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Abstract 

Alzheimer’s disease (AD) is a neurodegenerative disorder associated with the 

formation of extracellular amyloid plaques and intracellular neurofibrillary tangles, 

coupled to extensive synaptic denervation and gliosis. The role of microglia in disease 

progression has become a central focus for AD research with studies showing that they 

cluster around amyloid plaques and some indications that plaque-associated microglia 

phagocytose synapses in these regions. The present work aimed to explore if this is a 

protective mechanism to limit plaque-associated toxicity by examining the 

hippocampus of AppNL-F and AppNL-G-F using patch-clamp electrophysiology and 

immunohistochemistry. This work also explored AppNL-F/Trem2R47H mice to 

determine how a compromised microglial response affects synaptic activity.  

I found that AppNL-G-F mice exhibit heavier plaque pathology with age and a larger 

number of smaller-sized plaques, similar to what I observed in AppNL-F/Trem2R47H 

mice in comparison to AppNL-F mice. AppNL-G-F mice also showed increased microglial 

density compared to wild-types, regardless of age, and no changes in astrocyte density. 

In comparison, the presence of the Trem2R47H mutation in AppNL-F mice led to reduced 

microglial density in the SLM region, where the plaque load in these mice was the 

heaviest, and also reversed the increased astrocytic density which was observed in 

AppNL-F mice.  

In terms of electrophysiological changes, I found alterations in the kinetics of the 

postsynaptic response and changes in the failure rate in both models. Exploring 

electrophysiological changes in plaque-associated regions revealed that both AppNL-G-

F and AppNL-F mice exhibit lower amplitudes in plaque compared to no-plaque 

conditions, while this effect was lost in AppNL-F/Trem2R47H mice. Furthermore, both 

AppNL-F and AppNL-F/Trem2R47H mice showed enhanced release probability in plaque 

conditions. Altogether, these results illustrate the dual effects of plaque presence 

around axons which are driven by the effects of soluble Aβ and microglia on the 

presynapse and postsynapse, respectively. 
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Impact statement 

Alzheimer’s disease (AD) is the most common type of dementia which is characterised 

by the progressive loss of memory and cognitive impairment. Currently, one in 14 

people in the UK over the age of 65 has AD, and this has exerted great pressures both 

on the healthcare and economics sectors, illustrating the urgent need for current 

research to understand the main mechanisms leading to disease development. The two 

main hallmarks of AD are amyloid-β (Aβ) plaques and neurofibrillary tangles, 

however advances in recent research have demonstrated the multifactoriality of the 

disease, with many synergistic processes leading to its development. In fact, synaptic 

denervation, which results in the loss of communication between the brain cells, and 

gliosis are one of the earliest hallmarks of disease pathogenesis. Understanding the 

interaction between these is crucial to elucidating potential treatments and 

preventative measures against AD development.  

The work presented in this thesis directly contributes to the understanding of how the 

immune cells of the brain – microglia – interact with synapses and Aβ, and provides 

important insights into what clinical research can use as potential targets for disease 

detection, and also highlights their therapeutic potential. I have suggested that the 

microglial response at moderate stages of Aβ pathology is protective in plaque-

associated regions. In particular, microglia act as important regulators of the 

hyperactivity induced by Aβ plaques, reducing neuronal activity to basal levels 

through potential phagocytosis of postsynaptic regions. Thus, although Aβ increases 

synaptic activity which might result in subsequent excitotoxicity, the response of 

microglia is hereby suggested to be protective of this hyperactivity. The role of 

microglia in AD has been widely researched in recent years, with many studies 

reaching contradictory conclusions. By using the new App knock-in models, as well 

as models with perturbed microglial response, this study was able to provide one of 

the first insights into the role of microglia into models which are more relevant to 

human disease. This will hopefully help future clinical research in the design of 

targeted treatments for AD. 
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The results in this study will be written for a publication which will thus share with 

the scientific community the above insights into the role of microglia in modulating 

synaptic activity in early AD. I have and will be presenting the work from this thesis 

at five different conferences and one training workshop through poster material. I was 

also selected to give a talk at the ARUK conference this year (2021) for which I was 

awarded a prize for best presentation by an early career researcher. All of these events 

have been integral to my development as a scientist as discussions with peers and other 

researchers have helped me shape and guide the work in this thesis. I have participated 

in several outreach events for AD research, including Soapbox Science UK (2019), as 

well as events held by ARUK in 2018 and 2019, all of which have helped spread 

awareness of current AD research with the public. 
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Chapter 1: Literature Review 

Dementias are multisystem neurodegenerative disorders that can be influenced by 

both genetic and environmental factors. They have been shown to have profound 

effects on both the physiology and psychology of individuals and because of their 

multifaceted effects, they have exerted great emotional pressures on caregivers and 

patients, as well as economic pressures on health sectors when dealing with these 

diseases. Currently, there are over 50 million cases of dementia worldwide, with more 

than 850,000 individuals in the UK diagnosed with dementia (Alzheimer’s Society, 

2019). Globally, it is expected that 10 million cases will arise every year, reaching 

more than 150 million cases by the year 2050 (Patterson, 2018). The high prevalence 

of these diseases highlights the urgency for research to understand the underlying 

mechanisms leading to disease development, as well as to develop appropriate tools 

for disease diagnosis, as together these can help find a way to slow down or ultimately 

halt and even reverse disease progression. 

1.1 Alzheimer’s disease 

Alzheimer’s Disease (AD) is the most common type of dementia, contributing to 

between 60 and 70% of all dementia cases. Clinically, AD is initially characterised by 

a progressive cognitive decline known as mild cognitive impairment (MCI), with 

around 10-15% of people exhibiting MCI progressing to develop AD every year 

(Farias et al., 2009; Varatharajah et al., 2019). With AD development, patients begin 

to exhibit accelerated cognitive decline, changes in mood and behaviour, and memory 

impairment, coupled to extensive neuronal and synaptic denervation in the cortex and 

the hippocampus (Mattson, 2004; Rogan and Lippa, 2002). Despite increasing efforts 

and advances in current research to understand the pathology of this disease, as well 

as improve its diagnosis, currently there are no successful treatments for AD.  

The majority of AD cases occur after the age of 65 and constitute late-onset AD 

(LOAD). However, there exists a small subset of AD cases (2-5%) which is primarily 

early onset (EOAD), occurring between the ages of 45-60 (Campion et al., 1999), and, 

in most cases, results from inherited autosomal mutations (Mattson, 2004). The 

pathology of these two types of AD is characterised by the accumulation of 
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extracellular senile plaques made up of the amyloid-β (Aβ) peptide and intracellular 

neurofibrillary tangles (NFTs) made up of hyperphosphorylated tau. In addition to 

these two hallmarks, neuronal and synapse loss, as well as gliosis are all characteristic 

of AD pathology (see Figure 1.1) (Hyman et al., 2012; Jack et al., 2013). The 

accumulation of Aβ plaques has been demonstrated to occur around 20 years prior to 

the detection of the first clinical symptoms, illustrating a large period of time during 

which the disease goes undetected. This has led to the idea that Aβ accumulation and 

plaque formation are the driving factors for disease progression (Long and Holtzman, 

2019). In accordance with this, several studies have demonstrated that mutations in 

genes which are involved in the regulation of Aβ production and clearance, and 

specifically, that amyloid precursor protein (APP), from which Aβ is produced, and 

presenilins-1 (PSEN-1) and -2 (PSEN-2), which are involved in the cleavage of APP, 

play a central role in disease pathogenesis in EOAD cases (Berezovska et al., 2005; 

Jonsson et al., 2012; Scheuner et al., 1996; Verheijen and Sleegers, 2018). The 

discovery of these three genes has allowed for early AD research to shed light on the 

underlying mechanisms leading to disease development. However, given that the 

majority of AD cases are late onset in nature and that there are no specific mutations 

associated with disease development, although the findings from these studies are 

useful, they cannot be generalised to all cases, prompting research to explore specific 

factors which might increase the risk of developing the disease. 
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Figure 1.1. Timeline of the progression of Alzheimer’s disease pathology.  
The earliest pathophysiological event occurring in AD is Aβ plaque deposition. 
Concurrently, neuroinflammation begins in the brain, which is mediated by the 
activation of microglia and astrocytes. As a result, NFT pathology begins to spread 
which is accompanied by synaptic dysfunction, denervation, and neurodegeneration. 
Together these then trigger the onset of cognitive impairment, at which point detectable 
symptoms begin to emerge. Cognitive impairment is found to correlate well with tau 
accumulation and but not amyloid deposition (taken from Long and Holtzman (2019)). 

 

In contrast to EOAD cases, the more common type of AD – LOAD – is primarily not 

genetically predetermined and is therefore termed sporadic (although it is largely 

explained by the involvement of genetic factors), with Aβ accumulation in these cases 

suggested to be caused by a mixture of environmental and genetic factors. Ageing has 

been highlighted as the biggest risk factor of AD (Guerreiro and Bras, 2015), although 

other environmental factors, including obesity, diabetes, depression, and cognitive 

inactivity have all been linked to AD (Barnes and Yaffe, 2011; Killin et al., 2016; 

Norton et al., 2014). Furthermore, several GWAS (genome-wide association studies) 

have demonstrated a number of genes which can increase the risk of developing AD, 

albeit not directly causing its occurrence (Karch et al., 2014; Lambert et al., 2013). 

Similarly to in EOAD, there are several indications of the role of Aβ in the sporadic 

form of AD. In particular, apolipoprotein E (APOE), а protein involved in lipid 

transport and maintenance of neuronal growth and repair, has been identified as one 

of the strongest risk factors for LOAD (Corder et al., 1993; Sanan et al., 1994; Sassi 

et al., 2016). APOE has three variants in humans – APOEε2, APOEε3, and APOEε4. 

While most people carry two copies of APOEε3, those carrying the ε4 variant exhibit 

increased risk of developing AD, possibly due to the high binding affinity of APOEε4 
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to Aβ which could in turn preclude Aβ clearance, from its role in promoting Aβ 

deposition into plaques, or through its effects on synaptic function (Huang et al., 2017; 

Lin et al., 2018; Liu et al., 2013; Selkoe, 2002). On the other hand, the ε2 variant 

reduces the risk of developing AD (Reiman et al., 2020), illustrating that 

understanding the pathway in which APOE is involved in is key for elucidating the 

disease mechanisms in AD. Furthermore, mutations in a number of genes, such as 

TREM2 (triggering receptor expressed on myeloid cells 2), CD33 (or Siglec-3), 

PLCG2 (1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase gamma-2), CR1 

(complement receptor 1), or CLU (clusterin), which are either associated with the 

innate immune cells of the brain, that is microglia, or the complement system, have 

also been shown to increase the risk of developing AD (Guerreiro et al., 2013c; Jansen 

et al., 2019; Ulland et al., 2017). Interestingly, APOE is highly expressed in disease-

associated microglia (DAM) which constitute a specific subset of microglia shown to 

cluster around Aβ plaques, further corroborating an important role for the immune 

cells in the brain in disease pathogenesis (Keren-Shaul et al., 2017; Krasemann et al., 

2017).  

1.2 APP processing and its role in AD 

APP can be cleaved by either α- and β-secretase, followed by the cleavage of γ-

secretase, and this represents the canonical processing pathway of APP. α-Secretase 

cleaves APP within its Aβ domain, leading to the production of non-amyloidogenic 

fragments which have neurotrophic and neuroprotective properties (Mattson et al., 

1993). On the other hand, β-secretase cleavage of APP, followed by that of γ-secretase, 

results in the release of 38, 40, and 42- amino acids long Aβ fragments, amongst 

others, into the cytoplasm (Figure 1.2). Although they have a physiological function 

in the healthy brain, such as regulating presynaptic release, in AD, these fragments 

can build up and subsequently result in the formation of hydrophobic Aβ oligomers 

which are the toxic species positioned as central to AD pathogenesis. These in turn 

impair synaptic transmission, disrupt mitochondrial function, and ultimately result in 

neuronal death (De Felice et al., 2008; Esch et al., 1990; Meyer-Luehmann et al., 

2008).  
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Figure 1.2. APP processing in AD.  
APP gets cleaved at its N-terminus by β-secretase (BACE1) to generate the C-terminal fragment 
(β-CTF). Further cleavage by presenilin-1 and -2 transforms the β-CTF into the Aβ fragment 
which is released into the cytoplasm. 38, 40, and 42-long Aβ fragments are generated, with the 
former two having a strong tendency for oligomerization and fibrillation. Aβ gets transformed 
into oligomers and ultimately gets accumulated into plaques (figure adapted from Heneka et al. 
(2015)). 

 

Given the important role of APP and the secretases involved in its proteolytic 

processing and Aβ production, it is not surprising that more than 30 mutations in these 

have been associated with EOAD (Jonsson et al., 2012). Studies in overexpressing 

transgenic mouse models have demonstrated that animals with such mutations exhibit 

many of the pathological hallmarks of AD, including amyloid plaques, synaptic 

denervation, gliosis, hyperphosphorylation of tau, some, although limited 

neurodegeneration, loss of synaptic mitochondria, and mitochondrial dysfunction 

(Chin et al., 2005; Cummings et al., 2015; Du et al., 2010; Games et al., 1995; Sasaguri 

et al., 2017). These animals demonstrate an increase in Aβ production and thus reveal 

a shift from the non-amyloidogenic to amyloidogenic pathway. Interestingly, 

mutations associated with the secretases and presenilin-1 and -2 specifically, have also 

been shown to enhance the protein’s interaction with APP, leading to altered 

Aβ42/Aβ40 ratios, a finding in support of the critical role of APP processing in AD 

pathogenesis (Berezovska et al., 2005; Scheuner et al., 1996). 

The above studies have led to the idea that Aβ production serves as an initiating step 

in AD which leads to the subsequent hyperphosphorylation and deposition of tau, 
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neuronal loss, and ultimately, cognitive decline – an idea known as the amyloid 

cascade hypothesis first described by Hardy and Higgins in 1992. However, although 

this hypothesis provides an important insight into the mechanisms involved in early 

AD, it has several shortcomings when it comes to explaining the mechanisms in 

LOAD. Perhaps the biggest limitation of positioning Aβ plaques or any form of Aβ in 

the centre of AD pathology is the fact that plaque burden is not correlated well with 

cognitive decline (Josephs et al., 2008; Morris et al., 2014), while tau has been 

pinpointed as a better predictor of cognitive decay and atrophy in patients (Cavedo et 

al., 2020; Mattsson et al., 2016a; Mattsson et al., 2016b). Furthermore, the fact that 

plaques can be found in cognitively normal individuals (Aizenstein et al., 2008; 

Katzman et al., 1988; Serrano-Pozo et al., 2011) also questions the applicability of the 

amyloid cascade hypothesis. Therefore, to address these issues, explain the 

involvement of newly-found mutations associated with an increased risk of AD, and 

include a role for the non-neuronal cells – microglia and astrocytes – as a way of 

linking Aβ and tau pathology in early AD pathogenesis, this hypothesis has been 

adapted over the past 30 years (Hardy and Salih, 2021; Hardy and Higgins, 1992; 

Karran and De Strooper, 2016; Selkoe and Hardy, 2016). These extensions have been 

triggered by the increasing number of studies demonstrating that mutations in 

microglial proteins are associated with an increased risk of developing AD, as a result 

of which glial cells have become a central focus of recent AD research (Jansen et al., 

2019).  

