapse loss, which 

suggests that microglia may interact with synapses in a pathological manner 

in asymptomatic individuals. Indeed, there is accumulating evidence from 

mouse models of AD to suggest microglia aberrantly engage in phagocytosis 

of both healthy and dysfunctional synapses. At the moment, mice expressing 

different forms of the AD-associated pathological proteins Aβ and tau (either 

genetically or injected) have constituted the basis of this hypothesis, 

supplemented by, so far, indirect human evidence (Figure 7).  

 

4.1 Microglia eliminate synapses in animal models of amyloidopathy 

 

Similar to development, the CCC has been strongly implicated in microglial-

driven synaptic loss and dysfunction during ageing and AD. Primarily, the 

levels of C1q drastically increase in the ageing mouse and human brain 

(Stephan et al., 2013). Regardless of disease, ageing mice display neuron and 

synapse loss in the hippocampus, and cognitive impairments such as memory 
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deficits in the Morris water maze (Shi et al., 2015). Interestingly, though, C3 

knock-out mice do not display such synapse and neuron loss, they perform 

better at the aforementioned cognitive task, and they display enhanced LTP. 

Furthermore, in two amyloidopathy mouse models (Tg2576 and APP/PS1) 

lacking C1q, there was decreased microgliosis surrounding Aβ plaques and a 

rescue of synaptophysin loss in the hippocampus, even though the levels of 

Aβ were unchanged in C1q deficient mice (Fonseca, Zhou, Botto and Tenner, 

2004). This suggests that complement can act as a synaptic tag and can 

operate in combination to microglia to induce synapse loss. So far, the 

evidence that microglia phagocytose synapses via the CCC is indirect.  

 

The first evidence that microglia eliminate synapses in AD came from the 

Stevens lab in 2016 using the J20 and APP/PS1 amyloidosis models, and 

injection of oligomeric Aβ in WT mice (Hong et al., 2016). The J20 mouse 

model develops early synapse loss, cognitive impairments, and LTP deficits 

(3-4 months) prior to plaque deposition at 5-7 months. Using structural 

illumination microscopy (SIM), C1q depositions were found at the synapse 

during this early period of synapse loss, independent to plaques, and they 

were upregulated in multiple brain areas of the J20 mice, with the 

hippocampus and frontal cortex showing marked increase. Similarly, 

oligomeric Aβ in tail-vain injections to WT mice also upregulated C1q at the 

synapse, induced synapse loss, and increased the expression of CD68 in 

microglia, indicating a more phagocytic phenotype. Co-administration of a C1q 

blocking antibody partially protected against synaptic loss and rescued LTP 

deficits caused by oligomeric Aβ. In a separate AD model, the APP/PS1, C3 

colocalised more with PSD-95, and APP/PS1 mice lacking C3 did not show 

marked synapse loss in the dentate gyrus and CA1 of the hippocampus, unlike 

their APP/PS1 counterparts. Importantly, mice injected with oligomeric Aβ 

showed high levels of synapse (post-synaptic Homer 3) engulfment by 

microglia and increased synapse loss, although both of these deficits were 

ameliorated in mice lacking the receptor for C3 (CR3). Altogether, these data 
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suggest that the complement system plays an important role in synaptic loss 

during neurodegeneration, and that microglia can recognise complement tags 

on synapses to remove them. It is worth noting that although blockade of C1q 

improves LTP and prevents synapse loss, the levels do not reach that of the 

WT mouse, suggesting that microglia are not solely responsible for synapse 

elimination and plasticity, and other mechanisms are involved in these 

processes.  

 

In addition to Hong et al (2016), the Lemere group also explored the 

interference of complement C3 in microglial-mediated synapse loss in the 

APP/PS1 mice (Shi et al., 2017a). Sixteen-month old mice with the APP/PS1 

transgenes had impaired cognitive performance, shown by a poorer outcomes 

at the water T-maze while the APP/PS1 mice crossed with C3 knock-out mice 

performed at the level of the control group. Although the APP/PS1;C3-KO mice 

developed a greater plaque burden, they had fewer microglia and astrocytes 

associated with plaques than the APP/PS1 mice, and had more neurons 

present in the hippocampus. Interestingly, in a separate amyloidpathy model, 

the PS2APP, there was reduced synapse loss near Aβ plaques when crossed 

to the C3-KO mice, suggesting that although C3 may act upstream of plaque 

formation, it is also important in synapse signalling.  Furthermore, ELISAs of 

brain homogenates showed that compared to APP/PS1 mice, the 

APP/PS1;C3-KO mice had lower levels of pro-inflammatory cytokines like 

TNF-α and INF-γ, and higher levels of anti-inflammatory cytokines, like  IL-10 

(Shi et al., 2017a). Apart from the expected reduction of synapses in the 

APP/PS1 brains, mice lacking C3 (without the APP/PS1 transgenes) had a 

greater number of synaptic pairs (GluR1 + VGlut2) and Western blot analysis 

showed there was an increase in plasticity-related proteins, like TrkB, mBDNF, 

CREB, and pCREB. These results are complementary to the hypothesis that 

microglia induce synapse elimination in AD via the CCC by showing how C3 

affects synaptic plasticity, glial kinetics near plaques, and how these together 

are involved in cognitive function.  
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The APP/PS1 and oligomeric Aβ paradigms have been used again in the 

context of microglial engulfment of excitatory synapses by Bie et al. (2019). 

Firstly, oligomeric Aβ induces cognitive impairments in mice, indicated by mice 

spending more time in each quadrant during the Morris water maze, and 

additionally, CD68 expression per Iba1 cell was also increased (Bie, Wu, Foss 

and Naguib, 2019). Furthermore, they have shown that there were higher 

levels of PSD-95 and synaptophysin inside the CD68 lysosomal compartment 

in Iba1+ cells in these two models of amyloidopathy. Short inhibitory RNA 

against C1q (siC1q) normalises cognitive performance in the Aβ injected mice, 

and reduces synaptic engulfment by microglia, similar to what has been 

previously shown. Interestingly, blocking excitatory activity at the synapse via 

the mGluR1inhibitor JNJ16259685, also improved the cognitive performance 

of oligomeric Aβ injected mice and markedly reduced synaptic puncta inside 

microglia. The same was validated in APP/PS1 mice crossed with mGlur1 

knock-out mice (Grm1−/−), suggesting that excitatory activity at the synapse 

may work in tandem with complement components, like C1q, for tagging 

synapses for degradation. Although in development it appears that weaker 

synapses are specifically eliminated by microglia, it is possible that during 

neurodegeneration a different electrophysiological signature at the synapse 

induces this altered form of synaptic pruning.  

 

The use of non-human primates has offered a translation leap into the 

research of microglial-mediated synapse loss. Oligomeric Aβ injections into 

the dorsolateral prefrontal cortex of rhesus monkeys have successfully 

recapitulated previous findings in rodent animal models of AD (Beckman et al., 

2019). Indeed, there was a significant reduction in spine density, although the 

spine head diameter was increased, potentially as a compensatory 

mechanism. Microglia in the rhesus monkey engulfed more PSD-95 puncta in 

response to oligomeric Aβ injections, but not scrambled Aβ injections. 

Interestingly, oligomeric Aβ also induced a spike in TNF-α in the CSF 30 days 



 
 

- 31 - 

after injection, suggesting neuroinflammation is a result of the accumulation of 

Aβ species in the brain.  

 

 
 

 

Figure 7. Glial contribution to synapse loss in AD. During development, 
synaptogenesis is a particularly dynamic process leading to an excess number 
of synapses. The less electrically active, or weaker, synapses are tagged with 
opsonin proteins, like the complement cascade proteins and MFG-E8, which 
facilitate microglia to recognise them as signals for removal. 
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4.2 Microglial contribution to synapse loss in mouse models of tauopathy 

 

Nevertheless, amyloid is not the only pathological protein aggregate in the AD 

pathogenesis, with phosphorylated tau being a known glial activator inducing 

synaptotoxicity (Shi et al., 2017b; Streit, Braak, Xue and Bechmann, 2009). A 

widely used mouse model of tauopathy is the P301S line, expressing a MAPT 

transgene associated with FTD, and these mice develop synapse loss and 

glial activation prior to phosphorylated tau tangles at 6 months old (Yoshiyama 

et al., 2007). Dorsal root ganglion (DRG) neurons isolated in culture from 

P301S 5mo mice were phagocytosed by microglia in a non-complement 

mediated way (Brelstaff et al., 2018). Non-apoptotic neurons (shown by 

expressing calcineurin but not expressing caspase-3 and propidium iodide) 

can contain phosphorylated clumps of tau, which induces aberrant exposure 

of phosphatidylserine outside the cell membrane. In turn, microglia release 

factors like nitric oxide and milk-fat globule 8 EGF-factor-8 (MFG-E8) which 

bind extracellular phosphatidylserine on neurons and mediate phagocytosis of 

whole, living, neurons by microglia. However, the data presented here pertain 

to exposed phosphatidylserine in the neuronal cell body, and not specifically 

at the synapse, as well as to DRG neurons which are not primarily affected in 

AD. 

 

More recently, P301S mice have been used as a tauopathy model to 

demonstrate specific synaptic alterations, as well as implicating microglia in 

eliminating synapses via the CCC (Dejanovic et al., 2018).  Specifically, 

magnetic resonance imaging (MRI) of whole mouse brains showed no 

changes in brain volume until 12 months, but tau aggregation at the synapse 

and gliosis were observed at 9 months. Mass spectrometry and 

immunoblotting revealed multiple GTPases being downregulated in 

hippocampal synaptic fractions of P301S mice, which is likely contributing to 

synaptic dysfunction and PSD collapse. Synapses in the transgenic mice were 
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also richer in C1q, validated by STED, immunoblots and EM. Immunoblots of 

the superior temporal gyrus in humans with AD also confirmed increased 

levels of C1q, both in total lysates and specifically in isolated PSD fractions. 

Moreover, C3 was also increased in the human AD brains compared to age-

matched controls, and both C1q and C3 significantly correlate to 

phosphorylated-tau. Similar to the amyloidopathy models of AD, microglia 

contained more synaptic proteins inside them in the P301S mice, shown by 

high-resolution confocal images of synapsin and PSD-95 inside CD68 positive 

cells. Blockade of C1q with an anti-C1q antibody reduced the levels of C1q in 

the mouse brain, partially rescued the synaptic loss observed in the P301S 

mice, and decreased the levels of synaptic proteins inside microglia. 

Furthermore, P301S mice crossed to C3-knockout mice displayed reduced 

levels of synapsin inside CD68-positive microglia (Wu et al., 2019), similar to 

C1q blockade, and resembling the results by Hong et al (2016) and Shi et al 

(2017) in the amyloidopathy mouse models.  

 

The rTg4510, containing the P301L mutation on the MAPT gene, is another 

model of tauopathy widely used in neurodegeneration, with the difference that 

tau expression is inducible. At 6 months, rTg4510 mice display a thinner CA1 

cell layers of the hippocampus than same-age WT mice, as well as increased 

caspace-3 expression and phosphatidylserine exposure, indicating apoptosis 

(Benetatos et al., 2020). Like the P301S mice, rTg4510 mice show age-

dependent C1q increase, concomitantly with a reduction in PSD-95 puncta and 

increased C1q+PSD-95 colocalisation. This is accompanied by higher levels 

of Iba1 and CD68 in the transgenic mice, and increased engulfment of PSD-

95  by CD68-positive microglia. In this study, unlike the previous work on 

tauopathy, microglia are suggested to engulf synapses by PTEN activation 

rather than complement activation and deposition at the synapse. PTEN is an 

important protein for synaptic plasticity during brain development  (Kwon et al., 

2006), but its relevance to synapse loss and degeneration in AD is less 

understood. In this study, they found higher levels of the catalytically active 
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(dephosphorylated) form of PTEN  in hippocampal synaptosomes of 4 and 6 

month-old rTg4510 mice compared to control ones, which precedes the spike 

in caspase-3 activation. In subsequent experiments, inhibition of PTEN 

dephosphorylation with bisperoxovanadium (bpV), and therefore decreasing 

the levels of active PTEN,  rescues synaptic and neuronal loss in the 

transgenic mice and also reduces the engulfment of synaptic proteins by 

microglia in the CA1 of the hippocampus. However, in human AD and FTD 

brains, the levels of activated PTEN negatively correlates with age, while there 

is a positive correlation in the control group. This is somewhat contradictory to 

the findings in the transgenic line, and highlights the importance of 

understanding the translational barriers between mouse and human research.  

 

 

4.3 Non-contact dependent synapse loss by microglia in AD 

 

Increased levels of complement proteins can act as an opsonin on synapses 

for elimination, and although this appears to be precisely tuned during 

development, it is possible that neuroinflammation during AD can amplify the 

number of synapses tagged for elimination in an aberrant way. The release of 

inflammatory cytokines by microglia in relation to synapse loss is a less 

explored, but an equally interesting, field of research.  

 

Firstly, administration of Aβ species in mice is linked to microgliosis, and 

release of pro-inflammatory cytokines and enhanced complement production 

by microglia. For instance, addition of Aβ to isolated complement C3 fractions 

led to activation of the CCC, yielding higher levels of the membrane attack 

complex C5a-9, which is toxic to neural precursor cells (Bradt, Kolb and 

Cooper, 1998). In culture, Aβ stimulated microglia to produce high levels of 

pro-inflammatory cytokines, including TNF-α, and nitric oxide synthase (NOS) 

which were neurotoxic (Combs, Karlo, Kao and Landreth, 2001). Furthermore, 

peripherally injected fibrillar Aβ (A25T) induced microgliosis and 



 
 

- 35 - 

neuroinflammation in-vivo, by boosting the production of TNF-α and interleukin 

6 (IL6) (Azevedo et al., 2013). This boost in pro-inflammatory markers was 

also accompanied by synapse loss, measured by immunostaining of 

synaptophysin and PSD-95,  and cognitive decline, shown by short-term 

memory impairment in the novel object recognition task. Interestingly, 

treatment with minocycline, an antibiotic which kills microglia, rescued mice 

from this cognitive deficit, indicating that microglial-mediated 

neuroinflammation is synaptotoxic, and consequently detrimental to cognition.  

 

Moreover, transgenic mice containing 3 familial AD mutations on Aβ 

production and processing (3xTg-AD), were afflicted with increased TNF-α 

expression both in  neurons, leading to increased cell death in a cell-

autonomous manner (Janelsins et al., 2008), and increased TNF-α release by 

microglia, leading to non-cell autonomous neurotoxicity in the entorhinal cortex 

(Janelsins et al., 2005).  Other inflammatory markers are also key players in 

neuroinflammation and neurotoxicity. For example, murine interferon-gamma 

(mIFN-γ) was transgenically expressed in mouse brains of the amyloidosis 

model of AD, the TgCRND8 mice (Chakrabarty et al., 2010). This increase in 

mIFN-γ was associated to increased microgliosis, TNF-α secretion by 

microglia,  and complement C1q and C3 deposition in the brain, while 

surprisingly, reduced Aβ pathology was also observed. This highlights the 

importance of a balance between pro- and anti-inflammatory cytokines in the 

brain in order to control  toxicity and also prevent plaque formation.  

 

Injection of LPS in mouse brains has also provided indirect evidence of 

microglial-mediated synapse loss in response to neuroinflammation. LPS-

injected mice displayed considerable microgliosis and astrogliosis, as well as 

marked increase in neuroinflammatory markers like TNF-α, IL-6 and IL-1β 

(Zhu et al., 2012). Apart from neuroinflammation, these mice also had reduced 

levels of pre- and post-synaptic proteins levels, including synaptophysin, 

drebrin and PSD-95. Of note, neuroinflammation, microgliosis, and synapse 
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loss were all higher in mice expressing human APOE4, compared to mice 

expressing APOE2 and APOE3. This is in agreement with data from 

individuals with APOE4 genotypes who have more severe AD-associated 

pathology (Tzioras et al., 2019). On the other hand, peripheral injection of LPS 

in mice decreased brain and serum levels of the anti-inflammatory cytokines 

IL-4 and IL-10, and similar to brain injections of LPS, also induced higher levels 

of TNF-α, IL-1β, nitric oxide, and prostaglandin E2 (PGE2) (Zhao et al., 2019). 

In relation to microglial involvement in neuroinflammation-induced synapse 

loss, it was shown that LPS injected mice had impaired performance in the 

Morris water maze and displayed problems in learning and memory retention, 

all of which are associated with synapse loss.  

 

It is not clear which type of synapses are more vulnerable during 

neuroinflammation. In organotypic hippocampal slice cultures, pre-synaptic 

terminals are more vulnerable to degeneration in response to LPS than post-

synapses, in a microglial-driven IL-1β pathway (Sheppard, Coleman and 

Durrant, 2019; Tai et al., 2014; Di Filippo et al., 2013). Lastly, vascular 

breakdown and BBB leakage is a common feature in AD, allowing blood 

factors like fibrinogen to enter the brain. Indeed, fibrinogen levels are negligible 

in the brain of a WT mouse, but are increased in the APP/PS1 mice (Merlini et 

al., 2019). Live-imaging of dendritic spines showed synaptic vulnerability and 

degeneration near fibrinogen deposits, similar to Aβ plaques. Although it is not 

clear if this spine loss is cell-autonomous, fibrinogen can induce spine loss in 

a non-cell autonomous way via microglia. Fibrinogen binds to the CD11b 

receptor on microglia, which induces the production of nitric oxide species in 

the vicinity of these fibrinogen deposits near the dendrites, therefore killing 

spines in a non-contact mediated pathway.   
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4.4 Microglial contribution to synapse loss in humans 

 

Although there is accumulating evidence showing microglia are key players in 

synapse elimination in various AD mouse models via multiple pathways, there 

is very little direct evidence to support that this is relevant in human brains. In 

the context of human AD, there are no quantitative studies that have assessed 

microglial engulfment of synapses, but there is some evidence to suggest that 

data from mouse models are physiologically relevant to humans as well. 

Super-resolution EM images from AD human post-mortem tissue have 

revealed synaptic vesicles inside microglial cells, indicating that microglia are 

likely engulfing or phagocytosing synapses in the human brain (El Hajj et al., 

2019). Likewise, there is some limited evidence to suggest astrocytes are 

phagocytosing pre-synaptic terminals in AD, possibly clearing dystrophic 

neurites (Gomez-Arboledas et al., 2018). Multiple studies have shown 

complement protein levels increase in human AD brains compared to age-

matched non-neurological controls (Wu et al., 2019; Dejanovic et al., 2018; 

McGeer, Akiyama, Itagaki and McGeer, 1989), which is a promising pathway 

by which microglia can recognise and uptake synapses, similar to mice. We 

have recently shown with unbiased proteomics and mass spectrometry that 

isolated synaptoneurosomes from AD patient brains are enriched for 

complement proteins, like C1q and C4 subunits (Hesse et al., 2019). It should 

be noted that IPA analysis of the phagocytosis pathway in our samples has 

revealed other interesting proteins involved in microglial-mediated neuron and 

synapse elimination, like MFG-E8 and CD33. These results are promising 

because they suggest that such proteins opsonise synapses for phagocytosis, 

with microglia being a prominent candidate to phagocytose the opsonised 

structures.  

 

Overall, it is clear that a balance is needed between “eat-me” and “don’t eat-

me” for the healthy elimination of synapses, which is tipped in disease. For 

example, complement tags or MFG-E8 opsonisation of the synapse in a 
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disease setting is vital for flagging degenerating synapses that need to be 

cleared away, but if healthy synapses are wrongly tagged in the vicinity (for 

example, near Aβ plaques) then a cascade of aberrant synapse loss would 

ensue.  

 

5. Schizophrenia  
 

Schizophrenia is a neuropsychiatric disorder where just like in AD, reduced 

synapse burdens are also present. However, schizophrenia has an average 

age of onset in the mid to late 20’s, unlike AD which affects the elderly (Kahn 

et al., 2015; Gogtay et al., 2011). In addition, AD is progressive in terms of 

cognitive decline and pathology, whereas schizophrenia is not considered a 

progressive disorder. Individuals with schizophrenia experience affective 

symptoms, including hallucinations, delusions, severe mood imbalances, and 

other comorbid symptoms like psychosis and depression (Kahn et al., 2015). 

Both genetic mutations and environmental triggers can act as risk factors for 

developing schizophrenia; for example, less than 1% of the population 

develops schizophrenia, while monozygotic twins have a 40% chance of both 

developing the disease (Cardno et al., 1999), suggesting strong genetic links. 

Neuroimaging studies have shown reduced frontal lobe volume in individuals 

with schizophrenia (Kikinis et al., 2010; Wible et al., 2001) and poorer white 

matter connectivity associated with the frontal lobe (Klauser et al., 2017). The 

frontal lobe is associated to personality and behaviour, explaining the affective 

and psychiatric symptoms of the disease. Importantly, synapse loss and 

microglial activation are also present in the frontal lobe of patients with 

schizophrenia, but the aetiology and underlying pathologies are distinct to AD. 

Therefore, schizophrenia provides a good foil to AD for comparing the 

microglial involvement to synaptic ingestion (Figure 8). 
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5.1 Synaptic changes in schizophrenia brains  

 

Firstly, it is still unclear whether schizophrenia brains with reduced synaptic 

levels have suffered synapse loss, or if synapses never formed properly. 

Whilst synapse loss in AD is consistently reported and is a widely accepted 

feature of the disease, there is mixed evidence regarding reduced synaptic 

levels in schizophrenia (Osimo, Beck, Reis Marques and Howes, 2019). At the 

moment, the two main discrepancies regarding this depend on the synaptic 

marker used and the brain area examined. For instance, the levels of the 

presynaptic marker SV2A, measured by positron emission tomography (PET), 

were shown to be reduced in the frontal lobe and anterior cingulate cortex of 

individuals with schizophrenia compared to healthy controls, but not in the 

hippocampus (Onwordi et al., 2020). Others have shown reduction in the pre-

synaptic marker synapsin I, but not synaptophysin, in schizophrenia brains 

(Browning et al., 1993), while the post-synaptic marker PSD-95 is also 

decreased in the frontal lobe of patients with schizophrenia (Funk et al., 2017). 

These examples demonstrate the variability that exists in terms of reporting 

synaptic changes in the schizophrenia literature, but also beg the question on 

what mechanisms are involved in this synaptic reduction. Unlike AD, 

schizophrenia is not characterised by the accumulation of toxic protein 

aggregates that are synaptotoxic, so the mechanisms of altered synaptic 

connections are likely different. Given that microglia are actively pruning 

synapses in the developing brain, it is possible that they are also contributing 

to some synapse loss in brains with schizophrenia.  

 

 

5.2 Microglial alterations in schizophrenia 

 

Recent GWAS have revealed several loci on the MHC gene (major 

histocompatibility complex) as risk factors for developing schizophrenia 

(Schizophrenia Psychiatric Genome-Wide Association Study (GWAS) 
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Consortium, 2011; Schizophrenia Working Group of the Psychiatric Genomics 

Consortium, 2014). In the brain, MHC is expressed by microglial cells, and is 

an important component of immune signalling, suggesting a link between 

immunity and schizophrenia. Furthermore, PET scans using TSPO to track 

microglia and inflammation in the brain have suggested microglial activation 

following the onset of schizophrenia. Firstly, although gliosis in a common 

feature in neurodegeneration and injury, human post-mortem brains with and 

without schizophrenia do not differ in glial burdens, measured by CD68 for 

microglia and GFAP for astrocytes (Arnold et al., 1998). This suggests an 

increase in inflammatory signals is not due an increased number of glial cells. 

The current evidence that TSPO signals are upregulated in schizophrenia has 

been recently reviewed in a meta-analysis (De Picker, Morrens, Chance and 

Boche, 2017). In the grey matter of the frontal lobe, TSPO signals were 

increased in schizophrenia patients for up to 5 years from the age of disease 

onset (van Berckel et al., 2008), as well during psychosis phases (Doorduin et 

al., 2009). However, these findings have not been replicated in more recent 

studies (Kenk et al., 2015; Coughlin et al., 2016), further emphasising the 

variability seen between different schizophrenia cohorts. Of interest, two 

studies have reported that administration of minocycline orally, an antibiotic 

drug that can cross the blood-brain-barrier to diminish microglial numbers, 

reduced negative symptoms of schizophrenia, and that these effects lasted a 

month after treatment (Miyaoka et al., 2008; Levkovitz et al., 2010). This 

suggests that dampening inflammation is beneficial for individuals with 

schizophrenia, although it’s unclear whether these mechanisms act on the 

peripheral or CNS immune systems. Lastly, a recent report has provided 

evidence of microglia being involved in excessive synaptic pruning in 

schizophrenia (Sellgren et al., 2019). Co-cultures of human induced 

pluripotent stem cells from control and schizophrenia lines were differentiated 

into neurons and microglia-like cells. Interestingly, the microglia from the 

schizophrenia lines were more phagocytic than the control ones, and showed 

increased synaptic phagocytosis in-vitro. Whether similar mechanisms to AD 
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apply in schizophrenia too are unclear, but the complement system has been 

implicated to schizophrenia through mutations in C4 being risk factors for the 

disease (Sekar et al., 2016). Like in AD, there is lack of any human evidence 

to support the hypothesis that microglia undergo excessive phagocytosis of 

synapses in schizophrenia brains.  

 
Figure 8. Synaptic uptake by microglia in schizophrenia. Unlike AD, it is 
not clear whether the reduced synaptic puncta in brains with schizophrenia are 
due to synapse loss or synaptic failure to properly form. There is limited 
evidence to suggest microglia in schizophrenia are more prone to exacerbated 
synaptic pruning, leaving important questions unanswered, like if this occurs 
only during development or throughout the lifespan, and what the mechanisms 
for synaptic uptake are.  
 
 

6. Knowledge gaps 
 

There is substantial lack of evidence in humans to suggest that the pruning 

hypothesis holds, and despite the compelling arguments made by a mouse-
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dominated field, all the evidence surrounding human research is circumstantial 

and indirect. It is therefore essential to investigate whether human glial cells 

ingest more synapses in AD brains, like in the mouse models of AD. Similarly, 

the schizophrenia field is even further behind in understanding how microglia 

are involved in the disease (if at all), and the field can greatly benefit from more 

studies of the human post-mortem.  

 

 

7. Hypothesis and aims 
 

Hypothesis: Microglia and astrocytes in the human brain participate in 

exacerbated synaptic ingestion in individuals with AD compared to age-

matched, healthy controls. This difference in synaptic uptake by glial cells is 

likely the outcome of both intrinsic changes in glial properties, as well as 

opsonisation of AD synapses, possibly as a response to increased 

neuropathology in the AD brains. Furthermore, it is hypothesised that microglia 

also contribute to synaptic ingestion in schizophrenia brains, and it is predicted 

that more ingestion occurs in schizophrenia brains compared to control brains.  

 

Aims:  
1) Quantify the presence of  synaptic markers inside microglial lysosomes 

in AD and age-matched control brains, near and far from plaques.  

2) Incubate human synaptoneurosomes from control and AD brains with 

microglia and astrocytes, in-vitro, and quantify synaptic ingestion.  

3) Quantify the presence of  synaptic markers inside microglial lysosomes 

in schizophrenia and age-matched control brains.  
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346. 10.1111/nan.12529 
 

 

Contribution: Study design, systematic literature review, manuscript writing 

and editing, microscopy, figure design 

Chapter discussed in: Figures adapted for Chapter 1 
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to Excitatory and Inhibitory Synapse Loss in 
Neurodegeneration. Frontiers in Cellular Neuroscience, 13. 
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Contribution: design, literature review, manuscript writing and editing, figure 

design  

Chapter discussed in: Mentioned in Chapter 1 

 

6) Pickett, E., Herrmann, A., McQueen, J., Abt, K., Dando, O., Tulloch, J., 
Jain, P., Dunnett, S., Sohrabi, S., Fjeldstad, M., Calkin, W., Murison, L., 
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Contribution: immunohistrochemistry of microglia and astrocytes, statistical 

analysis, microscopy, figure design 

Chapter discussed in: Mentioned in Chapter 1 
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Contribution: Western blot of GFAP, data and statistical analysis 

Chapter discussed in: Mentioned in Chapters 1-3 
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schizophrenia. Neuropathology and Applied Neurobiology, 47(2), 
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Contribution: Study design, staining tissue, confocal microscopy, statistical 

analysis, manuscript writing and editing, figure design 

Chapter discussed in: Chapter 4 
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Contribution: Technical assistance and editing 

Chapter discussed in: Not mentioned 
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1) Tzioras, M., Daniels, M., King, D., Popovic, K., Holloway, R., 
Stevenson, A., Tulloch, J., Kandasamy, J., Sokol, D., Latta, C., Rose, 
J., Smith, C., Miron, V., Henstridge, C., McColl, B. and Spires-Jones, 
T., 2019. Altered synaptic ingestion by human microglia in Alzheimer’s 
disease. https://doi.org/10.1101/795930 
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statistical analysis, manuscript editing 

Chapter discussed in: Not discussed 
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Contribution: human tissue staining, data and statistical analysis, manuscript 

editing 
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5) Colom-Cadena, M., Tulloch, J., Jackson, R., Catterson, J., Rose, J., 
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Contribution: mouse culling and brain processing 

Chapter discussed in: Not discussed 
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Chapter 2: Methods 

 

1. Overview 
 

The overall aims of the thesis are to investigate synaptic ingestion by microglia 

and astrocytes in diseases like Alzheimer’s disease and schizophrenia. 

Human post-mortem tissue was chosen to address some of these aims. This 

tissue was from non-demented and non-neurological control cases, 

Alzheimer’s disease cases and schizophrenia cases. Tissue was cut from 

paraffin blocks and it was stained by immunofluorescence for glial markers, 

synaptic markers, and amyloid β plaques. The aim was to assess synaptic 

internalisation by microglia in disease situations. Human tissue was chosen 

here because, so far, there is evidence of synaptic internalisation by microglia 

only in mouse models of disease and there is a translational gap from basic 

research to humans. It is therefore important to investigate whether these 

mechanisms are relevant to humans. However, human tissue is limited 

studying a snap-shot at the end-stage of disease and lacks mechanistic 

insight. For this reason, cultured glial cells from mice and humans were 

challenged with synaptoneurosomes from human post-mortem brains, from 

control and Alzheimer’s disease brains. The aim of this part of the study is to 

investigate whether there are synaptic changes associated with disease that 

make them more prone for glial cells to ingest them.  Where possible, the 

conditions and the experimenter were blinded to disease status, and mice 

were randomised (more details on this to follow).  
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2. Animals 
 
Experiments were performed using male C57Bl/6J mice (Charles River 

Laboratories). Mice were maintained under a standard 12 h light/ dark cycle 

and provided with ad libitum access to food and water. Mice were housed in 

groups of up to five mice and were acclimatized for a minimum of 1 week prior 

to procedures. All experiments were conducted under the UK Home Office 

Animals (Scientific Procedures) Act 1986, in agreement with local ethical and 

veterinary approval (Biomedical Research Resources, University of 

Edinburgh). 

 

3. Human tissue (Alzheimer’s disease study) 
 
All tissue was provided by the MRC Edinburgh Brain Bank, following all 

appropriate ethical approval. For paraffin embedding, tissue was dehydrated 

via increasing ethanol solutions, fixed in formalin, and baked in paraffin-

embedded blocks. Tissue from the inferior temporal lobe (Brodmann area 

20/21) and primary visual cortex (Brodmann area 17) was cut using a 

microtome at 4μm thickness and mounted on glass slides for use in 

immunohistochemistry. The locations of these areas in the brain are visualised 

in Figure 1. AD cases were cross-checked neuropathologically and were 

confirmed to be Braak Stages V-VI. In one case (BBN: 24527) no plaques were 

measured in BA17 and was excluded as a whole from the near plaque 

analysis. Case BBN31495 has a Braak Stage of VI but has been cognitively 

tested upon 3 waves and was cognitively unimpaired. Data about subjects 

included in the study are found in Table 1.   