1.3 Diagnosis of AD 

Recent research has made great efforts to develop ways in which early AD diagnosis 

could be accomplished as this can allow for earlier and potentially more effective 

treatments for this devastating disease. Until recently, the majority of AD diagnoses 

were based on clinical measures, such as cognitive decline not associated with 

neurological conditions other than AD (McKhann et al., 1984). This is because 

accurate diagnosis of AD could only be achieved upon the inspection of post-mortem 

brain tissue and the presence of Aβ plaque deposition and NFTs (Braak et al., 2006; 

Braak and Braak, 1991). In fact, through the evaluation of brain tissue from suspected 

AD patients, a six-stage system based on the distribution pattern of NFT was 

introduced. In particular, in stages I-II, NFT pathology is limited to trans entorhinal 
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regions; in stages III and IV NFT pathology extends to limbic regions including the 

hippocampus; in stages V-VI NFT pathology is substantial and has spread to 

isocortical structures, with brain tissue exhibiting extensive atrophy (Braak and Braak, 

1995). Although this staging is useful in understanding pathology progression, it is 

based on evidence from post-mortem tissue and hence does not provide clinicians with 

a way of determining the stage at which AD patients are at during their life. This has 

been supported by the fact that one study found that there are at least four different 

trajectories of AD, each with distinct tau progression, further suggesting that the 

staging does not account for heterogenous differences between individuals and does 

not explain all AD cases (Vogel et al., 2021). Furthermore, given that changes in 

cognitive ability occur much later than any structural changes have occurred in the 

brain (Jack et al., 2004; Petrella et al., 2003), research has been urged to find measures 

allowing for earlier diagnosis to allow for more targeted treatment approaches. In the 

past decade, technological advances in diagnostic measures, as well as the discovery 

of specific biomarkers associated with AD, have both helped elucidate important 

biological measures for the early diagnosis of AD (Albert et al., 2011; Dubois et al., 

2014; Frisoni et al., 2017). 

There are three main ways in which AD diagnosis can be accomplished: through the 

use of magnetic resonance imaging (MRI), positron emission tomography (PET) 

imaging, or through cerebrospinal fluid (CSF) measures. MRI is primarily used for 

determining reductions in the volume of different medial temporal brain regions 

associated with AD, such as the hippocampus (Henneman et al., 2009; Jack et al., 

2000) and entorhinal cortex (Du et al., 2001; Killiany et al., 2002). Brain atrophy 

measures have been correlated to the NFT stage introduced by Braak and Braak (2006; 

1991), providing important insights into the effectiveness of this measure for early 

diagnosis and for distinguishing between MCI patients and those who progress onto 

developing AD (Fox et al., 1999; Josephs et al., 2008). However, structural changes 

solely identified using MRI could be misleading due to natural variations in brain 

volume which is why functional PET imaging is another tool used by clinicians. The 

most commonly used radiotracers are the 11C-labelled Pittsburgh Compound-B, 

[18F]FDDNP, and [18F]Florbetapir, all of which bind to amyloid fibrils in AD patients 

and hence serve as useful measures for detecting AD (Klunk et al., 2004; Rowe and 

Villemagne, 2013). In addition to these amyloid-binding tracers, radiotracers targeting 
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the TSPO compound (18-kDa translocator), whose expression in microglia and 

astrocytes increases as they become activated and hence serves as a marker for 

inflammation (Cosenza-Nashat et al., 2009), have also been shown to be useful in 

detecting AD in patients. Several studies have demonstrated that TSPO binding is 

positively correlated to the degree of amyloid pathology in both animal models and 

AD patients relatively early in disease (Hamelin et al., 2016; Mirzaei et al., 2016; 

Tondo et al., 2020). Interestingly, the study by Hamelin et al. (2016) noted that AD 

patients who had higher scores on the clinical dementia rating 2 years after initial 

examination (slow decliners) exhibited higher TSPO binding, suggesting that, at least 

in the early stages of disease progression, microglial activation appears to play a 

protective role, slowing down cognitive decline. This link between gliosis and AD 

progression has also been confirmed in studies using CSF biomarkers, which have 

demonstrated that increased levels of chitinase 3-like 1 (YKL-40), which is secreted 

by both microglia and astrocytes, correlate well with CSF levels of total tau, as well 

as cognitive decline (Janelidze et al., 2018; Llorens et al., 2017). Interestingly, the 

levels of several pre- and post-synaptic markers, including neuragranin and 

synaptosomal-associated protein 25 (SNAP25), are also elevated in early AD and this 

is associated with greater amyloid pathology and worsened memory performance 

(Mila-Aloma et al., 2020; Pereira et al., 2021). This illustrates that gliosis and synaptic 

changes are early events in AD which might be tightly interlinked with disease 

progression. 

1.4 The synapse in health and AD  

1.4.1  The hippocampus 

The hippocampus is a complex brain structure which has been associated with a 

number of different functions, the most prominent of which is memory formation and 

learning. However, the hippocampus has also been shown to have a role in olfaction 

(Soudry et al., 2011), spatial navigation (Stella et al., 2012), and emotional behaviour 

(Toyoda et al., 2011), illustrating the importance of its normal functioning for normal 
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brain activity. In humans, the hippocampus is situated deep into the temporal lobe and 

is well connected to surrounding brain regions. The hippocampal formation comprises 

of several distinct regions including the dentate gyrus (DG), the CA3, CA2, and CA1 

pyramidal layers, the subiculum, presubiculum and parasubiculum. The hippocampal 

circuit and particularly, the trisynaptic loop, has been very well studied throughout the 

years and it consists of unidirectional neuronal activity flowing across three pathways. 

The trisynaptic loop begins at cells in layer II of the entorhinal cortex (EC) which form 

excitatory projections onto granule cells in the DG via the medial and lateral perforant 

paths. Following this, DG cells synapse onto pyramidal cells in the CA3 layer via the 

mossy fibre pathway and CA3 pyramidal cells then send axonal projections to CA1 

pyramidal cells through the Schaffer collateral pathway. CA1 cells then either synapse 

onto cells in the subiculum which then project to the deep layers of the EC, or they 

project directly onto those layers (see Figure 1.3) (van Groen et al., 2003). In addition 

to the trisynaptic loop, there are also other connections in the hippocampus, such as 

EC projections directly onto CA3 pyramidal cells, as well as recurrent collaterals in 

the CA3 layer. Studies examining this trisynaptic loop have provided valuable insight 

into how synaptic activity can lead to memory formation and learning, but have also 

raised important questions in what ways the hippocampus becomes impaired under 

disease conditions. 

Figure 1.3. A simplified version of the hippocampal circuit.  
The trisynaptic loop of the hippocampus is unidirectional and begins with inputs from 
layer II of the entorhinal cortex (EC) to the granule cells in the dentate gyrus via the 
medial and lateral perforant paths (MPP and LPP). Granule cells then project onto 
pyramidal cells in the CA3 layer via the mossy fibre pathway (MF) which then form 
connections to CA1 pyramidal cells via the Schaffer collateral pathway. CA1 cells then 
provide input to the deep layers of the EC (V and VI) or indirectly via the subiculum.  
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1.4.2 The synapse in the AD brain 

Alterations in synaptic activity are one of the hallmarks of AD and are one of the most 

closely related factors to the speed of cognitive decline in AD (DeKosky and Scheff, 

1990; Jackson et al., 2019a; Terry et al., 1991). In fact, fMRI studies have 

demonstrated abnormal hyperactivity in the hippocampus of AD patients before 

apparent cognitive changes, followed by hypoactivity once symptoms emerge 

(Bookheimer et al., 2000; Dickerson et al., 2005; Quiroz et al., 2010). This 

hippocampal hypoactivity is shown to be very closely related to the degree of 

cognitive decline (O'Brien et al., 2010). Since the hippocampus is essential for the 

formation of new memories and learning (Whitlock et al., 2006), and is in fact one of 

the first regions affected in AD (Braak and Braak, 1993), understanding the reason for 

the early changes in this brain region is crucial for understanding disease development.  

1.4.3 Aβ and the synapse 

In the healthy brain, APP and the different Aβ fragments produced from it have a 

physiological role in synaptic transmission. In particular, research has demonstrated 

that Aβ released in an activity-dependent manner promotes APP-APP interactions in 

presynaptic terminals. This in turn leads to enhanced presynaptic Ca2+ influx and 

thereby, glutamate release (Abramov et al., 2009; Fogel et al., 2014). A study by Lee 

et al. (2020) has also shown that the APP family is required for normal synaptic 

functioning. Its inactivation was shown to lead to impaired hippocampal synaptic 

plasticity and spatial memory resulting from neuronal hyperexcitability, as determined 

by a lowered actional potential (AP) threshold and increased frequency of firing. 

Another study showed that when applied exogenously, nanomolar levels of Aβ can 

inhibit long-term potentiation (LTP) formation through excessive activation of N-

methyl-D-aspartate receptors (NMDARs) (Li et al., 2011). The opposite effect was 

observed in another study, which argued that endogenous Aβ is necessary for normal 

LTP, with antibodies against Aβ resulting in its reduction (Puzzo et al., 2011). The 

contrasting effects of these two studies could be due to the much younger mice used 

in the study by Li et al. or the different stimulation paradigms used for LTP induction, 

with Puzzo et al. using theta-burst stimulation, while Li et al. used two trains of 

stimuli. Nonetheless, altogether these studies demonstrate an important physiological 
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role of APP and its fragments in synaptic activity and raise the question as to what 

causes the shift from this normal functioning of Aβ to its toxic effects on synapses and 

neurons seen in AD. 

Importantly, however, a growing number of evidence suggests that most of the 

synaptic toxicity imparted by Aβ arises from the soluble oligomeric Aβ species, rather 

than from the plaque formations themselves (Busche et al., 2012; Selkoe, 2008; 

Townsend et al., 2006; Walsh et al., 2002). This is supported by the finding that 

plaques may occur in cognitively normal elderly individuals without any sign of AD-

associated manifestations (Aizenstein et al., 2008; Katzman et al., 1988; Serrano-Pozo 

et al., 2011). It is possible that early in AD pathology, amyloid plaques serve a 

somewhat protective role wherein they attract free-floating soluble Aβ oligomers, 

keeping the damage associated with them fairly local. As more and more soluble Aβ 

becomes produced, plaques become bigger, in turn increasing the toxic effects of Aβ 

on neighbouring structures like synapses. 

The above has been supported by studies in mice which have demonstrated that 

changes in neuronal activity can occur before evident pathology and hence, during 

soluble Aβ oligomers accumulation. Most studies on animal models agree that with 

increased soluble Aβ levels, there is an increased probability of glutamate release and 

hence, increased excitability. For instance, our lab has demonstrated that CA3 

pyramidal cells in the hippocampus of transgenic TASTPM mice (carrying the 

Swedish mutation in APP and the M146V mutation in PSEN1) exhibit increased 

release probability even before plaque formation (Cummings et al., 2015). More 

recently, we demonstrated the same effect in App knock-in models of AD which avoid 

some of the problems associated with overexpression (discussed in more detail later 

in this chapter). In this study, AppNL-F and AppNL-G-F mice exhibited increased release 

probability at 7 and 2 months of age, respectively, which is before or at very minimal 

plaque accumulation in these models, suggesting that it is due to the effects of the 

soluble oligomeric Aβ (oAβ) species  (Benitez et al., 2021; Saito et al., 2014). The 

effect of Aβ on synaptic activity has also been confirmed in in vivo studies which have 

shown that neurons in the vicinity of soluble Aβ are hyperactive and become silent 

after plaque formation (Busche, 2018; Busche et al., 2012; Busche et al., 2008; Busche 

et al., 2015; Busche and Konnerth, 2016). The 2012 study by Busche et al. showed 
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hippocampal hyperactivity in the APP23xPS45 transgenic model which was reduced 

upon the addition of a gamma-secretase inhibitor and hence after a reduction of soluble 

Aβ in these mice.  

Studies in AD models have demonstrated that Aβ can have prominent effects on both 

the presynapse and postsynapse which can ultimately result in altered synaptic 

transmission in these models (summarised below in Figure 1.4). For example, given 

that Aβ release is activity dependent (Abramov et al., 2009; Dolev et al., 2013; Palop 

and Mucke, 2010), it has been suggested that as Aβ is released from synapses more 

substantially in AD conditions due to either mutations in the APP gene or other risk 

factors, a positive feedback loop occurs, wherein more and more soluble Aβ becomes 

released and begins aggregating into amyloid plaques (Edwards, 2019). In fact, one 

study by Russell et al. (2012) demonstrated that exogenously applied Aβ42 localises to 

presynaptic terminals where it disrupts the complex formed between VAMP2 and 

Synaptophysin, in turn increasing the number of vesicles primed for exocytosis. 

Furthermore, another study by Ovsepian et al. (2017) has shown that cells which are 

in the vicinity of plaques exhibit activity-dependent hyperactivity evidenced by 

increased frequencies of spontaneous excitatory postsynaptic currents (sEPSCs). The 

authors argue that this is due to the enhanced presynaptic glutamate release from 

dystrophic axons as a result of enhanced Ca2+-induced Ca2+ release induced by 

presynaptic mGluR activation due to impaired glutamate reuptake, although the origin 

of the synaptic inputs was not examined specifically in this study (see Figure 1.4). 

Nonetheless, this work demonstrates an important role for Aβ and Aβ plaques in 

modulating synaptic activity in disease contexts.  

The same was observed more recently in another study which demonstrated that both 

the in vitro and in vivo application of a synthetic Aβ compound ([AβS26C]2) in wild-

type mice enhances the hyperactivity in neurons with pre-existing baseline activity 

(Zott et al., 2019). The authors argued that this was due to the Aβ-mediated 

suppression of glutamate reuptake and specifically, through its effects on the 

astrocytic glutamate transporter GLT-1. They found that both TBOA (glutamate 

reuptake blocker) and GLT-1 antibodies mimicked the above effects in wild-type 

mice, while TBOA had no additional effect on hyperactivity in APP23/PS45 mice at 

a stage when levels of soluble Aβ are high (Zott et al., 2019). Disrupted glutamate 
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reuptake has also been suggested previously, with studies showing that pathological 

elevations in Aβ could reduce neuronal glutamate reuptake at the synapse, 

contributing to long-term depression (LTD) in disease contexts (Li et al., 2009; Li et 

al., 2011). These results demonstrate the important role of soluble Aβ in early neuronal 

dysfunction in AD, highlighting the need to understand its specific effects on synaptic 

activity early in the disease. 