 

Use of human tissue for post-mortem studies has been reviewed and approved 

by the Edinburgh Brain Bank ethics committee and the ACCORD medical 

research ethics committee, AMREC (approval number 15-HV-016; ACCORD 

is the Academic and Clinical Central Office for Research and Development, a 
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joint office of the University of Edinburgh and NHS Lothian). The Edinburgh 

Brain Bank is a Medical Research Council funded facility with research ethics 

committee (REC) approval (11/ES/0022).  

 

 

Table 1. Participant information used for post mortem AD experiments 
described in Chapters 3 and 4. For the study, we included in total 17 non-
demented control cases (NDC) and 23 Alzheimer’s disease (AD) cases, that 
are age-matched and of mixed APOE genotypes. Age-matching was based on 
Student’s t-test, where p=0.1064. All AD cases are end-stage of disease. 
Some cases were only used for the staining study (no asterisk), and some for 
both the staining and making synaptoneurosomes (*) [synaptoneurosomes 
preparations seen in the next chapter]. NA denotes information is not available. 
 

 
 

 

 

 

MRC BBN APOE status (3vs4) Condition Age Gender (F/M) PMI  (hours) Brain weight (g) Brain pH Braak stage
19686* 3/3 NDC 76 F 75 1320 6.5 I
28797* 3/3 NDC 79 M 57 1301 6.11 NA
28406* 3/3 NDC 79 M 72 1437 6.13 II
28402* 3/3 NDC 78 M 49 1503 6.33 I
26495* 3/3 NDC 78 M 39 1290 6.17 I
14395* 3/3 NDC 74 F 41 1520 6.3 NA
20122* 3/3 NDC 59 M 74 1500 6.1 NA
22612* 3/3 NDC 61 M 70 1300 6.1 NA

001.32577 3/3 NDC 81 M 74 1313 6.07 NA
29086* 3/3 NDC 79 F 68 1468 6.2 NA
29082* 3/4 NDC 79 F 80 1339 5.96 III
31495* 3/4 NDC 81 M 38 1318 5.79 VI
20593* 3/4 NDC 60 M 52 1460 6 NA
22629* 3/4 NDC 59 F 53 1280 6.3 NA
15809* 3/4 NDC 58 M 90 1470 5.9 NA
16425* 3/4 NDC 61 M 99 1270 6.2 NA

001.34131 3/4 NDC 82 M 95 1472 5.97 IV
Group mean 10/7 72.00 5/12 66.24 1385.94 6.13

24527 3/3 AD 81 M 74 1160 6.1 V
28410 3/3 AD 62 F 109 1029 6.04 VI
28771 3/3 AD 85 M 91 1183 5.95 VI
15258 3/3 AD 65 M 80 1335 6.1 VI
19595 3/3 AD 87 M 58 1420 6.5 VI
19994 3/3 AD 87 F 89 1270 5.9 VI
22223 3/3 AD 87 F 83 1200 6.7 IV

001.32929 3/3 AD 85 F 80 1354 6.08 VI
19690* 3/4 AD 57 M 58 1200 5.9 VI
24322* 3/4 AD 80 M 101 1410 6 VI
25739* 3/4 AD 85 F 45 1375 5.77 VI
26718* 3/4 AD 78 M 74 1367 6.13 VI
29521* 3/4 AD 95 M 96 1221 6.08 VI
29695* 3/4 AD 86 M 72 1200 6.1 VI
10591* 3/4 AD 86 M 76 1470 NA VI
15810 4/4 AD 73 F 96 1090 6.2 VI
15811 3/4 AD 81 F 41 1457 6.3 VI

23394* 3/4 AD 88 F 59 1165 6.3 V
001.26732* 3/4 AD 76 M 66 1467 6.48 VI

20995* 4/4 AD 60 M 86 1244 5.9 VI
001.26500 4/4 AD 81 M 83 1315 6.25 VI

15256 4/4 AD 60 M 28 1389 NA V-VI
001.28796 4/4 AD 60 F 54 1150 5.95 VI

Group mean 8/15 77.6086957 9/14 73.86956522 1281.347826 6.13
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4. Human tissue (Schizophrenia study)  
 
Ethical approval was provided by BRAIN UK, a virtual brain bank which 

encompasses the archives of neuropathology departments in the UK and the 

Corsellis Collection, ethics reference 14/SC/0098. The study was registered 

under the Ethics and Research Governance (ERGO) of the Southampton 

University (Reference 19791). Ten cases with a confirmed diagnosis of 

schizophrenia (mean age 64.80 ± 20.37) and 10 non- neurological and non-

neuropathological controls (mean age 64.40 ± 19.78) were obtained from the 

Corsellis Collection (Table 1). Dorsal prefrontal cortex (DPFC, or Brodmann 

area 46) (Figure 1), an area showing neuroimaging abnormalities with 

reduction of the grey matter volume in chronic schizophrenia, was investigated 

for all cases. Cases with any other significant brain pathologies such as infarct, 

tumour, or traumatic brain injury were excluded from the study. Controls with 

no history of neurological or psychiatric disease or symptoms of cognitive 

impairment were matched to cases as possible. No difference in age at death 

and in post- mortem delay was detected between the 2 groups. To minimize 

the time in formalin, which has an effect on the quality of the immunostaining, 

the selection was performed on the availability of formalin-fixed paraffin 

embedded tissue, and thus on blocks processed at the time of the original 

post-mortem examination. Characteristics of the cohorts are provided in Table 

2.  

 

 
 
Figure 1. Location of the different brain areas used in the AD and 
schizophrenia study.  
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Table 2: Demographic, clinical and post-mortem characteristics of 
control and schizophrenia cases 
 

Cases Ctrl (n=10) Sz (n=10) P value 

Sex 4F:6M 2F:8M  
Age at death (years, 
mean ± SD) 

64.40 ± 19.78 64.80 ± 20.37 P = 0.94 

Post-mortem delay 
(hours, mean ± SD) 

61.90 ± 51.23 50.60 ± 24.52 P = 0.61 

Age of onset (years, 
mean ± SD) 

NA 36.50 ± 13.81  

Duration of illness 
(years, mean ± SD) 

 
NA 

 
35.13 ± 21.85 

 

Cause of death    
Cardiovascular 
disease 

8 5  

infection/inflammation 1 3  
Trauma 1 1  
Others* 0 1  

Ctrl, neurologically/cognitively normal controls; Sz, Schizophrenia cases; F, 

female, M, male; SD, standard deviation; NA, Not Applicable; *foreign body 

in respiratory tract 

 

5. Immunohistochemistry for paraffin embedded human tissue 
 
Paraffin-embedded sections were provided by the Sudden Death MRC 

Edinburgh Brain Bank and the Corsellis collection (schizophrenia study). 

Tissue was resected from post-mortem brains and dehydrated with ethanol, 

prior to paraffin-embedding. Sections were cut using a microtome at 4μm 

thickness (7μm thickness for the schizophrenia study) and provided upon a 

justified tissue request. Slides with embedded tissue were dewaxed in xylene 

for 6 minutes, followed by rehydration using descending ethanol-to-water 

solutions: 100% EtOH, 90% EtOH, 70% EtOH, 50% EtOH, 100% water, of 3 

minutes each. For antigen retrieval, samples were pressure cooked for 3 

minutes at the steam setting in citrate buffer, pH 6 (Vector labs, H3300). 
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Specifically, citric acid concentrate was diluted from 100x stock in de-ionised 

water for use, and made fresh each time. Slides were allowed to cool down 

under running water, and then immersed in 70% ethanol for 5 minutes. Slides 

were incubated with an autofluorescence eliminator reagent (Merck, 2160) for 

5 minutes and washed with 70% ethanol, followed by two 5-minute washes 

using PBS-0.3% Triton X-100 (Sigma-Aldrich, T8787-100ML), and one wash 

with 1x PBS (Thermo Fisher, 70011036). Using a wax pen (Vector labs, 

H4000), the tissue was outlined and incubated with blocking solution for 1 

hour. Blocking solutions consisted of 10% normal donkey serum (Sigma-

Aldrich, D96663) and 0.3% Triton X-100. Primary antibodies were diluted 

appropriately (Table 3) at a final volume of 500μl per slide, and were allowed 

to incubate overnight (14-16 hours) in the cold room, at 4-6oC, in a humid 

chamber using wet paper towel in the staining box. On the second day of 

staining, slides were washed once in PBS-0.3% Triton X-100, followed by two 

5 minute washes in PBS. Secondary antibodies were then applied at a volume 

of 500μl per slide (Table 4). All cross-adsorbed secondary antibodies were 

made-up to a final concentration of 1:500 (4μg/ml) in PBS, and applied for 1 

hour at room temperature. Nuclei were counterstained with DAPI (1μg/ml) 

(D9542-10MG, Sigma-Aldrich). For Thioflavin S (Sigma-Aldrich, T1892), slides 

were dipped in 0.001% Thioflavin S, made in 50% ethanol, for 8 minutes and 

differentiated in 80% ethanol for 1 minute. In the end, one drop of Immumount 

(Thermo Fisher, 9990402) was added per slide to allow for coverslip 

adherence. Coverslips size was No 1.5, corresponding to 22x40mm (VWR, 

631-0136). Coverslips were pressed gently to remove excess mounting media 

and remove bubbles, and were allowed to dry at room temperature for at least 

1 hour. Slides were kept in the fridge for long term storage and were allowed 

to reach room temperature prior to imaging.  
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Table 3. Primary antibody information. 

Antibody Company and 

catalogue number 

Species (isotype) Dilution 

CD68 DAKO M0876 Mouse polyclonal 

(IgG3) 

1:100 

Synapsin I Merck Millipore 

AB1543P 

Rabbit (IgG) 1:750 

Synaptophysin 

(Sy38) 

Abcam ab8049 Mouse monoclonal 

(IgG1) 

1:500 

Synaptophysin 

(Sy38) 

R&D Systems 

AF5555 

Goat polyclonal IgG 1:500 

PSD-95 (PDZ 

domain) 

Synaptic systems  

124 014 

Guinea pig polyclonal 

(IgG) 

1:500 

Iba1 Abcam ab5076 Goat polyclonal (IgG) 1:500 

TMEM119 Abcam ab185333 Rabbit polyclonal 

(IgG) 

1:500 

AW7 Provided by Dominic 

Walsh 

Rabbit (IgG) 1:5,000 

GFAP Abcam ab53554 Goat (IgY) 1:3,000 

GAD65/67 Abcam ab183999 Rabbit polyclonal 

(IgG) 

1:500 
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Table 4. Secondary antibody information. 

Antibody Company and catalogue 

number 

Dilution 

Donkey anti-rabbit A647 

(highly cross-adsorbed, IgG) 

Thermo Fisher (Invitrogen), 

A-31573 

1:500 

Donkey anti-mouse A594 

(highly cross-adsorbed, IgG) 

Thermo Fisher (Invitrogen), 

A-21203 

1:500 

Donkey anti-rabbit A488 

(highly cross-adsorbed, IgG) 

Thermo Fisher (Invitrogen), 

A-21206 

1:500 

Donkey anti-goat A647 

(highly cross-adsorbed, IgG) 

Thermo Fisher (Invitrogen), 

A32849 

1:500 

Donkey anti-rabbit A594 

(highly cross-adsorbed, IgG) 

Thermo Fisher (Invitrogen), 

A-21207 

1:500 

Goat anti-chicken A647 

(highly cross-adsorbed, IgY) 

Thermo Fisher (Invitrogen), 

A32933 

1:500 

 

 

6. Confocal microscopy and Image analysis 
 
Slides were imaged on a confocal microscope (Leica TCS8) with a 63x oil 

immersion objective. Laser and detector settings were kept constant between 

samples. During imaging and analysis, the experimenter was blinded to brain 

area and disease status.  Twenty images from the grey matter were taken per 

case, sampling randomly through all six cortical layers. The synaptic stain was 

used to confidently separate grey matter versus white matter. The resolution 

of the confocal microscopy was 0.18μm x 0.18μm x 0.3μm (xyz).  

 

For the schizophrenia study, analysis was performed by using a custom written 

macro on FIJI where images were automatically thresholded to perform a 

mask of the microglial and synaptic stains, which were multiplied to show the 

percent area of colocalisation. Analysis was done of max-projected images 
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and a 2D colocalization mask was used to calculate burdens (followed by re-

analysis with 3D). 3D reconstruction images were generated in Imaris 

(Alzheimer’s disease study) and ParaView 5.8.0 (Schizophrenia study). All 

experiments and analyses were blinded to the experimenter.  

 

For the AD and SZ analysis an improved analysis flowthrough was generated 

in order to analyse data in 3D images rather than 2D. Image stacks were 

segmented in 3D in Matlab under the auto-local threshold function with custom 

made scripts. For the CD68 stain, the Matlab segmentation setting were: 

window size=70, Factor C=0.2, method=mean, no minimum size selected. For 

the synapsin I stain the settings were: window size=10, Factor C=10, 

method=mean, no minimum size selected. This analysis removes noise and 

non-specific staining by removing objects that are not found in the same 

location in sequential slices. The same segmentation parameters were used 

for all images to keep the final outputs similar and not influence the final 

burdens between cases. Once the segmentation was completed, the images 

were processed with a custom Python script in order to obtain their volumetric 

measurements (i.e. density of objects/mm3 of tissue). This provided density 

measurements for stained markers, like the total objects of CD68-positive 

staining per image slice in a Z-stack. This allowed further analysis on Python 

for calculating the area of colocalisation between CD68 and SynI objects in 

3D. To allow colocalization, two objects need to overlap at least 25% of their 

whole structure. Images were processed again with FIJI in order to add all 

segmented slices in their respective stacks in order to calculate the volume 

occupied by all of the staining in the stack. Each stack was normalised to the 

volume of the entire stack (different stacks have different amounts of slices, so 

the final volume differs). All scripts can be found in the following link: 

https://github.com/lewiswilkins/Array-Tomography-Tool.  
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7. Synapse-enriched fraction preparation 
 
Preparation of synaptoneurosomes was performed as described previously 

(Tai et al., 2014). Snap-frozen human tissue of 300-500mg from BA38 

(temporal cortex) was homogenised using a Dounce homogeniser with 1ml of 

a protease inhibitor buffer, termed here Buffer A. Buffer A consists of 25mM 

HEPES, 120mM NaCl, 5mM KCl, 1mM MgCl2, 2mM CaCl2, protease inhibitors 

(Merck, 11836170001) and phosphatase inhibitors (Merck, 524629-1SET) 

made up in sterile water, and was prepared fresh each day. The Dounce 

homogeniser and Buffer A were kept ice-cold throughout the procedure to 

avoid further degradation. We allowed 10 passes for full homogenisation but 

minimise cellular disruption that would lead to an impure final fraction. Once 

homogenised, the homogenate was aspirated in a 1ml syringe and passed 

through an 80-micron filter (Merck, NY8002500) to remove debris and yielded 

the total homogenate (TH). The filter was pre-washed with 1ml of Buffer A to 

maximise yield. A sample of the TH was snap-frozen on dry ice for Western 

blot analysis, and the rest was split in half for Western blot analysis and the 

phagocytosis assays. A subsequent filtration took place using a 5-micron filter 

(Merck, SLSV025LS) followed by centrifugation at 1000xg for 7 minutes to 

yield the synaptoneurosome (SN) pellet. In this step, extra care was taken to 

slowly pass the homogenate through the filter in order to prevent the filter 

breaking. The filter was pre-washed with 1ml of Buffer A to maximise yield. 

The pellet was washed with Buffer A and pelleted down again to ensure purity. 

Pellets were snap frozen on dry ice and stored at -80oC for long-term storage.  

 

8. Protein Extraction 
 
For protein extraction, samples we diluted five-fold with Tris-HCl buffer pH 7.6 

(100mM Tris-HCl, 4% SDS, and Protease inhibitor cocktail EDTA-free 

[ThermoFisher Scientific , 78447]), followed by centrifuging for 25 minutes at 

13,3000 RPM at 4oC. Then, the supernatant was collected in fresh tubes and 



 
 

- 58 - 

heated at 70oC for 10 minutes. Samples were kept at -80oC for long-term 

storage.  

 

9. Micro BCA 
 
Micro BCA kit (ThermoFisher Scientific, 23235) was used to quantify protein 

levels, following manufacturer’s instructions. Briefly, 1μl of sample was added 

in 1ml of working solution and heated at 60oC for 1 hour. Working solution was 

made fresh right before required, consisting of 50% Buffer A, 48% Buffer B 

and 2% Buffer C, all provided in kit. Albumin was provided in the kit for 

determining a standard curve of the following concentration: 2 μg/ml, 4 μg/ml, 

6 μg/ml, 8 μg/ml, 10 μg/ml, and 20 μg/ml. Absorbance values were obtained 

using spectrophotometry at 562nm with working solution used as the blank 

value to calibrate the machine.  

 

 

10. Western Blot 
 
After protein extraction, each sample was made-up to 20μg of protein as 

calculated by the micro BCA (protein extract diluted in de-ionised water) and 

diluted in half with Laemmli buffer (2x stock) (S3401-10VL). In each well, 15μl 

of sample were loaded in  4-12% Bis-Tris gels (ThermoFisher Scientific, 

NP0323BOX). Each gel was run with 5μl of molecular weight marker (Licor, 

928-40000) in the first well. Gels were washed with de-ionised water  and 

diluted NuPAGE buffer (ThermoFisher Scientific, NP0002) (20x stock) to 

remove bits of broken gel and residual acrylamide. Western blot chambers 

were filled with diluted NuPAGE buffer (600ml per chamber), making sure each 

chamber compartment was locked securely and there was no leaking. Gels 

were run at 80V for 5 minutes, 100V for 1.5 hours and 120V for 30 minutes. 

Then, using a scraper tool, gels were cracked open from their plastic casing 

and soaked in 20% ethanol for 10 minutes prior to transferring using the iBlot 
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2 Dry Blotting System (IB21001). Pre-packed transfer stacks containing a 

PVDF membrane (ThermoFisher Scientific, IB24002) were assembled as per 

manufacturers recommendations, and samples were transferred for 8.5 

minutes at 25V. After transferring, the PVDF membranes were stained for 5 

minutes with Ponceau S in 5% acetic acid (P7170-1L), and washed 3 times 

with 5% acetic acid to stain for total protein. Ponceau S stained membranes 

were scanned and analysed on FIJI to obtain a measurement of total protein 

per sample. Ponceau S was washed out with PBS and the PVDF membranes 

were blocked using Odyssey blocking buffer (Licor, 927-40000) for 30 minutes, 

following overnight incubation with primary antibodies made up in Odyssey 

block with 0.1% Tween-20, at 4oC with gentle shaking. The following primary 

antibodies were used: Synaptophysin (mouse, Abcam ab8049, 1:1000), PSD-

95 (rabbit, Cell signalling D27E11, 1:1000), and Histone (rabbit, Abcam 

ab1791, 1:1000). The next day, membranes were washed 6 times with PBS-

0.1% Tween-20, and incubated with the following Licor secondary antibodies 

for 30 minutes: IRDye 680RD Donkey anti-Mouse IgG, highly cross-adsorbed 

(Licor, 925-68072, 1:5000) and IRDye 800CW Donkey anti-Rabbit IgG, highly 

cross-adsorbed (Licor, 925-32213, 1:5000). All gels were imaged using the 

same exposure times and intensities using a Licor Scanner. The images were 

then uploaded on ImageStudio for analysis. For each band, the same size box 

was used to ensure all samples are measured equally. Each sample was 

normalised to its corresponding value of total protein.  

 

11. Synaptoneurosome labelling with pHrodo Red-SE 
 
First, pHrodo Red-SE (ThermoFisher Scientific, P36600) was diluted with 

DMSO according to manufacturers instructions to reach a concentration of 

10mM. Synaptoneurosome (SNS) pellets were resuspended in 100mM 

sodium carbonate buffer pH 9, adapted from a previously described protocol 

(Byun and Chung, 2018). SNSs were tagged with pHrodo Red-SE based on 

protein concentration, roughly at 4mg/ml, as calculated by the micro BCA, and 
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incubated at room-temperature under gentle shaking for 1 hour, covered in foil. 

Samples were centrifuged at 13,000 RPM for 10 minutes to obtain the labelled 

SNS pellet, followed by 3 rounds of washing with PBS and centrifugation to 

wash out any unbound dye. The pHrodo-labelled SNS pellets were then 

resuspended in 5% DMSO-PBS and aliquoted for storage at -80oC. Aliquots 

of pooled AD and NDC samples were prepared fresh.  

 

12. BV2 microglia phagocytosis assay 
 
Phagocytosis assays were optimised using the BV2 immortalised murine 

microglia cell line. BV2 microglia were cultured in DMEM + GlutaMAX 

(ThermoFisher Scientific, 31966-021) and were supplemented with 10% fetal 

bovine serum (FBS, ThermoFisher Scientific) and 1% penicillin/streptomycin 

(PenStrep, ThermoFisher Scientific). Cells were grown in a humidity-controlled 

incubator at 37oC with 5% CO2. One day prior to the phagocytosis assay, BV2 

microglia were seeded in a 96-well flat bottom plate (ThermoFisher Scientific, 

165305) at a density of 12,500 cells/well. Cells were stained with Hoechst 

(2μg/ml, ThermoFisher, H3570) to visualise nuclei and cytochalasin D treated 

cells (10μM, Sigma-Aldrich, C8273) were used as negative controls. BV2 cells 

were challenged with pHrodo-tagged synaptoneurosomes, and immediately 

taken to an ImageExpress high-throughput microscope (Molecular Devices) 

for live-imaging using a 20x air objective (37oC, 5% CO2). Images were taken 

every 5-10 minutes for 3 hours, using the same settings for all imaging 

sessions. All conditions were repeated in triplicate with 4 fields of view per well. 

For analysis, MetaXpress 6 (Molecular Devices) software was used to 

automatically calculate the number of cells per field of view and detect 

fluorescence around cells by thresholding. A phagocytosis index was 

calculated by normalising the number of cells phagocytosing to total number 

of cells in an automated and unbiased way. The same exposure settings were 

used for each set of experiments. Videos taken with phase contrast and were 
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recorded on a Zeiss Observer Z1 microscope using 20x air objective (37oC, 

5% CO2), with images taken every 5 minutes. 

 

 

13. Primary mouse microglia 
 
Primary adult mouse microglia were isolated and cultured as described 

previously (Grabert and McColl, 2018). Brains from 12-week-old male C57/Bl6 

(Charles-River) mice were isolated by terminally anaesthetizing with 3% 

isoflurane (33.3% O2 and 66.6% N2O) and transcardial perfusion with ice-cold 

0.9% NaCl. Brains were immediately placed into ice-cold HBSS 

(ThermoFisher Scientific) and minced using a 22A scalpel before 

centrifugation (300 x g, 2 min) and digestion using the MACS Neural 

Dissociation Kit (Miltenyi) according to manufacturer’s instructions. Briefly, 

brain tissue was incubated in enzyme P (50 μL/brain) diluted in buffer X (1900 

μL/brain) for 15 min at 37oC under gentle rotation before addition of enzyme A 

(10 μL/brain) in buffer Y (20 μL/brain) and further incubation for 20 min at 37oC 

under gentle rotation. Following digest tissue was dissociated mechanically 

using a Dounce homogenizer (loose Pestle, 20 passes) on ice and centrifuged 

(400 x g, 5 min at 4oC). To remove myelin, tissue was resuspended in 35% 

isotonic Percoll (GE Healthcare) overlaid with HBSS and centrifuged (800 x g, 

40 min, 4oC). Following centrifugation, the supernatant and myelin layers were 

discarded and the pellet resuspended in MACS buffer (PBS, 0.5% low 

endotoxin BSA (Sigma-Aldrich), 2 mM EDTA, 90 μL/brain). Anti-CD11b 

microbeads (Miltneyi) were added (10 μL/brain) and the suspension incubated 

for 15 min at 4oC. before running through pre-rinsed (MACS buffer) LS 

columns attached to a magnet (Miltenyi). After washing with 12 mL MACS 

buffer columns were removed from the magnet and cells retained (microglia) 

were flushed in 5 mL MACS buffer. Microglia were resuspended in DMEM/F-

12 (ThermoFisher Scientific) supplemented with 1% PenStrep, 10% FBS, 500 

pg/mL rhTGFβ-1 (Miltenyi), 10 pg/μL mCSF1 (R&D Systems). Microglia were 
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counted using a haemocytometer and plated out at 40,000 cells/well onto a 

black-walled, optical bottom 96-well plate (ThermoFisher Scientific) coated 

with poly-L-lysine. Cells were cultured for 7 days with a half media change on 

day 3. Phagocytosis assay was performed and analysed as described above 

with 9 fields of view per well.  

 

 

 

14. Primary human microglia isolation 
 
Use of human temporal lobe resections for research was approved by National 

Health Service Lothian under protocol number 2017/0125/SR/720 issued to 

V.E.M. The protocol for isolating primary human microglia was adapted from a 

previously established one (Blain et al., 2010). Fresh brain tissue was donated 

from a 23-year-old male undergoing epilepsy surgery. Resected brain 

specimen came from healthy tissue of the temporal lobe. Briefly, blood was 

removed by multiple washes of PBS followed by treatment with 0.25% trypsin 

and 100ug/ml DNAse in PBS for 30 minutes at 37oC, with gentle rotation. 

Trypsin was then deactivated with 10% FCS. Samples were centrifuged at 

1,200 RPM for 10 minutes (high brakes) at 4oC and the supernatant was 

discarded followed by addition of PBS and Percoll (GE Healthcare) with further 

ultra-centrifugation at 15,000 RPM for 30 minutes at 4oC (no brakes). The 

myelin layer was aspirated off and cell layer was transferred in a clean tube, 

leaving behind a layer of red blood cells. The transferred cells were topped-up 

with PBS and centrifuged again at 1,200 RPM for 10 minutes (high brakes) at 

4oC and resuspended in warm media containing 5% FCS and 0.1% glucose. 

Subsequently, isolated mixed cells were cultured in T12.5 flasks for 3 days. 

Three days later, microglia were trypsinised and collected from the flasks, 

following centrifugation to yield the microglia cell pellet. After the isolation, 

microglia were counted using a haemocytometer and plated out at 40,000 

cells/well onto a black-walled, optical bottom 96-well plate (ThermoFisher 
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Scientific) coated with poly-L-lysine, and were allowed to rest for 5 days prior 

to phagocytosis assays. Phagocytosis assay was performed and analysed as 

described above with 9 fields of view per well. For the glioblastoma cases, a 

modified protocol of CD11b immunomagnetic bead isolation was used, as 

described above.  

 

 

15. Primary mouse astrocyte isolation  
 
Astrocyte isolation and culturing has been previously described by (Hasel et 

al., 2017). Glia cultures were achieved by passaging a mixed neuron/glia 

culture with trypsin consequently removing neurons. All reagents were 

purchased from Merk unless otherwise stated. Briefly, E17.5 mouse CD1 

embryos were decapitated in accordance with schedule 1 of UK home office 

guidelines for humane killing of animals. The cortices were removed in a 

dissociation medium (81.8mM Na2SO4, 30 mM K2SO4, 5.84 mM MgCl2, 0.252 

mM CaCl2, 1 mM HEPES, 20 mM D-glucose, 1 mM kynurenic acid, 0.001% 

Phenol Red) and then enzymatically digested with papain  at 36,000 USP 

units/ml for 40 minutes. The cortices were then washed twice with dissociation 

medium followed by twice with plating media (DMEM+10% FBS+1X antibiotic-

antimycotic agent (all Thermofisher)). Cortices were homogenized using a 5ml 

pipette by sequential suction/expulsion and plated a density of 2 cortices/T75 

flask in plating medium. After 6-7 days in vitro, the mixed neuron/glia culture 

was trypsinized, centrifuged at 800 RPM for 5 minutes and the pellet re-

suspended in plating medium. 1/3 of the total cell suspension was plated into 

a new T75 which reached maximum confluency 4-5 days later. This cell 

population now predominately contains astrocytes with a smaller proportion of 

microglia which can be detached by shaking. Plating of astrocytes was done 

similar to microglia, as described above. Human astrocytes were purchased 

by Caltag Medsystems (SC-1800) and cultured under the same conditions as 

the mouse ones.  
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16. Immunofluorescence of cultured cells  
 

Plated cells were fixed for 10 minutes with 4% PFA. Subsequently cells were 

washed with PBS (pH 7.4) and incubated with 0.1% TritonX-100 for 30 

minutes. After washing, blocking solution was applied for 1 hour (10% NDS, 

3% Bovine serum albumin [A8806-5G], 0.1% TritonX-100, 0.1% Tween-20 in 

PBS). Primary antibodies were diluted in blocking solution and used in the 

same concentrations as in the human paraffin tissue, and left overnight at 4oC. 

Cells were washed 3 times with PBS and secondary antibodies were applied 

for 30 minutes with DAPI (1μg/ml). Secondaries and DAPI were washed, and 

cells were topped with PBS and kept in the fridge. Images were taken with 10x 

and 20x objectives using a Zeiss Axio Observer Z1 microscope.  

 

17. Statistics  
 
Statistical analyses were performed in Graphpad Prism and R Studio (Team, 

2020). No a priori calculations were conducted for determining sample sizes 

because of tissue availability constraints. The experiments in Chapter 4 

involving mouse tissue are ongoing, and power calculations will be made for 

the continuation of this study. For human post-mortem tissue imaging, data 

were not normally distributed according to residual plots. In order to use a 

linear regression model the data must meet the assumption of normal 

distribution. For this reason, the data presented in Chapters 3 and 5 (human 

post-mortem) were transformed with a Tukey transformation after adding 1 to 

all datapoints (lambda value -1082) for normalisation. We used a linear mixed-

effects model with disease, APOE genotype, brain region, plaques, and sex 

as fixed effects and case as a random effect to account for multiple 

measurements per case (Full code found in the Appendix R Script 1, modified 

for Chapter 5). This allows for a more powerful analysis which considers more 

data points per case, rather a single mean from the 20 images. Post-hoc 

comparisons of groups were done using pairwise comparisons in the 
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emmeans function of R. Data is presented in the figures in its untransformed 

format to allow for scientific interpretation. For all other comparisons, analysis 

was conducted in GraphPad Prism 8 and appropriate statistical tests were 

chosen on the basis of normality (residual plots). In all experiments, for 

significance we considered p<0.05.  

 
 

 

18. Software and Data Availability 
 
Figures were made using BioRender, GraphPad Prism, and R Studio.  

The code generated for statistical analysis with R Studio is found in the 

Appendix R Script 1. 
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Chapter 3: Human post-mortem analysis of 
synaptic ingestion by microglia 

 
 
1. Introduction 
 

In the past, microglia have been suggested to become activated by Aβ or tau 

pathologies in the brain, but that they remain by-standers without playing any 

active roles in driving disease progression . Now, a plethora of genetic, 

pharmacological, and mechanistic studies implicate microglia as key players 

in disease driving pathologies, including aberrant phagocytosis (Sierra et al., 

2013; Podleśny-Drabiniok, Marcora and Goate, 2020; Kim et al., 2017) and 

contributing to synapse degeneration and elimination (Hong et al., 2016; 

Paolicelli et al., 2017; Bie et al., 2019). Mouse-models of AD have shown that 

microglia internalise more synaptic proteins than control mice, and have 

suggested that microglia actively phagocytose synapses, rather than just 

clearing debris of degenerated ones. Importantly, preventing microglia from 

eliminating synapses results in improved cognition and synapse health 

suggesting that they remove active synapses, as well as degenerating ones 

(Hong et al., 2016; Shi et al., 2017a, 2015). EM images have shown synaptic 

terminals inside microglial processes in human AD brains (El Hajj et al., 2019) 

but to date there has never been a quantitative analysis of synaptic ingestion 

by microglia in human brains. Therefore, a key knowledge gap is whether in 

human brains, microglia also contribute to synapse loss in AD by ingesting 

healthy synapses.  

 

In this chapter, human brain sections were examined, provided by the 

Edinburgh Brain Bank. Two brain areas were assessed in this study: the 

inferior temporal lobe (BA20/21) and primary visual cortex (BA17). The 

temporal lobe was chosen because it is affected early during AD and has high 
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levels of pathology, including significant synapse loss (Ingelsson et al., 2004; 

Braak and Braak, 1991; Keller, 2006). On the other hand, BA17 is affected 

during late stage AD, and so this area has been affected for less time, and to 

a lesser extent (Keller, 2006), providing an internal control. Non-demented 

control (NDC) brains are compared to confirmed late-stage AD cases  (Braak 

stages V and VI), of mixed sex and APOE genotypes. It is hypothesised that 

given the pathological landscape of the AD brain and APOE4’s role in 

neurodegeneration, that both these factors are associated to exacerbated 

synapse engulfment by microglia (Tzioras and Spires-Jones, 2018).  The 

tissue was stained for glial, synaptic, and Aβ markers.  

 

This chapter will examine quantitatively the evidence for synaptic ingestion by 

microglia and astrocytes in human post-mortem brain tissue. 

 

 

2. Results 
 

2.1 Optimization of staining 

 

Iba1 (ionised calcium binding adaptor protein 1) has been commonly used to 

label microglial cells in the brain in immunohistochemistry studies, as it is 

expressed in the cell cytoplasm and is a good indicator of microglial 

morphology (Minett et al., 2016; Davies et al., 2017). Moreover, it is typical to 

observe increased numbers of Iba1-positive microglial cells in mouse brains 

with AD-associated pathology (Krasemann et al., 2017; Parhizkar et al., 2019; 

Pickett et al., 2019; Hong et al., 2016; Shi et al., 2017b). Iba1 can also label 

microglia in human brains (Davies et al., 2017; Oosterhof et al., 2019; Olmos-

Alonso et al., 2016), and this staining has been previously optimised in the lab 

for both immunofluorescence (Paolicelli et al., 2017) and DAB staining 

(Henstridge et al., 2018); therefore, it was chosen as a preferred microglial 

marker at the outset of this project for staining human tissue. Example images 
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are shown in Figure 1 (B-D), showing Iba1-positive microglia clustering near 

Aβ plaques (stained with AW7). In Figure 1E-F, microglia have ingested pre-

synaptic terminals, labelled with synaptophysin (white arrows). However, there 

were significant inconsistencies with the Iba1 staining quality between cases, 

and sometimes within single sections from the same brain. Specifically, in 

some cases the antibody labelled microglia successfully (Figure 2A-D), while 

in others labelling was patchy and the staining was faint (Figures 2E-F, Figure 

3B). Both outcomes were observed in the same batch of staining, suggesting 

it’s not a methodological issue (for example staining problems or antibody 

issues). To this extent, Iba1 inconsistencies were seen in both brain areas of 

one case (BA17 and BA20/21), which suggests issues with post-mortem 

interval, tissue processing, or protein expression, rather than staining 

problems (Figure 2). Importantly,  it was recently shown that the expression of 

Iba1 in AD human tissue does not follow the same trajectory as in mouse 

tissue, and its expression in the grey matter of AD cases has been reported to 

be unchanged or even decreased (Olmos-Alonso et al., 2016; Tischer et al., 

2016; Minett et al., 2016; Waller et al., 2019). Altogether, these factors made 

Iba1 not suitable for staining human post-mortem AD tissue. Alternatively, 

Tmem119 is a microglia-specific marker which is a good candidate for staining 

human microglia (Bennett et al., 2016; Satoh et al., 2016). Staining human 

post-mortem tissue with Tmem119 was successful (Figure 3), however, it has 

been previously confirmed that the marker is sensitive to changes in 

homeostasis (Zrzavy et al., 2017) and its expression is downregulated in the 

context of AD and injury, making it also unsuitable for consistently labelling 

microglia between NDC and AD (Bennett et al., 2016; Krasemann et al., 2017; 

Kenkhuis et al., 2021). Similarly, other microglial-specific markers like P2Y12 

are also sensitive to loss of homeostasis and would not be suitable for 

consistently labelling microglia in the AD brain (Mildner et al., 2017). A 

microglial marker whose expression increases in disease and is associated 

with phagocytosis is CD68 (Minett et al., 2016; Parhizkar et al., 2019), which 

is found in the lysosome of microglia and macrophages. CD68 labelled 



 
 

- 69 - 

microglia consistently in control and AD tissue (Figure 4), and so it was chosen 

as the preferred microglial marker. However, CD68 comes with its own set of 

limitations, including not being microglial specific as it also labels macrophages 

too, and it does not stain the cell cytoplasm. In mice, microglia phagocytosing 

synapses have usually reported synaptic markers inside CD68 lysosomes, and 

those inside Iba1-positive cells (Schafer et al., 2012; Paolicelli et al., 2017). 

However, for the aforementioned reasons, this was not possible with the 

human tissue. Nevertheless, an example image is shown demonstrating CD68 

is found within Iba1/Tmem119-positive microglia, and that CD68 expression is 

increased near an Aβ plaque (Figure 3). On the other hand, Iba1 staining is 

poor near the plaque. Due to antibody incompatibilities between CD68 and 

synaptophysin, the synaptophysin antibody was also replaced for synapsin I, 

which is also a pre-synaptic marker.  

 

 
Figure 1. Microglia cluster around Aβ plaques and ingest synapses. 
Example confocal images acquired using a 63x oil-immersion lens 
demonstrating the staining quality of: (A) Synaptophysin (green), (B) AW7 
labelling Aβ plaques (grey), (C) Iba1 labelling microglia (magenta) and 
counterstained nuclei with DAPI (blue) in non-demented Alzheimer’s disease 
(AD) tissue. (D) Merged channels showing microglia clustering near the Aβ 



 
 

- 70 - 

plaque. (E) Merged channels showing ingested synaptophysin puncta inside 
Iba1-positive microglia (white arrows). (F) Orthogonal view of ingested 
synaptic material by microglia. Scale bars represent 20μm.  
 

 
Figure 2. Iba1 staining of human post-mortem tissue. Example confocal 
images acquired using a 63x oil-immersion lens demonstrating the staining 
quality of Iba1 (red), AW7 labelling Aβ plaques (grey), and counterstained 
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nuclei with DAPI (blue) in non-demented control (NDC) and Alzheimer’s 
disease (AD) tissue. Two brain areas were assessed, Brodmann area 17 
(BA17) representing the primary visual cortex and Brodmann area 20/21 
(BA20/21) representing the inferior temporal lobe. For each condition, the two 
brain areas come from the same case (i.e A and B come from the brain, and 
the same for C and D, and E and F). Images are max intensity projections of 
4μm thick sections (step size 0.3μm). Scale bar 30μm.  
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Figure 3. Validation of microglial markers in human post-mortem tissue. 
(A) Representative confocal images acquired using a 63x oil-immersion lens, 
showing DAPI-positive cells expressing the microglial specific marker 
Tmem119, which colocalises extensively with Iba1 (red) the lysosomal marker 
CD68 (magenta). A very low concentration of Thioflavin S was used to show 
Abeta plaques in blue (arrowhead), demonstrating an evident upregulation of 
CD68. Scale bar represents 20μm.  (B) Insert from plaque-region shown in 
panel A. Scale bar represents 10μm.  
 

2.2 Increased synaptic ingestion by microglia in human post-mortem tissue 

 

Based on the staining optimization described above, we used CD68 to label 

microglial lysosomes alongside synapsin I (SynI) staining to label presynaptic 

proteins and thioflavin S to label plaques, in order to examine synaptic protein 

ingestion by microglia in AD. To assess synaptic internalisation, image stacks 

were 3D rendered and segmented on Matlab, followed by colocalisation 

thresholding of the images on FIJI. This provided a volumetric analysis of 

burdens and colocalisation. SynI signal localised within CD68+ microglia was 

observed in both control and AD brains, suggesting synaptic internalisation 

occurs in the ageing brain independently of disease (Fig. 4A-C, D-F, G-I, J-L). 

There was significantly increased colocalisation of CD68 and SynI in AD 

compared to control brains in both brain regions examined (Fig. 5A, linear 

mixed-effects model on Tukey transformed data: F [1,73.8]=15.1, 

p=0.0002181).  Interestingly, there was also a significant effect of brain area 

with BA17 showing an increased CD68+SynI burden compared to BA20/21 (F 

[1,73.9]=11.8, p=0.0009558). Since microgliosis is a prominent feature of the 

AD brain (Itagaki et al., 1989; McGeer et al., 1993), CD68 burdens (% volume) 

were quantified. A significantly higher burden of CD68 was found in AD 

patients’ brains compared to controls (Fig. 5B, F [1,73.95]=34.5, p=1.12x10-7), 

in line with previous literature (Minett et al., 2016). No significant brain area 

effects were established in CD68 burdens (F [1,73.97]=0.5704, p=0.4525). It 

is unclear whether individual microglia internalise synapses during AD more 

readily, or whether the increased microglial burden results in greater overall 

synapse ingestion. To examine this, the area of colocalisation between CD68 
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and SynI was normalised by the area occupied by CD68. When normalised, 

no significant difference between AD and controls were found (Fig. 5C, F 

[1,85.9]=0.663, p=0.418). Similar to the unnormalised data, there was a 

significant effect of brain area favouring increased CD68+SynI normalised to 

CD68 in BA17 compared to BA20/21 (F [1,74.15]=24.05, p=5.37x10-6). This 

could suggest more ingestion occurs in the AD brain because more microglia 

are present, although a caveat to this is that microglia numbers have not been 

measured (microglia burden as % volume covered by CD68  measured 

instead). 

 



 
 

- 74 - 

 



 
 

- 75 - 

Figure 4. Increased presence of synapsin 1 in CD68-positive microglial 
cells in Alzheimer’s disease. (A, D, G, J) Confocal images reveal SynI 
staining (green) localised within or contacting CD68-positive microglial 
lysosomes (magenta) in both Alzheimer’s disease (AD, n=23) and non-
demented control (NDC, n=17) brain (arrows). Nuclei are labelled with DAPI 
and plaque fibrils with thioflavin S (blue). Large images in A, D, G, J (75x75 
μm) show average projections of a stack of 10 optical sections. Scale bar 
represents 20 μm. (b, e, h, k) Insets (15x15 μm) show zoomed-in and 
orthogonal views of the stacks. Scale bar represents 5 μm.  (C, F, I, L) 3-D 
reconstructions using Imaris. Scale bar represents 5 μm.   
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Figure 5. Increased presence of synapsin 1 in CD68-positive microglial 
cells in Alzheimer’s disease. (A) Percent volume of colocalising CD68 and 
SynI staining in image stacks from BA17 (occipital lobe) and BA20/21 (inferior 
temporal lobe). Increased CD68+SynI burdens found in AD patients (n=23) 
compared to controls (n=17), F [1,73.8]=15.1, p=0.0002181. (B) Percent 
volume covered by CD68 staining (burden) in control and AD cases. Increased 
CD68 burdens found in AD patients compared to controls, F [1,73.95]=34.5, 
p=1.12x10-7. (C) CD68+SynI colocalisation volume normalised to the CD68 
burden of corresponding case. Data were analysed with a linear mixed effects 
model on Tukey transformed data to fit the assumptions of the model 
(untransformed shown here). No differences were found in CD68+SynI 
burdens between AD and control cases in normalised data, F [1,85.9]=0.663, 
p=0.418. Each dot in bar graphs represents the mean of 20 values for a single 
case. The tops and bottoms of the bar graph represent the interquartile range, 
the line in the bar represents the median, and the error bars represent 1.5x 
interquartile range. For statistics, significance is considered for p<0.05, and 
***=p<0.001, ****p<0.0001 .  
 
 

In this cohort, three APOE genotypes were assessed, namely APOE3/3, 

APOE3/4, and APOE4/4. As discussed in the introduction, the presence of an 

APOE4 allele is a risk-factor for developing LOAD in a dose-dependent 

manner, and is associated with greater burdens of AD-related pathologies. The 

first set of analysis was based only if an APOE4 allele was present instead of 

taking into account all three different genotypes. The mixed-effect model 

showed that, overall, having an APOE4 allele was significantly associated to 

increased CD68+SynI colocalisation in AD cases (Fig. 6A, F [1,73.9]=5.83, 

p=0.0182). When the data are stratified based on the APOE4 allele, it can be 

seen that the E4 allele doesn’t affect all groups the same, meaning that 

disease and brain area are likely influencing the outcome of the test. Indeed, 

when the APOE4 allele was set as the main variable and disease and brain 

area where set as the co-variables, both disease and brain are where found to 

significantly influence CD68+SynI colocalisation in an increasing manner (F 

[1,73.89]=15.01, p=0.0002288, and F [1,73.94]=11.27, p=0.0012477, 

respectively). However, the interaction between the APOE4 allele was not 

significant for neither disease nor brain area, which means it statistically 

unwise to pursue with a posthoc test to find where these differences lie (F 
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[1,73.87]=0.0095, p=0.922, and F [1,73.93]=0.0155, p=0.901, respectively). In 

addition, the E4 allele was not associated to any changes in the CD68 burdens 

between AD and control cases (Fig 6B, F [1,73.96]=0.0144, p=0.905). 

Surprisingly, although when previously the data were normalised to the CD68 

burden no differences were found between AD and control, when stratified 

based on the APOE4 allele the differences between AD and control from the 

unnormalised data are maintained (Fig 6C, F [1,74.1]=8.395, p=0.004944).  

 

 

Figure 6. Data stratified by the presence of an APOE4 allele. Cases were 
assigned a no (N) or yes (Y) based on whether they had at least one APOE4 
allele in their genotype. (A) Percent volume of colocalising CD68 and SynI 
staining in image stacks from BA17 (occipital lobe) and BA20/21 (inferior 
temporal lobe). Overall, the presence of an APOE4 allele was associated with 
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increased CD68+SynI burdens found in AD patients (n=23, APOE3 n=8, 
APOE4 n=15) compared to controls (n=17, APOE3 n=10, APOE4 n=7), F 
[1,73.9]=5.83, p=0.0182. (B) Percent volume covered by CD68 staining 
(burden) in control and AD cases. No changes in CD68 burdens found in AD 
patients compared to controls based on the APOE4 allele, F [1,73.97]=0.0144, 
p=0.905. (C) CD68+SynI colocalisation volume normalised to the CD68 
burden of corresponding case. Data were analysed with a linear mixed effects 
model on Tukey transformed data to fit the assumptions of the model 
(untransformed shown here). When stratified by the APOE4 allele, the 
differences found in unnormalized data still stand when CD68+SynI burdens 
are normalised to CD68 between AD and control cases, F [1,74.1]=8.395, 
p=0.004944. Each dot in bar graphs represents the mean of 20 values for a 
single case. The tops and bottoms of the bar graph represent the interquartile 
range, the line in the bar represents the median, and the error bars represent 
1.5x interquartile range. For statistics, significance is considered for p<0.05.  
 
 
Next, the data was re-analysed using all APOE genotypes present in the 

cohort (3/3, 3/4, and 4/4). However, a limitation to this analysis is that no 

APOE4/4 control cases were used as the Brain Bank did have any cases with 

these criteria. Similarly to the APOE4 data, when all genotypes were 

considered, there was a significant increase of CD68+SynI colocalisation in 

AD cases compared to controls (Fig. 7A, F [1,72.86]=14.80, p=0.0002534). 

However, unlike the APOE4 only analysis, when considering all APOE 

genotypes the mixed-effects model deduced a significant effect of APOE to 

CD68 burdens (Fig. 7B, F [1,72.94]=32.05, p=2.78x10-7). Lastly, in agreement 

with the APOE4 analysis, when normalising the CD68+SynI burdens to CD68 

and stratifying based on APOE there was a significant difference between AD 

and control cases (Fig. 7C, F [1,73]=0.146, p=6.35x10-6). Again, none of these 

variables showed a significant interaction in the test, so it is unclear whether 

how the other co-factors like brain area  are affecting the data.  
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Figure 7. Data stratified by the presence of all APOE genotypes found in 
the cohort. (A) Percent volume of colocalising CD68 and SynI staining in 
image stacks from BA17 (occipital lobe) and BA20/21 (inferior temporal lobe). 
Overall, the APOE genotype significantly influenced CD68+SynI burdens 
found in AD patients by increasing the burdens (n=23, APOE3/3 n=8, 
APOE3/4 n=10, APOE4/4 n=5) compared to controls (n=17, APOE3/3 n=10, 
APOE3/4 n=7), F [1,72.86]=14.80, p=0.0002534. (B) Percent volume covered 
by CD68 staining (burden) in control and AD cases. The APOE genotypes 
account to variability in CD68 burdens found in AD patients compared to 
controls, F [1,72.94]=32.05, p=2.78x10-7. (C) CD68+SynI colocalisation 
volume normalised to the CD68 burden of corresponding case. Data were 
analysed with a linear mixed effects model on Tukey transformed data to fit 
the assumptions of the model (untransformed shown here). When stratified by 
the APOE genotypes, the differences found in unnormalized data still stand 
when CD68+SynI burdens are normalised to CD68 between AD and control 
cases, F [1,73]=0.146, p=6.35x10-6. Each dot in bar graphs represents the 
mean of 20 values for a single case. The tops and bottoms of the bar graph 
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represent the interquartile range, the line in the bar represents the median, and 
the error bars represent 1.5x interquartile range. For statistics, significance is 
considered for p<0.05.  
 
Sex is also a risk factor, with women having an increased prevalence of 

developing AD than men (Podcasy and Epperson, 2016; Viña and Lloret, 

2010). Whether or not sex affects the process of synaptic ingestion by 

microglia and synapse loss overall is unknown. Here, the mixed-effects 

analysis showed a trend towards significance in CD68+SynI burdens in 

women compared to men (Fig. 8A, F [1,73.98]=3.80, p=0.0549). On the other 

hand, no sex effects were found to influence the CD68 burdens (Fig. 8B, F 

[1,74.01]=0.3844, p=0.5372). Lastly, a non-significant trend towards increased 

the normalized CD68+SynI burden was also in women (Fig. 8C, F 

[1,74.09]=3.75, p=0.0565).  
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Figure 8. Data stratified by sex. (A) Percent volume of colocalising CD68 
and SynI staining in image stacks from BA17 (occipital lobe) and BA20/21 
(inferior temporal lobe) in male (M) and female (F) patients. Overall, stratifying 
by sex resulted in a trend towards increasing CD68+SynI burdens (F 
[1,73.98]=3.80, p=0.0549). (B) Percent volume covered by CD68 staining 
(burden) in control and AD cases. The APOE genotypes account to variability 
in CD68 burdens found in AD patients compared to controls, F 
[1,72.94]=32.05, p=2.78x10-7. (C) CD68+SynI colocalisation volume 
normalised to the CD68 burden of corresponding case. Data were analysed 
with a linear mixed effects model on Tukey transformed data to fit the 
assumptions of the model (untransformed shown here). When stratified by the 
APOE genotypes, the differences found in unnormalized data still stand when 
CD68+SynI burdens are normalised to CD68 between AD and control cases, 
F [1,73]=0.146, p=6.35x10-6. Each dot in bar graphs represents the mean of 
20 values for a single case. The tops and bottoms of the bar graph represent 
the interquartile range, the line in the bar represents the median, and the error 
bars represent 1.5x interquartile range. For statistics, significance is 
considered for p<0.05.  
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2.3 Increased synaptic ingestion by microglia near Aβ plaques  

 

To date, one of the most well established mechanisms for synapse loss in AD 

is the synaptic accumulation of toxic oligomeric Aβ, which surround senile 

plaques (Koffie et al., 2012; Jackson et al., 2019). Furthermore, microglia 

aggregate near Aβ plaques and upregulate inflammatory and phagocytic 

markers (Keren-Shaul et al., 2017; Rodriguez, Tai, LaDu and Rebeck, 2014; 

Itagaki et al., 1989; Krasemann et al., 2017; Reed-Geaghan, Croxford, Becher 

and Landreth, 2020). Hence, it was hypothesised that microglia phagocytose 

more synapses close to Aβ plaques in AD cases, contributing to the 

exacerbated synapse loss near plaques. Each confocal stack was marked on 

whether it contained a plaque, and a plaque analysis on all AD cases based 

on this parameter. Indeed, images with Aβ plaques showed a marked increase 

in CD68 and SynI colocalisation (Fig. 9) (Fig. 10A, F [1,877.14]=24.78, 

p=7.73x10-7). Moreover, there was a significant interaction between the 

presence of a plaque and brain area (F [1,877.38]=13.99, p=0.0001955). Post-

hoc analysis (estimated marginal means) showed that the main significant 

effect is an increase in CD68+SynI burden only in BA17 and not BA20/21 

(p<0.0001). Similarly, there was an increased CD68 burden when plaques 

were present in the confocal stacks (Fig. 10B, F [1,869.74]=48.35, p=6.99x10-

6) and a significant interaction between plaques and brain area (F 

[1,869.93]=11.20, p=0.0008535). Specifically, the CD68 burden is increased 

in plaque-containing images in BA17, but not BA/2021 (p<0.0001). Of note, 

synaptic internalisation was also evident in regions distant from plaques, 

suggesting it is not an entirely plaque-dependent phenomenon (Figs. 10B and 

D). When normalised to CD68 burden, the synaptic colocalisation in microglia 

in plaque-containing images was not found to be increased (Fig. 10C, F 

[1,882.30]=0.7264, p=0.394).  
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Figure 9. Plaque-associated CD68-positive microglial cells internalise 
synapsin I in Alzheimer’s disease. (A) Confocal image (average projections 
of a stack of 10 optical sections) reveals SynI staining (green) localised within 
or contacting CD68-positive microglial lysosomes (magenta) in Alzheimer’s 
disease (AD, n=22-23). Nuclei are labelled with DAPI and plaque fibrils with 
thioflavin S (blue). (B and C) Insets (15x15 μm) show zoomed-in and 
orthogonal views of the stacks, respectively. (D and E) 3-D reconstructions 
using Imaris. Scale bar: A, 20μm; B, 5μm, D, 5μm.  
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Figure 10. Plaque-associated increased synapsin I in CD68-positive 
microglial cells in Alzheimer’s disease. Images were stratified based on 
whether they had a plaques (Y) or not (N). (A) Percent volume of colocalising 
CD68 and SynI staining in image stacks from BA17 (occipital lobe) and 
BA20/21 (inferior temporal lobe). Increased CD68+SynI burdens found in AD 
patients in images containing Aβ plaques, F [1,877.14]=24.78, p=7.73x10-7. 
(B) Percent volume covered by CD68 staining (burden) in AD cases with and 
without plaques. Increased CD68 burdens found in images containing Aβ 
plaques, F [1,869.74]=48.35, p=6.99x10-6. (C) CD68+SynI colocalisation 
volume normalised to the CD68 burden of corresponding case. No differences 
were found in CD68+SynI burdens between images with and without plaques 
in normalised data, F [1,882.30]=0.7264, p=0.394. Each dot in bar graphs 
represents the mean of 20 values for a single case. Data were analysed with 
a linear mixed effects model on Tukey transformed data to fit the assumptions 
of the model (untransformed shown here).The tops and bottoms of the bar 
graph represent the interquartile range, the line in the bar represents the 
median, and the error bars represent 1.5x interquartile range. For statistics, 
significance is considered for p<0.05, and ****p<0.0001.  
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2.4 Astrocytic contribution to synaptic ingestion in AD 

 

So far, microglia have been shown to ingest more synapses in AD brains 

compared to NDC brains, particularly near Aβ plaques. Astrocytes are also 

capable of phagocytosis, and have been shown to engulf synapses in the 

developing mouse brain. In human AD brains, astrocytes contain dystrophic 

pre-synaptic terminals, suggesting they contribute to debris clearance, but 

whether they contribute to healthy synapse elimination is unknown. By 

applying the same approaches, human tissue has been stained for the 

cytoskeletal astrocytic marker GFAP (glial fibrillary acidic protein) along with 

synapsin I and ThioS for plaques (Figure 11A-B). Preliminary images show 

SynI inside GFAP-positive cells too in orthogonal sections (Figure 11C), 

suggesting astrocytes can also ingest synapses in the human brain.  

 
Figure 11. Pre-synaptic ingestion by astrocytes. Example confocal image 
acquired using a 63x oil-immersion lens from human post-mortem tissue from 
an AD brain was stained with the cytoskeletal marker of astrocytes GFAP 
(magenta), and pre-synaptic terminals were stained with synapsin I (SynI, 
green). Nuclei are labelled with DAPI and plaque fibrils with thioflavin S (both 
blue). (A) Max-intensity projection of 4μm thick stack (step size 0.3μm) 
showing astrocytes near the plaque, as well as astrocytic projections 
surrounding the plaque core. Scale bar 15μm. (B) Insert from A (size) showing 
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colocalisation between GFAP and SynI (white). White arrows point towards 
these sites of co-localisation. Scale bar 5μm. (C) Orthogonal section of B 
indicating SynI puncta inside GFAP-positive cells. Scale bar 5μm. 
 
 
 
3. Discussion 
 

In recent years, microglial interactions with synapses have been shown to be 

an important part of healthy brain development in mice. Synaptic 

internalisation by microglia is a vital process during development in order to 

ensure correct synaptic densities and network connectivity (Filipello et al., 

2018; Paolicelli et al., 2011; Schafer et al., 2012; Oosterhof et al., 2019). 

Microglia can also directly contact neuronal cell bodies using purinergic 

signalling as a protective phenotype (Cserép et al., 2020) and can also help 

the formation of synapses via their secretome (Lim et al., 2013; Parkhurst et 

al., 2013). However physiological functions of microglia may be compromised 

in diseases associated with changes in gene expression, morphology and 

neurodegeneration (Keren-Shaul et al., 2017). For instance, in animal models 

of AD microglia are aberrantly involved in synaptic elimination. Mice and non-

human primates challenged with oligomeric Aβ display reduced synaptic 

densities and increased levels of synaptic proteins inside microglial CD68-

positive compartments (Hong et al., 2016; Beckman et al., 2019). Similarly, in 

tauopathy mouse models, microglia also contain more synaptic proteins 

(Dejanovic et al., 2018; Benetatos et al., 2020), and the classical complement 

cascade has been suggested as a possible mechanism for this synaptic 

elimination. In individuals with AD, C3 protein levels have been shown to 

increase comparably to non-neurological controls, suggesting microglia in AD 

may recognise synapses via the complement system similar to mice (Wu et 

al., 2019). Nevertheless, evidence for this process in human AD is negligible 

and suggested only from morphological analysis by electron microscopy on 

two cases showing synaptic vesicles inside microglia (El Hajj et al., 2019).  
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Currently, there are no studies that have quantitatively addressed the 

presence of synaptic proteins inside microglia in humans brains. This work on 

human post-mortem tissue comparing 23 confirmed AD cases to 17 age-

matched controls provides evidence that microglia in human AD indeed 

contain more synapses, shown by greater levels of synapsin I present in 

CD68-positive microglial lysosomes. Furthermore, this effect is magnified near 

Aβ plaques which are known to alter microglial phenotypes (Itagaki et al., 

1989; Rodriguez et al., 2014; Keren-Shaul et al., 2017), but only in the occipital 

cortex (BA17). Interestingly, when the synaptic ingestion by microglia is 

normalised to the microglial burdens, there is no longer a statistical difference 

between control and AD cases. These data imply that the increased ingestion 

of synaptic protein by microglia in AD is either due to increased numbers of 

microglia or that hypertrophy of microglia accounts for the greater CD68 

burden and thus reflects more synaptic protein per microglial cell (due to tissue 

thickness reliable cell counts for normalisation could not be generated). It is 

still possible, however, that increased synaptic ingestion and higher CD68 

burdens are unrelated. Furthermore,  astrocytes have been shown to clear 

dystrophic pre-synaptic terminals in human AD brains, suggesting a role in 

removing degenerating synapses. To this extent, immunohistochemistry 

parameters have been optimised to replicate this study with the astrocytic 

marker GFAP. Pre-synaptic inclusions have been found inside GFAP-positive 

cells in AD tissue, and whether more synapses are ingested by astrocytes in 

AD will be determined in future experiments. A limitation to this is the use of 

only one synaptic marker, and that it is a pre-synaptic that is non-specific to 

excitatory and inhibitory synapses. Staining with PSD-95 for excitatory post-

synapses was not ideal because of non-specific staining of nuclei and high 

background levels, which becomes problematic when assessing 

phagocytosis. Pilot stains have been optimised to look into whether inhibitory 

synapses are also ingested more by microglia in human AD brains. To this 

extent, the inhibitory neuronal marker GAD65/67 was used in combination to 
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CD68 and Iba1, where it is evident that inhibitory neuronal markers are also 

ingested by microglia in AD brains (Figure 12).  

 

 
Figure 12. Inhibitory cells are ingested by human microglia. Example 
confocal image acquired using a 63x oil-immersion lens from human post-
mortem tissue from an AD brain was stained with the inhibitory neuronal 
marker GAD65/67 (green), lysosomal microglia/macrophage marker CD68 
(red) and cytoplasmic microglia/macrophage marker Iba1 (cyan). Nuclei are 
labelled with DAPI and plaque fibrils with thioflavin S (both blue). 
 

 

An interesting finding was that although BA17 is a brain area that displays 

more protection from AD pathologies until later stages, it was also associated 

with a greater amount of synaptic ingestion by microglia than BA20/21 which 

is affected earlier on. Also, plaque-associated enhanced synaptic ingestion 

was only present in BA17. Although this appears counter-intuitive, it is possible 

that most damage to synapses has already occurred by the time the tissue is 

donated and microglia have cleared most synapses already. On the other 

hand, this process is occurring at an earlier stage in BA17 where the pathology 

is more recent, and it is possible modelling an earlier stage of AD. Of note, by 

comparing example images of microglia ingesting synapses in mouse brains 

with AD-like pathology, it can be appreciated that more synapses are 

internalised by mouse microglia compared to human microglia, and that often 
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these inclusions are larger. It is possible this happens because mouse models 

catch this process during disease peak, whereas the human brains come from 

late-stage AD. Also, mouse models of AD tend to overexpress pathological 

proteins and are considered aggressive due to the accelerated pathology. It 

would be interesting, therefore, to not only investigate synaptic ingestion by 

microglia in earlier stages of AD, but also in younger controls to determine 

whether this process is influenced by age. One key downside to this idea is 

that Braak stage V and VI are definitive of AD (in combination with plaque 

pathology and cognitive decline pre-mortem), but early Braak stages could 

signify MCI (therefore absence of dementia) or other forms of dementia, like 

FTD and vascular dementia.  

 

An exciting outcome from the analysis of human post-mortem tissue is that a 

significant association between the APOE4 allele and increased synaptic 

ingestion by microglia was found. To briefly summarise the points discussed 

in the introduction, APOE4 is associated to greater synapse loss, more Aβ and 

tau pathology, and a more reactive microglial phenotype. It is likely that all 

these factors come together to induce more synaptic ingestion by human 

microglia in AD brains. These are observational data however, and the 

question remains: does APOE4 make microglia more phagocytic or are more 

synapses degenerating and thus need to be cleared away? Both are plausible 

explanations, and in tandem are potential contributors to synapse loss and 

cognitive decline.  

 

The data from this analysis could be improved by complementing them with 

super resolution imaging. In collaboration with the Horrocks lab that 

specialises in super-resolution imaging, many attempts were made at staining 

tissue to allow for super-resolution with photo-activated fluorophores and 

photoactivated localisation microscopy (PALM). The idea behind this is that 

primary antibodies are conjugated with secondary antibodies that become 

photoactivated, or “blink”, when they are in close proximity. Unfortunately, this 
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was unsuccessful because there was a lot of background “blinking” due to the 

human tissue which masks any real signal.  