Exogenously applied oligomeric Aβ has on multiple occasions been shown to lead to 

alterations in presynaptic activity. In particular, a number of studies have shown the 

presence of oAβ to reduce the frequency of miniature excitatory postsynaptic currents 

(mEPSCs), which represent currents in response to spontaneously released glutamate 

vesicles in the absence of APs (Kamenetz et al., 2003; Nimmrich et al., 2008; Shankar 

et al., 2007; Talantova et al., 2013). Aβ derived from extracts from AD patients has 

been shown to block LTP, impair memory performance, and alter synaptic structures 

in the hippocampus (Barry et al., 2011; Borlikova et al., 2013; Li et al., 2011), with 

one study demonstrating that the addition of AD-derived Aβ to wild-type mice blocks 

LTP and enhances the presynaptic release of glutamate, an effect which was dependent 

on the presence of endogenous APP (Wang et al., 2017). The same work further 

demonstrated that Aβ also leads to enhanced frequency of sEPSCs and reduced 

frequency of spontaneous inhibitory postsynaptic currents (sIPSCs), and also 

accumulates in presynaptic compartments, showing the excitation/inhibition 

imbalance which could be induced by Aβ through its effect on the presynapse.  

The above effects on synaptic transmission could also be driven by the decreased 

number of postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) 

and NMDA receptors shown to occur as a result of elevated Aβ (which also leads to 

the loss of dendritic spines (Cirrito et al., 2005; Hsieh et al., 2006)), enhanced 

presynaptic glutamate release, reduced glutamate reuptake (Li et al., 2009), or a 

decrease in synaptic inhibition (Busche et al., 2012; Verret et al., 2012). In fact, oAβ 

has multiple binding partners at both the pre- and post-synapse, including NMDARs, 

NaKα3, α7nAChR, APOE, Clusterin, EphA4, and p75NTR (Jarosz-Griffiths et al., 

2016). Therefore, it has been suggested that in early AD, the rising levels of Aβ 

promote its binding to multiple receptors in the synaptic space, in turn creating an 

imbalance between synaptic excitation and inhibition. This idea has more recently 
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been demonstrated in acute hippocampal slices from 5xFAD mice, where CA1 cells 

exhibited attenuated inhibitory postsynaptic currents, and hence hyperactivity, at a 

stage prior to Aβ plaque development, which was reversed upon the addition of 

GABAA receptor agonists (Li et al., 2021). The same reduced inhibitory activity was 

also reported in the lateral entorhinal cortex in AppNL-F mice again prior to plaque 

accumulation, suggesting that the observed effects are due to soluble Aβ (Petrache et 

al., 2019). Although reducing inhibition, Aβ has additionally been shown to enhance 

excitation. For instance, work in acute hippocampal slices in rats has shown that the 

intracellular injection of oligomeric forms of Aβ can result in the insertion of GluA1-

expressin AMPARs (Whitcomb et al., 2015). On the other hand, Aβ has also been 

shown to bind to GluA2- and GluA3-expressing AMPARs, in turn triggering their 

internalisation and disrupting synaptic transmission (Reinders et al., 2016; Zhao et al., 

2010). Therefore, by altering the receptor makeup at the postsynapse, Aβ can result in 

abnormal synaptic activity in AD models. Furthermore, previous work has also 

highlighted an important interaction between Aβ and NMDARs which can lead to 

further alterations in synaptic transmission. In particular, it has been shown that Aβ 

can reduce NMDAR-mediated Ca2+ transients at the postsynapse (Bloodgood and 

Sabatini, 2007). Further work in knock-out mice aiming to delineate the specific 

mechanisms through which Aβ leads to altered NMDAR activity demonstrated that 

Aβ decreases the surface expression of NMDARs in 5xFAD mice, in turn reducing 

the number of functional synapses (Muller et al., 2018). Additionally, it has also been 

demonstrated that the binding of Aβ to NMDARs can lead to spine loss in a 

calcineurin-dependent manner (Rammes et al., 2018; Shankar et al., 2007; Wei et al., 

2010). Therefore, it appears the physiological role of Aβ becomes dysregulated in AD 

conditions, in turn leading to altered properties of synaptic transmission, disturbing 

both pre- and postsynaptic mechanisms and impairing network activity (summarised 

in Figure 1.4 below) (Gulisano et al., 2019).  
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Figure 1.4. The effects of Aβ on the pre- and postsynapse and synaptic transmission in 
AD mouse models.  
Presynapse: Aβ can increase the release probability in AD models through two main 
mechanisms: (1) Aβ is able to enhance synaptic vesicle docking and neurotransmitter release 
by disrupting the interaction between VAMP2 and Synaptophysin, allowing for VAMP2 to 
participate in the formation of the SNARE complex. (2) Additionally, Aβ can also inhibit 
glutamate reuptake via GLT-1 transporters on astrocytes, in turn resulting in presynaptic 
mGluR1 activation, Ca2+-induced Ca2+ release from ER stores, CaMKIV and synapsin 
phosphorylation, ultimately increasing the number of synaptic vesicles available for docking. 
Postsynapse: Aβ can also affect the excitatory/inhibitory balance by altering the receptor 
make-up at the postsynapse: (3) Aβ has been shown to inhibit GABAA receptors at the 
postsynapse, in turn resulting in reduced inhibitory transmission. (4) Aβ can also affect the 
composition of excitatory receptors at the presynapse by increasing the endocytosis of GluA1-
expressing AMPARs and enhancing the exocytosis of GluA2-expressing AMPARs. (5) Aβ 
can also inhibit NMDAR-mediated Ca2+ influx, in turn resulting in calcineurin activation and 
impaired LTD and spine loss. 
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In addition to its effects on synaptic transmission, previous research has shown that 

soluble Aβ can also result in synaptic loss. In fact, a number of studies have shown a 

significant decrease in dendritic spines in AD patients, indicating a potential link 

between Aβ and synaptic health (Fiala et al., 2002; Knobloch and Mansuy, 2008; 

Koffie et al., 2012; Penzes et al., 2011). This finding has been very well established in 

mouse models with studies showing that synapses within a certain radius of a plaque 

are lost, although synapses outside this region also show some abnormalities (Spires 

et al., 2005). For instance, evidence from J20 mice, which overexpress App with two 

mutations linked to AD (Swedish and Iberian mutations), has shown a decreased 

number of synaptic puncta which is tightly correlated with soluble Aβ and, 

interestingly, not plaque load (Mucke et al., 2000). This is in accordance with other 

work on APP/PS1 transgenic mice which has indicated that that the halo of oAβ 

around plaques is what contributes to the reduction of excitatory postsynaptic 

densities, evidenced by a reduction of PSD95 staining around plaques (Koffie et al., 

2012; Koffie et al., 2009). In fact, the same studies further demonstrated that the 

number of synapses returns to control levels at around 50 µm away from the plaque 

region, suggesting the region-specific toxic effects of the oAβ halo. The mechanisms 

for these effects are presently unknown, although it has been suggested that oligomeric 

Aβ may bind to NMDARs, in turn enhancing their endocytosis in the postsynaptic 

density (Snyder et al., 2005).  

More recent research has corroborated the above findings in App knock-in mice and 

specifically, AppNL-F mice, with a study by Sauerbeck et al. (2020) showing reduced 

excitatory synaptic densities in the vicinity of plaques in the cortex. These effects were 

limited to up to approximately 25µm away from the plaque region, again illustrating 

that they are highly dependent on plaque presence and the toxicity associated with it. 

Opposite effects on the inhibitory postsynaptic density in pyramidal cells in the 

hippocampus have also been observed. Specifically, the synapse density of the CA3 

axon initial segment established by PV-(parvalbumin)-positive axon-axonic inhibitory 

neurons was found to be enlarged, and therefore dystrophic, in 18-month AppNL-F mice 

compared to wild-type controls (Sos et al., 2020). The authors suggest that this could 

be a compensatory mechanism designed to counteract the enhanced synaptic activity 

observed in pyramidal cells, however how this is achieved remains to be determined. 

Interestingly, the same study also showed that PV-expressing inhibitory neurons, 
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which show no alterations in receptor makeup, nor synapse density despite moderate 

plaque pathology, occasionally exhibit dystrophic axons near amyloid plaques (Sos et 

al., 2020), highlighting the presynaptic compartment as especially vulnerable to Aβ 

pathology.  

Therefore, in addition to its effects on postsynaptic densities, research has shown that 

Aβ can also have profound effects on presynaptic compartments. For instance, Sadleir 

et al. (2016) have demonstrated that microtubules are disrupted in peri-plaque regions. 

By looking at tissue from both AD patients and 5xFAD mice, their work shows that 

despite expressing normal levels of synaptophysin, axons around plaques exhibit 

reduced expression of the active zone protein bassoon, as well as reduced expression 

of the microtubule marker tubulin and aberrant accumulation of microtubule-

associated proteins such as dynein, dynamitin, and kinesin (Sadleir et al., 2016). Their 

work shows that the reduction of tubulin occurs within 20µm of the plaque region, 

providing further support for plaque-specific toxicity. More recent work on AD 

patients has further shown using MRI and diffusion-tensor imaging that both pre- and 

post-synaptic markers (SNAP25; growth associated protein 43, GAP43; and 

neurogranin, NRGN) are differentially upregulated in early AD prior to tau pathology 

(Pereira et al., 2021). Changes in these markers are associated with greater amyloid 

pathology and worsened memory performance, indicating an important link between 

Aβ and synaptic mechanisms. Interestingly, through the use of pulse-chase 

proteomics, which allows the tracking of the dynamics of different proteins over time, 

Hark et al. (2021) also demonstrated that in the early stages of Aβ accumulation in 

App knock-in mice (AppNL-F and AppNL-G-F), there is an impaired turnover of 

presynaptic proteins (including SNAP25; vesicle-associated membrane protein-1, 

VAMP1; and syntaxin-1B, STX1B), resulting in elevated levels of presynaptic vesicle 

proteins and enhanced synaptic vesicle pool density. This study highlights that the 

presynaptic compartment is particularly vulnerable to early Aβ accumulation, 

positioning the presynapse as critical for the early synaptic effects seen in AD.  

Neurites themselves also become damaged as a result of plaque accumulation, with 

this phenomenon shown to be directly caused by newly-formed plaques or the soluble 

Aβ build-up prior to and during plaque development (Meyer-Luehmann et al., 2008; 

Spires et al., 2005).  Furthermore, axons near plaques also display an interesting 
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anatomical feature, wherein they bend around plaques they pass nearby, perhaps 

because they are physically displaced by plaques’ presence or possibly to avoid 

plaques-associated toxicity and maintain their own functionality (Spires et al., 2005). 

Given the effects of plaques on the activity and morphology of surrounding synapses 

and the importance of mitochondria and Ca2+ homeostasis on synaptic transmission, 

the finding that Aβ can disrupt mitochondrial functioning and Ca2+ buffering is not 

surprising. In fact, extracellular Aβ can be internalized and taken up by mitochondria 

(Hansson Petersen et al., 2008; Hedskog et al., 2013), where it can bind to several 

mitochondrial proteins, including ABAD (amyloid-binding alcohol dehydrogenase) 

and Cyclophilin D, in turn resulting in mitochondrial toxicity (Du et al., 2008; 

Lustbader et al., 2004). Interestingly, mitochondrial damage, lysosomal accumulation, 

and axonal dysfunction in both AD models and AD post-mortem tissue has been 

shown to occur predominantly in mitochondria in the vicinity plaques, a finding 

highlighting the importance of plaque toxicity in AD pathology (Cai and Tammineni, 

2017; Sos et al., 2020).  

1.5 Glial cells 

1.5.1  Microglia in the healthy brain 

Microglia are the brain-resident immune cells and they have increasingly been 

recognised as essential regulators of development, homeostasis, as well as disease 

mechanisms in the central nervous system. Microglia are derived from the myeloid 

progenitor cells in the embryonic yolk sac and they migrate to the brain early in 

embryonic development at approximately day 9.5 before growing into immature 

microglia, where they constitute 5-10% of all brain cells (Ginhoux et al., 2010; 

Ginhoux and Guilliams, 2016; Hoeffel and Ginhoux, 2015; Li and Barres, 2018). 

Using local signals, they adopt tissue-specific signatures and functions, creating vastly 

heterogeneous populations across the brain (Gautier et al., 2012; Hickman et al., 2013; 

Li et al., 2019). Microglia are able to quickly adapt to their surrounding environment 

and adopt a number of different functions, evidenced by the existence of different 

microglial activation states, as well as different transcriptional profiles (Gosselin et 

al., 2014; Gosselin et al., 2017; Lavin et al., 2014). Microglia are known to support 

neurons by clearing extracellular debris, as well as by releasing extracellular growth 
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factors, such as brain-derived neurotrophic factor (BDNF) and insulin-like growth 

factor-1 (IGF-1) (Gomes et al., 2013; Parkhurst et al., 2013; Ueno et al., 2013), and 

cytokines, such as tumour necrosis factor-a (TNFa) and interleukin-1b (IL-1b ) (York 

et al., 2018). This release is achieved through the activation of their numerous 

receptors, which include purinergic receptors (Haynes et al., 2006), metabotropic 

glutamate receptors (Taylor et al., 2002; Taylor et al., 2003), GABA receptors, and 

acetylcholine receptors (reviewed extensively by Domercq et al. (2013)). Both during 

development and, as demonstrated more recently, in the adult brain, microglia have a 

crucial role in a number of processes, including neurogenesis (Aarum et al., 2003; 

Cunningham et al., 2013; Diaz-Aparicio et al., 2020; Ueno et al., 2013), synaptic 

maturation (Schafer et al., 2012; Stevens et al., 2007), and the establishment and 

regulation of neuronal circuits (Hoshiko et al., 2012; Pont-Lezica et al., 2014).  

Microglia are incredibly mobile and in vivo imaging studies in the mouse brain have 

demonstrated that they continuously scan the local environment and contact neural 

components and synapses with their highly motile processes (Nimmerjahn et al., 2005; 

Wake et al., 2009). These microglia-synapse interactions have been suggested to be 

important in regulating synaptic maturation. In fact, there have been numerous reports 

of the extensive pruning of neurons and their respective synapses by microglia during 

development in different regions, including the hippocampus and the olfactory bulb 

(Lehrman et al., 2018; Stevens et al., 2007; Wallace et al., 2019; Wilton et al., 2019). 

This process has been shown to be dependent on the classical complement cascade, 

with the complement components C1q and C3 marking synapses for elimination, 

which are then recognised by the microglial receptor complement receptor 3 (CR3) 

(Schafer et al., 2012; Stevens et al., 2007). Interestingly, three-dimensional 

reconstructions acquired using correlative light and electron microscopy of 

organotypic hippocampal slice cultures (OHSCs) from mice have also demonstrated 

that microglia are able to trogocytose – or ‘nibble’ – presynaptic boutons and axons – 

a process which was not dependent on CR3 (Weinhard et al., 2018). Microglial 

pruning has also been shown to be regulated through cluster of differentiation-47 

(CD47) signalling and its microglial receptor, SIRPa, with CD47 deletion resulting in 

enhanced engulfment, thereby suggesting that it constitutes a synaptic “don’t eat me” 

signal for microglia to recognise (Lehrman et al., 2018). CD47 was shown to be 
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primarily localised to active synapses, suggesting that its expression is used as a tag 

to limit microglial phagocytosis of necessary inputs during synaptic pruning. 