 

Although it is important to address synaptic ingestion in human AD brains, 

post-mortem human tissue is limited in that it only provides a snapshot of the 

disease and does not allow for studies of the kinetics of synaptic phagocytosis. 

Importantly, a considerable limitation of observational data such as these is 

that they do not address whether the synapses ingested were active and 

healthy, which would mean aberrant phagocytosis is taking place, or that 

neurons and synapses which are degenerating are being cleared by microglia, 

which would be physiological. While this question has not been answered by 

the data here, mouse models of AD where the complement proteins are 

reduced genetically or pharmacologically, have shown a rescue of synaptic 

LTP and a reduction of microglial elimination of synapses (Bie et al., 2019; 

Hong et al., 2016; Shi et al., 2017a; Dejanovic et al., 2018). Taking this into 

consideration, it is likely that components of the complement cascade, like C3 

and C1q, are upregulated in response to the neurodegeneration and pathology 

found in the AD brain, but instead of the finely tuned tagging of synapses seen 

in development, in disease this process is uncontrolled and healthy synapses 

are aberrantly ingested too. The increased levels of complement proteins 

found in the AD and diseased brains (Wu et al., 2019; Michailidou et al., 2015; 

Stephan et al., 2013), and particularly the synapses (Hesse et al., 2019), 

support this hypothesis and warrant further investigation into the mechanisms 

by which more synapses are ingested in the AD.  
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Chapter 4: In-vitro ingestion of human 
synaptoneurosomes by glial cells  

 
 
1. Introduction 

 
In the previous chapter, it was observed that microglia contain greater levels 

of the pre-synaptic marker synapsin I inside the CD68 lysosomal compartment 

in AD brains compared to NDC brains. The use of human post-mortem tissue 

is, however, limited by a single snap-shot at the end of disease. It is therefore 

difficult to establish a molecular or cellular mechanism for this observation. 

Moreover, it is unknown whether the transcriptome changes that occur in 

microglia in AD (Srinivasan et al., 2020; Mathys et al., 2019; Keren-Shaul et 

al., 2017) induce an enhanced phagocytosis profile leading to greater synaptic 

uptake, or if synapses themselves are becoming more prone to elimination. 

For example, synapses can be tagged with complement proteins, like C1q or 

C3, inviting microglia to eliminate them in both health and disease (Michailidou 

et al., 2015; Stevens et al., 2007; Hong et al., 2016; Shi et al., 2017a). 

Alternatively, proteins like MFG-E8 can bind on the exposed 

phosphatidylserine of neurons which in turns signals microglia to undergo 

phagocytosis of those neurons (Brelstaff et al., 2018). On the other hand, it is 

possible that “don’t eat me” signals at the synapse, like CD47, are 

downregulated in AD leading to enhanced phagocytosis of synapses 

(Lehrman et al., 2018). Indeed, the lab has previously shown that complement 

proteins and MFG-E8 protein levels go up in AD synapses, while CD47 goes 

down (Hesse et al., 2019). This chapter aims to test the hypothesis that such 

synaptic changes contribute to the enhanced synaptic ingestion seen in AD 

microglia of the human post-mortem. To do this, snap-frozen tissue from the 

temporal tip (Brodmann area 38) of NDC and AD brains were processed to 

yield synaptoneurosome preparations, or synapse-enriched fractions. These 
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fractions were tagged with pHrodo-RED, a pH indicator that fluoresces red in 

acidic conditions, like those found in the lysosomes of cells (Byun and Chung, 

2018; Lehrman et al., 2018; Liddelow et al., 2017). Then, these pHrodo-tagged 

synaptoneurosomes were incubated with primary microglia isolated from 

surgically resected human tissue, as well as primary microglia from adult mice. 

Using live imaging, the phagocytosis of human synaptoneurosomes was 

tracked using the pHrodo indicator over time in order to determine whether the 

amount and rate of phagocytosis of microglia differs between AD and NDC 

brains. Lastly, having shown in the previous chapter that astrocytes are also 

capable of ingesting synapses in human brains, a similar approach was used 

to assess phagocytosis of pHrodo-tagged synaptoneurosomes by primary 

mouse astrocytes.  
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Figure 1. Schematic diagram of synaptoneurosome preparation and 
pHrodo-conjugation for phagocytosis assays. (A) The temporal tip, or 
BA38, from non-demented control and Alzheimer’s disease brains was 
Dounce homogenised and filtered to yield the total homogenate, a part of 
which was collected for Western blot (WB) validation. Through another round 
of filtering and centrifugation a synaptoneurosomes pellet was achieved, which 
was split into two equal parts, one of WB validation and the other for the 
phagocytosis assays in B. (B) The isolated synaptoneurosomes pellets were 
tagged with pHrodo-Red Succinimydil Ester (SE). These preparations were 
then given to primary microglia in-vitro.  
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2. Results 

 
 
2.1 Synaptoneurosomes validation 

 
The preparation of human synaptoneurosomes was performed following a 

previously validated protocol, showing in EM detail re-annealed pre- and post-

synaptic puncta tethered together (Tai et al., 2014). Synaptoneurosomes from 

16 NDC cases and 15 AD cases were pooled separately for challenging glial 

cells in culture. Prior to any assays, these synaptoneurosomes were quality 

checked to test for synaptic enrichment. Aliquots from the total homogenate 

and the synaptoneurosome fractions for each brain were protein extracted and 

prepared for Western blotting (see Methods chapter). The pre-synaptic marker 

synaptophysin and excitatory post-synaptic marker PSD-95 were chosen to 

assess synaptic enrichment, while histone (H3) was chosen as a nuclear 

marker that should not be found in abundant levels at the synapse. The full-

length Western blot is shown in Figure 2A, and total protein levels were 

measured with Ponceau S stain (Figure 2B) to normalise protein levels. 

Comparing the total homogenate to the synaptoneurosomes preparations 

showed that both synaptophysin and PSD-95 were enriched in the synaptic 

fractions, while histone levels were de-enriched (Figure 2C). Cases in which 

histone H3 levels were not de-enriched were either made from scratch or 

excluded, depending on tissue availability. Therefore, the synaptoneurosome 

preparations were successfully enriched in synapses from human brains. A full 

list of all gels generated for these experiments can be found in Appendix Figure 

1.  
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Figure 2. Validation of synaptoneurosome preparations. (A) 
Representative image of full-length Western blot, indicating whether a sample 
is from total homogenate (TH) or synaptoneurosomes (SN), and their 
corresponding disease status. Bands were quantified on Image Studio, and 
normalised to total protein, quantified by Ponceau S.  (B) Ponceau S staining 
for total protein from gel shown in A. (C) Significantly increased protein levels 
of the pre- and post-synaptic markers synaptophysin (Sy38) and PSD-95, 
respectively, as well as decreased protein levels of histone (H3), indicating 
exclusion of non-synaptic material (Wilcoxon matched-pairs signed rank test, 
****p<0.0001, n=31). Lines link the two different preparations from the same 
case.  
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2.2 Loss of synaptophysin but not PSD-95 protein in AD 

 
As discussed in the Introduction Chapter, synapse loss is a key feature of AD 

and it is consistently reported both in human brains and in mouse models of 

AD. The Western blots from the synaptoneurosome validation not only 

validated synaptic enrichment, but also provided the opportunity to measure 

the levels of synaptic proteins and compare them between AD and NDC 

brains. A significant reduction in the levels of synaptophysin protein was found 

in both the total homogenate and synaptoneurosome fractions of AD brains 

compared to NDC ones (Figure 3A-B). However, no change was found in the 

levels of PSD-95 (Figure 3C-D).  

 

 
 

Figure 3. Pre-synaptic, but not post-synaptic, protein loss in AD. (A) 
Decreased levels of synaptophysin (Sy38) in the total homogenate of AD 
cases (n=15), compared to age-matched non-demented control (NDC) cases 
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(n=16), as detected by Western blot (Mann-Whitney test, p=0.0106). (B) Same 
as (A) for synapse-enriched fraction (unpaired Student’s t-test, p=0.0121). (C) 
Unchanged PSD-95 protein levels in total homogenate between AD and NDC 
groups (unpaired Student’s t-test, p=0.332). (D) Same as in (C) but in synapse-
enriched fraction (p=0.627). For statistics, *p<0.05. 
 
 
2.3 Phagocytosis validation by BV2 microglia  

 
 
Although mouse synaptosomes have been previously pHrodo-tagged for 

phagocytosis assays by others, there is negligible information on using human 

synaptoneurosomes for such assays. It was therefore imperative to test how 

the human synaptoneurosomes behaved in a phagocytosis assay. BV2 cells 

were chosen to optimise this assay because they are an immortalised line of 

murine microglia, meaning they multiply fast and can be frozen-down and 

thawed to generate new ones rapidly.  Like primary microglia, BV2 cells are 

seen to have ramified extensions under phase contrast microscopy (Figure 4) 

before the synaptoneurosomes are added. By 50 minutes, BV2 cells have a 

red signal building up in the cell cytoplasm around the nuclei (cyan), indicating 

phagocytosis of synaptoneurosomes in taking place. At 100 minutes, the red 

signal is stronger and more abundant. 
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Figure 4. Pilot phagocytosis assay of human synaptoneurosomes using 
BV2 microglia. Live imaging of BV2 microglia (phase with Hoechst-positive 
nuclei in cyan) undergoing phagocytosis of human synaptoneurosomes 
tagged with pHrodo (can be seen as small spheroids on phase contrast). 
Synaptoneurosomes become red once they enter the acidic phago-lysosomal 
compartment of the cell. Each panel represents an image 50 minutes apart. 
Scale bar represents 50μm.  
 
 

Knowing that BV2 cells are capable of undergoing phagocytosis of these 

human synaptoneurosomes was key in extending this study to test NDC vs AD 

effects. To do this, the high throughput ImageExpress microscope was 

chosen, as it can take multiple images per well from multiple wells, in an 

automated way. Another advantage of this microscope is that is allows for 

analysis of phagocytosis by providing a phagocytosis index. This index is 

measured by normalising the pHodo-signal around Hoechst-positive nuclei to 

the respective total number of Hoechst-positive nuclei in an image. However, 

a disadvantage is that that microscope was not equipped with phase contrast, 

so the microglial morphology was not available. 

 

BV2 cells were plated in a 96-well plate and labelled with Hoechst prior to the 

assay, labelling the nuclei (pseudocoloured grey) (Figure 5). By 2 hours 

phagocytosis had peaked and the ingested synaptoneurosomes became red, 

similar to the previous validation experiment (Figure 5A). In non-acidic 

conditions, pHrodo-Red can auto-fluoresce because of its strong signal. To 

control for this, BV2 cells were treated with the actin polymerisation inhibitor 

cytochalasin D (10μM) which subsequently inhibits phagocytosis. At the start 

of the assay a very faint red signal can be seen (suggesting background noise) 

which quickly subsides and by 2 hours no phagocytosis is observed in the 

cultures (Figure 5B). This validates that the synaptoneurosomes do not acidify 

over time and express a red signal, but become red only when ingested. These 

experiments provided the necessary foundation for developing  a high-

throughput assay for testing phagocytosis of synaptoneurosomes from AD and 

NDC brains by primary microglia in an efficient way.  
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Figure 5. BV2 microglia challenged with pHrodo-tagged 
synaptoneurosomes in ImageExpress. (A) Still images from live imaging of 
BV2 microglia (Hoechst-positive nuclei in grey) undergoing phagocytosis of 
human synaptoneurosomes tagged with pHrodo. Synaptoneurosomes can be 
seen in red as they enter the acidic phago-lysosomal compartment of the cell. 
(B) Cells treated with 10μM of Cytochalasin D 30 minutes prior to the 
experiment showed no phagocytosis. Scale bar represents 30μm.  
2.4 Phagocytosis assay using primary mouse microglia 
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Firstly, microglia from 2 month-old male mice were isolated using CD11b 

immunomagnetic beads, a previously established technique in the lab (Grabert 

and McColl, 2018). To validate that murine microglia are also capable of 

phagocytosis they were incubated with the pHrodo-tagged 

synaptoneurosomes and were live-imaged with phase contrast (Figure 6A). 

Primary microglia had their characteristic elongated shape at the start of the 

assay and by 1 hour they had started ingesting the synaptoneurosomes, by 

which point most process had retracted. By 2 hours, a clear pHrodo signal had 

developed around Hoechst-positive nuclei, suggesting successful ingestion of 

the synaptoneurosomes. ImageExpress could successfully capture the 

primary mouse microglia ingesting the pHrodo-synaptoneurosomes, making it 

possible to compare NDC and AD effects next (Figure 6B).  

 

Synaptoneurosomes from both AD and NDC brains were rapidly taken up with 

a peak of 60% of cells actively phagocytosing by 60 mins (Figure 7A). When 

synaptoneurosomes from AD brains were incubated with primary mouse 

microglia (n=8 mice), a significantly greater proportion of microglial cells 

phagocytosed synaptoneurosomes compared to controls, as shown by the 

increased area under the curve (Figure 7B). Specifically, the area under the 

curve for NDC brains was 5068±111.7 (error represented as standard error of 

mean) and for AD brains 5766±90.8 (unpaired Student’s t-test, p=0.0097). 

Moreover, AD-derived synaptoneurosomes were phagocytosed more rapidly 

by microglia compared to NDC-derived synaptoneurosomes, indicated by the 

reduced time to reach a half maximum value on the phagocytotic index (Figure 

7C). The time to reach half-max decreased from 35.2±0.53 minutes in NDC-

synaptoneurosomes to 29.12±0.45 minutes for AD preparations (unpaired 

Student’s t-test, p<0.0001).  It is important to note that microglia from the same 

were mice were plated in two wells in order for NDC-synaptoneurosomes and 

AD-synaptoneurosomes to be comparable. By doing so, the data from AD-

synaptoneurosomes can be normalised to their NDC counterparts and 

transformed into a percentage for comparison. A non-significant trend towards 
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increased ingestion of AD-synaptoneurosomes was observed once the data 

were normalised (one sample t-test, hypothetical value=100, p=0.0522), but a 

significant reduction in time to half-maximum was still observed (one sample 

t-test, hypothetical value=100, p<0.0001). Phagocytosis was also stratified 

based on the APOE genotype of the synaptoneurosomes (APOE3/3 and 

APOE3/4). No significant differences in synaptic ingestion were found based 

on APOE genotype in the NDC group (one-way ANOVA with Tukey’s multiple 

corrections, p=0.904) nor in the AD group (one-way ANOVA with Tukey’s 

multiple corrections, p>0.999).  
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Figure 6. Phagocytosis assay of human synaptoneurosomes using 
primary mouse microglia. (A) Live imaging of primary mouse microglia 
(phase with Hoechst-positive nuclei in cyan) undergoing phagocytosis of 
human synaptoneurosomes tagged with pHrodo-RED (can be seen as small 
spheroids on phase contrast). Synaptoneurosomes become red once they 
enter the acidic phago-lysosomal compartment of the cell. Each panel 
represents an image 60 minutes apart. Scale bar represents 50μm. (B) Stills 
from ImageExpress over 2 hours. Primary microglia (Hoechst-positive nuclei 
in grey) undergoing phagocytosis of human synaptoneurosomes tagged with 
pHrodo. Synaptoneurosomes can be seen in red as they enter the acidic 
phago-lysosomal compartment of the cell. Scale bar represents 30μm. 
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Figure 7. Increased phagocytosis of AD-derived synaptoneurosomes by 
primary mouse microglia. (A) Phagocytosis index of primary mouse 
microglia engulfing human synaptoneurosomes (n=8 mice, average of 9 
images per well). (B) Area under curve from A (unpaired Student’s t-test, 
p=0.003). (C) Time to half-maximum phagocytosis was calculated from the 
curve shown in A (unpaired Student’s t-test, p<0.0001). (D) Area under curve 



 
 

- 104 - 

from AD-treated wells normalised to their respective NDC well and 
transformed into a percentage (one sample t-test, hypothetical value=100, 
p=0.0522). (E) Time to half maximum from AD-treated wells normalised to their 
respective NDC well and transformed into a percentage (one sample t-test, 
hypothetical value=100, p<0.0001). For statistics, **p<0.01, and ****p<0.0001. 
Data shown as mean ± SEM.  
 
2.5 Phagocytosis assay using primary human microglia 

 
 
By using mouse microglia, it was previously shown that AD-

synaptoneurosomes are more prone to be ingested than NDC ones. The next 

step was to replicate this assay using primary human microglia. However, the 

ability to generate primary human microglia from living tissue is limited to 

preparation from surgically resected samples. The microglial yield is typically 

smaller because of constraints on tissue size, and the survival of human 

microglia varies between cases. Also, the tissue donated comes from 

surgically resected brain and the underlying causes that require the surgery 

differ. A total of nine different sources of human microglia have been 

successfully cultured and incubated with the pHrodo-synaptoneurosomes, one 

from a patient with epilepsy and eight with glioblastoma, a type of brain tumour. 

The tissue provided comes from outwith the pathologic foci. Of note, microglia 

isolated from surgical resection have been shown to have comparable 

transcriptomic signatures between non-affected cortex and ex-vivo isolated 

microglia (Galatro et al., 2017). The microglia from the epilepsy biopsy were 

isolated with a lift-off method, as described previously (Blain et al., 2010), and 

provided by the Miron lab (courtesy of Rebecca Holloway, tissue provided Dr. 

Jothy Kandasamy and Dr. Drahus Sokolov). The remaining eight glioblastoma 

cases were isolated using the CD11b immunomagnetic beads similar to the 

mouse microglia.  

 

Firstly, microglia from the epilepsy case were in sufficient numbers to do three 

replicates and also treat with cytochalasin D. Tissue from the temporal lobe 

was donated by a 20-year old male. Still images from live imaging with and 
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without phase (Figure 8A-B) show pHrodo-positive inclusions in plated 

microglial cells over time, similar to the mouse and BV2 microglia. 

Synaptoneurosomes from both AD and control brains were rapidly taken up 

with a peak of 45% of cells actively phagocytosing by 60 mins (Figure 9A). 

When synaptoneurosomes from AD brains were incubated with microglia, a 

significantly greater proportion of cells phagocytosed synaptoneurosomes 

compared to controls, as shown by the increased area under the curve (Figure 

9B). Specifically, the area under curve in AD-synaptoneurosome ingestion was 

4482.33±46 while for NDC-synaptoneurosomes it dropped to 4125±23.96 

(ordinary one-way ANOVA with Tukey’s multiple comparisons test, p=0.0004, 

n=1 from 3 replicates). Moreover, AD-derived synaptoneurosomes were 

phagocytosed more rapidly by human microglia cells compared to controls, 

indicated by the reduced time to half maximum value for the phagocytotic index 

(Figure 9C). The time to reach half max decreased from 23.67±0.71 minutes 

in NDC to 19.46±0.57 in AD (unpaired Student’s t-test, p<0.0001, n=1 from 3 

replicates). Importantly, phagocytosis of synaptoneurosomes was significantly 

suppressed in CytD treated cells (ordinary one-way ANOVA with Tukey’s 

multiple comparisons test, p<0.0001, n=1 from 3 replicates) (Figure 9A-B). 
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Figure 8. Phagocytosis assay of human synaptoneurosomes using 
primary human microglia from an epilepsy case. (A) Live imaging of 
primary human microglia (phase with Hoechst-positive nuclei in cyan) 
undergoing phagocytosis of human synaptoneurosomes tagged with pHrodo 
(can be seen as small spheroids on phase contrast). Synaptoneurosomes 
become red once they enter the acidic phago-lysosomal compartment of the 
cell. Each panel represents an image 60 minutes apart. Scale bar represents 
50μm. (B) Stills from ImageExpress over 2 hours. Primary microglia (Hoechst-
positive nuclei in grey) undergoing phagocytosis of human 
synaptoneurosomes tagged with pHrodo. Scale bar represents 30μm. 
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Figure 9. Increased phagocytosis of AD-derived synaptoneurosomes by 
primary human microglia (epilepsy). (A) Phagocytosis index of primary 
human microglia engulfing human synaptoneurosomes (n=1 human sample, 
replicated in 3 wells from an average of 9 images per well). (B) Area under 
curve from A (ordinary one-way ANOVA with Tukey’s multiple comparisons 
test, p=0.0004). (C) Time to half-maximum phagocytosis was calculated from 
the curve shown in A (unpaired Student’s t-test, p=0.0098). For statistics, 
**p<0.01, ***p<0.001, ****p<0.0001. Data shown as mean ± SEM.  
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Human microglia were also provided from peri-tumoral tissue from eight 

different patients by Dr. Paul Brennan. At the moment, information on sex, age, 

and brain area are not available for all cases and have not been included in 

this thesis. Microglia from these cases were isolated using CD11b 

immunomagnetic beads, like the murine microglia. Both the CD11b+ and 

CD11b- cells were cultured. The CD11b+ cells resembled microglial cells and 

by 6 days in-vitro showed typical branching processes, whereas the CD11b- 

cells do not appear morphologically microglial (Figure 10A). Immunostaining 

of these cells showed that Cd11b+ cells were positive for the microglial specific 

marker Tmem119, while CD11b- cells contained GFAP-positive cells, which 

are most likely astrocytic (Figure 10C&D). Tmem119 cells were not found in 

the Cd11b- population, and GFAP positive cells were not found in the Cd11b+ 

population (data not shown). The resected tissue provided from these cases 

was limited and allowed for only one replicate of NDC and AD-

synaptoneurosome treated wells per case.  
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Figure 10. Human microglia from peri-tumoral tissue from glioblastoma 
surgery. (A) CD11b+ microglia were selected from surgery resected tissue 
from the peri-tumoral region. Scare bar represents 20μm. (B) Stills from 
ImageExpress showing CD11b+ primary microglia (Hoechst-positive nuclei in 
grey) undergoing phagocytosis of human synaptoneurosomes tagged with 
pHrodo. Scale bar represents 30μm. (C) CD11b+ cells fixed and stained for 
the microglial specific marker Tmem119 (green) and DAPI for nuclei 
(magenta). Scale bar 100μm. (D) CD11b- cells fixed and stained for the 
astrocytic marker GFAP (green) and DAPI for nuclei (magenta). Scale bar 
100μm. 
 
 
 
 
Microglia isolated from the glioblastoma cases were also capable of 

synaptoneurosome phagocytosis, as indicated by the pHrodo-positive signal 

captured in live microscopy (Figure 10B). Figure  11 shows the phagocytosis 

profiles of all eight glioblastoma cases individually, with control 

synaptoneurosomes seen in black and AD synaptoneurosomes in red. The 

cases have been plotted individually to demonstrate the large amount of 

variability seen from individual to individual, both in terms of NDC to AD 

phagocytosis response but also for peak phagocytosis, ranging from 35% to 

85%. In some cases, there is no difference between NDC and AD 

synaptoneusomes (Figure 11D and G), in some cases there is a small increase 

in AD compared to NDC (Figure 11B, E, and F), and finally in some cases 

there is a large increase in phagocytosis of AD compared to NDC (Figure 11A, 

C, and H). Altogether, these differences could arise from tissue friability due to 

age, surgery and tumour effects, brain area, and sex. Due to the high variability 

in the human assays, the AD phagocytosis response (area under the curve 

and time to half maximum) was normalised to their respective NDC values, 

and turned into a percentage (similar to Figure 7).  
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Figure 11. Phagocytosis of human synaptoneurosomes by primary 
human microglia (glioblastoma). Phagocytosis index of primary human 
microglia from eight glioblastoma cases engulfing human 
synaptoneurosomes. NDC synaptoneurosomes shown in black lines with 
circles and AD synaptoneurosomes in red lines with squares. Each plot 
represents a single individual.  
 
 
The data from the eight  human cases (glioblastoma only) were then pooled 

and analysed together, based on the normalised data. A significant increase 

in ingestion of AD synaptoneurosomes is seen compared to the NDC ones 

(Figure 12B) (one sample t-test, hypothetical value=100, p=0.0363), and a 

significant decrease in the time to half max is also observed (one sample t-

test, hypothetical value=100, p=0.0123) (Figure 12B).  

 
 

Figure 12. Phagocytosis of human synaptoneurosomes by primary 
human microglia pooled from all 3 cases. (A) Area under curve from AD-
treated wells normalised to their respective NDC well and transformed into a 
percentage (one sample t-test, hypothetical value=100, p=0.0363). (B) Time 
to half maximum from AD-treated wells normalised to their respective NDC 
well and transformed into a percentage (one sample t-test, hypothetical 
value=100, p=0.0123). For statistics, *p<0.05. Data shown as mean ± SEM.  



 
 

- 113 - 

2.6 Phagocytosis assay using primary mouse astrocytes 

 
 
Although microglia are the primary phagocytes of the brain, astrocytes are also 

capable of phagocytosis of synapses both in the developing and adult brain. 

Having established a phagocytosis assay for testing synaptoneurosome 

ingestion by microglia, it was possible to extend this using primary astrocytes 

in culture. To do this, cultured primary astrocytes were provided by the 

Hardingham lab (courtesy of Dr. Sean McKay). Astrocytes were purified from 

mixed-sex E17.5 mice. Briefly, mouse brains were dissociated into mixed cell 

suspensions which were cultured for 7 days, followed by trypsin treatment to 

kill neurons. Seven days later, microglia were lifted-off and discarded to yield 

a 99% pure astrocyte culture (Hasel et al., 2017). An example of image GFAP-

positive mouse astrocytes can be found in Figure 13A. The isolated astrocytes 

were then plated in 96-well plates and allowed to settle for 3 days, prior to the 

assay. Additionally, primary human astrocytes have been purchased from 

Caltag Medsystems and cultured in the lab under the same conditions as the 

mouse astrocytes. These astrocytes are foetal so are also modelling 

developmental glia rather than adult ones, like in the primary microglia. Human 

astrocytes also express GFAP (Figure 13B). Astrocytes have a larger 

cytoplasmic area than microglia meaning that ingesting synapses can happen 

far from the nucleus, and so ImageExpress was not deemed suitable for 

imaging and analysing in the same way as the microglia. Instead, Incucyte was 

chosen for imaging and analysis because it allows live imaging with phase 

contrast to detect cells and the red channel for detecting pHrodo. This way, 

prior to synaptoneurosome addition, an image of the astrocytes was taken and 

thresholded to create a mask of the astrocytes in each well. Once the 

synaptoneurosomes were added, the pHrodo signal was tracked over time, 

and phagocytosis was normalised to the phase mask of each well to account 

for any differences in cell numbers.  
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Astrocytes successfully ingested the human synaptoneurosomes as shown by 

the pHrodo-positive signal that develops over time (Figure 14). Importantly, 

treatment with cytochalasin D inhibited the development of any pHrodo signal 

(Figure 14) suggesting a successful prevention of synaptoneurosome 

phagocytosis. Unlike microglia, astrocytic ingestion has been reported to be 

slow (Byun and Chung, 2018) and so imaging lasted longer. For example, 

more pHrodo signal was observed at 48 hours in culture compared to 24 hours, 

suggesting phagocytosis happens even after 24 hours in culture (Figure 14).  

 

 
Figure 13. Primary mouse astrocytes ingest human synaptoneurosomes 
in culture. (A) Primary mouse astrocytes stained for GFAP (green) shows 
most cells express the marker, indicating a pure astrocytic culture. (B)  Primary 
human astrocytes stained for GFAP (green) shows cells express the marker, 
although some cells do not. Scale bars represent 100μm.  
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Figure 14. Primary mouse astrocytes ingest human synaptoneurosomes 
in culture. Live imaging of primary mouse astrocytes (phase in grey) 
undergoing phagocytosis of human synaptoneurosomes tagged with pHrodo 
(can be seen as small spheroids on phase contrast). Synaptoneurosomes 
become red once they enter the acidic phago-lysosomal compartment of the 
cell. Each panel represents an image 24 hours apart. Cells treated with 10μM 
of Cytochalasin D 30 minutes prior to the experiment showed no phagocytosis. 
Scale bars represent 200μm.  
 
 
 
 
 
A total of 8 independent runs have been made using primary mouse astrocytes 

and 7 with the purchased human astrocytes. A phagocytosis assay profile has 

been plotted in Figure 15A showing that there is great variability between each 

run, verified by the large error bars. Therefore, all analysis was done by 

normalising the AD phagocytosis area under the curve to its respective NDC 

area under the curve as a percentage. Firstly, it was evident that 

synaptoneurosomes were fluorescing red by means of phagocytosis as there 

was no phagocytosis occurring in cytochalasin D treated cells (Figure 15A). 
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When normalised, there was a significant increase in the ingestion of AD-

synaptoneurosomes compared to control ones both by mouse astrocytes 

(Figure 15B, one sample t-test, hypothetical value=100, p=0.0095) and by the 

human astrocytes (Figure 15C, one sample t-test, hypothetical value=100, 

p=0.0008). Specifically, mouse astrocytes achieved a phagocytosis index of 

134.4% phagocytosis and the human astrocytes 119.3%, suggesting similar 

phagocytosis profiles.  
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Figure 15. Phagocytosis of human synaptoneurosomes by primary 
mouse astrocytes. (A) Normalised phagocytosis of primary mouse astrocytes 
engulfing human synaptoneurosomes over 48 hours (n=8). Cytochalasin D 
treatment prevented phagocytosis. (B) Area under curve from A (mouse), 
normalised AD to their respective NDC well and transformed into a percentage 
(one sample t-test, hypothetical value=100, p=0095) (n=8 preparations from 8 
independent mice). (C) Area under curve (human) with normalised AD to their 
respective NDC well and transformed into a percentage (one sample t-test, 
hypothetical value=100, p=0095) (n=7 independent preparations).  For 
statistics, **p<0.01, ***p<0.001. Data shown as mean ± SEM.  
 
3. Discussion 
 
 
Overall, the data presented in this chapter suggest that synaptic changes in 

the AD brain makes them more prone to be engulfed by microglia. This is in 

support of the hypothesis that synapses in AD are tagged for removal by glia, 

and that microglial changes are not solely responsible for synaptic pruning, as 

the microglia incubated with NDC or AD synaptoneurosomes come from the 

same mice. Microglia from both murine and human brains preferably ingested 

AD-derived synaptoneurosomes compared to ones from control brains. 

Interestingly, astrocytes too showed a preference for ingesting AD-

synaptoneurosomes, further supporting the above hypothesis. Nevertheless, 

these experiments are accompanied by their own set of limitations that need 

to be addressed.  

 

First, the biologically relevant details for the human cases are unknown and 

there could be key differences between them, including age, the underlying 

disease, and brain area, all of which could influence microglial phenotypes 

(Grabert et al., 2016; Galatro et al., 2017; Tay et al., 2017; Gibson et al., 2019; 

Gibson and Monje, 2021). Also, the microglia provided from the epilepsy case 

were purified in a different way to those from the glioblastoma cases, which 

could affect microglial phenotypes and alter phagocytosis. Altogether, these 

differences between samples and the low sample size of the human primary 

microglia require extra caution when interpreting the results and rely on 
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validation from mouse microglia. Also, astrocytes were cultured from 

embryonic brains rather than adult, so it would be more comparable to culture 

astrocytes from adult mouse brains. This is because younger glial cells are 

more phagocytic than adult ones (Njie et al., 2012; Ritzel et al., 2015), and so 

the phenotype observed here may reflect an exaggerated phagocytic 

response. The human astrocytes are also of embryonic stages and they too 

model an earlier glial phenotype. Importantly, the data between the mouse and 

human astrocytes are very similar which validates the two experiments.   

 

The use of serum in cell culture is standard practice as it provides cells with 

necessary hormones, growth factors, adhesion factors and nutrients. Both 

human and mouse microglia are supplemented with 10% heat-inactivated 

serum. Recently, a debate has sparked on whether serum should be given to 

microglia in-vitro as it is associated with microglial activation, and can therefore 

alter their phenotypes (Bohlen et al., 2017). More relevant to these 

experiments is that serum may contain opsonin molecules that bind to the 

synaptoneurosomes and exacerbate phagocytosis. Even though the serum 

has been heat-inactivated (denaturing complement proteins that can opsonise 

synapses), it is not possible to exclude this hypothesis, and it needs to be 

addressed by culturing microglia in serum and serum-free conditions. This 

should be done both in short- and long-term experiments; one, changing the 

media right before the assay to test the presence of opsonin proteins in serum, 

and two, culturing microglia in serum or serum-free media to test the effects of 

microglial activation in response to phagocytosis of synaptoneurosomes.  

 

Another limitation is the use of microglia from only male mice in the in-vitro 

experiments. Microglia exhibit sexual dimorphism both in terms of their density 

in the brain and morphology (Lenz, Nugent, Haliyur and McCarthy, 2013). 

More amoeboid microglia are found in the male neonatal mouse preoptic area, 

a phenotype associated with microglial activation. However, in the 

hippocampus of female mice there are more microglia undergoing 
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phagocytosis of neuronal debris (Nelson, Warden and Lenz, 2017). In another 

study, female mice from the maternal immune activation model (a mouse 

model for schizophrenia-like behaviour) showed increased levels of Iba1 and 

CD68 in the dentate gyrus compared to male mice, suggesting reactive gliosis 

(Hui et al., 2020). Also, quantitative PCR demonstrated higher levels of C1q in 

female brains. These data highlight sex differences in the phagocytosis profiles 

of microglia between male and female mice, and it would be important to test 

whether these differences apply in the synaptoneurosome phagocytosis 

paradigm.  

 

Furthermore, flow cytometry quantification of synaptic markers and potential 

opsonin proteins decorating those synapses can elucidate whether there are 

differences in synaptic composition, as well as any relevant tagged signals 

pertaining to phagocytosis.   

 

Ultimately, the biggest question that arises from these results is what are the 

signals on the AD synaptoneurosomes that lead to a greater and faster 

ingestion. In the introduction chapter, the classical complement cascade was 

shown to bind on synapses and signal to microglia to undergo synaptic 

elimination, both in the context of brain development and disease. The data 

presented here are in support of these hypotheses but mechanistic 

experiments are required to dissect what these signals are. Previously, the lab 

found higher levels of phagocytosis-associated proteins on AD 

synaptoneurosomes by an unbiased proteomic screen, like C4, C1q, and 

MFG-E8 (Hesse et al., 2019). Currently, blocking antibodies against MFG-E8 

are being tested on synaptoneurosomes to determine whether they suppress 

microglial ingestion of AD-derived synaptoneurosomes. Also, mice lacking the 

complement 3 receptor have been purchased and are being bred in the lab in 

order to isolate microglia from their brains and challenge them with the 

synaptoneurosomes. The hypothesis is that complement tags on the 

synaptoneurosomes make them more preferable for phagocytosis and lacking 
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a receptor that is crucial for complement recognition will result in reduced 

phagocytosis of AD synaptoneurosomes specifically. Moreover, it is possible 

that different soluble factors are present between the NDC and AD 

preparations that stimulate microglia to ingest more synaptoneurosomes. An 

experiment to test this would be to incubate the synaptoneurosomes with GFP-

labelled beads and quantify whether the GFP beads are ingested differently 

between NDC and AD treated wells. Lastly, a caveat to the in-vitro data is that 

it is difficult to extrapolate what the rates of phagocytosis are in-vivo, and how 

the differences shown here translate to a human brain.  

 

The results of this chapter can be strengthened by validating the purity of these 

cultures by immunohistochemistry (as performed) and by quantification of 

these samples. For example, microglia can be stained with the microglial 

specific markers Tmem119 and P2RY12, and compare the percentage of cells 

(Hoechst/DAPI positive) of microglial-specific cells. Co-labelling with Iba1 will 

allow to differentiate between microglia and macrophages in these cultures. 

The same can be applied for the astrocyte cultures, where the astrocyte 

specific marker Aldh1.1 can be used to stain astrocytes for checking the purity 

of the culture. Other markers for non-astrocytic cells (like Tmem119 for 

microglia and Olig2 for oligodendrocytes) can be used for excluding the 

presence of other cell types. By immune-labelling the glial cells in a low-pH 

buffer, it is possible to measure pHrodo-positive puncta inside these cells, 

providing an alternative measurement to the live-imaging assays. 

 

In conclusion, the results of this chapter build-up on those of the previous 

chapter showing increased synaptic ingestion of microglia in AD human post-

mortem brains, but also implicated synapses too as culprits of this enhanced 

ingestion. 
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Chapter 5: Microglial contribution to synaptic 
uptake in the prefrontal cortex in 

schizophrenia 

 
1. Introduction 
 

So far, synaptic loss by microglia has been addressed in the context of ageing 

and Alzheimer’s disease. This chapter is focused on published data (on 

Neuropathology and Applied Neurobiology) showing synaptic engulfment by 

microglia in schizophrenia, a psychiatric disorder affecting 20 million people 

worldwide. In the introduction, the importance of fine-tuned synaptic pruning 

during normal brain development was discussed. Interestingly, 

disproportionate pruning by microglia is linked to developmental CNS 

disorders, including schizophrenia. Schizophrenia is an affective disorder that 

primarily affects the frontal lobe of the brain, and its symptoms include 

hallucinations, delusions, mood imbalances, and personality disturbances 

(Kahn et al., 2015; Wible et al., 2001). The onset of the disease varies, but it 

is more prevalent in teenagers/young-adults. The cause of the disease is 
unknown, although both environmental and genetic factors can contribute to 

an increased predisposition of developing schizophrenia (Schizophrenia 
Psychiatric Genome-Wide Association Study (GWAS) Consortium, 2011). 

Synapse and spine loss in patients’ brains with schizophrenia have been 
reported in some studies, depending on the brain area, synaptic marker, and 
cohort investigated (Faludi and Mirnics, 2011; Feinberg, 1982; Funk et al., 

2017; Osimo et al., 2019). Research into schizophrenia has primarily been 
neuron-centric, but more recently glial activation and its role in synaptic 

pruning has been applied to the field of schizophrenia. Co-cultures of human 
iPSC-derived microglia and neurons from schizophrenia and control sources, 

have indicated increased synaptic pruning in schizophrenia (Sellgren et al., 
2019). Genetic variants on the complement component C4A gene implicate 
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the immune system as a risk factor for schizophrenia (Sekar et al., 2016; 

Comer et al., 2020). Moreover, PET scans using TSPO ligand binding as 
marker of cerebral inflammation show higher levels of brain inflammation in 

patients with schizophrenia (Doorduin et al., 2009; van Berckel et al., 2008), 
although these data have been recently refuted (Coughlin et al., 2016; Kenk 

et al., 2015; De Picker et al., 2019). Altogether, it is intriguing to ask whether 
microglia play a part in actively removing synapses in schizophrenia, leading 

to cognitive and behavioural changes. Similar to previous chapters, this 
question was addressed using donated human post-mortem tissue.  
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2. Microglial contribution to synaptic uptake in the prefrontal 

cortex in schizophrenia (attached manuscript) 
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3. Re-analysis of data with 3D segmentation 
 
A limitation of the analysis used in the manuscript is that images were max 

projected in FIJI and colocalisation was based on the projected 2D images. 
Given that synapses are smaller than the step size used in the confocal 

imaging (less than 0.3μm), it is possible this analysis gives false-positives by 
showing colocalisation of Synapsin I with CD68-positive cells, even if the 

synapse exists on a different Z plate to the microglia. For this reason,the 
images acquired for the manuscript were 3D segmented and re-analysed 

using the same segmentation pipeline described in the Methods and Chapter 
3 (Human post-mortem AD chapter). Briefly, 3D segmented images provided 

a volumetric measurement of burdens and colocalisation between different 
markers. The data came from 10 neurologically control individuals and 10 

individuals with schizophrenia, where 20 images were taken per case from 
the grey matter. Data were analysed with a mixed effects linear model (R 

Studio) in order to compare all images taken per case and assess 
confounding variables like sex. Overall, the new 3D analysis has found no 
statistically significant differences between the control and schizophrenia 

groups in any measurements, just like the 2D analysis. 
 

Specifically, no differences were seen between the control and schizophrenia 

groups in terms of Iba1 burdens (Figure 2A) (F [1,17]=0.4517, p=0.5106), 

CD68 burdens (Figure 2B) (F [1,17]=0.6654, p=0.4259), Iba1+CD68 

colocalisation (Figure 2C) (F [1,17]=0.0013, p=0.9719), and Synapsin I 

burdens (Figure 2D) (F [1,17]=0.2764, p=0.6058). Also, no significant 
differences were found between these measurements regarding sex, 

specifically in Iba1 burdens F [1,17]=0.0002, p=0.9886, in CD68 burdens F 

[1,17]=1.4117, p=0.2511, in Iba1+CD68 colocalisation F [1,17]=0.3317, 

p=0.5722, and in Synapsin I burdens F [1,17]=0.4030, p=0.5340.  
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Figure 2. Glial and synaptic burdens in the dorsolateral pre-frontal cortex 
from control and schizophrenia (SZ) human post-mortem brains. (A) 
Percent volume covered by Iba1 staining (burden) in control and SZ cases. No 
significant differences found between the groups. (B) Percent volume covered 
by CD68 staining (burden) in control and SZ cases. No significant differences 
found between the groups. (C) Percent volume of colocalising CD68 and Iba1 
staining. No significant differences found between the groups. (D) Percent 
volume covered by Synapsin 1 staining (burden) in control and SZ cases. No 
significant differences found between the groups. The tops and bottoms of the 
bar graph represent the interquartile range, the line in the bar represents the 
median, and the error bars represent 1.5x interquartile range. For statistics, 
significance is considered for p<0.05. 
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Moreover, much like the 2D analysis, no statistically significant differences 

were found between any synaptic ingestion measurements, neither when 

comparing control and schizophrenia cases nor sexes. Specifically, no 

significant changes were reported in CD68+SynI colocalisation (Figure 3A) 

(Disease: F [1,17]=0.2764, p=0.6058, Sex: F [1,17]=0.4030, p=0.5340), 

CD68+SynI colocalisation normalised to CD68 burdens (Figure 3B) (Disease: 

F [1,17]=0.0658, p=0.8007, Sex: F [1,17]=2.1191, p=0.1637), nor CD68+SynI 

colocalisation normalised to Iba1 burdens (Figure 3C) (Disease: F 

[1,17]=0.2523, p=0.6219, Sex: F [1,17]=0.7805, p=0.3893). 

 

 

 
 



 
 

- 140 - 

Figure 3. Colocalisation of CD68+SynI burdens in the dorsolateral pre-
frontal cortex from control and schizophrenia (SZ) human post-mortem 
brains. (A) Percent volume of colocalising CD68 and SynI staining (burden) in 
control and SZ cases. No significant differences found between the groups. 
(B) Percent volume of colocalising CD68 and SynI staining normalised to 
CD68 burdens (burden) in control and SZ cases. No significant differences 
found between the groups. (C) Percent volume of colocalising CD68 and SynI 
staining normalised to Iba1 burdens (burden) in control and SZ cases. No 
significant differences found between the groups. The tops and bottoms of the 
bar graph represent the interquartile range, the line in the bar represents the 
median, and the error bars represent 1.5x interquartile range. For statistics, 
significance is considered for p<0.05. 
 
 
 
4. Conclusion 
 
This study presented evidence of synaptic protein inside microglial lysosomes 

in the brains of control participants as well as from individuals with 
schizophrenia. No differences were found between the two groups in terms 

of glial burdens, nor synaptic engulfment by microglia, whether the images 
were analysed with 2D or 3D segmentation. The study assessed at 10 control 

and 10 schizophrenia cases, which did not allow for results to be stratified by 
factors like sex, age, comorbid symptoms (like psychosis or depression), and 

drug treatment, although all of these would provide valuable insight (Tzioras, 
Stevenson, Boche and Spires-Jones, 2021).  

 
The use of human tissue is a precious resource in understanding 

schizophrenia pathogenesis, especially given the lack of appropriate animal 
models of the disease. However, the disadvantage is that it only provides a 
snap-shot of the brain at the time of death, and limits any efforts of exploring 

mechanistic changes at the cellular or molecular level. It is therefore unclear 
from this preliminary study whether microglia always prune synapses at 

similar levels between control and schizophrenia brains, or if there are 
differences closer to disease onset, where inflammation is at its peak. In-vitro 

work using hiPSCs showed that microglia phagocytose more synapses when 
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derived from schizophrenia patients than control ones (Sellgren et al., 2019). 

Stem cells display a more developmental phenotype in cells, which also 
favours phagocytosis pathways and so may better resemble what happens 

earlier in the disease. In order to mirror these experiments in human PM 
tissue, it would require a cohort with brain donation occuring shortly after 

disease onset.  
 

The complement system pathways have been involved both as risk factors 
for developing schizoprehnia and as a potential culprit in deficiting neuronal 

function. It is also possible that similar to how the complement system tags 
weaker synapses for pruning in development and pathologically in AD, in 
schizophrenia too microglia eliminate synapses instructed by complement 

signalling.  
 

Lastly, neurodegenetative diseases like AD are progressive in nature, where 
synapse loss in ongoing. Schizophrenia has not been characterised as a 

progressive disease, but does display synapse loss and glial changes. It can 
be speculated that not seeing differences in synaptic ingestion by microglia 

in schizophrenia, but seeing them in AD, is an exciting outcome and acts an 
internal control to the AD data in Chapters 3 and 4. Overall, this study was 

only the beginning in understanding novel mechanisms that drive synapse 
loss in schizophrenia.   
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Chapter 6: Discussion 

 
 
1. Overview 
 

The results of this thesis have demonstrated that microglia and astrocytes 

exhibit increased synaptic ingestion in Alzheimer’s disease, but not in 

schizophrenia. Specifically, microglia in human post-mortem tissue contained 

greater amounts of the pre-synaptic marker synapsin I, and interestingly this 

was heightened near Aβ plaques. Furthermore, isolated synaptoneurosomes 

from AD brains were ingested both more and faster by microglia and 

astrocytes in culture. However, human brains with schizophrenia did not differ 

in the amounts of synapsin I found inside microglial phago-lysosomes with 

age-matched neurological controls. It would be interesting to examine whether 

synaptoneurosomes from brains with schizophrenia are ingested similar to 

control levels. The data presented here are novel in the field of neuroscience 

as there has never been a quantification of synaptic ingestion by microglia in 

the AD human brain published in the literature. These outcomes, in 

combination with data from mouse models of AD that have shown microglia 

eliminate synapses in a pathological way, provide an exciting new avenue for 

targeting synapse loss in AD with the goal of preventing the cognitive decline 

associated with the disease. The aim of this chapter is to discuss how these 

data fit in the wider context of AD and schizophrenia, as well as which new 

question have emerged and which questions remain.  

 

 

 

 

 

 



 
 

- 143 - 

2. Synapses: Shantay you stay or sashay away?  
 

2.1 Synaptic decorations: “eat-me” and “don’t eat me” signals 

 

As alluded to in Chapter 4, a gain of “eat-me” signals and a loss of “don’t eat-

me” signals at the synapse has been seen in AD synaptoneursomes by 

proteomics, and is a possible explanation to the increased synaptic ingestion 

by microglia in culture (Figure 1). These include increased levels of MFG-E8 

bound on exposed phosphatidylserine, C1q, C3, and loss of CD47. However, 

a question that has been left unanswered in this thesis is whether the synaptic 

material ingested by microglia in the human brains comes from degenerating 

synapses that need to be cleared or whether the synapses are active and 

healthy. The resolution of confocal microscopy is not sufficient to detect 

structural changes in the synapse in order to determine whether they are 

degenerating, and there are currently no synaptic markers of degeneration to 

stain human tissue with. In mice, targeting the complement pathway in 

amyloidopathy models is beneficial for synaptic function and cognitive 

performance whilst microglial-mediated synapse elimination is reduced (Hong 

et al., 2016; Bie et al., 2019; Shi et al., 2017a), suggesting that to a certain 

extent microglia pathologically engulf synapse. This is not specific to AD 

however, as in multiple sclerosis, an autoimmune demyelinating disease 

(Dutta et al., 2011; Aggelakopoulou et al., 2016), the complement system also 

pathologically tags synapses for removal, both in human tissue and 

experimental mouse models (Michailidou et al., 2015; Watkins et al., 2016; 

Michailidou et al., 2017, 2018; Werneburg et al., 2020). As it is difficult to 

mechanistically explore this using donated human tissue, a future experiment 

that would shed more light on this would be correlating cognitive function to 

the amount of synaptic ingestion occurring.  
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Figure 1. Schematic diagram of the tri-partite synapse and “eat-me” 
signals in AD. These signals include C1q, C3, MFG-E8 which binds on 
exposed phosphatidylserine, and soluble Aβ. Microglia use integrins receptors 
(complement receptor 3, or CR3 being one of them) and TREM2 to sense their 
environments and bind to these opsonin molecules on the synapses. 
Phosphorylated tau (pTau) and Aβ plaques are key features of the AD synapse 
pathology.  
 
 
 
 
2.2 APOE, Aβ, and tau interactions in microglial ingestion of synapses  

 

The greatest genetic risk factor for developing sporadic AD is the possession 

of an APOE4 allele, which, as discussed in Chapter 1 (Introduction), is also 

associated to greater synapse loss and reactive gliosis (Zhu et al., 2012; 

Colton et al., 2002; Caberlotto et al., 2016; Tzioras et al., 2019; Rodriguez et 

al., 2014). Consequently, it was hypothesised that APOE4 carriers will display 

greater synaptic ingestion, particularly in the AD group. Microglial ingestion in 
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human tissue was analysed in 3D segmented images by a mixed-effect linear 

regression model that allows for stratification based on factors like sex or 

APOE status. Interestingly, individuals with an E4 allele were inflicted by higher 

burdens of CD68+SynI, meaning greater synaptic ingestion by microglia. To 

date, no evidence has been published in neither mice nor humans showing 

APOE playing a direct role in synaptic engulfment by microglia.  It is also 

possible that microglia mediate increased synapse loss in APOE4 carriers but 

in non-contact dependent mechanisms, for example by secretion of 

synaptotoxic inflammatory cytokines like IL1-β and IL-6. No APOE effects were 

seen in the in-vitro study, suggesting that the levels of the signals on the 

synapse that microglia recognise for phagocytosis are not considerably 

different. One way to further test this hypothesis is by isolating microglia from 

the APOE knock-in (human APOE2,3,or4) and knock-out mice that are 

currently bred in the lab and incubating them with the human 

synaptoneurosomes. It is likely that APOE4-expressing microglia are more 

phagocytic towards the synaptoneurosomes.  

 

The concept that APOE4 is also associated to greater Aβ and tau burdens, as 

well as more neurodegeneration in AD has already been examined in this 

thesis. It is not clear, however, if there is an interaction between APOE, Aβ 

and tau in inducing exacerbated glial-mediated synapse loss in AD, but recent 

evidence suggests that this is indeed possible. Aβ can bind on the 

transmembrane receptor 97 (TMEM97), which in combination to 

phosphorylated tau is predicted to induce neurodegeneration (Colom‐Cadena 

et al., 2020; Pickett et al., 2019). Knowing that the two pathological proteins 

are found at higher levels in APOE4 carriers, it would not be surprising if their 

interaction results in increased synapse loss in AD. Although not shown 

directly so far, it is possible that stress and danger signals accumulate in such 

synapses in the form complement tags, in tandem to losing protective signals 

like CD47.  
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2.3 In-vitro to in-vivo: lost in translation 

 

In this thesis, an indirect approach was necessary to study how human 

synapses (in the form of synaptoneurosomes) were ingested by microglia in 

culture. Although such experiments can and have been conducted in model 

organisms in-vivo, it is not possible to replicate in humans. Nevertheless, it is 

important to understand and appreciate the strengths and limitations of using 

an in-vitro system to study human synapses and microglia. The obvious 

strength of using an in-vitro approach is the ability to study how human 

microglia ingest synapses, which cannot be studied or modulated in a living 

human brain. One of the limitations of this system is the use of frozen human 

brains, which disrupts the shape (and likely function) of the synaptic proteins, 

and the opsonin tags. However, it would be extremely rare to be able to get a 

donation of live tissue for isolating microglia, alongside a donation of AD brain 

tissue for making synaptoneurosomes from fresh tissue. Another limitation is 

that microglia are sensitive to their environments, and monocultures of 

microglia display significant differences in morphology and function, compared 

to those in-vivo. Ultimately, the rates of phagocytosis in a culture system 

cannot be extrapolated to represent what would happen to a living human 

brain, but it does allow to important questions to be answered, as presented in 

this thesis.  

 

 

3. Synaptic ingestion by microglia in AD and schizophrenia 

 

A growing amount of literature has implicated microglia as a pathological 

eliminators of synapses in AD mouse models, so it was not surprising that in 

human post-mortem tissue microglia were observed ingesting more synapses 

than in age-matched controls. Very recently, hiPSC co-cultures derived from 

patients with AD have also shown microglia engulfing PSD-95 puncta 

(Guttikonda et al., 2021), while human synaptosomes are also phagocytosed 
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by hiPSC-derived microglia (McQuade et al., 2020). Similarly, as discussed in 

Chapter 5 (Schizophrenia), hiPSC microglia derived from patients with 

schizophrenia phagocytose more post-synapses in culture than microglia 

derived from control lines (Sellgren et al., 2019). However, in this work no 

differences were observed in pre-synaptic ingestion by microglia in the 

prefrontal cortex of patients with schizophrenia compared to controls (Tzioras 

et al., 2021). As explained in Chapter 5, schizophrenia is not considered to be 

a progressive disease and it is not clear whether the lower synaptic burdens 

reflect synapse loss or failure to form synapses properly. On the other hand, 

AD is a progressive disease with ongoing synapse loss. It is therefore 

interesting that increased synaptic ingestion is detected in AD brains, but not 

in brains with schizophrenia. In a way, the study looking at schizophrenia has 

acted as a negative control to the AD study by showing that the presence of 

neurological disease is not sufficient to induce microglial uptake of synapses 

and that AD effects are more likely due to the specific disease.  

 

4. Metabolic disease in AD and synaptic engulfment  
 

It is known that sporadic AD is highly influenced by non-genetic factors, like 

lifestyle. Specifically, metabolic diseases during midlife like obesity, 

hyperlipidaemia and type 2 diabetes (T2D) all increase the risk of developing 

AD later in life, and can accelerate the transition from MCI to AD (Kivipelto et 

al., 2005; Profenno, Porsteinsson and Faraone, 2010; Xu et al., 2010). 

Moreover, APP/PS1 mice crossed with a diabetic line showed exacerbated 

cognitive decline, more Aβ plaques, vascular damage and reduced spine 

density (Infante-Garcia, Ramos-Rodriguez, Galindo-Gonzalez and Garcia-

Alloza, 2016). When these mice were treated with the antidiabetic agent 

Empagliflozin there were was a significant reduction in the aforementioned 

pathologies, as well as reduced microgliosis (Hierro-Bujalance et al., 2020). 

To this extent, the Rajedran lab in King’s College London have hypothesised 

that in early stages of AD these metabolic disorders negatively contribute to 
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AD-pathologies, like impaired amyloid clearance and synapse dysfunction, but 

in late stages the increased levels of insulin and hyperlipidaemia provide 

metabolic support to microglia to assuage phagocytosis. Also, they have 

recently shown that BV2 microglia depleted of nutrients phagocytose more 

synaptosomes. To assist them with testing this hypothesis, human post-

mortem tissue was stained in the lab similarly to Chapters 3 and 5 to label 

microglia and synapses, which has been published as a BioRXiv pre-print 

(Mondal et al., 2020). In this case, individuals were stratified based on the 

presence of hyperlipidaemia and T2D (neither of which were present in the 

cases of this thesis). Surprisingly, individuals with AD and hyperlipidaemia 

showed significantly reduced synaptic ingestion by microglia and performed 

better at the MMSE tests, indicating better cognitive function. Therefore, it is 

important to be aware of these factors when looking at microglia in human 

tissue.  

 

5. Future experiments 
 

In the short them, the aim is to increase the sample size of the phagocytosis 

assays using mouse astrocytes and human microglia, depending on tissue 

availability. Female mice are also expected to be used for isolating microglia 

and challenging them with pHrodo-synaptoneurosomes to test for any sex 

effects. Next, a flow cytometry panel has been established to detect levels of 

complement proteins in the human synaptoneurosomes to validate the 

changes seen in the proteomic study. The antibodies used for this are C1q, 

C3d (an activated form of C3), and C4, as well as histone H3 and 

synaptophysin to cross-validate with the Western blots. To this extent, mice 

lacking the complement 3 receptor (CR3-knock-out mice) are being bred in the 

lab and aged to 2 months to isolate microglia from their brains and challenge 

with the synaptoneurosomes. CR3 is also known as CD11b which the target 

of the immunomagnetic beads used to isolate microglia, so immunomagnetic 

beads against P2RY12 have been purchased for isolating microglia. 
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Moreover, given MFGE-8’s role in tagging neurons for microglial-mediated 

phagocytosis, an MFGE-8 blocking antibody has been purchased to attempt 

blocking bound MFGE-8 on the synaptoneurosomes with the hypothesis that 

ingestion will be reduced. Furthermore, human post-mortem tissue from the 

same control and AD cases has been stained with the astrocytic marker GFAP 

and analysed for the presence of synapsin I inside astrocytes. In order to 

address the issue of whether living or degenerating synapses are targeted by 

microglia, an ex-vivo model of organotypic hippocampal slice cultures can be 

used. These slices provide an intact cytoarchitecture of the mouse 

hippocampus, and Dr. Claire Durrant who has joined the lab as a Race Against 

Dementia fellow is an expert in generating these preparations. One way of 

labelling living neurons and dendrites is by virally expressing GCaMP-GFP 

constructs and labelling microglia with isolectin-A594. These preps can be 

challenged with human brain homogenate from AD brains to mimic the AD 

brain environment and live image the cultures using 2-photon microscopy to 

detect whether microglia engulf active synapses.  

 

 

6. Conclusion 
 

To conclude, this thesis has expanded the fields of neuroscience and glial 

biology by demonstrating that in human AD brains there is greater synaptic 

ingestion by microglia, but not in schizophrenia. Moreover, Aβ plaques are 

associated with greater microgliosis and increased ingestion of synapses by 

microglia. This was shown to be true in two brain areas, the inferior temporal 

lobe and the primary visual cortex. Interestingly, mouse microglia and 

astrocytes, as well as human microglia, preferentially phagocytose AD-derived 

synaptoneurosomes from the temporal lobe compared to synaptoneurosomes 

from control brains. These data are exciting and promising because they show 

a potential candidate to be therapeutically targeted for limiting synapse loss 

and preventing cognitive decline in AD patients.  
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Appendix 

Appendix Figure 1. Complete list of Western blot gels and corresponding 
Ponceau S pages for Chapter 4, Figure 2.  
 

 



 
 

- 177 - 

 
Appendix R Script 1. R Studio Script used for the analysis in Chapter 3 
(Modified version used for Re-analysis in Chapter 5).  
 