A similar function of microglia has also been reported to occur as a normal process 

throughout life, with studies showing that microglia actively and constantly regulate 

the number of functional synapses in the nervous system (Ji et al., 2013; Paolicelli et 

al., 2011; Peretti et al., 2015; Zhan et al., 2014). A recent study has also shown that 

microglial pruning of postsynaptic density protein-95 (PSD95) synapses could occur 

in the adult hippocampus, positioning microglia as important players for mediating 

the forgetting of contextual fear memory (Wang et al., 2020). Similarly to during 

development, microglial pruning in this context was shown to be dependent on the use 

of the complement pathway and was targeted to weakly activated neurons. It appears 

that, in the healthy brain and throughout life, microglial reorganisation of hippocampal 

synapses is important for normal functioning. 

In addition to affecting the structure of synaptic elements, microglia have also been 

shown to have profound effects on synaptic function. This idea was brought forward 

by the fact that a number of studies have shown that microglial motility is dependent 

on changes in neuronal activity (Cserep et al., 2020; Liu et al., 2019; Stowell et al., 

2019). In particular, one study demonstrated that reduced microglial branching and 

motility observed in Cx3cr1 knock-out mice resulted in altered glutamatergic 

transmission at CA3-CA1 synapses and specifically, a defective AMPA component 

of EPSCs, defective functional connectivity, as well as reduced release probability 

(Basilico et al., 2019). Moreover, several studies have shown that upon enhanced 

neuronal activity and NMDAR activation, ATP is released from neurons which in turn 

stimulates the outgrowth of microglial processes towards synaptic compartments 

(Dissing-Olesen et al., 2014; Eyo et al., 2014). A study by Ji et al. (2013) also 

demonstrated that microglial removal increases the frequency of both spontaneous and 

miniature EPSCs and results in higher synaptic density, evidenced by an increase in 

GluA1, synapsin I and PSD95 in OHSC, highlighting a role for microglia for normal 

synaptic functioning. This was echoed in a more recent study which showed that 

microglia suppress neuronal activity by detecting neuronal-derived extracellular ATP, 

with microglial removal resulting in increased synchronous firing of neurons and 

seizures in mice (Badimon et al., 2020).  
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Altogether, the above studies demonstrate that microglia are not merely passive 

observers but are active players in the central nervous system. They are able to 

continuously adapt to their changing environment and respond appropriately to 

different signals to regulate the integrity of neuronal networks and synaptic activity, 

to ultimately assure its normal functioning. 

1.5.2  Microglia in AD 

In addition to amyloid plaques, neurofibrillary tangles and neuronal loss, 

inflammation has also been pinpointed as important for AD pathogenesis. This was 

noted for the first time in 1907 in the report of Alois Alzheimer himself, with a number 

of studies demonstrating alterations in activation and distribution of glia, as well as 

increased expression of inflammatory markers in the brains of AD patients (Beach et 

al., 1989; Itagaki et al., 1989). Indeed, given that several variants of microglial genes, 

including CD33 (Hollingworth et al., 2011) and TREM2 (Jonsson et al., 2013), have 

been associated with an increased risk of developing AD, the immune cells of the brain 

have been positioned as key regulators of disease pathogenesis. In fact, microglia have 

been shown to rapidly cluster around newly formed amyloid plaques in both post-

mortem tissue from AD patients and mouse models, which is accompanied with 

profound changes in their morphology and gene expression (Baron et al., 2014; 

Condello et al., 2015; Matarin et al., 2015; Meyer-Luehmann et al., 2008; Serrano-

Pozo et al., 2013; Town et al., 2005; Yuan et al., 2016). This is believed to be an early 

phenomenon, occurring shortly after plaque accumulation (Henstridge et al., 2019). It 

is unknown what the exact role of these microglia is – whether they have a role in 

separating plaques from surrounding regions (Condello et al., 2015), or whether 

microglia become dysfunctional in such contexts (Krabbe et al., 2013). A 

transcriptional study in 5xFAD mice showed that these microglia constitute a 

completely different subset of microglia, upregulating genes associated with 

microglial activation and which have also been highlighted as AD risk factors, such 

as Trem2 (Guerreiro et al., 2013b; Jonsson et al., 2013), Apoe (Corder et al., 1993), 

and Tyrobp (Pottier et al., 2016), and downregulating homeostatic genes including the 

purinergic receptors P2ry12/13, Cx3cr1, and Tmem119 (Butovsky et al., 2014; Keren-

Shaul et al., 2017). The existence of these DAMs has also been confirmed in other 

models of AD (Ajami et al., 2018; Friedman et al., 2018; Krasemann et al., 2017), 



 37 
 

indicating a potentially important role for these plaque-associated microglia in an AD 

context. Some DAM markers have also been reported in AD post-mortem brains 

(Friedman et al., 2018; Keren-Shaul et al., 2017), illustrating a common microglial 

signature in response to an AD environment.  

The DAM signature is a two-step process, with currently unknown signals triggering 

the change from homeostatic microglia to stage I DAM microglia, and TREM2 

signalling required for stage II induction (see Figure 1.5). The latter was confirmed in 

studies showing that TREM2 deficient mice are unable to produce stage II DAM, with 

the majority of microglia constituting stage I DAM (Keren-Shaul et al., 2017). The 

dependency of the DAM profile on TREM2 signalling demonstrates the importance 

of normal functioning of TREM2 for an appropriate microglial response, positioning 

it as an essential regulator of the immune response to amyloid pathology. Interestingly, 

a more recent transcriptional study in AD human tissue identified a number of 

different populations of microglia. However, several of these, rather than one cluster 

specifically, were shown to express some of the genes associated with the DAM 

signature found in mice (Olah et al., 2020). This illustrates that although there is no 

specific cluster expressing the murine DAM signature, thereby raising questions into 

the relevance of mouse models for recapitulating human AD, the fact that multiple 

populations differentially up- and down-regulate genes similarly as DAMs shows that 

mouse models could provide a general overview for understanding the microglial 

response in AD.  

 



 38 
 

Figure 1.5. Induction of microglia to disease-associated microglia (DAM).  
The induction of a homeostatic microglia to a stage I DAM is triggered by unknown signals, 
while TREM2 signalling is required for stage II induction. Microglia at both stages exhibit 
specific transcriptional signatures. Figure taken from Deczkowska et al. (2018). 

1.5.3  Microglia and Aβ 

Previous studies have suggested that DAMs are recruited to plaque regions in order to 

limit plaque formation and expansion. There have been indications of microglial 

binding and engulfment of Aβ species (Lee and Landreth, 2010; Yu and Ye, 2015), 

suggesting their potential role in phagocytosing Aβ and hence regulating plaque 

growth. Indeed, microglia have been shown to secrete an Aβ-degrading enzyme which 

potentially aids their role in removing Aβ in a CR3-dependent manner, with CR3 

ablation promoting Aβ phagocytosis (Czirr et al., 2017; Fu et al., 2012). In 

comparison, another study by Baik et al. (2016) demonstrated that microglial 

engulfment of Aβ in the 5xFAD model induces microglial cell death and subsequent 

release of engulfed Aβ into the extracellular space, contributing to plaque growth. 

However, studies in which microglia are ablated either using a colony-stimulating 

factor 1 receptor (CSF1R) blocker (PLX5622 or PLX3397) – as CSF1R signalling is 

necessary for microglial development and survival (Chitu et al., 2016; Elmore et al., 

2014) – or genetic manipulation are contradictory. Some studies report increased 

plaque growth and particularly increased size and number, as well as reduced 

circularity when microglia are removed (Clayton et al., 2021; Zhao et al., 2017), some 

find no changes in plaque number or maintenance (Dagher et al., 2015; Grathwohl et 

al., 2009; Spangenberg et al., 2016), while others show reduced plaque formation 



 39 
 

(Benitez et al., 2021; Sosna et al., 2018; Spangenberg et al., 2019), arguing that 

microglia are instrumental in plaque formation.   

The discrepancies of the above findings could be attributed to the different mouse 

models used in these studies, the timing of microglial ablation, as well as its duration. 

In particular, the studies implementing microglial depletion prior to or at very early 

plaque deposition (Sosna et al., 2018; Spangenberg et al., 2019) found reduced 

amyloid burden evidenced by reduction in both size and number of plaques with 

microglial removal. Some of these studies also found reduced intraneuronal and 

extracellular soluble Aβ in the cortex and hippocampus, a reduction of dense-core 

plaques, and the appearance of diffuse-like plaques in 5xFAD mice, while others have 

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

(Benitez et al., 2021). These results suggest that microglia have a role in depositing 

soluble Aβ into plaques and compartmentalising those plaques into dense-core 

plaques, potentially limiting the spread of Aβ toxicity.  

In comparison, those studies implementing the depletion paradigm later (i.e. at 4 

months in AppNL-G-F mice in (Clayton et al., 2021) when there is already advanced 

plaque load), see the opposite effect and report enhanced plaque burden upon 

microglial ablation. However, some studies (Casali et al., 2020; Son et al., 2020) also 

found reduced plaque size upon microglial removal despite beginning depletion at 

more advanced stages of pathology. Yet, both of these studies achieved partial 

microglial depletion (50-70%), making the effects observed heterogeneous and so it 

is hard to reach concrete conclusions. Nonetheless, the study by Casali et al. (2020), 

similarly to the above studies, observed a reduced proportion of compact plaques and 

an increased trend for filamentous plaques in the cortex, hippocampus, and subiculum 

upon microglial depletion, as evidenced by an increase in 6E10-positive plaques. This 

echoes the findings by Clayton et al. (2021) who similarly demonstrated reduced 

plaque compartmentalisation. Therefore, altogether these studies demonstrate that 

microglia may play an important state-dependent role in AD, wherein early in 

pathology they might be involved in depositing soluble Ab into plaques, thereby 

potentially limiting the toxicity associated with oAβ, while later in pathology their role 

might be more focused on keeping the plaques themselves more compact, limiting the 

spread of damage.  
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The idea that the role of microglia is to keep plaques compact has been supported by 

one study which showed that microglia constitute a physical barrier around plaques, 

preventing the accumulation of more soluble Aβ and limiting the spread of damage of 

the plaque itself (Condello et al., 2015). Hence, upon microglial removal, this function 

is no longer achieved, resulting in more diffuse plaques and toxicity spread. This has 

further been supported by a recent study by Huang et al. (2021) which demonstrated 

an essential function for microglia and their TAM receptor tyrosine kinases – Axl and 

MerTK – for Aβ phagocytosis and the formation of dense-core Aβ plaques. As 

previous work has also shown an essential role of microglia in the formation of these 

plaques (Baik et al., 2016), the authors argued that dense-cored plaques are a 

confinement mechanism, which allows microglia to keep the toxicity of oAβ compact, 

limiting its spread to the rest of the tissue. This idea is in accordance with previous 

work which has shown that these receptors are involved in microglial clearance of 

dead cells (Fourgeaud et al., 2016). A protective mechanism for these DAMs has also 

been suggested in recent work in 5xFAD/P301S mice in which tau seeds were also 

injected to accelerate the tau pathology and neurodegeneration seen in this model 

(Lodder et al., 2021). This study demonstrated that activated plaque-associated 

microglia are preferentially preserved upon microglial depletion, similarly to what our 

lab showed recently in App knock-in models (Benitez et al., 2021), while non-plaque 

associated microglia are ablated, and this is accompanied with attenuated tau 

pathology and neurodegeneration. These results thus demonstrate that plaque-

associated microglia and hence, DAMs, are functionally relevant, play an important 

protective role in early AD, and importantly, do not contribute to disease pathology. 

Therefore, it is clear that microglia are instrumental to disease mechanisms in the AD 

brain, highlighting the necessity of understanding in what ways they contribute or 

protect against disease progression. 

A recent study by Grubman et al. (2021) demonstrated that microglia which 

phagocytose plaques, evidenced by the presence of Methoxy-XO4-positive inclusions 

in microglia, have a different transcriptional profile compared to microglia with no 

plaque deposits. This transcriptional profile was shown to have some overlap with the 

previously identified DAM profile, such as upregulation of Apoe and Trem2, although 

microglia also showed upregulation of genes related to the Hif-1 signalling pathway 

(involved in hypoxia regulation) and mitophagy. In this work, the authors also showed 
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that simply introducing microglia from wild-type mice into OHSC made from 5xFAD 

mice is enough to encourage the transition of microglia to a profile similar to Methoxy-

XO4-positive microglia (Grubman et al., 2021). This demonstrates that the amyloid-

containing environment is sufficient to prime microglia and change their 

transcriptional profile to an ‘activated’ one. Interestingly, the same study further 

indicated that those microglia which contain amyloid deposits are more likely to 

phagocytose synapses, creating an interesting link between microglial phagocytosis 

and amyloid plaques.  

1.5.4 Microglia and synapses 

In addition to their interaction with amyloid plaques, the function of microglia in 

synaptic pruning has also been suggested to be reactivated in disease contexts. In fact, 

a ground-breaking study by Hong et al. (2016) was the first to show that in the J20 

mouse model of AD, which overexpresses App with the Swedish and Indiana 

mutations under the platelet-derived growth factor-b (PDGF-b) promoter, microglia 

contribute to early synaptic loss. Similarly to under homeostatic conditions, this 

process was again driven by the complement pathway, with C1q and C3 tagging 

synapses for engulfment by microglia (Bie et al., 2019; Hong et al., 2016). The same 

study further demonstrated that the addition of oAβ to wild-type mice was sufficient 

to trigger synaptic engulfment by microglia, suggesting that amyloid toxicity primes 

microglia to switch to this phagocytic phenotype (Hong et al., 2016). Interestingly, 

microglial ablation using the CSF1R inhibitor PLX3397 in 5xFAD mice prevented the 

reduction in spine density observed in the CA1 region of the hippocampus in this 

model (Spangenberg et al., 2016). The same effect was also reported in another study 

in APP/PS1 mice using the GW2580 compound for microglial ablation (Olmos-

Alonso et al., 2016). In accordance with this, microglial removal has also been shown 

to prevent the downregulation of synaptic genes observed in the hippocampus in the 

5xFAD model (Spangenberg et al., 2019). Altogether, these studies illustrate a clear 

link between microglia and synaptic pruning in AD conditions, raising questions as to 

whether this is normal functioning of microglia aiming to remove damaged synapses 

to keep toxicity contained, or an aberrant response whereby microglia excessively 

prune synapses in AD. 
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Increased C1q and C3 gene expression has been reported in PS2APP mice, which 

express the N141I mutation in Psen2 and the App Swedish mutation, as well as in the 

transgenic tau model TauP301S (Wu et al., 2019). Although only the TauP301S model 

exhibited increased C1q protein accumulation in the hippocampus when compared to 

wild-types, both models showed reduced plaque-associated synapse loss when C3 is 

knocked out, indicating a role for complement in synapse loss in AD contexts. One 

interesting finding of this work is that increased complement protein expression was 

primarily observed in astrocytes although was also found in microglia, indicating that 

both glial cell types are important players in AD. Furthermore, inhibition or deletion 

of C3 has also been shown to enhance plaque accumulation and neurodegeneration in 

a J20 model (Maier et al., 2008; Wyss-Coray et al., 2002), suggesting that C3 

signalling serves an important role in protecting against AD-related toxicity. Other 

studies have further reported reduced microglial association with plaques and rescued 

synapse loss in the APP/PS1 model upon C3 knock-out (Shi et al., 2017), highlighting 

an important role for the complement pathway in the microglial response in an AD 

environment. 

Accumulation of C1q and C3 specifically in synapses has further been observed in 

Tau-P301S mice, as well as in AD post-mortem tissue, with C1q-blocking antibodies 

in the former inhibiting microglial engulfment of synapses (Dejanovic et al., 2018; 

Wu et al., 2019). Interestingly, by setting out to explore if microglia engulf functioning 

synapses or debris through the use of neuron-microglia co-cultures, Dejanovic et al. 

(2018) also demonstrated that microglia are able to phagocytose excitatory synapses 

without any evident damage, illustrating that this microglial phagocytosis of synapses 

is a physiological function which might be exacerbated in the presence of Aβ. This 

idea is supported by the finding that microglia in post-mortem tissue from healthy 

individuals co-localise with synaptic proteins (i.e. synapsin-1), though those from AD 

patients contain significantly more synaptic proteins (Tzioras et al., 2019). In addition, 

one study demonstrated that C1q expression is dramatically increased in close 

proximity to synapses in the cortex and hippocampus during healthy aging in both 

mouse and human brain, with C1q deletion resulting in enhanced synaptic potentiation 

and better performance on memory tasks (Stephan et al., 2013). These exact effects 

were echoed in another study exploring C3-knock-out mice, which also showed 

reduced age-dependent synapse loss upon C3 removal, evidenced by an increased 
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density of spines, as well as enhanced expression of the synaptic markers vesicular 

glutamate transporter-2 (VGLUT2), Homer1, PSD95, and synaptophysin (Shi et al., 

2015). Although these studies did not specifically explore if microglia are involved in 

these mechanisms, they nonetheless showed that C1q and C3 accumulation in 

synapses is a normal process of ageing and is essential for the age-related modulation 

of synaptic activity, and this process might become exacerbated under disease 

conditions. 

Similarly to the reactivation of C1q- and C3-mediated tagging of synapses, the “don’t 

eat me” signal CD47 and the microglial receptor SIRPa, known for their role in 

synapse protection during development, have also been shown to be important in an 

AD context. In particular, a recent study by Ding et al. (2021) demonstrated that 

microglia-specific deletion of SIRPa in APP/PS1 mice results in reduced synaptic 

density and reduced memory performance. Interestingly, the same study also showed 

that SIRPa levels are downregulated in both AD mice (specifically in microglia) and 

AD patients with disease progression, demonstrating that SIRPa is essential for 

protecting against synaptopathology and aberrant microglial synaptic elimination in 

AD.  

1.5.5 TREM2 

Triggering receptor expressed on myeloid cells-2 (TREM2) is a cell-surface 

transmembrane glycoprotein which is expressed on macrophages and dendritic cells, 

while in the brain it has been reported to be exclusively expressed on microglia 

(Forabosco et al., 2013; Kiialainen et al., 2005). However, more recent evidence from 

the Barres database (Brain RNA-Seq, 2021) and from our lab does show its 

expression, although in small amounts, in astrocytes. The main signalling pathway 

through which TREM2 acts is by binding to the intracellular adaptor DNAX-

activation protein 12 (DAP12), which leads to the tyrosine phosphorylation of its 

intracellular-immunoreceptor tyrosine-based activation motif (ITAM) by the Src 

family kinases. This in turns creates a docking site for molecules with SH2 domains 

which can trigger the initiation of intracellular cascades, with one of the main ones 

being the phosphatidylinositol 3-kinase (PI3K)/Akt signalling pathway (Sun et al., 
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2013; Takahashi et al., 2005). In particular, PI3K activated via Syc leads to the 

transformation of phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol 

-3,4,5-triphosphate (PIP3), the recruitment of phospholipase-3-g (PLCg) kinases from 

the TEC family and Vav, ultimately resulting in the activation of Akt. Some of the 

binding partners of TREM2 include high-density lipoproteins, low-density 

lipoproteins, as well as several apolipoproteins such as ApoA1, ApoA2, clusterin, and 

ApoE (Atagi et al., 2015; Song et al., 2017; Yeh et al., 2016). Interestingly, Clusterin, 

APOE, and TREM2 have all been suggested to be central genetic risk factors for AD, 

highlighting their interaction as important in driving AD pathogenesis. In fact, a recent 

study demonstrated that TREM2 is able to bind Aβ directly with specific preference 

for its oligomeric form, showcasing an important role of these receptors in disease 

mechanisms (Kim et al., 2017; Zhao et al., 2018).    

TREM2 has been shown to be involved in а number of processes including in the 

regulation of phagocytosis, inflammatory signalling, as well as myeloid proliferation, 

migration, and survival. Indeed, several studies have demonstrated that microglia are 

less able to phagocytose apoptotic neurons upon TREM2 knock out, with TREM2 

overexpression exerting the opposite effects (Hsieh et al., 2009; Takahashi et al., 

2005). Furthermore, another study reported similar effects in a model of ischemic 

stroke, wherein the number of phagocytic microglia which associated with apoptotic 

cells was significantly reduced upon TREM2 deficiency (Kawabori et al., 2015). 

Furthermore, one study also showed that during development, TREM2 deletion leads 

to impaired microglia-dependent synaptic elimination, evidenced by a decreased 

number of PSD95-positive puncta in CD68+ microglia, as well as enhanced excitatory 

transmission, as demonstrated by an increased frequency of mEPSCs (Filipello et al., 

2018). Therefore, the role of TREM2 signalling in regulating phagocytosis by 

microglia adds to that of C1q shown previously (Schafer et al., 2012; Stevens et al., 

2007), raising questions as to how this could be affected under AD conditions. With 

regards to inflammatory signalling, it is a general consensus that TREM2 has anti-

inflammatory properties. In particular, upon toll-like receptor (TLR) stimulation, 

microglia lacking TREM2 are more likely to release more pro-inflammatory 

cytokines, including TNFa and interleukin-6 (IL6) (Liu et al., 2020; Takahashi et al., 

2005; Turnbull et al., 2006). However, the fact that TREM2 signalling is essential for 

the switch of microglia to a more activated phenotype seen in AD contexts (i.e. into 
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the DAMs discussed above) (Keren-Shaul et al., 2017; Krasemann et al., 2017), 

suggests that the function of TREM2 in inflammatory signalling is much more 

complex than previously believed. Furthermore, as mentioned above, TREM2 has also 

been shown to have a role in microglial migration and proliferation. One study showed 

that upon TREM2 removal, microglia show reduced expression of genes related to 

chemotaxis and are less able to migrate or extend their processes towards apoptotic 

neurons or sites of injury (Mazaheri et al., 2017), illustrating impaired microglial 

chemotactic response in the absence of TREM2.   

1.5.6 TREM2 and Aβ 

The role of TREM2 in disease was first demonstrated when homozygous loss of 

function mutations in TREM2/DAP12 were shown to cause Nasu-Hakola disease, 

which is characterised by a severe form of dementia and multiple bone cysts (Dardiotis 

et al., 2017; Paloneva et al., 2000; Paloneva et al., 2003). Although the mechanism 

through which TREM2 leads to this disease is currently unknown, this finding 

illustrated the importance of TREM2 for maintaining homeostatic functions. In 2013, 

two independent GWAS identified that the rare variant rs75932628-T on exon 2 on 

the TREM2 gene, which causes an Arginine-to-Histidine substitution at amino acid 

position 47 (R47H), increases the risk of developing AD by 2- to 4-fold (Guerreiro et 

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

of the APOE4 allele. This association was further confirmed by a number of other 

studies (Benitez et al., 2013; Finelli et al., 2015; Ruiz et al., 2014; Sims et al., 2017), 

which prompted research to explore how the variant impairs TREM2 function. 

Interestingly, several other variants of TREM2 have also been identified as risk factors 

for AD, including R62H, D87N, H157Y, T96K, and R136Q (Guerreiro et al., 2013b; 

Jin et al., 2014; Sims et al., 2017; Song et al., 2017), illustrating an important role for 

TREM2 in disease pathogenesis. There is no specific consensus on how the variants 

affect TREM2 function, although some studies have suggested that the R47H and 

R62H variants impair the interaction between TREM2 and some of its ligands 

including APOE and clusterin (Atagi et al., 2015; Bailey et al., 2015; Kober et al., 

2016; Yeh et al., 2016), suggesting a loss-of-function of TREM2 in the presence of 

these variants. 



 46 
 

A number of studies in transgenic models have demonstrated that TREM2 becomes 

upregulated with disease progression and amyloid accumulation (Frank et al., 2008; 

Jay et al., 2015; Matarin et al., 2015), making them useful models for examining the 

role of TREM2 in AD. Studies aiming to explore the link between TREM2 and AD 

pathogenesis have employed these different AD mouse models combined with partial 

and total depletion of TREM2. One study demonstrated that TREM2 deletion leads to 

impaired microglial clustering around amyloid plaques and lowered amyloid 

accumulation, evidenced by reduced plaque area and number in APP/PS1xTREM2-/- 

mice early in pathology (at 4 months of age) (Jay et al., 2015). Interestingly, the 

opposite effect was found at later stages of pathology when TREM2 depletion resulted 

in enhanced amyloid load. In particular, in their study, Wang et al. (2016) reported no 

change in plaque load at moderate stages of pathology in 5xFADxTrem2-/- mice, while 

they observed increased accumulation of amyloid at advanced stages. Interestingly, 

partial deletion of TREM2 in 5xFADxTREM2+/- resulted in an intermediate 

phenotype, confirming that TREM2 levels directly impact on amyloid burden late in 

pathology (Wang et al., 2015). These findings were echoed in the APPPS1-21 model 

by Jay et al. (2017) who further showed that at 2 months, when there is limited plaque 

load, TREM2 depletion leads to reduced plaque size and area, while at the more 

advanced stage of 8 months, its knock out has the opposite effect. From these studies 

it could be argued that TREM2 has stage-dependent effects on amyloid burden, where 

it contributes to greater Ab deposition early in pathology, while resulting in 

ameliorated Ab in later stages. In fact, this stage-dependent effect on amyloid 

pathology is similar to the one observed in microglial depletion studies as discussed 

above, which suggests that TREM2 was likely one of the drivers for the effects 

observed in these studies.  

1.5.7 TREM2 and the microglial response in AD 

It has previously been demonstrated that AD patients with the TREM2R47H mutation 

exhibit defective microglial transcriptional activation (Zhou et al., 2020), which 

demonstrates the requirement for TREM2 for a switch to a reactive phenotype. 

Although the same study also showed the very different signatures of activated 

microglia in mice when compared to humans, it is interesting to note that both are 

reliant on TREM2 signalling, suggesting that studies on TREM2 are able to elucidate 
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some of the mechanisms involved in human AD. Importantly, TREM2 has been 

suggested to act as an immune sensor for microglia to detect surrounding damage and 

in line with this, a number of studies in AD models have indicated that microglia with 

dysfunctional TREM2 are unable to sense and become attracted to amyloid plaques, 

thus impairing their ability to cluster around and form a potential protective barrier to 

limit the spread of Ab toxicity (Ulrich et al., 2014; Wang et al., 2015; Yuan et al., 

2016). Interestingly, in their study Yuan et al. (2016) showed that the microglial 

processes which specifically envelop amyloid deposits are enriched in TREM2 and 

that TREM2 deficiency disrupts this process, as well as microglial clustering around 

plaques, in turn resulting in enlarged amyloid plaque area and increased axonal 

dystrophy. More recently, Lee et al. (2018) demonstrated that when TREM2 levels are 

increased in 5xFAD mice expressing human TREM2, both soluble and insoluble Ab 

levels are reduced, plaque burden is ameliorated, and plaques appear more compact, 

illustrating an important role of TREM2 in maintaining the barrier formation function 

of microglia. The same study also reported that with increased TREM2 expression, 

microglia are more likely to express disease-associated genes, upregulate phagocytic 

markers such as CD68 and Lgasl3, and exhibit phagocytic activity, creating an 

interesting link between TREM2 and microglia phagocytosis in an AD context (Lee 

et al., 2018).  

Taking this a step further, with the hope of elucidating the specific role of the AD-

associated TREM2 variants in disease progression, research groups have recently 

generated mice expressing Trem2 with the R47H variant. The first study to use such a 

model in vivo was the study by Song et al. (2018) who created 5xFAD mice expressing 

human Trem2R47H using bacterial artificial chromosome (BAC) transgenes. They 

reported that the R47H variant confers a loss of function in microglia, as it was shown 

to impair microglial recruitment to amyloid plaques and reduce microgliosis. The 

authors observed reduced microglial density in both the cortex and hippocampus, as 

well as reduced expression of cortical activation markers (i.e. Cst7, Spp1, and Gpmnb) 

and inflammatory cytokines (i.e. TNFa and IL6) in the presence of the R47H variant 

(Song et al., 2018). The same study also demonstrated that soluble human TREM2 co-

localises with neurons and plaques in mice carrying the common variant of human 

TREM2, suggesting that TREM2 might be used for recognising damaged neurons. 

Interestingly, this ability is impaired in Trem2R47H mice, illustrating an important 
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interaction between Ab and soluble TREM2 (Zhong et al., 2018), which appears to be 

impaired in R47H carriers. Following this, using CRISPR/Cas9, Cheng-Hathaway et 

al. (2018) knocked in the R47H variant in murine TREM2 and crossed these mice with 

the APP/PS1 model. They reported similar effects to Song et al. and specifically, a 

reduced number of plaque-associated microglia and that of compact plaques in 

APP/PS1xTrem2R47H+/- mice, illustrating that the R47H confers a loss of function for 

TREM2, significantly affecting the normal functioning of microglia (Cheng-

Hathaway et al., 2018). Interestingly, they also demonstrated that in mice, but not in 

humans (Ma et al., 2016), the R47H variant leads to reduced Trem2 mRNA levels due 

to altered splicing, suggesting that the observed effects in the study by Cheng-

Hathaway et al. could be due to the partial reduction in TREM2 levels in addition to 

the variant itself. Similar findings, including reduced microglial density and 

downregulated Trem2 expression, were also found in another TremR47H model 

(Trem2R47H knock-in mice carrying the R47H point mutation) (Liu et al., 2020; Xiang 

et al., 2018), raising questions as to what the driving factor for the effects observed in 

these studies is.  