--- 
title: "Microglia Human PM Statistical analysis" 
output: 
  word_document: default 
  pdf_document: default 
  html_document: default 
--- 
 
### Packages 
```{r} 
library(readr) 
library(table1) 
library(ggplot2) 
library(RColorBrewer) 
library(tidyverse) 
library(ggResidpanel) 
library(dplyr) 
library(car) 
library(FSA) 
library(rcompanion) 
library(forecast) 
library(gridExtra) 
library(corrplot) 
library(lmerTest) 
library(emmeans) 
library(knitr) 
#library(kableExtra) 
``` 
 
 
### Import dataframe 
```{r} 
#setwd("~/Desktop") 
 
 
# Load in dataframe (uses "readr") 
Microglia <- read_csv("Human_3D_PM_analysis_R.csv", col_types = cols ( 
  CaseID = 'f',  
  ImageNumber = "f",  
  Disease = 'f', 
  APOE = 'f', 
  APOE4_allele = "f",  
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  Sex = 'f', 
  Age = 'i', 
  BrainArea = 'f', 
  Plaque = 'f', 
  PMI = "i", 
  ObjectVolume = "d", 
  Total_volume_um = "d", 
  CD68Burden = "d", 
  CD68Syn1Burden = "d", 
  Syn1Burden = "d")) 
   
 
# Check structure of dataframe 
str(Microglia) 
 
# Create a genotype ordered variable (as not sure how R will plot them) 
levels(Microglia$Disease) 
levels(Microglia$APOE) 
levels(Microglia$APOE4_allele) 
levels(Microglia$BrainArea) 
levels(Microglia$Plaque) 
 
Microglia$DiseaseOrder <- ordered(Microglia$Disease, levels=c("Control", 
"AD")) 
Microglia$APOE4_alleleOrder <- ordered(Microglia$APOE4_allele, 
levels=c("N", "Y")) 
``` 
 
 
 
### Summary table of participant info 
```{r} 
# Create new dataframe with only one row per case (for info table) 
MicrogliaInfo <- Microglia %>% 
    group_by(CaseID) %>% 
    summarize(Disease = Disease[1], 
              DiseaseOrder = DiseaseOrder[1], 
              APOE = APOE[1], 
              APOE4_allele = APOE4_allele[1], 
              APOE4_alleleOrder = APOE4_alleleOrder[1], 
              Age = Age[1], 
              Sex = Sex[1], 
              PMI = PMI[1], 
              BrainArea = BrainArea[1]) 
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# Then plot the table 
info <- table1(~ Age + Sex + PMI | DiseaseOrder + APOE, data = 
MicrogliaInfo) 
info 
``` 
 
### Check whether groups are age-matched 
```{r} 
# Plot ages in each group 
 
# Pick colours 
display.brewer.pal(n=9, "Oranges")  
brewer.pal(n=9,"Oranges") 
#  "#FFF5EB" "#FEE6CE" "#FDD0A2" "#FDAE6B" "#FD8D3C" "#F16913" 
"#D94801" "#A63603" "#7F2704" 
 
display.brewer.pal(n=9, "Reds")  
brewer.pal(n=9,"Reds") 
#   "#FFF5F0" "#FEE0D2" "#FCBBA1" "#FC9272" "#FB6A4A" "#EF3B2C" 
"#CB181D" "#A50F15" "#67000D" 
 
display.brewer.pal(n=9, "BrBG")  
brewer.pal(n=9,"BrBG") 
#  "#8C510A" "#BF812D" "#DFC27D" "#F6E8C3" "#F5F5F5" "#C7EAE5" 
"#80CDC1" "#35978F" "#01665E"" 
 
display.brewer.pal(n=12, "Set3")  
brewer.pal(n=12,"Set3") 
#  "#8DD3C7" "#FFFFB3" "#BEBADA" "#FB8072" "#80B1D3" "#FDB462" 
"#B3DE69" "#FCCDE5" "#D9D9D9" "#BC80BD" "#CCEBC5" "#FFED6F" 
 
 
# Split dataframe - have made MicrogliaBA17 bc cases duplicated due to 
brain area otherwise 
MicrogliaBA17 <- subset(Microglia, BrainArea == "BA17") 
 
MicrogliaBA17Info <- MicrogliaBA17 %>% 
    group_by(CaseID) %>% 
    summarize(Disease = Disease[1], 
              DiseaseOrder = DiseaseOrder[1], 
              APOE = APOE[1], 
              APOE4_allele = APOE4_allele[1], 
              APOE4_alleleOrder = APOE4_alleleOrder[1], 
              Age = Age[1], 
              Sex = Sex[1], 
              PMI = PMI[1]) 
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info <- table1(~ Age + Sex + APOE + PMI | DiseaseOrder, data = 
MicrogliaBA17Info) 
info 
 
# Split dataframe - have made MicrogliaDisease with only AD for plaque 
analysis  
MicrogliaDisease <- subset(Microglia, Disease == "AD") 
 
 
 
# Plot 
ggplot(MicrogliaBA17Info, aes(x = DiseaseOrder, y = Age, fill = 
DiseaseOrder)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes(shape=Sex), position = position_jitter(w = 0.1, h = 0.0), 
alpha = 0.6, size = 1.5) +  
  ggtitle("Ages") + # title of the plot 
  scale_y_continuous("Age (years)", limits = c(55,100), breaks = 
c(55,60,65,70,75,80,85,90,95,100)) + # names the y axis, sets where ticks 
are and sets limits of y-axis 
  xlab("Group")  + # sets the x-axis label 
  theme_classic(base_size = 14) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F"))  
``` 
 
```{r} 
# Run two-way ANOVA to assess whether there is an age difference - Go 
with this as can get data to be normally distributed 
 
AgeAOV <- aov(Age ~ Disease * APOE, data = MicrogliaBA17Info) 
summary(AgeAOV) 
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# T-test 
var.test(Age ~ Disease, data = MicrogliaBA17Info) 
t.test(Age ~ Disease, data = MicrogliaBA17Info, var.equal = TRUE) 
#p=0.1064 so age-matched 
 
var.test(PMI ~ Disease, data = MicrogliaBA17Info) 
t.test(PMI ~ Disease, data = MicrogliaBA17Info, var.equal = TRUE) 
#p=0.2356 so PMI-matched 
 
# Check that meets the assumptions 
# Check for normality of residuals 
hist(resid(AgeAOV)) 
shapiro.test(resid(AgeAOV)) # p-value = 0.001789 
 
# Levene's Test for Homogeneity of Variance (center = median) 
leveneTest(Age ~ Disease * APOE, data = MicrogliaInfo) 
# p-value = 0.6305 
 
# not normally distributed 
 
 
# Tukey transform the data to see if helps with assumptions (uses 
rcompanion) 
MicrogliaInfo$Age_tukey =  
  transformTukey(MicrogliaInfo$Age, 
                 plotit=FALSE) 
 
AgeAOV_tukey <- aov(Age_tukey ~ Disease * APOE, data = MicrogliaInfo) 
summary(AgeAOV_tukey) 
 
shapiro.test(resid(AgeAOV_tukey)) # p-value = 0.0747 
leveneTest(Age_tukey ~ Disease * APOE, data = MicrogliaInfo) 
# p-value = 0.9482 
 
 
# Plot Age by Disease 
ggplot(MicrogliaInfo, aes(x = DiseaseOrder, y = Age, fill = DiseaseOrder)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes(shape=Sex, color = DiseaseOrder), position = 
position_jitter(w = 0.1, h = 0.0), alpha = 0.9, size = 2) +  
  ggtitle("Ages - by disease") + # title of the plot 
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  scale_y_continuous("Age (years)", limits = c(55,100), breaks = 
c(55,60,65,70,75,80,85,90,95,100)) +  # names the y axis, sets where ticks 
are and sets limits of y-axis 
  xlab("Group")  + # sets the x-axis label 
  theme_classic(base_size = 14) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_brewer(palette = "Greys") + 
  scale_color_manual(values = c("#e8b4a7", "#FB8072", 
"#a3d9d1","#35978F"))  
``` 
 
 
### Check whether groups are PMI-matched 
```{r} 
# Plot ages in each group 
 
# Plot 
ggplot(MicrogliaBA17Info, aes(x = DiseaseOrder, y = PMI, fill = 
DiseaseOrder)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes(shape=Sex), position = position_jitter(w = 0.1, h = 0.0), 
alpha = 0.6, size = 1.5) +  
  ggtitle("PMI") + # title of the plot 
  scale_y_continuous("Post mortem interval (hours)", limits = c(0,110), breaks 
= c(0,10,20,30,40,50,60,70,80,90,100,110)) + # names the y axis, sets where 
ticks are and sets limits of y-axis 
  xlab("Group")  + # sets the x-axis label 
  theme_classic(base_size = 14) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
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  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F"))  
``` 
 
```{r} 
# Run two-way ANOVA to assess whether there is a PMI difference - Go with 
this as can get data to be normally distributed 
 
PMIAOV <- aov(PMI ~ Disease * APOE, data = MicrogliaBA17Info) 
summary(PMIAOV) 
 
# Check that meets the assumptions 
# Check for normality of residuals 
hist(resid(PMIAOV)) 
shapiro.test(resid(PMIAOV)) # p-value = 0.6458 
 
 
# normally distributed 
 
 
# Plot Age by Disease 
ggplot(MicrogliaBA17Info, aes(x = DiseaseOrder, y = Age, fill = 
DiseaseOrder)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes(shape=Sex, color = DiseaseOrder), position = 
position_jitter(w = 0.1, h = 0.0), alpha = 0.9, size = 1.5) +  
  ggtitle("Ages") + # title of the plot 
  scale_y_continuous("Age (years)", limits = c(55,100)) + # names the y axis, 
sets where ticks are and sets limits of y-axis 
  xlab("Group")  + # sets the x-axis label 
  theme_classic(base_size = 14) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_brewer(palette = "Greys") + 
  scale_color_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F"))  
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ggsave("CasesInfo.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
 
### Burdens 
### Create mean dataframe 
```{r} 
# Need to create a dataframe with the means/medians to plot with 
geom_point (will plot this over the spread of the data) 
Microglia$NormCD68Syn1Burden <- (Microglia$CD68Syn1Burden / 
Microglia$CD68Burden) * 100 
   
MicrogliaMean <- Microglia %>% 
    group_by(CaseID) %>% 
    summarize(Disease = Disease[1], 
              DiseaseOrder = DiseaseOrder[1], 
              BrainArea = BrainArea[1], 
              APOE = APOE[1], 
              APOE4_allele = APOE4_allele[1], 
              APOE4_alleleOrder = APOE4_alleleOrder[1], 
              Age = Age[1], 
              Sex = Sex[1], 
              PMI = PMI[1], 
              Plaque = Plaque[1], 
              CD68BurdenMed = median(CD68Burden, na.rm = TRUE), 
              CD68Syn1BurdenMed = median(CD68Syn1Burden, na.rm = 
TRUE), 
              Syn1BurdenMed = median(Syn1Burden, na.rm = TRUE), 
              NormCD68Syn1BurdenMed = median(NormCD68Syn1Burden, 
na.rm = TRUE)) 
               
 
# Check whether to take means or medians 
 
hist(Microglia$CD68Burden) 
shapiro.test(Microglia$CD68Burden) # p-value < 2.2e-16 - MEDIAN 
 
hist(Microglia$CD68Syn1Burden) 
shapiro.test(Microglia$CD68Syn1Burden) # p-value < 2.2e-16 - MEDIAN 
 
hist(Microglia$Syn1Burden) 
shapiro.test(Microglia$Syn1Burden) # p-value = 2.2e-16 - MEDIAN 
 
hist(Microglia$NormCD68Syn1Burden) 
shapiro.test(Microglia$NormCD68Syn1Burden) # p-value < 2.2e-16 - 
MEDIAN 
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``` 
 
 
 
### Create mean dataframe for plaque AD only 
```{r} 
# Need to create a dataframe with the means/medians to plot with 
geom_point (will plot this over the spread of the data) 
 
MicrogliaPlaqueMedian <- MicrogliaDisease %>% 
    group_by(CaseID, Plaque) %>% 
    summarize(Disease = Disease[1], 
              DiseaseOrder = DiseaseOrder[1], 
              BrainArea = BrainArea[1], 
              APOE = APOE[1], 
              APOE4_allele = APOE4_allele[1], 
              APOE4_alleleOrder = APOE4_alleleOrder[1], 
              Age = Age[1], 
              Sex = Sex[1], 
              PMI = PMI[1], 
              CD68BurdenMed = median(CD68Burden, na.rm = TRUE), 
              CD68Syn1BurdenMed = median(CD68Syn1Burden, na.rm = 
TRUE), 
              Syn1BurdenMed = median(Syn1Burden, na.rm = TRUE), 
              NormCD68Syn1BurdenMed = median(NormCD68Syn1Burden, 
na.rm = TRUE)) 
               
 
# Check whether to take means or medians 
 
hist(Microglia$CD68Burden) 
shapiro.test(Microglia$CD68Burden) # p-value < 2.2e-16 - MEDIAN 
 
hist(Microglia$CD68Syn1Burden) 
shapiro.test(Microglia$CD68Syn1Burden) # p-value < 2.2e-16 - MEDIAN 
 
hist(Microglia$Syn1Burden) 
shapiro.test(Microglia$Syn1Burden) # p-value = 2.2e-16 - MEDIAN 
 
hist(Microglia$NormCD68Syn1Burden) 
shapiro.test(Microglia$NormCD68Syn1Burden) # p-value < 2.2e-16 - 
MEDIAN 
 
``` 
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### Plaque AD only CD68Syn1 burden graph 
```{r} 
# Plot 
ggplot(MicrogliaPlaqueMedian, aes(x = Plaque, y = CD68Syn1BurdenMed, 
fill = Plaque)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes (shape=Sex), position = position_jitter(w = 0.1, h = 0.0), 
alpha = 0.6, size = 1.5) +  
  ggtitle("CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("CD68+Syn1 Burden (% volume)", limits = c(0,0.07), 
breaks = c(0,0.01,0.02,0.03,0.04,0.05,0.06,0.07)) + # names the y axis, sets 
where ticks are and sets limits of y-axis 
  xlab("Plaque")  + # sets the x-axis label 
  theme_classic(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~BrainArea) 
ggsave("CD68Syn1Plaque.PNG", device = png, width = 2, height = 2, scale 
= 4) 
``` 
 
 
### Plaque AD only CD68 burden graph 
```{r} 
# Plot 
ggplot(MicrogliaPlaqueMedian, aes(x = Plaque, y = CD68BurdenMed, fill = 
Plaque)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
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  geom_point(aes (shape=Sex), position = position_jitter(w = 0.1, h = 0.0), 
alpha = 0.6, size = 1.5) +  
  ggtitle("CD68 burden") + # title of the plot 
  scale_y_continuous("CD68 Burden (% volume)", limits = c(0,0.9), breaks = 
c(0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9)) + # names the y axis, sets where ticks 
are and sets limits of y-axis 
  xlab("Plaque")  + # sets the x-axis label 
  theme_classic(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~BrainArea) 
ggsave("CD68Plaque.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
 
### Plaque AD only NormCD68Syn1 burden graph 
```{r} 
# Plot 
ggplot(MicrogliaPlaqueMedian, aes(x = Plaque, y = 
NormCD68Syn1BurdenMed, fill = Plaque)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes (shape=Sex), position = position_jitter(w = 0.1, h = 0.0), 
alpha = 0.6, size = 1.5) +  
  ggtitle("Normalised CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("Norm CD68+Syn1 Burden (% volume)", limits = 
c(0,20), breaks = c(0,5,10,15,20)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("Plaque")  + # sets the x-axis label 
  theme_classic(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
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#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~BrainArea) 
ggsave("NormCD68Syn1Plaque.PNG", device = png, width = 2, height = 2, 
scale = 4) 
``` 
 
#Stats for AD plaque CD68Syn1 
Then run mixed effect model - because have multiple measurements from 
each case (multiple images) 
```{r} 
# Set reference level 
Microglia$APOE4_allele <- relevel(Microglia$APOE4_allele, ref = "N") 
Microglia$Disease <- relevel(Microglia$Disease, ref = "Control")  
Microglia$BrainArea <- relevel(Microglia$BrainArea, ref = "BA17")  
Microglia$Plaque <- relevel(Microglia$Plaque, ref = "N")  
 
# Mixed effect model - Plaques CD68Syn1 
ME_CD68Syn1Burden_Plaque <- lmer(CD68Syn1Burden ~ Plaque * 
BrainArea + APOE4_allele + Sex + (1|CaseID), data = MicrogliaDisease) 
summary(ME_CD68Syn1Burden_Plaque) 
 
resid_panel(ME_CD68Syn1Burden_Plaque) 
 
shapiro.test(resid(ME_CD68Syn1Burden_Plaque)) # p-value = < 2.2e-16 
 
# Mixed effect model - Plaques CD68 
ME_CD68Burden_Plaque <- lmer(CD68Burden ~ Plaque * BrainArea + 
APOE4_allele + Sex + (1|CaseID), data = MicrogliaDisease) 
summary(ME_CD68Burden_Plaque) 
 
resid_panel(ME_CD68Burden_Plaque) 
 
shapiro.test(resid(ME_CD68Burden_Plaque)) # p-value = < 2.2e-16 
 
# Mixed effect model - Plaques NormCD68Syn1 
ME_NormCD68Syn1Burden_Plaque <- lmer(NormCD68Syn1Burden ~ 
Plaque * BrainArea + APOE4_allele + Sex + (1|CaseID), data = 
MicrogliaDisease) 
summary(ME_NormCD68Syn1Burden_Plaque) 
 
resid_panel(ME_NormCD68Syn1Burden_Plaque) 
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shapiro.test(resid(ME_NormCD68Syn1Burden_Plaque)) # p-value = < 2.2e-
16 
 
 
# Tukey transformation Plaque CD68Syn1 
MicrogliaDisease$CD68Syn1Burden_Plaque_tukey =  
  transformTukey(MicrogliaDisease$CD68Syn1Burden, 
                 plotit=FALSE) 
 
ME_CD68Syn1Burden_Plaque_tukey <- 
lmer(CD68Syn1Burden_Plaque_tukey ~ Plaque * BrainArea + APOE4_allele 
+ Sex + (1|CaseID), data = MicrogliaDisease) 
summary(ME_CD68Syn1Burden_Plaque_tukey) 
 
 
resid_panel(ME_CD68Syn1Burden_Plaque_tukey) 
 
shapiro.test(resid(ME_CD68Syn1Burden_Plaque_tukey)) # p-value = 0.7287 
 
anova(ME_CD68Syn1Burden_Plaque_tukey) 
 
emmeans(ME_CD68Syn1Burden_Plaque_tukey, pairwise ~ BrainArea * 
Plaque) 
 
 
# Tukey transformation Plaque CD68 
MicrogliaDisease$CD68Burden_Plaque_tukey =  
  transformTukey(MicrogliaDisease$CD68Burden, 
                 plotit=FALSE) 
 
ME_CD68Burden_Plaque_tukey <- lmer(CD68Burden_Plaque_tukey ~ 
Plaque * BrainArea + APOE4_allele + Sex + (1|CaseID), data = 
MicrogliaDisease) 
summary(ME_CD68Burden_Plaque_tukey) 
 
 
resid_panel(ME_CD68Syn1Burden_Plaque_tukey) 
 
shapiro.test(resid(ME_CD68Burden_Plaque_tukey)) # p-value = 0.7287 
 
anova(ME_CD68Burden_Plaque_tukey) 
 
emmeans(ME_CD68Burden_Plaque_tukey, pairwise ~ BrainArea * Plaque) 
 
 
# Tukey transformation Plaque CD68Syn1 
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MicrogliaDisease$NormCD68Syn1Burden_Plaque_tukey =  
  transformTukey(MicrogliaDisease$NormCD68Syn1Burden, 
                 plotit=FALSE) 
 
ME_NormCD68Syn1Burden_Plaque_tukey <- 
lmer(NormCD68Syn1Burden_Plaque_tukey ~ Plaque * BrainArea + 
APOE4_allele + Sex + (1|CaseID), data = MicrogliaDisease) 
summary(ME_NormCD68Syn1Burden_Plaque_tukey) 
 
 
resid_panel(ME_NormCD68Syn1Burden_Plaque_tukey) 
 
shapiro.test(resid(ME_NormCD68Syn1Burden_Plaque_tukey)) # p-value = 
0.7287 
 
anova(ME_NormCD68Syn1Burden_Plaque_tukey) 
 
emmeans(ME_NormCD68Syn1Burden_Plaque_tukey, pairwise ~ BrainArea 
* Plaque) 
 
``` 
 
 
### CD68SYN1 all APOE genotypes graph  
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = APOE, y = CD68Syn1BurdenMed, fill = 
APOE)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("CD68+Syn1 Burden (% volume)", limits = c(0,0.04), 
breaks = c(0,0.01,0.02,0.03,0.04)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("APOE")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
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#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("CD68Syn1APOE.PNG", device = png, width = 2, height = 2, scale = 
4) 
``` 
 
### CD68SYN1 APOE4 Y/N graph  
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = APOE4_allele, y = CD68Syn1BurdenMed, fill 
= APOE4_allele)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("CD68+Syn1 Burden (% volume)", limits = c(0,0.04), 
breaks = c(0,0.01,0.02,0.03,0.04)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("APOE4")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("CD68Syn1APOE4.PNG", device = png, width = 2, height = 2, scale 
= 4) 
``` 
 
### CD68 all APOE genotypes graph   
```{r} 
# Plot 
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ggplot(MicrogliaMean, aes(x = APOE, y = CD68BurdenMed, fill = APOE)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68 burden") + # title of the plot 
  scale_y_continuous("CD68 Burden (% volume)", limits = c(0,0.8), breaks = 
c(0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8)) + # names the y axis, sets where ticks 
are and sets limits of y-axis 
  xlab("APOE")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("CD68APOE.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
### CD68 APOE4 Y/N graph  
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = APOE4_allele, y = CD68BurdenMed, fill = 
APOE4_allele)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68 burden") + # title of the plot 
  scale_y_continuous("CD68 Burden (% volume)", limits = c(0,0.7), breaks = 
c(0,0.1,0.2,0.3,0.4,0.5,0.6,0.7)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("APOE4")  + # sets the x-axis label 
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  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("CD68APOE4.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
### NormCD68SYN1 all APOE genotypes graph   
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = APOE, y = NormCD68Syn1BurdenMed, fill = 
APOE)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("Normalised CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("Norm CD68+Syn1 Burden (% volume)", limits = 
c(0,35), breaks = c(0,10,20,30)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("APOE")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("NormCD68Syn1APOE.PNG", device = png, width = 2, height = 2, 
scale = 4) 
``` 
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### NormCD68SYN1 APOE4 Y/N graph    
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = APOE4_allele, y = 
NormCD68Syn1BurdenMed, fill = APOE4_allele)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("Normalised CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("Norm CD68+Syn1 Burden (% volume)", limits = 
c(0,35), breaks = c(0,10,20,30)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("APOE4")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("NormCD68Syn1APOE4.PNG", device = png, width = 2, height = 2, 
scale = 4) 
``` 
 
 
 
### CD68SYN1 burden 
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = BrainArea, y = CD68Syn1BurdenMed, fill = 
BrainArea)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
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  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("CD68+Syn1 Burden (% volume)", limits = c(0,0.04), 
breaks = c(0,0.01,0.02,0.03,0.04)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("Brain Area")  + # sets the x-axis label 
  theme_classic(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~DiseaseOrder) 
ggsave("CD68Syn1.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
 
Then run mixed effect model - because have multiple measurements from 
each case (multiple images) 
```{r} 
# Set reference level 
Microglia$APOE4_allele <- relevel(Microglia$APOE4_allele, ref = "N") 
Microglia$Disease <- relevel(Microglia$Disease, ref = "Control")  
Microglia$BrainArea <- relevel(Microglia$BrainArea, ref = "BA17")  
Microglia$Plaque <- relevel(Microglia$Plaque, ref = "N")  
 
# Mixed effect model - Sex and Age as covariates 
ME_CD68Syn1Burden <- lmer(CD68Syn1Burden ~ Disease * BrainArea + 
APOE4_allele + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Syn1Burden) 
 
ME_CD68Syn1BurdenAPOE4 <- lmer(CD68Syn1Burden ~ APOE4_allele * 
BrainArea + Disease + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Syn1BurdenAPOE4) 
 
resid_panel(ME_CD68Syn1Burden) 
# Residual plots look okay  
 
shapiro.test(resid(ME_CD68Syn1Burden)) # p-value = < 2.2e-16 
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# Tukey transformation 
Microglia$CD68Syn1Burden_tukey =  
  transformTukey(Microglia$CD68Syn1Burden, 
                 plotit=FALSE) 
 
ME_CD68Syn1Burden_tukey <- lmer(CD68Syn1Burden_tukey ~ Disease * 
BrainArea + APOE4_allele + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Syn1Burden_tukey) 
 
ME_CD68Syn1BurdenAPOE_tukey <- lmer(CD68Syn1Burden_tukey ~ 
Disease * BrainArea + APOE + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Syn1BurdenAPOE_tukey) 
 
ME_CD68Syn1BurdenAPOE4_tukey <- lmer(CD68Syn1Burden_tukey ~ 
APOE4_allele * Disease + BrainArea + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Syn1BurdenAPOE4_tukey) 
 
resid_panel(ME_CD68Syn1Burden_tukey) 
 
shapiro.test(resid(ME_CD68Syn1Burden_tukey)) # p-value = 0.56 
 
anova(ME_CD68Syn1Burden_tukey) #%>%  
  #kable() 
 
anova(ME_CD68Syn1BurdenAPOE_tukey) 
 
anova(ME_CD68Syn1BurdenAPOE4_tukey) 
 
``` 
 
 
 
### CD68 burden 
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = BrainArea, y = CD68BurdenMed, fill = 
BrainArea)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
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  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68 burden") + # title of the plot 
  scale_y_continuous("CD68 Burden (% volume)", limits = c(0,0.6), breaks = 
c(0,0.1,0.2,0.3,0.4,0.5,0.6)) + # names the y axis, sets where ticks are and 
sets limits of y-axis 
  xlab("Brain Area")  + # sets the x-axis label 
  theme_classic(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~DiseaseOrder) 
ggsave("CD68.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
Then run mixed effect model - because have multiple measurements from 
each case (multiple images) 
```{r} 
# Set reference level 
Microglia$APOE4_allele <- relevel(Microglia$APOE4_allele, ref = "N") 
Microglia$Disease <- relevel(Microglia$Disease, ref = "Control")  
Microglia$BrainArea <- relevel(Microglia$BrainArea, ref = "BA17")  
Microglia$Plaque <- relevel(Microglia$Plaque, ref = "N")  
 
# Mixed effect model - Sex and Age as covariates 
ME_CD68Burden <- lmer(CD68Burden ~ Disease * BrainArea + 
APOE4_allele + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Burden) 
 
resid_panel(ME_CD68Burden) 
 
 
shapiro.test(resid(ME_CD68Burden)) # p-value = < 2.2e-16 
 
 
 
# Tukey transformation 
Microglia$CD68Burden_tukey =  
  transformTukey(Microglia$CD68Burden, 
                 plotit=FALSE) 
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ME_CD68Burden_tukey <- lmer(CD68Burden_tukey ~ Disease * BrainArea 
+ APOE4_allele + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68Burden_tukey) 
 
ME_CD68BurdenAPOE_tukey <- lmer(CD68Burden_tukey ~ Disease * 
BrainArea + APOE + Sex + (1|CaseID), data = Microglia) 
summary(ME_CD68BurdenAPOE_tukey) 
 
resid_panel(ME_CD68Burden_tukey) 
 
shapiro.test(resid(ME_CD68Burden_tukey)) # p-value = 2.397e-07 
 
anova(ME_CD68Burden_tukey) 
 
anova(ME_CD68BurdenAPOE_tukey) 
 
``` 
 
 
# Mixed effect model - NORMALISED BURDEN 
 
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = BrainArea, y = NormCD68Syn1BurdenMed, 
fill = BrainArea)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("Normalised CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("Norm CD68+Syn1 Burden (% volume)", limits = 
c(0,35), breaks = c(0,5,10,15,20,25,30,35)) + # names the y axis, sets where 
ticks are and sets limits of y-axis 
  xlab("Brain Area")  + # sets the x-axis label 
  theme_classic(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
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  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~DiseaseOrder) 
ggsave("NormCD68Syn1.PNG", device = png, width = 2, height = 2, scale = 
4) 
 
 
 
ME_NormCD68Syn1Burden <- lmer(NormCD68Syn1Burden ~ Disease * 
BrainArea + APOE4_allele + Sex + (1|CaseID), data = Microglia) 
summary(ME_NormCD68Syn1Burden) 
 
resid_panel(ME_NormCD68Syn1Burden) 
# Residual plots look okay  
 
shapiro.test(resid(ME_NormCD68Syn1Burden)) # p-value = < 2.2e-16 
 
 
 
# Tukey transformation 
Microglia$NormCD68Syn1Burden_tukey =  
  transformTukey(Microglia$NormCD68Syn1Burden, 
                 plotit=FALSE) 
 
ME_NormCD68Syn1Burden_tukey <- lmer(NormCD68Syn1Burden_tukey ~ 
Disease * BrainArea + APOE4_allele + Sex + Plaque + (1|CaseID), data = 
Microglia) 
summary(ME_NormCD68Syn1Burden_tukey) 
 
ME_NormCD68Syn1BurdenAPOE_tukey <- 
lmer(NormCD68Syn1Burden_tukey ~ Disease * BrainArea + APOE + Sex + 
(1|CaseID), data = Microglia) 
summary(ME_NormCD68Syn1BurdenAPOE_tukey) 
 
resid_panel(ME_NormCD68Syn1Burden_tukey) 
 
shapiro.test(resid(ME_NormCD68Syn1Burden_tukey)) # p-value = 0.02143 
 
anova(ME_NormCD68Syn1Burden_tukey) 
 
anova(ME_NormCD68Syn1BurdenAPOE_tukey) 
 
``` 
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### Syn1 burden 
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = BrainArea, y = Syn1BurdenMed, fill = 
BrainArea)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(aes (shape=Sex), position = position_jitter(w = 0.1, h = 0.0), 
alpha = 0.6, size = 1.5) +  
  ggtitle("Syn1 burden") + # title of the plot 
  scale_y_continuous("Syn1 Burden (% volume)", limits = c(0,10), breaks = 
c(0,1,2,3,4,5,6,7,8,9,10)) + # names the y axis, sets where ticks are and sets 
limits of y-axis 
  xlab("Brain Area")  + # sets the x-axis label 
  theme_classic(base_size = 14) + #classic theme makes white background 
without lines.  
  theme(legend.position="none") + #removes legend since labels on x axis 
sufficient 
#  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_wrap(~DiseaseOrder) 
``` 
 
Then run mixed effect model - because have multiple measurements from 
each case (multiple images) 
```{r} 
# Set reference level 
Microglia$APOE4_allele <- relevel(Microglia$APOE4_allele, ref = "N") 
Microglia$Disease <- relevel(Microglia$Disease, ref = "Control")  
Microglia$BrainArea <- relevel(Microglia$BrainArea, ref = "BA17")  
Microglia$Plaque <- relevel(Microglia$Plaque, ref = "N")  
 
# Mixed effect model - Sex and Age as covariates 
ME_Syn1Burden <- lmer(Syn1Burden ~ Disease * BrainArea + 
APOE4_allele + Sex + Plaque + (1|CaseID), data = Microglia) 
summary(ME_Syn1Burden) 
 
resid_panel(ME_Syn1Burden) 
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shapiro.test(resid(ME_Syn1Burden)) # p-value = < 2.2e-16 
 
 
 
# Tukey transformation 
Microglia$Syn1Burden_tukey =  
  transformTukey(Microglia$Syn1Burden, 
                 plotit=FALSE) 
 
ME_Syn1Burden_tukey <- lmer(Syn1Burden_tukey ~ Disease * BrainArea + 
APOE4_allele + Sex + Plaque + (1|CaseID), data = Microglia) 
summary(ME_Syn1Burden_tukey) 
 
 
resid_panel(ME_Syn1Burden_tukey) 
 
shapiro.test(resid(ME_Syn1Burden_tukey)) # p-value = 2.2e-16 
 
anova(ME_Syn1Burden_tukey) 
 
# Box-Cox transformation 
lam.l = BoxCox.lambda(Microglia$Syn1Burden, method = "loglik")  
Microglia$Syn1Burden_BCL = BoxCox(Microglia$Syn1Burden, lam.l) 
 
ME_Syn1Burden_BCL <- lmer(Syn1Burden_BCL ~ Disease * BrainArea + 
APOE4_allele + Sex + Plaque + (1|CaseID), data = Microglia) 
summary(ME_Syn1Burden_BCL) 
 
resid_panel(ME_Syn1Burden_BCL) 
 
shapiro.test(resid(ME_Syn1Burden_BCL)) # p-value = 0.09458 
 
anova(ME_Syn1Burden_BCL) 
``` 
 
 
### CD68SYN1 Sex stratified graph  
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = Sex, y = CD68Syn1BurdenMed, fill = Sex)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
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  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("CD68+Syn1 Burden (% volume)", limits = c(0,0.04), 
breaks = c(0,0.01,0.02,0.03,0.04)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("Sex")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("CD68Syn1Sex.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
### CD68 Sex stratified graph  
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = Sex, y = CD68BurdenMed, fill = Sex)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("CD68 burden") + # title of the plot 
  scale_y_continuous("CD68 Burden (% volume)", limits = c(0,0.7), breaks = 
c(0,0.1,0.2,0.3,0.4,0.5,0.6,0.7)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("Sex")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
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#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("CD68Sex.PNG", device = png, width = 2, height = 2, scale = 4) 
``` 
 
 
### NormCD68SYN1 Sex stratified graph   
```{r} 
# Plot 
ggplot(MicrogliaMean, aes(x = Sex, y = NormCD68Syn1BurdenMed, fill = 
Sex)) + 
  stat_boxplot(geom ='errorbar', width = 0.2) +  #  adds the little horizontal 
lines on top and bottom of whiskers 
  geom_boxplot(outlier.size = -1, width=0.75) +  # makes it not show outliers 
twice (because of jitter) 
  stat_summary(fun = max, fun.max = length, geom = "text", aes(label = 
..ymax..), vjust = -2)  + # adds group n's above bars 
  geom_point(position = position_jitter(w = 0.1, h = 0.0), alpha = 0.6, size = 
1.5) +  
  ggtitle("Normalised CD68+Syn1 burden") + # title of the plot 
  scale_y_continuous("Norm CD68+Syn1 Burden (% volume)", limits = 
c(0,35), breaks = c(0,10,20,30)) + # names the y axis, sets where ticks are 
and sets limits of y-axis 
  xlab("Sex")  + # sets the x-axis label 
  theme_grey(base_size = 22) + #classic theme makes white background 
without lines.  
  theme(legend.position="right") + #removes legend since labels on x axis 
sufficient 
  guides(fill = FALSE) + # removes group legend 
#  scale_color_manual(values = c("cornflowerblue", “deeppink”)) + # 
manually set the colours you want - see word doc for link to list of colours 
  # scale_fill_brewer(palette = "Blues") +  
  scale_fill_manual(values = c("#FEE0D2", "#FB8072", 
"#C7EAE5","#35978F")) +  
  facet_grid(BrainArea~DiseaseOrder) 
ggsave("NormCD68Syn1Sex.PNG", device = png, width = 2, height = 2, 
scale = 4) 
``` 
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Appendix Manuscript 1: Invited Review: APOE at the interface of 
inflammation, neurodegeneration and pathological protein spread in 

Alzheimer's disease 
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Supplemental Information 1: Search terms used for Embase, Web of Science, and 
Med Science 
 

Database: Med Science 

 

Inflammation 

1. exp Apolipoproteins E/  

2. Alzheimer Disease/  

3. 1 and 2  

4. Astrocytes/  

5. Microglia/  

6. microglia*.mp.  

7. compound granular corpuscle.mp.  

8. glitter cell.mp.  

9. hortega cell.mp.  

10. glia cell.mp.  

11. 5 or 6 or 7 or 8 or 9 or 10  

12. reactiv*.mp.  

13. 4 and 12  

14. 11 and 12  

15. activ*.mp.  

16. 4 and 15  

17. 11 and 15  

18. exp Complement C4/  

19. Complement C1q/  

20. Complement C3/  

21. Interleukin-1beta/  

22. Tumor Necrosis Factor-alpha/  

23. cytokine*.mp.  

24. GLIOSIS/  

25. pro inflammatory.mp.  

26. anti inflammatory.mp.  

27. Inflammat* mediat*.mp.  

28. neuroinflammatory.mp.  

29. neuroinflammation.mp.  
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30. phagocyt*.mp.  

31. immun*.mp.  

32. 4 or 11 or 13 or 14 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 

26 or 27 or 28 or 29 or 30 or 31  

33. 3 and 32 

 

Neurodegeneration 

1. exp Apolipoproteins E/  

2. Alzheimer Disease/  

3. 1 and 2  

4. neuron*.mp.  

5. synap*.mp.  

6. 4 or 5  

7. dysfunction*.mp.  

8. degenerate*.mp.  

9. degeneration.mp.  

10. Death.mp.  

11. Impair*.mp.  

12. Loss.mp.  

13. dysregulate*.mp.  

14. dysregulation*.mp.  

15. prun*.mp.  

16. phagocyt*.mp.  

17. 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16  

18. 6 and 17  

19. neurodegenerat*.mp.  

20. Neurotoxic*.mp.  

21. synaptotoxic*.mp.  

22. Myelin*.mp.  

23. Demyelin*.mp.  

24. 19 or 20 or 21 or 22 or 23  

25. 18 or 24  

26. 3 and 25  
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Prion-like spread 

1. exp Apolipoproteins E/  

2. Alzheimer Disease/  

3. 1 and 2  

4. Amyloid/  

5. Amyloid beta-Peptides/  

6. AMYLOID BETA-PROTEIN PRECURSOR/  

7. Plaque, Amyloid/  

8. tau Proteins/  

9. tau.mp.  

10. phf.mp.  

11. tangles.mp.  

12. Neurofibrillary Tangles/  

13. paired helical filament.mp.  

14. straight filament.mp.  

15. tauopathy.mp.  

16. neurofibrill*.mp.  

17. 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16  

18. prion*.mp.  

19. move*.mp.  

20. moving.mp.  

21. dynamic*.mp.  

22. Propagat*.mp.  

23. attenuat*.mp.  

24. spread*.mp.  

25. secret*.mp.  

26. transfer*.mp.  

27. transmiss*.mp.  

28. progress*.mp.  

29. Trans-synaptic*.mp.  

30. seed*.mp.  

31. infect*.mp.  

32. tunnel*.mp.  

33. conver*.mp.  

34. aggregat*.mp.  
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35. 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 or 

32 or 33 or   

36. 3 and 17 and 35 

 

Database: Embase  

 

Inflammation 

1. apolipoprotein E/  

2. APOE.mp.  

3. APO-E.mp.  

4. apolipoprotein e isoproteins.mp.  

5. apoe isoproteins.mp.  

6. apo e isoproteins.mp.  

7. Apoproteins E.mp.  

8. APOE-epsilon2.mp.  

9. APOE epsilon2.mp.  

10. ApoE2.mp.  

11. APOE-epsilon 2.mp.  

12. APOE epsilon 2.mp.  

13. Apo E-2.mp.  

14. Apo E 2.mp.  

15. APO E2.mp.  

16. Apolipoprotein-epsilon2.mp.  

17. Apolipoprotein epsilon2.mp.  

18. Apolipoprotein E-2.mp.  

19. Apolipoprotein E 2.mp.  

20. apolipoprotein E2.mp.  

21. APOE-epsilon3.mp.  

22. APOE epsilon3.mp.  

23. ApoE3.mp.  

24. APOE-epsilon 3.mp.  

25. APOE epsilon 3.mp.  

26. APO E-3.mp.  

27. Apo E 3.mp.  

28. APO E3.mp.  
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29. Apolipoprotein-epsilon3.mp.  

30. Apolipoprotein epsilon3.mp.  

31. Apolipoprotein E-3.mp.  

32. Apolipoprotein E 3.mp.  

33. Apolipoprotein E3.mp.  

34. apoprotein E3.mp.  

35. APOE-epsilon4.mp.  

36. APOE epsilon4.mp.  

37. APOE4.mp.  

38. APOE-epsilon 4.mp.  

39. APOE epsilon 4.mp.  

40. Apo E-4.mp.  

41. Apo E 4.mp.  

42. apo e4.mp.  

43. Apolipoprotein-epsilon4.mp.  

44. Apolipoprotein epsilon4.mp.  

45. Apolipoprotein E-4.mp.  

46. Apolipoprotein E 4.mp.  

47. Apolipoprotein E4.mp.  

48. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 

17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 

or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42 or 43 or 44 or 45 or 

46 or 47  

49. Alzheimer disease.mp.  

50. Alzheimer.mp.  

51. Alzheimer's.mp.  

52. Alzheimer Dementia.mp.  

53. Dementia Alzheimer.mp.  

54. Alzheimer-Type Dementia.mp.  

55. Dementia Alzheimer-Type.mp.  

56. Primary Senile Degenerative Dementia.mp.  

57. Dementia Senile.mp.  

58. senile dementia.mp.  

59. Dementia Alzheimer Type.mp.  

60. Alzheimer Type Dementia.mp.  
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61. Senile Dementia Alzheimer Type.mp.  

62. Alzheimer Type Senile Dementia.mp.  

63. Dementia Primary Senile Degenerative.mp.  

64. Disease Alzheimer.mp.  

65. Alzheimer Disease Late Onset.mp.  

66. Focal Onset Alzheimer's Disease.mp.  

67. Familial Alzheimer Disease.mp.  

68. Sporadic Alzheimer disease.mp.  

69. Alzheimer Disease Early Onset.mp.  

70. Early Onset Alzheimer Disease.mp.  

71. alzeimer disease.mp.  

72. 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56 or 57 or 58 or 59 or 60 or 61 or 62 or 

63 or 64 or 65 or 66 or 67 or 68 or 69 or 70 or 71  

73. astrocyte/  

74. microglia/  

75. 73 or 74  

76. reactiv*.mp.  

77. activ*.mp.  

78. 75 and 76  

79. 75 and 77  

80. complement component C4/  

81. complement component C1q/  

82. complement component C3/  

83. interleukin 1beta/  

84. tumor necrosis factor/  

85. cytokine*.mp.  

86. gliosis.mp.  

87. pro-inflammat*.mp.  

88. anti-inflammat*.mp.  

89. Inflammat* mediat*.mp.  

90. neuroinflammat*.mp.  

91. phagocyt*.mp.  

92. immun*.mp.  

93. 80 or 81 or 82 or 83 or 84 or 85 or 86 or 87 or 88 or 89 or 90 or 91 or 92  
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94. 73 or 74 or 78 or 79 or 93  

95. 48 and 72 and 94 

 

Neurodegeneration 

1. apolipoprotein E/  

2. APOE.mp.  

3. APO-E.mp.  

4. apolipoprotein e isoproteins.mp.  

5. apoe isoproteins.mp.  

6. apo e isoproteins.mp.  

7. Apoproteins E.mp.  

8. APOE-epsilon2.mp.  

9. APOE epsilon2.mp.  

10. ApoE2.mp.  

11. APOE-epsilon 2.mp.  

12. APOE epsilon 2.mp.  

13. Apo E-2.mp.  

14. Apo E 2.mp.  

15. APO E2.mp.  

16. Apolipoprotein-epsilon2.mp.  

17. Apolipoprotein epsilon2.mp.  

18. Apolipoprotein E-2.mp.  

19. Apolipoprotein E 2.mp.  

20. apolipoprotein E2.mp.  

21. APOE-epsilon3.mp.  

22. APOE epsilon3.mp.  

23. ApoE3.mp.  

24. APOE-epsilon 3.mp.  

25. APOE epsilon 3.mp.  

26. APO E-3.mp.  

27. Apo E 3.mp.  

28. APO E3.mp.  

29. Apolipoprotein-epsilon3.mp.  

30. Apolipoprotein epsilon3.mp.  

31. Apolipoprotein E-3.mp.  
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32. Apolipoprotein E 3.mp.  

33. Apolipoprotein E3.mp.  

34. apoprotein E3.mp.  

35. APOE-epsilon4.mp.  

36. APOE epsilon4.mp.  

37. APOE4.mp.  

38. APOE-epsilon 4.mp.  

39. APOE epsilon 4.mp.  

40. Apo E-4.mp.  

41. Apo E 4.mp.  

42. apo e4.mp.  

43. Apolipoprotein-epsilon4.mp.  

44. Apolipoprotein epsilon4.mp.  

45. Apolipoprotein E-4.mp.  

46. Apolipoprotein E 4.mp.  

47. Apolipoprotein E4.mp.  

48. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 

17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 

or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42 or 43 or 44 or 45 or 

46 or 47  

49. Alzheimer disease.mp.  

50. Alzheimer.mp.  

51. Alzheimer's.mp.  

52. Alzheimer Dementia.mp.  

53. Dementia Alzheimer.mp.  

54. Alzheimer-Type Dementia.mp.  

55. Dementia Alzheimer-Type.mp.  

56. Primary Senile Degenerative Dementia.mp.  

57. Dementia Senile.mp.  

58. senile dementia.mp.  

59. Dementia Alzheimer Type.mp.  

60. Alzheimer Type Dementia.mp.  

61. Senile Dementia Alzheimer Type.mp.  

62. Alzheimer Type Senile Dementia.mp.  

63. Dementia Primary Senile Degenerative.mp.  
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64. Disease Alzheimer.mp.  

65. Alzheimer Disease Late Onset.mp.  

66. Focal Onset Alzheimer's Disease.mp.  

67. Familial Alzheimer Disease.mp.  

68. Sporadic Alzheimer disease.mp.  

69. Alzheimer Disease Early Onset.mp.  

70. Early Onset Alzheimer Disease.mp.  

71. alzeimer disease.mp.  

72. 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56 or 57 or 58 or 59 or 60 or 61 or 62 or 

63 or 64 or 65 or 66 or 67 or 68 or 69 or 70 or 71  

73. neuron*.mp.  

74. synap*.mp.  

75. 73 or 74  

76. degenerat*.mp.  

77. dysfunction*.mp.  

78. death.mp.  

79. impair*.mp.  

80. loss.mp.  

81. dysregulat*.mp.  

82. prun*.mp.  

83. phagocyt*.mp.  

84. 76 or 77 or 78 or 79 or 80 or 81 or 82 or 83  

85. 75 and 84  

86. neurodegenerat*.mp.  

87. neurotoxic*.mp.  

88. synaptotoxic*.mp.  

89. myelin*.mp.  

90. demyelin*.mp.  

91. 86 or 87 or 88 or 89 or 90  

92. 85 or 91  

93. 48 and 72 and 92 

 

Prion-like spread  
1. apolipoprotein E/  

2. APOE.mp.  
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3. APO-E.mp.  

4. apolipoprotein e isoproteins.mp.  

5. apoe isoproteins.mp.  

6. apo e isoproteins.mp.  

7. Apoproteins E.mp.  

8. APOE-epsilon2.mp.  

9. APOE epsilon2.mp.  

10. ApoE2.mp.  

11. APOE-epsilon 2.mp.  

12. APOE epsilon 2.mp.  

13. Apo E-2.mp.  

14. Apo E 2.mp.  

15. APO E2.mp.  

16. Apolipoprotein-epsilon2.mp.  

17. Apolipoprotein epsilon2.mp.  

18. Apolipoprotein E-2.mp.  

19. Apolipoprotein E 2.mp.  

20. apolipoprotein E2.mp.  

21. APOE-epsilon3.mp.  

22. APOE epsilon3.mp.  

23. ApoE3.mp.  

24. APOE-epsilon 3.mp.  

25. APOE epsilon 3.mp.  

26. APO E-3.mp.  

27. Apo E 3.mp.  

28. APO E3.mp.  

29. Apolipoprotein-epsilon3.mp.  

30. Apolipoprotein epsilon3.mp.  

31. Apolipoprotein E-3.mp.  

32. Apolipoprotein E 3.mp.  

33. Apolipoprotein E3.mp.  

34. apoprotein E3.mp.  

35. APOE-epsilon4.mp.  

36. APOE epsilon4.mp.  

37. APOE4.mp.  
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38. APOE-epsilon 4.mp.  

39. APOE epsilon 4.mp.  

40. Apo E-4.mp.  

41. Apo E 4.mp.  

42. apo e4.mp.  

43. Apolipoprotein-epsilon4.mp.  

44. Apolipoprotein epsilon4.mp.  

45. Apolipoprotein E-4.mp.  

46. Apolipoprotein E 4.mp.  

47. Apolipoprotein E4.mp.  

48. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or 15 or 16 or 

17 or 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 

or 32 or 33 or 34 or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42 or 43 or 44 or 45 or 

46 or 47  

49. Alzheimer disease.mp.  

50. Alzheimer.mp.  

51. Alzheimer's.mp.  

52. Alzheimer Dementia.mp.  

53. Dementia Alzheimer.mp.  

54. Alzheimer-Type Dementia.mp.  

55. Dementia Alzheimer-Type.mp.  

56. Primary Senile Degenerative Dementia.mp.  

57. Dementia Senile.mp.  

58. senile dementia.mp.  

59. Dementia Alzheimer Type.mp.  

60. Alzheimer Type Dementia.mp.  

61. Senile Dementia Alzheimer Type.mp.  

62. Alzheimer Type Senile Dementia.mp.  

63. Dementia Primary Senile Degenerative.mp.  

64. Disease Alzheimer.mp.  

65. Alzheimer Disease Late Onset.mp.  

66. Focal Onset Alzheimer's Disease.mp.  

67. Familial Alzheimer Disease.mp.  

68. Sporadic Alzheimer disease.mp.  

69. Alzheimer Disease Early Onset.mp.  
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70. Early Onset Alzheimer Disease.mp.  

71. alzeimer disease.mp.  

72. 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56 or 57 or 58 or 59 or 60 or 61 or 62 or 

63 or 64 or 65 or 66 or 67 or 68 or 69 or 70 or 71  

73. amyloid beta protein/  

74. amyloid protein/  

75. amyloid plaque/  

76. "amyloid beta protein[1-40]"/  

77. "amyloid beta protein[1-42]"/  

78. amyloid precursor protein/  

79. amyloid/  

80. tau protein/  

81. tau.mp.  

82. phf.mp.  

83. tangles.mp.  

84. neurofibrillary tangle/  

85. paired helical filament/  

86. straight filament.mp.  

87. tauopathy/  

88. neurofibrill*.mp.  

89. 73 or 74 or 75 or 76 or 77 or 78 or 79 or 80 or 81 or 82 or 83 or 84 or 85 or 86 or 

87 or 88  

90. prion*.mp.  

91. move*.mp.  

92. moving.mp.  

93. dynamic*.mp.  

94. propagat*.mp.  

95. attenuat*.mp.  

96. spread*.mp.  

97. secret*.mp.  

98. transfer*.mp.  

99. transmiss*.mp.  

100. progress*.mp.  

101. Trans-synaptic*.mp.  

102. seed*.mp.  
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103. infect*.mp.  

104. tunnel*.mp.  

105. conver*.mp.  

106. aggregat*.mp.  

107. 90 or 91 or 92 or 93 or 94 or 95 or 96 or 97 or 98 or 99 or 100 or 101 or 102 or 

103 or 104 or 105 or 106  

108. 48 and 72 and 89 and 107 

 

Database: Web of science 

 

Inflammation  
#14 #13 AND #3   

#13 #12 OR #11 OR #10 OR #8 OR #7 OR #5 OR #4  

#12 TS= (“complement*” OR “complement component 4” OR “complement 

component, c4” OR “component 4, complement” OR “component, c4 complement” 

OR “c4, complement” OR “c4 complement component” OR “complement 4”OR 

“complement c4” OR “C1q” OR “c1q, complement” OR “complement 1q” OR 

“complement c1q” OR “complement component 1q” OR “component 1q, 

complement” OR “C3” OR “c3, complement” OR “complement 3” OR “complement 

c3” OR “complement component 3” “component 3, complement” OR “interleukin*” 

OR “IL1β” OR IL1-β OR “Interleukin 1 beta” OR “Interleukin- 1 beta” OR “il-1 beta” 

OR “interleukin 1beta OR “interleukin-1 beta” OR “interleukin-1beta” OR “tumor 

necrosis factor alpha” OR “tumor necrosis factor-alpha” OR “tnf-alpha”OR “tnfalpha” 

OR “cachectin” OR “cachectin tumor necrosis factor” OR “cachectin-tumor necrosis 

factor” OR OR “tumor necrosis factor ligand superfamily member 2” OR “tnf 

superfamily, member 2” OR TNFα” OR “cytokine*” or “gliosis” OR “pro-inflammat*” 

OR “anti-inflammat*” OR “inflammat* NEAR/2 mediat*” OR “neuroinflammat*” OR 

“phagocyt*” OR“immun*”)  

#11 #9 AND #4  

#10 #9 AND #5  

#9 ts=("Reactiv*")  

#8 #6 AND #4  

#7 #6 AND #5  

#6 TS= ("Activat*")  

#5 TS= ("microglia" OR "cell microglia" OR "compound granular corpuscle" OR 
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"glitter cell" OR "hortega cell" OR "microglia cell" OR "microglial cell" OR 

"neuromicroglia cell" OR "glia cell")  

#4 TS= ("astro*" OR "astroglia cell" OR "astroglial cell" OR "glia cell" OR "type 1 

astrocytes" OR "type 2 astrocytes")  

#3 #2 AND #1  

#2 TS= ( "Alzheimer" OR "Alzheimer's" OR “Alzheimer Dementia” OR 

"Dementia Alzheimer" OR "Alzheimer-Type Dementia" OR "Dementia Alzheimer-

Type" OR "Primary Senile Degenerative Dementia" OR "Dementia Senile" OR 

“Senile Dementia” OR "Dementia Alzheimer Type" OR “Alzheimer Type Dementia” 

OR "Senile Dementia Alzheimer Type" OR “Alzheimer Type Senile Dementia” OR 

"Dementia Primary Senile Degenerative" OR “Alzheimer's Disease” OR "Disease 

Alzheimer" OR “Acute Confusional Senile Dementia” OR "Senile Dementia Acute 

Confusional" OR "Alzheimer Disease Late Onset" OR "Late onset Alzheimer's 

Disease" OR "Alzheimer's Disease Focal Onset" OR “Focal Onset Alzheimer's 

Disease” OR “Familial Alzheimer Disease” OR "Sporadic Alzheimer disease" OR 

"Alzheimer Disease Early Onset" OR “Early Onset Alzheimer Disease” OR 

"Alzheimer disease" OR "Alzeimer disease" OR "Alzeimer's disease" OR "Alzheimer 

dementia" OR "alzheimer sclerosis" OR "alzheimer syndrome" OR "alzheimer's 

disease" OR "dementia, alzheimer")  

#1 TS=("apolipoprotein E" OR "APOE" OR "apo-e" OR "apolipoprotein e 

isoproteins" OR "apoe isoproteins" OR "APO E" OR "apo e isoproteins" OR 

"Apoproteins E" OR "Apoprotein E" OR "APOE-epsilon2" OR "APOE epsilon2" OR 

"ApoE2" OR "APOE-epsilon 2" OR "APOE epsilon 2" OR "Apo E-2" OR "Apo E 2" 

OR "apo e2" OR "Apolipoprotein-epsilon2" OR "Apolipoprotein epsilon2" OR 

"Apolipoprotein E-2" OR "Apolipoprotein E 2" OR "APOE-epsilon3" OR "apoe 

epsilon3" OR "ApoE3" OR "APOE-epsilon 3" OR "APOE epsilon 3" OR "APO E-3" 

OR "Apo E 3" OR "APO E3" OR "Apolipoprotein-epsilon3" OR "Apolipoprotein 

epsilon3" OR "Apolipoprotein E-3" OR "Apolipoprotein E 3" OR "APOE-epsilon4" 

OR "APOE epsilon4" OR "APOE4" OR "APOE-epsilon 4" OR "APOE epsilon 4" OR 

"Apo E-4" OR "Apo E 4" OR "apo e4" OR "Apolipoprotein-epsilon4" OR 

"Apolipoprotein epsilon4" OR "Apolipoprotein E-4" OR "Apolipoprotein E 4" OR 

"apolipoprotein ε" OR "APOε" OR "apo-ε" OR "apolipoprotein ε isoproteins" OR 

"apoε isoproteins" OR "APO ε" OR "apo ε isoproteins" OR "Apoproteins ε" OR 

"Apoprotein ε" OR "APOE-ε2" OR "APOE ε2" OR "Apoε2" OR "APOE-ε2" OR 

"APOE ε 2" OR "Apo ε-2" OR "Apo ε 2" OR "apo ε2" OR "Apolipoprotein-ε2" OR 
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"Apolipoprotein ε2" OR "Apolipoprotein ε-2" OR "Apolipoprotein ε 2" OR "APOE-ε3" 

OR "apoe ε3" OR "Apoε3" OR "APOE-ε3" OR "APOE ε 3" OR "APO ε-3" OR "Apo ε 

3" OR "APO ε3" OR "Apolipoprotein-ε3" OR "Apolipoprotein ε3" OR "Apolipoprotein 

ε-3" OR "Apolipoprotein ε 3" OR "APOE-ε4" OR "APOE ε4" OR "APOε4" OR 

"APOE-ε 4" OR "APOE ε 4" OR "Apo ε-4" OR "Apo ε 4" OR "apo ε4" OR 

"Apolipoprotein-ε4" OR "Apolipoprotein ε4" OR "Apolipoprotein ε-4" OR 

"Apolipoprotein ε 4")  

 

 

Neurodegeneration  
#9 #8 AND #3  

#8 #7 OR #6  

#7 TS=(”Neurodegeneration” OR “Neurotoxic*” OR “Synaptotoxic*” OR 

“Myelin*”, “demyelin*”)  

#6 #5 AND #4  

#5 ts=(“degenerat*” OR “Dysfunction*” OR “Death” OR “Impair*” OR “loss” OR 

“Dysregulat*” OR “prun*” OR “phagocyt*”)  

#4 ts=(“Neuron*” OR “synap*” )  

#3 #2 AND #1  

#2 TS= ( "Alzheimer" OR "Alzheimer's" OR “Alzheimer Dementia” OR 

"Dementia Alzheimer" OR "Alzheimer-Type Dementia" OR "Dementia Alzheimer-

Type" OR "Primary Senile Degenerative Dementia" OR "Dementia Senile" OR 

“Senile Dementia” OR "Dementia Alzheimer Type" OR “Alzheimer Type Dementia” 

OR "Senile Dementia Alzheimer Type" OR “Alzheimer Type Senile Dementia” OR 

"Dementia Primary Senile Degenerative" OR “Alzheimer's Disease” OR "Disease 

Alzheimer" OR “Acute Confusional Senile Dementia” OR "Senile Dementia Acute 

Confusional" OR "Alzheimer Disease Late Onset" OR "Late onset Alzheimer's 

Disease" OR "Alzheimer's Disease Focal Onset" OR “Focal Onset Alzheimer's 

Disease” OR “Familial Alzheimer Disease” OR "Sporadic Alzheimer disease" OR 

"Alzheimer Disease Early Onset" OR “Early Onset Alzheimer Disease” OR 

"Alzheimer disease" OR "Alzeimer disease" OR "Alzeimer's disease" OR "Alzheimer 

dementia" OR "alzheimer sclerosis" OR "alzheimer syndrome" OR "alzheimer's 

disease" OR "dementia, alzheimer")  

#1 TS=("apolipoprotein E" OR "APOE" OR "apo-e" OR "apolipoprotein e 

isoproteins" OR "apoe isoproteins" OR "APO E" OR "apo e isoproteins" OR 
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"Apoproteins E" OR "Apoprotein E" OR "APOE-epsilon2" OR "APOE epsilon2" OR 

"ApoE2" OR "APOE-epsilon 2" OR "APOE epsilon 2" OR "Apo E-2" OR "Apo E 2" 

OR "apo e2" OR "Apolipoprotein-epsilon2" OR "Apolipoprotein epsilon2" OR 

"Apolipoprotein E-2" OR "Apolipoprotein E 2" OR "APOE-epsilon3" OR "apoe 

epsilon3" OR "ApoE3" OR "APOE-epsilon 3" OR "APOE epsilon 3" OR "APO E-3" 

OR "Apo E 3" OR "APO E3" OR "Apolipoprotein-epsilon3" OR "Apolipoprotein 

epsilon3" OR "Apolipoprotein E-3" OR "Apolipoprotein E 3" OR "APOE-epsilon4" 

OR "APOE epsilon4" OR "APOE4" OR "APOE-epsilon 4" OR "APOE epsilon 4" OR 

"Apo E-4" OR "Apo E 4" OR "apo e4" OR "Apolipoprotein-epsilon4" OR 

"Apolipoprotein epsilon4" OR "Apolipoprotein E-4" OR "Apolipoprotein E 4" OR 

"apolipoprotein ε" OR "APOε" OR "apo-ε" OR "apolipoprotein ε isoproteins" OR 

"apoε isoproteins" OR "APO ε" OR "apo ε isoproteins" OR "Apoproteins ε" OR 

"Apoprotein ε" OR "APOE-ε2" OR "APOE ε2" OR "Apoε2" OR "APOE-ε2" OR 

"APOE ε 2" OR "Apo ε-2" OR "Apo ε 2" OR "apo ε2" OR "Apolipoprotein-ε2" OR 

"Apolipoprotein ε2" OR "Apolipoprotein ε-2" OR "Apolipoprotein ε 2" OR "APOE-ε3" 

OR "apoe ε3" OR "Apoε3" OR "APOE-ε3" OR "APOE ε 3" OR "APO ε-3" OR "Apo ε 

3" OR "APO ε3" OR "Apolipoprotein-ε3" OR "Apolipoprotein ε3" OR "Apolipoprotein 

ε-3" OR "Apolipoprotein ε 3" OR "APOE-ε4" OR "APOE ε4" OR "APOε4" OR 

"APOE-ε 4" OR "APOE ε 4" OR "Apo ε-4" OR "Apo ε 4" OR "apo ε4" OR 

"Apolipoprotein-ε4" OR "Apolipoprotein ε4" OR "Apolipoprotein ε-4" OR 

"Apolipoprotein ε 4") 

 

Prion-like spread  
#8 #7 AND #6 AND #3  

#7 TS= ("Prion*" OR "move*" OR "Moving" OR "dynamic*" OR "Propagat*" OR 

"Attenuat*" OR "Spread*" OR "Secret*" OR "Transfer*" OR "transmiss*" OR 

"progress*" OR "trans-synaptic*" or "seed*" or "conver*" or "infect*" or "tunnel*" or 

"aggregat*")  

#6 #5 OR #4  

#5 TS= ("tau" OR “τ” OR “PHF” OR "tau-protein" OR "microtubule associated 

protein tau" OR "microtubule protein tau" OR "tau proteins" OR "Neurofibrillary 

tangles" OR "tangles" OR "paired helical filament" OR "paired-helical filament" OR 

“Straight filament” OR "tauopathy" OR "neurofibrill*")  

#4 TS= ("Amyloid" OR "Amyloido*" OR "Alzheimer's Amyloid Fibril Protein" OR 

"ABP Alzheimer's" OR "Alzheimer ABP" OR "Alzheimer's ABP" OR "Amyloid AD-
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AP" OR "AD-AP Amyloid" OR "Amyloid AD AP" OR "beta-Amyloid Protein" OR 

"Protein beta-Amyloid" OR "beta Amyloid Protein" OR "Amyloid beta-Protein" OR 

"Amyloid beta Protein" OR "beta-Protein Amyloid" OR "Amyloid Fibril Protein 

Alzheimer's" OR Amyloid Protein A4 OR "Protein A4 Amyloid" OR "Alzheimer beta-

Protein" OR "Alzheimer beta Protein" OR "beta-Protein Alzheimer" OR "Amyloid 

beta-Peptide" OR "beta-Peptide Amyloid" OR "β-amyloid" OR "amyloid β" OR "Aβ" 

OR "Amyloid-β" OR "β-Amyloid Protein" OR "Protein β-Amyloid" OR "β Amyloid 

Protein" OR "Amyloid β-Protein" OR "Amyloid β Protein" OR "β-Protein Amyloid" OR 

"Alzheimer β-Protein" OR "Alzheimer βProtein" OR "β-Protein Alzheimer" OR 

"Amyloid -βPeptide" OR "β-Peptide Amyloid")  

#3 #2 AND #1  

#2 TS= ( "Alzheimer" OR "Alzheimer's" OR “Alzheimer Dementia” OR 

"Dementia Alzheimer" OR "Alzheimer-Type Dementia" OR "Dementia Alzheimer-

Type" OR "Primary Senile Degenerative Dementia" OR "Dementia Senile" OR 

“Senile Dementia” OR "Dementia Alzheimer Type" OR “Alzheimer Type Dementia” 

OR "Senile Dementia Alzheimer Type" OR “Alzheimer Type Senile Dementia” OR 

"Dementia Primary Senile Degenerative" OR “Alzheimer's Disease” OR "Disease 

Alzheimer" OR “Acute Confusional Senile Dementia” OR "Senile Dementia Acute 

Confusional" OR "Alzheimer Disease Late Onset" OR "Late onset Alzheimer's 

Disease" OR "Alzheimer's Disease Focal Onset" OR “Focal Onset Alzheimer's 

Disease” OR “Familial Alzheimer Disease” OR "Sporadic Alzheimer disease" OR 

"Alzheimer Disease Early Onset" OR “Early Onset Alzheimer Disease” OR 

"Alzheimer disease" OR "Alzeimer disease" OR "Alzeimer's disease" OR "Alzheimer 

dementia" OR "alzheimer sclerosis" OR "alzheimer syndrome" OR "alzheimer's 

disease" OR "dementia, alzheimer")  

#1 TS=("apolipoprotein E" OR "APOE" OR "apo-e" OR "apolipoprotein e 

isoproteins" OR "apoe isoproteins" OR "APO E" OR "apo e isoproteins" OR 

"Apoproteins E" OR "Apoprotein E" OR "APOE-epsilon2" OR "APOE epsilon2" OR 

"ApoE2" OR "APOE-epsilon 2" OR "APOE epsilon 2" OR "Apo E-2" OR "Apo E 2" 

OR "apo e2" OR "Apolipoprotein-epsilon2" OR "Apolipoprotein epsilon2" OR 

"Apolipoprotein E-2" OR "Apolipoprotein E 2" OR "APOE-epsilon3" OR "apoe 

epsilon3" OR "ApoE3" OR "APOE-epsilon 3" OR "APOE epsilon 3" OR "APO E-3" 

OR "Apo E 3" OR "APO E3" OR "Apolipoprotein-epsilon3" OR "Apolipoprotein 

epsilon3" OR "Apolipoprotein E-3" OR "Apolipoprotein E 3" OR "APOE-epsilon4" 

OR "APOE epsilon4" OR "APOE4" OR "APOE-epsilon 4" OR "APOE epsilon 4" OR 
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"Apo E-4" OR "Apo E 4" OR "apo e4" OR "Apolipoprotein-epsilon4" OR 

"Apolipoprotein epsilon4" OR "Apolipoprotein E-4" OR "Apolipoprotein E 4" OR 

"apolipoprotein ε" OR "APOε" OR "apo-ε" OR "apolipoprotein ε isoproteins" OR 

"apoε isoproteins" OR "APO ε" OR "apo ε isoproteins" OR "Apoproteins ε" OR 

"Apoprotein ε" OR "APOE-ε2" OR "APOE ε2" OR "Apoε2" OR "APOE-ε2" OR 

"APOE ε 2" OR "Apo ε-2" OR "Apo ε 2" OR "apo ε2" OR "Apolipoprotein-ε2" OR 

"Apolipoprotein ε2" OR "Apolipoprotein ε-2" OR "Apolipoprotein ε 2" OR "APOE-ε3" 

OR "apoe ε3" OR "Apoε3" OR "APOE-ε3" OR "APOE ε 3" OR "APO ε-3" OR "Apo ε 

3" OR "APO ε3" OR "Apolipoprotein-ε3" OR "Apolipoprotein ε3" OR "Apolipoprotein 

ε-3" OR "Apolipoprotein ε 3" OR "APOE-ε4" OR "APOE ε4" OR "APOε4" OR 

"APOE-ε 4" OR "APOE ε 4" OR "Apo ε-4" OR "Apo ε 4" OR "apo ε4" OR 

"Apolipoprotein-ε4" OR "Apolipoprotein ε4" OR "Apolipoprotein ε-4" OR 

"Apolipoprotein ε 4") 
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Supplemental Information 2: Exclusion Criteria 
 
 

1. Not studying APOE in AD-related neurodegeneration, inflammation or 

pathological protein spread  

2. Not studying AD (exclude other neurological diseases) 

3. Not focused on the brain 

4. Studies of APOE and Aβ or APOE and tau without studying protein spread 

5. Human studies involving patients with mild cognitive impairment or animal 

studies using young APOE mice without additional AD pathology (e.g. no 

cross with tau or Aβ models or no lipopolysaccharide stimulation) 

6. Human studies with evidence of mental health history (e.g. depression) 

7. Evidence of neurological trauma (e.g. traumatic brain injury) 

8. Evidence of infection (e.g. Herpes Simplex virus) 