More recently, to avoid the above problems, TremR47H knock-in rats were created (Ren 

et al., 2020b; Tambini and D'Adamio, 2020), which do not exhibit reduced Trem2 

levels and produce human Ab under the endogenous rat App promoter, and hence, 

constitute a good model for exploring the specific effects of the R47H variant. In the 

presence of the R47H variant, rats exhibit enhanced TNFa levels in the brain, reduced 

LTP, and augmented glutamatergic transmission, evidenced by increased frequency 

and amplitude of mEPSCs (Ren et al., 2020b). Interestingly, these effects were 

reversed upon the addition of neutralising TNFa antibodies, suggesting that the effects 

of TREM2R47H on transmission are primarily driven by its effects on increased TNFa 

concentrations and potentially by the increased AMPAR exocytosis previously shown 

to be caused by increased TNFa (Beattie et al., 2002; Stellwagen and Malenka, 2006). 

Furthermore, the change in mEPSC frequency was accompanied by no change in 

paired-pulse facilitation, but also by an enhanced AMPAR-mediated response (Ren et 

al., 2020b), suggesting that it might be driven by postsynaptic effects and specifically, 

by insertion of AMPARs and hence enhanced postsynaptic densities. As previous 

work has also shown that TREM2 deletion can increase the frequency of mEPSCs 

(Filipello et al., 2018), the R47H-mediated effects on transmission might also be 



 49 
 

driven by a loss of function of TREM2 and specifically, by the impaired synapse 

elimination by microglia.   

1.5.8 TREM2 and tau  

In addition to exploring the effects of TREM2 on amyloid, previous work has tried to 

elucidate a mechanism which links TREM2 and its variants to amyloid pathology and 

tau aggregation. In fact, a recent study in APP/PS1 mice, which were additionally 

injected with human tau and made to express human TREM2, showed that tau 

pathology is accelerated and microglial recruitment to plaques is impaired when the 

R47H variant is introduced (Leyns et al., 2019). This effect is similar when human 

Trem2 is knocked out, indicating that R47H might confer a loss of function for 

TREM2 (Leyns et al., 2019). Accelerated tau pathology in these models is also 

mimicked by microglial ablation (Gratuze et al., 2021), suggesting that TREM2-

dependent activation of the DAM phenotype is key for delaying Ab-induced tau 

spreading. These results are in line with recent work showing that tau propagation is 

accelerated upon TREM2 deletion but, interestingly, this effect is only observed when 

amyloid pathology is present in TauPS2APP mice and not in the tau model P301L 

(Lee et al., 2021). This showcases the important interaction between TREM2-

expressing microglia, amyloid and tau, and indicates that TREM2 slows down disease 

progression by restricting the degree to which amyloid facilitates the spread of tau 

(Hardy and Salih, 2021). Therefore, microglia are suggested to play a crucial role in 

mitigating against amyloid-induced tau pathology, with TREM2 being an important 

sensor regulating this function. However, one study in P301SxTrem2R47H mice 

reported attenuated brain atrophy, reduced synapse loss, as well as microgliosis, 

arguing that TREM2R47H has the opposite effect to the one argued previously (Gratuze 

et al., 2020). Moreover, these effects were accompanied with reduced C1q levels in 

synapses, suggesting that the R47H variant in this case appears to have reduced 

microglial phagocytosis in turn reducing brain atrophy (Gratuze et al., 2020). The 

authors argue that at this stage of AD pathology, the R47H variant is protective as its 

loss-of-function effects on TREM2 make microglia less able to eliminate aberrant 

synapses, limiting the damage to neighbouring neurons. This is plausible given that 

although phagocytosis could be protective against spread of toxicity, when it is 

excessive it could be damaging to neuronal networks. 
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Altogether, the above studies demonstrate a crucial role for microglia and normal 

TREM2 functioning in AD pathogenesis. It could be hypothesized that microglial 

activation early in pathology might be protective as it regulates the toxicity of Aβ 

through the formation of a protective barrier and the compartmentalisation of plaques, 

and it also allows for the elimination of dystrophic synapses, keeping the damage 

associated with Aβ local and not allowing its spread to the rest of the network (see 

Figure 1.6). In comparison, later in pathology their inflammatory signals might 

become dysregulated, leading to the enhanced release of inflammatory cytokines such 

as TNFa and IL6, and their synaptic elimination might become extensive or 

insufficient, in turn resulting in exacerbated neuronal loss, contributing to plaque 

toxicity and degeneration in AD contexts (Edwards, 2019; Hansen et al., 2018). 

 

Figure 1.6. Early effects of Aβ release on microglia and synapses in AD.  
Aβ is released in an activity-dependent manner during normal neuronal activity and results in an 
increased glutamate release and further release of Aβ. In AD, as plaques begin to grow and 
deposited Aβ forms a cloud around plaques, synapses in the vicinity of plaques begin to get 
damaged. As a result, microglia are recruited to the pathological plaques and phagocytose synapses 
in their vicinity in order to limit the spread of damage to other synapses. Figure taken from Edwards 
(2019). 

1.5.9 Astrocytes in the healthy brain 

Astrocytes are the most abundant glial cell type in the brain and they have a number 

of physiological functions within the central nervous system, including ion 
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homeostasis, neurotransmitter reuptake, gliotransmission, inflammation, and 

maintenance of the blood brain barrier (Iglesias et al., 2017; Magistretti and Allaman, 

2015; Parpura et al., 1994; Pascual et al., 2005; Porter and McCarthy, 1996). Similar 

to neurons and microglia, astrocytes are functionally and morphologically diverse 

across neuronal networks (Ben Haim and Rowitch, 2017; Khakh and Sofroniew, 

2015), illustrating their ability to sense and continuously adapt to their environment. 

In recent years, it has been widely accepted in the literature that astrocytes are not 

solely passive players in the nervous system but have an active role at the synapse, 

forming the so-called tri-partite synapse, consisting of the pre- and post-synaptic 

neuron, as well as surrounding astrocytes. The perisynaptic astrocytic processes of 

astrocytes tightly ensheath the synapse and express functionally relevant membrane 

proteins, including the glutamate transporters GLT-1 and GLAST for the reuptake of 

glutamate released at the synapse, but also cannabinoid receptors (CB1R), purinergic 

P2Y1 receptors, b2 adenoreceptors, α7 nicotinic acetylcholine receptors (α7nAChRs), 

AMPARs, NMDARs, and metabotropic glutamate receptors (mGLURs) (MacVicar 

et al., 1989; Seifert et al., 1997; Teaktong et al., 2003; Ziak et al., 1998). Through 

these they can actively sense synaptic activity evidenced by astrocytic Ca2+ elevations 

in response to neuronal activity. In turn, astrocytes can release a number of 

gliotransmitters, such as glutamate and D-serine, to modulate synaptic activity. 

Furthermore, astrocytes are also able to release neurotrophic factors, such as 

transforming growth factor-b (TGFb), which can regulate synaptogenesis, neuronal 

survival and neuronal differentiation. Interestingly, in the retina, the release of TGFb 

from astrocytes results in the upregulation of C1q in neighbouring synapses, 

illustrating a role for astrocytes in regulating microglia-mediated phagocytosis (Bialas 

and Stevens, 2013). It is clear that astrocytes are important players regulating normal 

neuronal activity which raises the question as to how they can be affected under 

disease conditions.  

1.5.10  Astrocytes in AD 

Astrocytes are also known to go into an activation state in response to inflammation 

in disease contexts. Specifically, they become reactive, which has traditionally been 

characterised by increased glial fibrillary acidic protein (GFAP) expression, and 

undergo astrogliosis (Sofroniew, 2009; Wilhelmsson et al., 2006). Astrocyte 
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activation can result in different phenotypes which classically have been characterised 

into A1/A2, or neurotoxic/neuroprotective, although recent work suggests the 

existence of more than two types of astrocytes, making this classification particularly 

limiting in explaining the different astrocytic signatures (Escartin et al., 2021). 

Nonetheless, pro-inflammatory astrocytes upregulate classical complement cascade 

genes, such as C3, and Serpina3n. During CNS inflammation, astrocytes become 

attracted to the site of damage and their pro-inflammatory response is initiated through 

the activation of their nuclear factor k-light-chain-enhancer of activated B cells 

(NFkB) heterodimer triggered by the release of cytokines, such as IL-1b, C1q, and 

TNFa, from microglia, as well as other cell types (Linnerbauer et al., 2020). The above 

interaction between microglia and astrocytes during inflammation has also recently 

been illustrated in one study which showed that the LPS (lipopolysaccharide)-induced 

activation of microglia is necessary and sufficient to induce astrocytic activation 

(Liddelow et al., 2017). These astrocytes release a neurotoxin which is detrimental to 

surrounding neurons and oligodendrocytes, while they also lose their ability to support 

synapses and perform their homeostatic functions. More recently, activated microglia 

were shown to play a similarly important role for astrocyte activation during normal 

ageing (Clarke et al., 2018), raising questions as to how this is affected in an AD 

context. 

Similarly to microglia, astrocytes cluster around amyloid plaques in both post-mortem 

tissue from AD patients, as well as AD mice (Henstridge et al., 2019; Sofroniew, 2005, 

2009; Wegiel, 2001; Wyss-Coray et al., 2003). In the APP/PS1 model, astrocytes also 

exhibit a global elevation in intracellular Ca2+ (Kuchibhotla et al., 2009), suggesting 

that the AD environment can induce a global phenotypic change in astrocytes which 

is independent of plaque location. However, more recent work has demonstrated that 

the Ca2+ elevations in astrocytes are in fact exacerbated in the vicinity of plaques and 

are triggered by the activation of their P2Y1 receptors, suggesting that purinergic 

signalling is essential for astrocyte activation in AD conditions (Delekate et al., 2014; 

Wilhelmsson et al., 2006). Yet, whether the role of astrocytes in these regions is 

beneficial remains to be explored.  

Under inflammatory conditions, astrocytes are able to express components which are 

required for Ab production, including APP, BACE-1, and g-secretase, suggesting that 
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they might be involved in Ab generation (Grolla et al., 2013; Zhao et al., 2011). 

However, there have also been suggestions that astrocytes are responsible for clearing 

Ab deposits as both the incubation of astrocytes with Ab1-42 in primary cultures and 

the addition of astrocytes to brain slice cultures resulted in reduced Ab area (Wyss-

Coray et al., 2003). In APP/PS1 mice, genetic depletion of GFAP and vimentin, both 

of which are necessary for astrocyte activation, was shown to reduce the number of 

plaque-associated astrocytes, increase plaque load, and exacerbate neuritic dystrophy 

(Kraft et al., 2013). Although two subsequent studies found no effect of astrocyte 

removal on plaque load (Kamphuis et al., 2015; Katsouri et al., 2020), through the 

ablation of GFAP-expressing reactive astrocytes only, the latter study found reduced 

synaptic and neuronal density, as well as an increase in Ab monomers in the APP23 

model, which was argued to be due to reduced degradation and clearance of Ab. This 

idea is plausible as astrocytes can produce the Ab-degrading enzymes neprisylin, 

insulin-degrading enzyme (IDE), and endothelin-converting enzyme, as well as the 

chaperons APOE and clusterin, thereby suggesting that they might be directly 

involved in Ab clearance (Ries and Sastre, 2016). This has been further supported by 

a recent study which showed that the removal of astrocytes in OHSCs from 5xFAD 

mice using the L-AAA compound, which binds to the cysteine glutamate antiporter 

solely expressed in astrocytes, results in increased levels of Ab40 and Ab42 and reduced 

levels of the Ab-degrading enzymes neprisylin and IDE (Davis et al., 2021). 

Interestingly, the same study also found reduced spine number, alterations in 

microglial morphology, as well as an increase in IL-6 levels in both wild-type and AD 

mice upon astrocyte reduction, suggesting that astrocyte removal might have an effect 

on synaptic activity and also increase the proinflammatory profile of other cell types 

in organotypic slices independent of the Ab environment (Davis et al., 2021).  

The above link between astrocytes and synapses has also been reported in another 

study in astrocyte-neuron co-cultures which showed that disinhibition of NFkB 

signalling in astrocytes triggers the release of C3 which in turn reduces dendritic and 

spine morphology, as well as spine number by binding to neuronal C3a receptors (Lian 

et al., 2015). This was also shown to have an effect on excitatory synaptic activity, 

evidenced by reduced LTP, greater calcium elevations in neurons, and enhanced 

mEPSC amplitudes, all of which are rescued upon the addition of a C3aR antagonist 



 54 
 

(Lian et al., 2015). Given that NFkB activation and C3 expression in astrocytes is a 

well-known process shown to occur in AD conditions, this study provides some 

interesting insight as to how astrocytic activation, in addition to microglia, can affect 

synaptic function during disease progression. Alternatively, it has also been reported 

that the addition of Ab to hippocampal slices can activate astrocytic α7nAChRs (to 

which Ab has been shown to bind (Wang et al., 2000)) and trigger the release of 

astrocytic glutamate (Talantova et al., 2013). This in turn binds to extrasynaptic 

NMDARs on neurons and results in reduced frequency of mEPSCs, synaptic 

depression, and spine loss, suggesting presynaptic changes and an additional 

mechanism through which astrocytic activation can lead to some of the synaptic 

alterations seen in AD. 

Altogether the above studies demonstrate that astrocytes play an important role in AD 

progression, although whether their role is protective or detrimental to neurons and 

synapses remains to be established due to the particularly limited research in this area. 

Yet, similarly to microglia, astrocytes seem to have a key function in regulating plaque 

load and synaptic activity which could be accomplished through the release of pro-

inflammatory mediators or gliotransmitters, or through their potential role in 

degrading Ab. 

1.6 Mouse models of AD 

The discovery of mutations which directly lead to the production of amyloid plaques 

and tau tangles has led to the development of animal models which are able to 

recapitulate AD pathology at different stages of the disease. In fact, there are currently 

more than 190 mouse models used in Alzheimer’s research (Alzforum, 2021). 

Although none of these are able to fully recapitulate AD and each has their limitations, 

they have still provided valuable insight into the mechanisms involved in AD.  

1.6.1 Transgenic mouse models 

AD transgenic mouse models aim to recapitulate AD pathology through the 

overexpression of proteins which are associated with the disease, such as mutant APP, 

PSEN-1 and -2, APOE, and TREM2 (Hall and Roberson, 2012). Most of the mouse 

models overexpressing APP exhibit plaque accumulation at early ages, for instance by 
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11-13 months in Tg2576 mice (carrying the APP Swedish mutation) (Hsiao et al., 

1996) and by 5-7 months in the commonly used J20 mice (carrying the Swedish and 

Indiana APP mutations) (Mucke et al., 2000). Although these models reproduce the 

pathology seen in humans as they show noticeable amyloid plaque accumulation, they 

do have several limitations which are worth noting, with one of them being the 

overexpression paradigm. In order to get the desired Aβ pathology in mice, random 

insertions of the gene are automatically performed, and the number of gene copies of 

App is drastically increased. In turn, this leads to the accumulation of peptides derived 

from the App sequence which are different from Aβ, and the functions of these, as well 

as that of APP, such as its role in synaptic function (Kamenetz et al., 2003), become 

affected in addition to the Aβ peptide. Therefore, conclusions reached in such models 

end up being particularly varied, uncertain, and hard to interpret (Sasaguri et al., 2017). 

Furthermore, in addition to increased Aβ accumulation, it has been suggested that Aβ 

degradation can also be affected in sporadic AD cases (Hellstrom-Lindahl et al., 2008; 

Iwata et al., 2002; Mawuenyega et al., 2010). This is not well addressed in the 

aggressive overexpression mouse models, highlighting the necessity to find a model 

which also recapitulates the preclinical phase leading up to LOAD development.  

Perhaps the biggest caveat of the above models is that mice transgenic for App only 

address a part of AD pathology and although show limited tau phosphorylation and 

modest cell loss at later ages, they do not exhibit NFT formation or extensive neuronal 

loss – two pathologies which are crucial for AD pathogenesis with the former being 

very closely linked to cognitive impairment in humans (Arriagada et al., 1992; Bejanin 

et al., 2017). Efforts to recapitulate this pathology have been made by combining 

models, for instance, by creating the widely used APP/PS1 (carrying the APP Swedish 

and a PSEN-1 mutations) and 5xFAD (carrying the APP Swedish, London and Florida 

and two PSEN-1 mutations) models which begin Aβ accumulation at 6 weeks and 2 

months respectively (Oakley et al., 2006; Radde et al., 2006). Despite prominent 

cognitive deficits, synapse loss, electrophysiological changes, and gliosis observed at 

early ages in these mice (Bittner et al., 2012; Gengler et al., 2010; Oakley et al., 2006), 

they do not exhibit hyperphosphorylated tau deposition, again demonstrating a 

limitation of using such models. To address this problem, models which include a 

mutation in tau in addition to App were developed, for instance the 

Tg2576/Tau(P301L) model (Lewis et al., 2001) and the 3xTg model, which 
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overexpresses APP, PSEN-1 and MAPT (which encodes for tau) (Oddo et al., 2003), 

and these mice do show tau pathology, amyloid plaques, and some neurodegeneration. 

Furthermore, models which aim to mimic tau spread in the human brain have also 

been developed, with one example being the TgtauEC model, in which mutant tau is 

preferentially expressed in the entorhinal cortex and spreads to neighbouring brain 

regions (de Calignon et al., 2012), illustrating how tau can be transmitted through 

different circuits in the human brain. However, one big limitation of these tau models 

is the fact that no mutations in tau have been associated with AD, with tau pathology 

believed to be occurring as a result of Aβ accumulation rather than independently as 

it does in these models. Therefore, efforts have been made to recapitulate how human 

tau acts in AD, with some studies using AD models in which endogenous mouse tau 

is knocked out and replaced with human tau (Pickett et al., 2019; Tulloch et al., 2021). 

These mice exhibit a hyperactive phenotype and a downregulation of synaptic genes, 

both of which are suggested to be triggered by the interaction between Ab and tau in 

these models (Pickett et al., 2019). Altogether these models provide good mechanistic 

insight into the interaction between Ab and tau in the AD brain, yet their conclusions 

should be taken with caution as they could be caused by the overexpression paradigm 

employed in the generation of transgenic mice. 

1.6.2  App knock-in models 

To address the issues associated with transgenic models, the App knock-in mice were 

developed. In these mice, the murine Aβ sequence is humanized by altering three 

amino acids which differ between mice and humans (Saito et al., 2014). This second 

generation of mice harbour primarily either two or three mutations in the App gene. 

The line carrying two mutations in the Aβ sequence, the AppNL-F mice, carries the 

Swedish (NL) and Iberian/Beyreuther (F) mutations which increase the production of 

Aβ40 and Aβ42 and the ratio between Aβ42/Aβ40 levels respectively, together resulting 

in increased levels of Aβ42 (Saito et al., 2014). These AppNL-F mice first begin to show 

plaque accumulation at about 9 months of age, making them a good model for 

examining changes which occur early in AD pathology. This model also exhibits 

microgliosis at 24 months of age, when there is an advanced plaque load (Benitez et 

al., 2021). 



 57 
 

The Saido group developed a second line, the AppNL-G-F mice, which in addition to the 

above mutations also harbour the Arctic mutation (G) that induces a conformational 

change in the Aβ sequence, thereby leading to an increased Aβ oligomerization and 

fibrillation. As a result, these mice show a more accelerated and aggressive AD 

phenotype, developing plaques around 2 months of age (see Figure 1.7 below). Hence, 

the AppNL-G-F mice serve as a good model for examining later, post-plaque changes 

occurring in the mouse brain. Similarly to AppNL-F mice, this model exhibits 

microgliosis at more advanced stages of pathology, with the earliest increases in the 

area occupied by astrocytes (visualised using GFAP) and microglia (visualised using 

IBA1 – ionized calcium binding adaptor molecule 1) observed at 6 months of age in 

the cortex and at 9 months in the hippocampus (Benitez et al., 2021; Masuda et al., 

2016; Mehla et al., 2019). 
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Figure 1.7. App knock-in models of AD.  
(A) The Swedish (NL) mutation is adjacent to the β-secretase cleavage site of APP and results 
in the increased production of Aβ40 and Aβ42. The Iberian/Beyreuther (F) mutation instead 
affects the γ-secretase cleavage site on APP, thereby resulting in increased Aβ42/Aβ40 ratio. 
Together these two mutations lead to the increased levels of overall Aβ42. The Arctic (G) 
mutation additionally confers a conformational change in the Aβ sequence, leading to its 
increased propensity for oligomerization and fibrillation and the generation of the more 
aggressive AppNL-G-F

 model. (B) Representative images showing the progression of plaque 
accumulation (green) in the hippocampus of AppNL-F at 4, 9, 14, and 18 months and AppNL-G-F 
mice at 2, 4, 9, and 18 months. Arrows point at plaques at first stages of pathology. Figure 
adapted from Benitez et al. (2021). (C) Summary of the age at which plaque pathology, 
microgliosis and synaptic changes first occur in App knock-in mice 
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The AppNL-G-F mice exhibit a somewhat abnormal behavioural phenotype, with studies 

pinpointing only subtle changes in social and anxiety-related performance at 3 months 

of age before prominent plaque pathology is observed in these mice (Latif-Hernandez 

et al., 2019). The emergence of cognitive deficits and anxiotic-like behaviour has been 

reported to occur around 6 months of age (Masuda et al., 2016; Mehla et al., 2019; 

Sakakibara et al., 2018), and these are accompanied with deficits in exploratory 

behaviour and reduced memory for familiar objects (Pauls et al., 2021; Whyte et al., 

2018). This suggests that Aβ accumulation leads to alterations in synaptic circuitry 

which can have a direct effect on behaviour. At 9 months of age, these mice also 

exhibit impaired motivation in a progressive ratio task which was suggested to be 

caused, at least in part, by the reduced dopamine transporter levels observed in these 

mice (Hamaguchi et al., 2019). On the other hand, AppNL-F mice exhibit a more modest 

behavioural phenotype, most likely due to the less accelerated Aβ pathology. 

However, one study did observe impaired Morris water maze performance at the age 

of 3 months, 6 months before plaque pathology is observed in this model, suggesting 

that there are some early alterations in neuronal connectivity arising from increases in 

soluble Aβ (Shah et al., 2018). This is in accordance with the findings from another 

study which showed that at 3 months of age, the proteome and proteins specifically 

involved in synaptic function are altered in AppNL-F mice (Schedin-Weiss et al., 2020). 

In terms of synaptic changes, recent work from our lab has demonstrated that in both 

the AppNL-F and AppNL-G-F models, changes in the frequency of sEPSCs arise during 

moderate and even advanced plaque pathology and specifically, at 9 and 20 months 

for the AppNL-G-F and AppNL-F model respectively (Benitez et al., 2021). In contrast, 

alterations in paired-pulse ratios are also observed prior to or at early stages of 

pathology, suggesting increased probability of glutamate release potentially (see 

Figure 1.7C) triggered by increases of soluble Aβ occurring at that stage (Latif-

Hernandez et al., 2020). While no changes in LTP were observed in the same work, 

another study by Latif-Hernandez et al. (2020) found impaired LTP induction at 6-8 

months in AppNL-G-F mice. This discrepancy between the two studies could have arisen 

from the AppNL model, which also exhibits elevated soluble and insoluble Ab levels 

compared to wild types, used as a control in the latter study, or because of the use of 

a different LTP induction paradigm. The same study also found increased frequency 

of both mIPSCs and mEPSCs in AppNL-G-F mice at 6-8 months, suggesting altered 
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presynaptic activity at advanced stages of pathology (Latif-Hernandez et al., 2020). 

Some of the observed changes in these studies could be explained by the alterations in 

presynaptic proteins observed in a recent study. Both AppNL-F and AppNL-G-F mice 

exhibit impaired presynaptic protein turnover at 6 months of age compared to AppNL 

mice, illustrating the presynapse as particularly vulnerable at these early stages, 

providing more support for the findings of previous studies (Benitez et al., 2021; Hark 

et al., 2021). Interestingly, these changes in presynaptic proteins were no longer 

observed at 12 months of age, which the authors argued to be due to the loss of 

synapses at this age. Another study also found increased density of dendritic but 

reduced number of mushroom spines in AppNL-F mice at 6 months of age (Zhang et al., 

2015). The authors argued that this effect was caused by the binding of extracellular 

Aβ42 to mGluR5 receptors in App knock-in mice, which triggers a series events 

ultimately leading to reduced CaMKII (Ca2+/calmodulin-dependent protein kinase II) 

activity, destabilisation and loss of mushroom spines (Zhang et al., 2015).  

The table below (Table 1.1) provides a summary of the main phenotypes observed in 

these App knock-in mice as elucidating the early gliosis and synaptic changes 

occurring in response to the AD pathology found in these mice was a primary focus 

of the present study. The table also provides a summary of the Trem2R47H model which 

was additionally used in the present work in order to understand how a perturbed 

microglial response affects any of the observed changes in App knock-in mice. As 

mentioned above, although these models avoid the problems associated with the App 

overexpression found in transgenic mice, it is important to highlight that they do have 

their limitations. In particular, these models are not able to develop tau tangles, 

similarly to transgenic mice, making them useful models for2 understanding only the 

early processes in human AD which occur prior to tau tangles. However, it is important 

to note that more than two decades are required for tau pathology to form in humans 

(Bateman et al., 2012), and hence the age until which mice live could be the main 

constraint for observing this pathology. Furthermore, although the Aβ42/Aβ40 ratio in 

these mice is much higher than the ratio found in humans (Baiardi et al., 2019; 

Hellstrom-Lindahl et al., 2009; Karran et al., 2011; Saito et al., 2014; Steinerman et 

al., 2008), likely because of the presence of several mutations within the App sequence 

rather than just one as it is usually found in the brain of patients with familial AD. The 

fact that these models possess two or three mutations within the App sequence 
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additionally makes them particularly different from the human brain as there are no 

reports of humans carrying these mutations together. Lastly, the AppNL-G-F model 

develops plaque pathology much faster than what is expected in humans, with plaque 

pathology appearing as early as 2 months of age (Saito et al., 2014). This is likely 

caused by the Artic mutation found in these mice which makes Aβ particularly prone 

to aggregate. Although using such an aggressive model reduces the costs associated 

with studies, the quick accumulation of plaques might not allow for processes 

dependent solely on soluble Aβ oligomers to take place, thereby questioning the 

relevance of using such a model. Nonetheless, exploring AppNL-G-F mice can still 

provide important and direct insights into how the formation of plaques affects glial 

responses and synaptic transmission, making it a more relevant model than transgenic 

models. Altogether these App knock-in models are useful to suggest early, preclinical 

changes that occur in AD which are dependent on soluble Aβ oligomers and plaque 

formation, making them good models for the present work. 
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Table 1.1. Summary of key findings in App knock-in models and Trem2R47H mice. 

 
AppNL-F AppNL-G-F Trem2R47H 

Plaque 
pathology 

Benitez et al. (2021); Saito et al. (2014) 
• Mice begin forming plaques around 9 months of age 

with moderate plaque accumulation at 18 months 
• Plaque formation begins in the cortex with plaques 

primarily made up of Ab42 species 
• Higher levels of soluble and insoluble Ab than AppNL-

G-F mice even at 2 months of age 
 

Benitez et al. (2021); Saito et al. (2014) 
• Mice begin forming plaques around 2 months of age 

with moderate plaque accumulation at 4 months and 
heavy plaque accumulation at 9 months of age 

Michno et al. (2021); Saito et al. (2014) 
• Plaque formation begins in the cortex; the plaque core 

which is made up of Ab40 is formed first, followed by 
Ab42 accumulation around that core 

Latif-Hernandez et al. (2020) 
• Increased soluble Ab42/Ab40 ratio before plaque 

formation at 1 months; insoluble Ab40 increases 
drastically at 6 months, while insoluble Ab42 increase 
in an age-dependent manner starting from 1 month 

 

Liu et al. (2020) 
• No plaque pathology  

Gliosis Benitez et al. (2021) 
• Increased number of microglia compared to wild-types 

at 24 months of age; no change in Trem2 expression 
even at that stage 

Saito et al. (2014) 
• Increased microglial area (Iba1+) at 18 months 

Benitez et al. (2021) 
• Increased number of microglia and Trem2 expression 

per microglia compared to wild-types at 9 months 

Saito et al. (2014) 

• Increased microglial area (Iba+) at 6 months of age 

Mehla et al. (2019) 
• Increased astrogliosis (GFAP area) with age, starting at 

6 months in the cortex and 9 months in the 
hippocampus 

Liu et al. (2020); Xiang et al. (2018) 
• Reduced mRNA and protein 

expression of Trem2 in primary 
neurons from young mice  

• Reduced number of phagocytic 
(CD68+) microglia compared to 
wild-types  
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Synaptic 
changes 

 

Hark et al. (2021) 
• Reduced turnover of presynaptic proteins including SNAP25, 

VAMP1 and STX1B compared to AppNL mice before plaque 
accumulation (6 months) and reduced accumulation of these 
at 12 months 

Benitez et al. (2021) 
• Reduced sEPSC frequency compared to wild-types at 20 

months 
• Reduced paired-pulse ratio compared to wild-types at 7 

months which continues until 20 months 
• Reduced paired-pulse ratio during LTP, suggesting a shift to 

a presynaptic locus of LTP expression 

Shah et al. (2018) 
• Hypersynchrony between telencephalic neural networks at 3 

months of age (6 months before plaque pathology), as 
measured using fMRI 

Hark et al. (2021) 
• Reduced turnover of presynaptic proteins 

including SNAP25, VAMP1 and STX1B 
compared to AppNL mice before plaque 
accumulation (6 months) and reduced 
accumulation of these at 12 months 

Benitez et al. (2021) 
• Reduced sEPSC frequency compared to wild-

types at 9 months 
• Reduced paired-pulse ratio at 2 months 

compared to wild-types, which is lost at 4 
months and observed again at 9 and 20 months 

• No change in LTP but reduced paired-pulse 
ratio during LTP, suggesting a shift to a 
presynaptic locus of LTP expression 

Latif-Hernandez et al. (2020) 
• Reduced hippocampal LTP formation at 6-8 

months (advanced plaque accumulation) when 
compared to AppNL-F mice 

• Increased frequency of mEPSC and mIPSC at 
6-8 months compared to AppNL-F mice 

•  
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1.7 Summary and present study 

It is clear that Alzheimer’s disease and the complex mechanisms leading to its 

development have made it particularly hard for research to discern the specific 

timeline in which AD events occur. Nonetheless, there is a general consensus about 

the major players involved in these and specifically, soluble and insoluble Aβ, tau 

tangles, synapse and neuronal loss, and gliosis, however how these different processes 

interact remains to be determined. Given that alterations in synaptic activity have on 

numerous occasions been shown to be one of the earliest noticeable changes in AD, 

and that microglia could be involved in the phagocytosis of synapses in AD conditions, 

the present study aimed to explore the link between synaptic activity, Aβ, and 

microglia using the App knock-in models. It specifically aimed to explore the 

hypothesis that plaque-associated microglia constitute a protective mechanism in AD, 

wherein they phagocytose damaged synapses around plaques, thereby limiting 

neuronal dysfunction to keep toxicity local and allowing the normal functioning of 

intact synapses. 