9. Studies of blood brain barrier dysfunction 

10. Studies on olfactory system or retina 

11. Studies of biomarkers 

12. Reviews, editorials, case reports, case series studies, conference 

proceedings or posters 

13. Duplicates 

14. Studies not in English language 

15. Studies where full text unavailable 
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Supplemental Table 3: Papers included in the systematic review (Discussed 
in the Results sections) (* denotes hand-picked papers included in the 
systematic literature search)  
 

First author 
(Date) 

Inflammation/ 
Neurodegeneration/ 
Neurodegeneration 
and Inflammation 

Study design Main Findings Reference 

Agosta (2009) Neurodegeneration Human - MRI 

AD APOE4 carriers had 
greater atrophy in 
bilateral parietal cortex, 
right precuneus, 
hippocampus and middle 
frontal gyrus vs. non-
carriers and controls. 

[3] 

Anderson 
(1998) Neurodegeneration In vivo 

APOE KO and WT mice 
had similar synaptic and 
dendritic densities. 

[57] 

Andrews-
Zwilling (2010) Neurodegeneration In vivo 

Female APOE4-KI mice 
had age-dependent 
decrease in hilar 
GABAergic interneurons 
vs. APOE3-KI. In 
neurotoxic APOE4 
fragment transgenic 
mice, interneuron loss 
was even more 
pronounced. 

[43] 

Arendt (1997) Neurodegeneration Human - PM 

AD APOE4 carriers had 
more severe 
neurodegeneration in all 
areas investigated vs. 
non-carriers. Carriers had 
less plastic dendritic 
changes. Number of 
APOE4 alleles influenced 
the pattern of dendritic 
arborisation. 

[33] 

Belinson 
(2008) Neurodegeneration In vivo 

In APOE4-TR mice, 
activation of the amyloid 
cascade via inhibition of 
neprilysin resulted in 
degeneration of 
hippocampal CA1, 
entorhinal and septal 
neurons. This was 
accompanied by 
accumulation of 
intracellular Aβ and 
APOE along with 
lysosomal activation.  

[39] 

Belinson 
(2010) Neurodegeneration In vivo 

In APOE4-TR mice, 
activation of the amyloid 
cascade via inhibition of 
neprilysin resulted in Aβ, 
oAβ and apoE4 co-
localising with enlarged 
lysosomes and 
mitochondrial pathology. 
Kinetics of the lysosomal 

[72] 
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effects paralleled CA1 
neuronal loss. 

Belinson & 
Michaelson 

(2009) 

Neurodegeneration 
& Inflammation In vivo 

APOE4-related CA1 
neurodegeneration was 
associated with activation 
of astrogliosis and 
microgliosis. Microgliosis 
occurred earlier and was 
more prolonged 
compared to astrogliosis. 
Neurodegeneration within 
the septum was not 
associated with 
microgliosis or 
astrogliosis in either 
APOE3 or APOE4 mice. 

[90] 

Bien-Ly (2011) Neurodegeneration In vivo 

C-terminal truncated 
APOE4/AD mice had 
greater Aβ levels and Aβ 
deposition, and displayed 
neuronal deficits such as 
reduced MAP2, calbindin 
and Fos immunoreactivity 
vs. AD mice expressing 
full length APOE3 or 
APOE4.  

[78] 

Blain (2006) Inflammation  In vivo 

Impairment in reactive 
sprouting in hE4 mice 
compared to hE3 mice. 
hE4 mice had more 
reactive astrocytes as 
well as a defective 
outward migration pattern 
of the astrocytes in the 
dentate gyrus. The 
expression of the anti-
inflammatory cytokine IL-
1ra was delayed in hE4 
mice compared to hE3 
mice. presence of apoE4 
delays the astroglial 
repair process and 
indirectly compromises 
synaptic remodeling. 

[114] 

Blennow 
(1996) Neurodegeneration Human - PM 

Rab3a levels were 
reduced in AD in 
hippocampus and frontal 
cortex, but not in 
cerebellum. No significant 
differences in rab3a 
levels in any brain region 
between AD patients 
possessing different 
numbers of the APOE4 
allele. 

[52] 

Boccardi 
(2004) Neurodegeneration Human - MRI 

Greater atrophy in medial 
temporal lobe of AD 
APOE4 carriers vs. non-
carriers. 

[11] 
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Brown (2002) Inflammation In vitro 

Macrophages from male 
APOE4/4-TR mice 
produced significantly 
higher levels of nitric 
oxide than from male 
APOE3/3-TR mice, while 
macrophages from 
female APOE3/3-TR and 
female APOE4/4-TR 
mice produced the similar 
levels of nitric oxide. 
Primary cultures of 
microglial cells of APOE4 
transgenic mice also 
produced significantly 
more nitric oxide than 
microglia from APOE3 
transgenic mice. 

[101] 

Buttini (1999) Neurodegeneration In vivo 

APOE3 protected against 
excitotoxin-induced 
neurodegeneration but 
APOE4 did not - seen as 
reduction in 
synaptophysin, MAP-2 
positive neuronal 
dendrites and 
neurofilament positive 
axons. 

[53] 

Buttini (2000) Neurodegeneration In vivo 

Hemizygous and 
homozygous APOE3 
mice were protected 
against age-related and 
excitotoxin-induced 
neurodegeneration, but 
APOE4 mice were not. 
APOE3/E4 bigenic mice 
were as susceptible to 
neurodegeneration as 
APOE4 singly-transgenic 
mice. Neurodegeneration 
was more severe in 
homozygous than in 
hemizygous APOE4 mice 
consistent with a dose 
effect. 

[38] 

Buttini (2002) Neurodegeneration In vivo 

In hAPP/APOE3 and 
hAPP/APOE mice, 
APOE3 but not APOE4, 
delayed age-dependent 
synaptic loss through a 
plaque-independent 
mechanism. 

[54] 

Buttini (2010) Neurodegeneration In vivo 

Regardless of cellular 
source, APOE3 protected 
synapses and dendrites 
against excitotoxic injury, 
as did astrocytic APOE4. 
Neuronal APOE4 was 
associated with loss of 
neocortical and 
hippocampal pyramidal 
neurons, and increased 
fragmented APOE4. 

[75] 
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Caberlotto 
(2016) Inflammation Computational 

Identification of an 
alteration in aging-
associated processes 
such as inflammation, 
oxidative stress and 
metabolic pathways. 

[96] 

Cambon 
(2000) Neurodegeneration In vivo 

In aging, only human 
APOE4 mice displayed a 
decrease in synapse per 
neuron ratio, 
accompanied by an 
increase in synaptic size 
when compared with 
human APOE2, APOE 
KO and WT mice.  

[49] 

Camicioli 
(1999) Neurodegeneration Human - PM 

In AD, neuron loss in the 
substantia nigra was 
associated with 
possession of APOE4 
allele, but not in nucleus 
basalis of Meynert or 
CA1 region of the 
hippocampus. 

[34] 

Chang (2005) Neurodegeneration In vitro 

Fragments of APOE4 
were neurotoxic, but full-
length APOE4 was not. 
The lipid- and receptor-
binding regions in APOE4 
fragments act together to 
cause dysfunction and 
neurotoxicity. 

[77] 

Chen (2005) Inflammation In vitro  

APOE4 but not APOE3 
with presence of 
lipoprotein HDL or serum 
stimulated an 
inflammatory response in 
microglia by release of 
PGE2 & IL-1β. 

[102] 

Chung (2016) Neurodegeneration 
& Inflammation 

In vitro & in 
vivo 

Synaptosome 
phagocytosis assays on 
APOE TR astrocytes. 

[121] 

Colton (2002) Inflammation In vitro 

Significantly more NO 
was produced in APOE4 
mice compared 
to APOE3 transgenic 
mice. 

[100] 

Corey-Bloom 
(2000) Neurodegeneration Human - PM 

No correlation between 
APOE4 allele dosage and 
synapse loss in AD. 

[51] 

Cudaback 
(2011) Inflammation In vitro 

Activation of ATP or C5a 
complement receptor on 
microglia, causes 
microglial migration 
following 
APOE3>APOE2=APOE4. 

[115] 

Cudaback 
(2015) Inflammation In vitro & 

human 

TLR4/LPS- and 
TLR3/Poly I:C-induced 
production of chemokine 
CCL3 followed APOE3< 
APOE2 = APOE4. The 
APOE expression levels 
followed apoE2>apoE3> 
apoE4. Post-mortem AD 
brains homozygous for 

[116] 
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APOE4 allele had 
increased CCL3 than 
those homozygous for 
APOE3. 

Dorey (2017) Inflammation In vitro & in 
vivo 

APOE4 promoted Aβ-
induced 
neuroinflammation while 
APOE2 was protective. 
APOE4/AD mice had 
higher inflammatory 
cytokines than 
APOE2/AD mice. 
Lipidated APOE4 
increased inflammation in 
astrocytes while 
recombinant APOE4 did 
not. Both forms of 
APOE2 offered protection 
against Aβ-induced 
neuroinflammation. 

[105] 

Drouet (2001) Neurodegeneration In vitro  

APOE2 and APOE3 
protected cortical 
neurons against apoptotic 
cell death induced by 
non-fibrillar Aβ. APOE4 
had no protective effect. 
Effect involves interaction 
of APOE with C-terminal 
domain of Aβ1-40. 

[42] 

Drzezga 
(2009) *  Neurodegeneration Human - MRI 

No correlation between 
APOE4 allele dose and 
grey matter loss in AD 
patients. 

[25] 

Dumanis 
(2009) Neurodegeneration In vitro & in 

vivo 

APOE4-TR mice had 
reduced dendritic spine 
density and spine length 
compared to APOE2-TR 
and APOE3-TR mice in 
the cortex but not in 
hippocampus.  

[64] 

Egensperger 
(1998)  Inflammation  Human study 

APOE4 allele dependent 
increase in the number of 
activated microglia and 
the tissue taken up by 
activated microglia.  

[86] 

 Filippini 
(2009) Neurodegeneration  Human - MRI 

In AD, grey matter 
volume decreased with 
increasing APOE4 allele 
load in the bilateral 
medial and anterior 
temporal lobes. 

[12] 

Geroldi (1999) 
* Neurodegeneration Human - MRI 

Smaller volumes with 
increasing dose of the 
APOE4 allele in the 
hippocampus, entorhinal 
cortex and anterior 
temporal lobes in AD 
patients. Larger volumes 
in the frontal lobes with 
increasing APOE4 
alleles. 

[17] 
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Gilmor (1999) Neurodegeneration Human - PM 

Non-significant reduction 
in the number of 
cholinergic neurons in the 
nucleus basalis of 
Meynert in AD cases. No 
relationship to APOE 
allele status. 

[35] 

Gispert (2015) Neurodegeneration Human - MRI 

APOE4 carriers showed 
steeper hippocampal 
volume reductions with 
AD progression. 
APOE4 carriers showed 
lower gray matter volume 
in the bilateral 
hippocampus, amygdala, 
parahippocampal cortex 
and temporal pole, the 
left angular and inferior 
parietal cortex, the right 
insula, the posterior 
cingulate and precuneus. 

[13] 

Gómez-Isla 
(1997) Neurodegeneration Human - PM  

In AD, more than 50% of 
neurons were lost in the 
superior temporal sulus. 
Neither the amount nor 
the rate of neuronal loss 
correlated with APOE 
genotype.  

[36] 

Grouselle 
(1998) Neurodegeneration Human - PM 

Somatostatin 
concentrations were 
significantly lower in 
patients carrying an 
APOE4 allele.  

[45] 

Guo (2004) Inflammation In vitro  

APOE3 and APOE4 
blocked Aβ-induced 
proinflammatory 
response in activated 
glia. Without Aβ, APOE3 
and APOE4 stimulate IL-
1β levels in a 
concentration and 
isoform dependent 
manner, with APOE4 
more effective than 
APOE3.  

[103] 

Harris (2003) Neurodegeneration In vivo & 
human  

Ratios of APOE 
fragments to full-length 
APOE higher in AD cases 
vs. nondemented 
controls. AD and control 
cases with APOE4 had 
more APOE fragments 
than those without 
APOE4. APOE4 is more 
susceptible than APOE3 
to proteolysis in vitro. 
Mice with high-level 
expression of C-terminal 
truncated APOE4 had 
neurodegeneration. 

[76] 
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Hashimoto 
(2001) * Neurodegeneration Human - MRI 

In AD patients, 
hippocampal volume 
decreased with 
increasing number of 
APOE4 alleles. Amygdala 
volume also decreased 
with increasing APOE4 
gene dose. Whole brain 
volume increased with 
increasing APOE4 gene 
dose.  

[19] 

Heinonen 
(1995) Neurodegeneration Human - PM 

Synaptophysin-like 
immunoreactivity did not 
differ significantly in AD 
patients with or without 
and APOE4 allele. 

[50] 

Holtzman 
(2000) Neurodegeneration In vivo  

Plaque-associated 
neuritic dystrophy 
developed in App(V717F) 
TG mice expressing 
mouse or human APOE. 
Formation of dystrophic 
neurites required APOE. 
More fibrillar deposits and 
neuritic plaques were 
observed in APOE4-
expressing App(V717F) 
mice vs. those with 
APOE3. 

[62] 

Hu (1998) Inflammation In vitro 

In 3 experimental 
paradigms APOE 
inhibited Aβ-induced 
astrocytic activation. No 
APOE isoform-specific 
effects were found. 

[104] 

Hudry (2013) Neurodegeneration In vivo  

In APP/PS1 mice, 
APOE4 increased oAβ, 
plaques, peri-plaque 
synapse loss, and 
dystrophic neurons 
compared to APOE3. 
Greater reduction in 
presynaptic 
synaptophysin near 
plaques with APOE3 and 
APOE4, but not APOE2. 
Post-synaptic proteins 
were unchanged with 
APOE2 and APOE3, but 
APOE4 had greater 
PSD95 loss near 
plaques. 

[59] 

Jack (1998) * Neurodegeneration Human - MRI 

Hippocampal volumes 
were smaller in AD 
patients. Hippocampal 
volumes did not differ 
based on APOE 
genotype. 

[24] 

Jack (1998) * Neurodegeneration Human - MRI 

Mean annual rate of 
hippocampal and 
temporal horn volume 
loss was greater in AD 
patients. APOE genotype 
was not associated with 

[30] 
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the annual rate of volume 
change.  

Jain (2013) Neurodegeneration In vivo  

Impairments in dendritic 
arborisation and a loss of 
spines in the 
hippocampus and 
entorhinal cortex of 
female NSE-APOE4 and 
APOE4-KI mice 
compared to their 
respective APOE3-
expressing counterparts. 
NSE-APOE4 mice had 
more severe deficits in 
dendritic arborisation, 
spine density and 
morphology than apoE4-
KI mice. GFAP-apoE4 
mice did not have 
impairments in their 
dendrite arborisation or 
spine density and 
morphology. 

[65] 

Ji (2003) * Neurodegeneration In vivo & 
human 

APOE4 mice had a lower 
density of dendritic 
spines than WT or 
APOE3 mice. In humans, 
APOE4 dose inversely 
correlated with dendritic 
spine density in AD.  

[68] 

Jórdan (1998) Neurodegeneration In vitro 

APOE4 alone was toxic 
to cultures, 
whereas APOE3 had no 
effect. APOE3 treatment 
prevented the Aβ-
induced toxicity. 

[40] 

Juottonen 
(1998) * Neurodegeneration Human - MRI 

Greater volume loss in 
the entorhinal cortex of 
AD patients with an 
APOE4 allele vs. those 
without an APOE4 allele. 
This effect was especially 
prominent in females vs. 
males. 

[18] 

Kang (2018) * Inflammation In vitro & in 
vivo 

Transcriptomic study 
comparing sex, age, and 
isolation-method of 
microglia in multiple 
models of AD-like 
pathology (amyloid, tau, 
ageing, and 
inflammation). 

[92] 

Keren-Shaul 
(2017) * Inflammation In vitro & in 

vivo 

Transcriptomic study 
(single-cell RNA seq) of 
microglia subsets in AD-
like an mouse model. 

[94] 

Koffie (2012) Neurodegeneration In vitro & in 
vivo 

Higher oAβ and synapse 
loss near plaques in AD 
APOE4 carriers 
compared to APOE3 
carriers. Lipidated 
APOE4 co-localised with 
oAβ and increased 

[60] 
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synaptic localization of 
the oAβ. This required 
APOE receptors. 

Krasemann 
(2017) 

Neurodegeneration 
& Inflammation 

In vivo & 
human 

Identified a 
neurodegenerative 
phenotype of microglia 
after phagocytosis of 
apoptotic neurons which 
is driven by APOE-
TREM2 pathway, this 
switches the microglia 
from homeostatic to 
disease-associated. 

[93] 

Laakso (2000) Neurodegeneration Human - MRI 

Trend towards 
accelerated volume loss 
in the AD group vs.  
controls. No significant 
interactions between 
volume change and 
APOE status. 

[31] 

LaFerla (1997) Neurodegeneration Human - PM 

Neuronal death, as 
shown by TUNEL, 
correlated with APOE 
uptake and intracellular 
Aβ stabilization. Cells 
with the most nuclear 
DNA fragmentation had 
the highest level of cell 
surface gp330 which 
binds APOE. 

[71] 

Lanz (2003) Neurodegeneration In vivo 

Presence of human 
APOE2 in the APPSw+/-  
mice restored spine 
density to levels seen in 
Tg- controls.  

[69] 

Laskowitz 
(1998) Inflammation In-vitro 

Brain cultures from 
APOE-deficient mouse 
pups showed enhanced 
NO production relative to 
cultures from wildtype 
mice and from transgenic 
mice expressing the 
human APOE3 isoform, 
demonstrating that 
endogenous APOE 
produced by glial cultures 
is capable of inhibiting 
microglial function. APOE 
produced within the brain 
may suppress microglial 
reactivity and thus alter 
the CNS response to 
acute and chronic injury. 

[110] 

Laskowitz 
(2001) Inflammation In vitro 

APOE4 was less effective 
at reducing microglia 
activation and the release 
of TNFα and NO. 
Peptides from the APOE 
receptor binding region 
mimiced these effects, 
and deletions of the 
amino acids 146-149 
abolished this effect. 

[108] 
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Lehtovirta 
(1995) Neurodegeneration Human - MRI 

AD patients with 
APOE4/4 genotype had 
smaller volumes of the 
hippocampus and the 
amygdala than those with 
APOE3/4 and those with 
APOE3/3 or APOE2/3. 
Volumes of frontal lobes 
were similar across the 
AD subgroups. 

[14] 

Lehtovirta 
(1996) Neurodegeneration Human - MRI 

AD APOE4 carriers had 
the most extensive 
volume loss in the medial 
temporal lobe, 
hippocampus and 
amygdala compared to 
those without APOE4. 
This was greatest within 
APOE4 homozygotes. 

[15] 

Leung (2012) Neurodegeneration In vivo 

Age-dependent loss of 
hilar GABAergic 
interneurons, whereby 
GAD67- or somatostatin-
positive–but not NPY- or 
parvalbumin-positive–
interneuron loss was 
exacerbated by APOE4. 
This effect was sex-
dependent.  

[44] 

Lin (2018) * Neurodegeneration 
& Inflammation 

In vitro - 
iPSCs & gene 

editing 

Generated iPSCs of 
neurons, astrocytes and 
microglia from APOE3 
and APOE4 individuals 
that were genetically 
engineered with Crispr-
Cas9 to correct the 
APOE genotype and did 
transcriptomics on the 
altered cell types. 

[95] 

Liu (2010) * Neurodegeneration Human - MRI 

AD APOE4 carriers had 
smaller volume in 
hippocampus and 
amygdala.  

[21] 

Liu (2015) Neurodegeneration In vivo 

Greater age-
induced reduction in 
PSD95, drebrin and 
NMDAR subunits in the 
APOE4/FAD and 
5xFAD/APOE-KO mice 
compared with 
APOE2/FAD and 
APOE3/FAD mice. 

[61] 

Liu (2017) Inflammation In vivo 

APOE isoforms 
differentially affect 
amyloid plaque-
associated 
neuroinflammation. 
APOE4 expression 
increased whereas 
APOE3 reduced amyloid-
related gliosis in the 
mouse brains.  

[89] 
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Lo (2011) *  Neurodegeneration Human - MRI 
APOE4 in AD patients 
accelerated te the 
hippocampal atrophy. 

[28] 

Lupton (2016) Neurodegeneration Human - MRI 

APOE4 was associated 
with reduced 
hippocampal and 
amygdala volume in AD 
patients. 

[16] 

Lynch (2001) Inflammation In vivo & in 
vitro 

APOE downregulates 
CNS production of TNFa, 
Il-1b, and Il-6 mRNA 
following stimulation with 
lipopolysaccharide (LPS).  

[111] 

Maezawa 
(2006a) Inflammation In vitro 

Astrocyte stimulation and 
production of 
inflammatory cytokines. 

[112] 

Maezawa 
(2006b) 

Neurodegeneration 
& inflammation In vitro 

Most paracrine-mediated 
neurodegeneration was 
due to microglia not 
astrocytes. Microglial 
damage to neurons 
followed TR-APOE4>TR-
APOE3>TR-APOE2. 
Microglial p38MAPK-
dependent cytokine 
secretion followed a 
similar pattern. 

[106] 

Manelli (2007) Neurodegeneration In vitro 

Dose-dependent 
neurotoxicity was induced 
by oAβ with a ranking 
order of apoE4-TR > KO 
= apoE2-TR = apoE3-TR 
> WT. 

[41] 

Manning 
(2014) * Neurodegeneration Human - MRI 

Hippocampal atrophy 
rates in APOE4 carriers 
were significantly higher 
in AD compared with 
non-carriers.  

[22] 

Masliah (1995) Neurodegeneration In vivo 

In APOE KO mice, there 
was an age-dependent 
loss of synaptophysin-
immunoreactive nerve 
terminals and MAP2-
immunoreactive dendrites 
in the neocortex and 
hippocampus, compared 
to controls. 

[56] 

McGeer 
(1997) Inflammation In vitro 

APOE4 only significantly 
enhanced complement 
activation with Aβ. 

[120] 

Minett (2016) Inflammation Human - PM 

APOE2 allele was 
associated with 
expression of Iba1 and 
MSR-A, and APOE4 with 
CD68, HLA-DR and 
CD64.  

[85] 

Mori (2002) * Neurodegeneration Human - MRI 

APOE4 dose was 
significantly correlated 
with the rate of 
hippocampal atrophy in 
AD. 

[26] 
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Nathan (2002) Neurodegeneration In vitro 

Cortical neurons from 
APOE KO mice have 
significantly shorter 
neurites than neurons 
from WT mice. Human 
APOE3 increased neurite 
outgrowth, whereas 
APOE4 decreased 
outgrowth dose-
dependently.  

[82] 

Neustadtl 
(2017) Neurodegeneration In vivo 

APOE4 mice have higher 
cortical calcineurin 
activity compared with 
APOE3 mice. Elevation in 
calcineurin associated 
with fewer dendritic spine 
number in layer II/III of 
the cortex. 

[84] 

Nwabuisi-
Heath (2014) Neurodegeneration In vivo 

During spine 
maintenance phase, 
density of GluN1 + GluA2 
spines did not change 
with APOE2, while 
density of these spines 
decreased with APOE4 
vs. APOE3, primarily due 
to the loss of GluA2 in 
spines. During spine loss 
phase, total spine density 
was lower in neurons with 
APOE4 compared to 
APOE3. 

[63] 

Ophir (2003) Inflammation In vivo 

APOE3 (but not APOE4) 
transgenic mice have 
marked increased 
astrocyte activation 72 
hrs after LPS. There was 
no effect on astrocytic 
proliferation only 
morphology. APOE4 had 
a similar phenotype to 
APOE-deficiency. 

[91] 

Ophir (2005) Inflammation In vivo 

Expression of 
inflammation related 
genes were higher and 
more prolonged in apoE4 
compared to apoE3 
transgenic mice treated 
with LPS after 24hrs. 
Microglia activation and 
NF-βK regulated genes 
were higher in apoE4 
than apoE3 transgenic 
mice. 

[113] 

Overmyer 
(1999) Inflammation Human - PM 

APOE4 carriers have 
more GFAP expression 
than those without 
APOE4 allele. 

[87] 

Risacher 
(2010) Neurodegeneration Human - MRI 

The presence of one or 
more APOE4 alleles 
increased annual rate of 
atrophy in hippocampus 
and entorhinal cortex. 

[29] 
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Rodriguez 
(2013) Neurodegeneration In vivo 

Shorter dendrites and 
lower spine densities in 
basal shaft dendrites of 
APOE4 mice compared 
to APOE3 mice. Spine 
densities did not differ 
between APOE2 and 
APOE3. 

[66] 

Rodriguez 
(2014)  

Neurodegeneration 
& Inflammation In vivo 

Cortical levels of IL-1β 
were higher in E4FAD 
mice compared to E3FAD 
mice. Increased 
microglial reactivity in 
E4FAD mice and higher 
density of reactive cells 
surrounding cortical 
plaques, than in E3FAD 
mice. No APOE 
dependent differences in 
microglia reactivity within 
the subiculum.  

[88] 

Scheff (2006) 
* Neurodegeneration Human - PM 

AD patients had fewer 
synapses in the outer 
molecular layer of the 
dentate gyrus. This was 
not related to APOE 
genotype. 

[46] 

Scheff (2007) Neurodegeneration Human - PM 

AD patients had fewer 
synapses in the stratum 
radiatum of the 
hippocampal CA1 
subfield. This was not 
related to APOE 
genotype. 

[47] 

Scheff (2011) Neurodegeneration Human - PM 

AD patients had fewer 
synapses in lamina 3 of 
the inferior temporal 
gyrus. This was not 
related to APOE 
genotype. 

[48] 

Schuff (2009) 
* Neurodegeneration Human - MRI 

AD patients showed 
hippocampal volume loss 
over 6 months and 
accelerated loss over 1 
year. Increased rates of 
hippocampal loss were 
associated with presence 
of the APOE4 gene in 
AD.  

[27] 

Sen (2012)  Neurodegeneration In vitro & in 
vivo 

APOE3 but not APOE4, 
acts via LRP1 to protect 
synapses against oAβ by 
inducing PKCƐ synthesis. 
This was lipidation and 
APOE receptor 
dependent. 

[70] 

Shi (2017) Neurodegeneration 
& inflammation 

In vitro & in 
vivo 

APOE4 causes more 
extensive atrophy and 
neurodegeneration but 
absence of APOE is 
protective. APOE4 also 
causes higher 
neuroinflammation while 

[9] 
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APOE-KO was 
protective.  

Susanto 
(2015) Neurodegeneration Human - MRI 

In AD Aβ+ subjects, 
APOE4 carriers had more 
severe atrophy of the 
medial temporal lobe and 
thalamus compared to 
non-carriers. 

[23] 

Tai (2015)  Inflammation In vitro and 
animal model  

APOE4 affected Aβ-
induced inflammatory 
receptor signaling, with 
increased detrimental 
(toll-like receptor 4-p38α) 
and reduced beneficial 
(IL-4R-nuclear receptor) 
pathways. oAβ induced 
TNF-α secretion which 
followed APOE-KO> 
APOE4> 
APOE3>APOE2. This 
was inhibited by TLR4 
antagonists. 

[107] 

Tannenberg 
(2006) Neurodegeneration Human - PM  

Presence of APOE4 
resulted in significantly 
lower levels of pre-
synaptic proteins in AD 
cases. 

[58] 

Thangavel 
(2017) Inflammation  Human - PM 

APOE4 and glia 
maturation factor were 
colocalised within 
amyloid plaques of AD 
brains as well as in the 
activated astrocytes 
surrounding the plaques  

[97] 

Tolar (1999) Neurodegeneration In vitro 

Truncated APOE and 
APOE peptide elicit an 
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increased influx through 
calcium channels and 
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Mediated by APOE 
receptors. 

Vitek (2009) * Inflammation In vitro & in 
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Characterising 
inflammatory responses 
of innate immune 
response in APOE TR 
mice 

[98] 
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APOE4 mice displayed 
significantly reduced 
excitatory synaptic 
transmission and 
dendritic arborisation. 
Despite these changes 
there were no signs of 
gliosis, amyloid 
deposition or 
neurofibrillary tangles in 
these mice.  

[67] 
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Dickerson 
(2010) * 
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AD APOE4 carriers 
exhibited greater medial 
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Positive correlation 
between whole brain 
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[32] 
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Increased hippocampal 
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aged APOE4 mice 
compared to APOE3 
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and insoluble Aβ in aged 
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[37] 
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Arg-61 APOE mice 
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neurons. Age-dependent 
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hippocampus and lower 
levels of the postsynaptic 
neuroligin-1. Fewer 
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difference observed in 
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loss measured by three 
synaptic markers; PSD-
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synaptophysin.  
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Supplementary Table 4. Details of human post-mortem cases used for Figures 2-5. MRC BBN: 
Medical Research Council Brain Bank Number, AD: Alzheimer’s disease, PM: Post-mortem.  

 

MRC BBN Control 
vs  
AD 

Age Sex APOE 
genotype 

PM delay 
(hours) 

Brain 
weight (g) 

Brain pH Braak 
Stage 

 BBN 28402 
 

Control 78 M ε3/ε3 49 1503 6.33 I 

BBN 29082 
 

Control 79 F ε3/ε4 80 1339 5.96 III 

BBN 28771 
 

AD 85 M ε3/ε3 91 1183 5.95 VI 

BBN 19690 
 

AD 57 M ε3/ε4 58 1200 5.90 VI 
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Epilogue 

 
I had the best and worst times during these years. I lost myself, only to find 

myself again stronger.  

 

I felt the laughter in my ribs and the tears on my face. 

 

I don’t know if I will ever understand (or accept) why we have to go through the 

tough things in life to grow, but we did quite some growing.  

 

I am glad I was open to every learning opportunity. I always remember my 

mom telling me about how her grandmother survived the concentration camp 

because she knew how to sew and could fix their uniforms, getting lemon rinds 

in exchange to live. Nothing is beneath you and you are not superior to anyone. 

Find the opportunity in everything.  

 

I thought being a successful scientist was all there is to it, and I couldn’t be 

more wrong. People are too complicated to only be defined by one thing.  

 

I do hope I will be remembered for the good stuff.  

 

Long story short, it was… 
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