The current study initially aimed to characterise plaque pathology, gliosis, and 

synaptic transmission changes in the hippocampus of AppNL-G-F mice at moderate (4-5 

months) and advanced stages (7-9 months) of pathology. Here, both male and female 

mice were examined as several studies have shown sex differences in AD progression. 

Specifically, it is known that the prevalence of AD is higher in women than in men 

(Ferretti et al., 2018), with a recent single-cell transcriptomic study revealing large 

differences in the transcriptional responses between the two genders (Mathys et al., 

2019).  

AppNL-G-F mice showed a larger number of smaller-sized plaques with age, suggesting 

that small plaques are the main driver for the heavier plaque pathology seen at 7-9 

months of age. Furthermore, AppNL-G-F mice also showed similar increases in 

microglial density compared to wild-type mice at both ages, though no prominent 

changes were observed in astrocytic density. Examining synaptic transmission 

changes revealed longer decay times in AppNL-G-F mice at 7-9 months, illustrating 

differences in receptor kinetics. Furthermore, to explore how local Aβ specifically 

affects synaptic transmission, the activity of individual CA3 axons which pass near a 

plaque was explored in AppNL-G-F mice by recording from postsynaptic CA1 cells, and 
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this was compared to that of axons from non-plaque associated regions. Understanding 

how individual plaques affect the transmission of selected axons in these preparations 

will provide us with an idea as to whether effects of Aβ on activity is only local and is 

potentially modulated by microglia in these regions. This study found trends for lower 

postsynaptic amplitudes only at plaque conditions at 4-5 months of age, indicating that 

there are plaque-specific effects on postsynaptic activity.  

To further examine the specific role of microglia in these regions, 18-month-old 

AppNL-F/Trem2R47H mice, which exhibit a perturbed microglial response, were 

similarly explored. Results demonstrated that AppNL-F/Trem2R47H mice exhibit a larger 

number of plaques and particularly smaller-sized plaques than AppNL-F mice. 

Furthermore, increases in astrocyte density which were observed in AppNL-F mice were 

no longer observed in the presence of Trem2R47H. Examining spontaneous synaptic 

activity revealed reductions in the sIPSC amplitude in AppNL-F/Trem2R47H compared 

to Trem2R47H mice and a loss of the increased sEPSC frequency found in AppNL-F mice 

in the presence of Trem2R47H, suggesting altered excitatory/inhibitory balance in 

AppNL-F mice in the presence of Trem2R47H. Additionally, both AppNL-F and AppNL-

F/Trem2R47H mice displayed increased glutamate release in plaque compared to no-

plaque conditions, suggesting that these changes are primarily due to surrounding Aβ 

rather than microglia. Further reductions in postsynaptic amplitudes in plaque 

conditions were also found only in AppNL-F mice, showing the necessity for microglia 

to observe these effects on synaptic activity. Altogether, the results in this work 

illustrate the dual effects of plaque presence around axons, which are driven by the 

effects of soluble Aβ on presynaptic release but are also mediated by potential effects 

of microglia on the postsynapse. 
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Chapter 2: Methods 

All experimental methods were performed in agreement with the United Kingdom 

Animals (Scientific Procedures) Act 1986, and were under the approval of the Animal 

Welfare and Ethics Review Board of UCL under the project licence 70/8999. 

2.1 Animals 

The mice used for experiments were bred and housed in same-sex groups of 2-5 in 

individually ventilated cages in the Central and Cruciform Biological Services Units 

at UCL. They were housed under a 12-hour light/dark photoperiod and were kept at a 

controlled temperature and humidity, with food and water available ad libitum. All 

mice were provided with a shelter made out of cardboard, tubes, and nesting material.   

Mice used for the experiments in this work were male and female homozygous App 

knock-in mice (AppNL-F or AppNL-G-F), homozygous knock-in mice expressing the 

Trem2R47H mutation, mice homozygous for both AppNL-F and Trem2R47H (AppNL-

F/Trem2R47H),  or age-matched wild-type C57BL/6J (WT) controls. Trem2R47H knock-

in mice were obtained from the Jackson Laboratory (C57BL/6J-Trem2em1Adiuj/J; stock 

number: 027918, RRID: IMSR_JAX:027918), while App knock-in mice were a gift 

from the Saido group which developed the model (Saito et al., 2014). All knock-in 

mice were bred on a C57BL/6J background. The age groups used throughout this work 

are 4-5 months and 7-9 months for experiments involving AppNL-G-F mice, and 18 

months for experiments involving AppNL-F and AppNL-F/Trem2R47H mice. 

Mice were killed by decapitation and the brain was rapidly extracted. One hemisphere 

was dropped-fixed in 10% formalin solution and kept at 4°C overnight. This was 

washed three times using 0.01 M phosphate buffered saline (PBS) and then stored at 

4°C in a PBS solution containing 30% sucrose and 0.03% sodium azide until 

immunohistochemical experiments. The other hemisphere was used for 

electrophysiological experiments.
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2.2 Brain slice preparation for electrophysiology 

Acute brain slices were prepared as previously described (Cummings et al., 2015; 

Medawar et al., 2019). Briefly, following decapitation, the brain was quickly removed 

from the skull and placed in ice-cold dissection artificial cerebrospinal fluid (aCSF), 

made up of (in mM): 125 NaCl, 2.4 KCl, 26 NaHCO3, 1.4 NaH2PO4, 20 D-glucose, 3 

MgCl2, 0.5 CaCl2, with a pH of 7.4 and osmolarity of ~315 mOsm/l. The high 

concentration of magnesium and low concentration of calcium, as well as the ice-cold 

nature of the aCSF, were used to reduce the probability of neurotransmitter release 

and block NMDA receptors, thereby minimizing potential excitotoxicity. After around 

two minutes, the brain was transferred to a dish, the olfactory bulbs and cerebellum 

removed, and the forebrain hemisected into two hemispheres. One hemisphere was 

drop-fixed in 10% formalin for subsequent immunohistochemistry experiments (as 

described above), whereas the other was cut at the dorsal side at 110 degrees from the 

midline surface in order to produce slices transverse to the longitudinal axis of the 

hippocampus. The hemisphere was then glued with superglue to a vibrating 

microtome stage (Integraslice model 7550 MM, Campden Instruments, 

Loughborough, UK), submerged in almost frozen dissection aCSF, and transverse 

slices were cut at 300 μm thickness at a speed of around 15 mm/s.  

Following slicing, the hippocampus and a portion of the entorhinal cortex were 

carefully dissected out from the rest of the tissue using 19G needles and the slices 

were placed in a chamber perfused with dissection aCSF (bubbled with 95% O2 and 

5% CO2, BOC Medical) at room temperature (~21°C). On average, 7 hippocampal 

slices were obtained during this process. After 5 minutes, the slices were warmed up 

in a heated chamber to 36°C. Slices were then subsequently transferred at 5-minute 

intervals to chambers filled with aCSF containing (in mM): i) 1 Mg+, 0.5 Ca2+; ii) 1 

Mg+, 1 Ca2+; iii) 1 Mg+, 2 Ca2+, all at 36°C. The gradual movement of slices to an 

increasing concentration of Ca2+ and a decreasing concentration of Mg+ allows for the 

release probability to return slowly back to normal conditions, without inducing 

excitotoxicity. This is a critical step for obtaining healthy slices from aged animals. 

Once slices were transferred to the last chamber containing aCSF with 1 mM Mg+ and 

2 mM Ca2+, they were left to recover for around 40 minutes. 
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2.3 DiI preparation 

In order to allow for the visualisation of individual axons of CA3 pyramidal cells and 

track back the recorded synapse for plaque presence in App knock-in mice, the 

lipophilic dye DiI (1,1'-dioctadecyl-3,3,3',3'-tetramethyllindocarbocyanine 

perchlorate) was used. Glass electrodes (1B150F-3 1·5 mm outer diameter × 0·84 mm 

inner diameter, World Precision Instruments) were pulled using an electrode puller 

(Model PP-830 Narishige, Japan), achieving electrode resistance of 4-6 MΩ. The 

lipophilic dye DiI (Biotium, Catalogue number: 60010) was used for axonal labelling 

and a stock solution containing 2% DiI made up in 100% ethanol was prepared and 

stored at 4°C. Two drops of this solution were carefully pipetted onto a glass coverslip 

which was then kept in a slide box at 4°C to prevent dye bleaching. On the day of the 

experiment, DiI crystals were carefully picked up using a glass electrode. This method 

allowed for a controlled collection of DiI crystals and made attachment to the electrode 

easier. The prepared electrodes were used immediately for axonal labelling.  

After around 20 minutes in the last chamber filled with aCSF containing 2 mM Ca2+ 

and 1 mM Mg+, each slice was transferred to a patch-clamp rig chamber filled with 

the same solution. Using infrared-differential interference contrast microscopy on an 

upright microscope (Olympus BX50WI) with an Olympus 40x infinity corrected 

0.9NA water objective and a camera (Hitachi Denshi, Ltd. or C7500-51 Hamamatsu), 

each side of the slice was examined to determine the health of CA1 pyramidal neurons 

and hence, the optimal side for dye placement and subsequent patch-clamp recordings. 

The slice was then placed on a coverslip under an Olympus 5x infinity corrected 0.1 

NA air objective to allow for dye loading and 1-2 drops of aCSF were pipetted on top 

of the slice to prevent slice dehydration and hypoxia. Using a micromanipulator (uMP 

micromanipulator, Sensapex, Finland or ACCi UI, Scientifica, Clarksburg, NJ), a 

glass electrode dipped in DiI was directed towards the CA3 area of the hippocampus 

and the Schaffer collaterals. Two crystals were placed on each slice (see Figure 2.1A) 

allowing for labelling of CA3 axons along the whole slice area. Slices were then 

transferred back to the heated chamber, with the side that the dye was placed facing 

upwards, where the dye was left to spread for ~1.5 hours. After this period, the 

chamber was positioned at room temperature for around 40 minutes for preparation 

for patch-clamp recordings. 
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2.4 Patch-clamp recordings and data acquisition 

Following the incubation period, an individual slice was transferred to the patch-clamp 

rig chamber which was continuously perfused with recording aCSF (flow rate ~2 

ml/min) containing (in mM): 125 NaCl, 2.4, KCl, 26 NaHCO3, 1.4 NaH2PO4, 20 D-

glucose, 1 MgCl2, 2 CaCl2; equilibrated with 95% CO2 and 5% O2, at room 

temperature (~22°C). Slices were held down using a harp lined with dental floss fibres.   

Using a mercury lamp (Olympus, Japan) and a filter (excitation emission: 530-550; 

detection emission: 570; U-MNG, Olympus, Japan) under a 40x objective, dye spread 

was initially examined and regions where CA3 axons could be clearly visualised were 

targeted for placement of the stimulating electrode. Electrodes (model GC150F-7.5, 

1.5 mm outer diameter × 0.86 mm inner diameter, Harvard Apparatus Ltd, 

Edenbridge, UK; or model 1B150F-3 1.5 mm outer diameter × 0.84 mm inner 

diameter, World Precision Instruments) with a resistance between 4-6.5 MΩ were 

pulled using an electrode puller (Model PP-830, Narishige, Japan) for 

electrophysiological recordings.  

A stimulating electrode was filled with recording aCSF and was carefully directed 

towards a clearly visualised axon in the Schaffer collateral region in the stratum 

radiatum using a micromanipulator. Following this, a recording electrode was filled 

with CsCl-based internal solution containing (in mM): 140 CsCl, 5 HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), 10 EGTA (ethylene glycol-bis(β-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid), 2 Mg-ATP, pH 7.4, ~290 mOsm and 

Alexa Fluor 488 (AF488; 0.2 mg/ml, Invitrogen), used for filling the cells during 

recordings (see Figure 2.1A). Here, CsCl was used as an internal solution as Cs blocks 

potassium channels, allowing for little ion leakage and hence good space clamp when 

patching, and Cl- allows for the detection of both inhibitory and excitatory events at 

the holding potential of –70mV. The recording electrode was directed towards the 

CA1 area of the hippocampus and in close vicinity to the stimulating electrode to allow 

for minimal stimulation recordings.  

Whole-cell patch-clamp recordings of CA1 pyramidal neurons were performed using 

either an Axopatch 1D (Molecular Devices, Sunnyvale, CA, USA) or MultiClamp 

700B (Molecular Devices, Sunnyvale, Cam USA) patch-clamp amplifiers. These were 

filtered through a low-pass filter at 10kHz followed by 2kHz. Recordings were further 
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digitized with a sampling rate of either 8.3kHZ or 10kHz (Digidata 1322A, Axon 

Instruments, CA, USA) and were recorded using the WinEDR and WinWCP 

softwares (John Dempster, Strathclyde University, UK). Access (<50 MΩ) and 

membrane resistances (>166 MΩ) were repeatedly monitored throughout the 

recording by applying –5mV test pulses. Spontaneous currents were recorded using 

WinEDR version 3.7.2 and evoked postsynaptic currents were acquired using 

WinWCP version 4.6.1. 

2.5 Spontaneous inhibitory and excitatory currents 

Continuous recordings were performed at a holding potential of –70mV. Spontaneous 

inhibitory currents were recorded in aCSF for around 3-5 minutes. Following this, 

6μM SR 95531 (HelloBio, Bristol UK), a GABAA receptor antagonist was washed in 

the aCSF for the remainder of the experiment. Spontaneous excitatory postsynaptic 

currents (sEPSCs) were then recorded for around 15 minutes. 

2.6 Evoked currents 

Minimal stimulation recordings were performed in the presence of 6μM SR 95531 to 

allow for the recording of unitary excitatory postsynaptic currents (uEPSC). These 

evoked EPSCs are hereby referred to as uEPSC as they are driven by the activation of 

single synapses as a result of minimal stimulation. A pair of currents were applied 

once every 10 seconds via the stimulating electrode using a constant voltage (100 μs) 

stimulator (DS2A-MkII; Digitimer Ltd, UK) triggered by the WinWCP software. The 

stimulation intensity for uEPSC recordings was determined as the intensity halfway 

between that which just evokes a response and that which evokes a response double 

the amplitude of the postulated minimal response (Figure 2.1C). For most 

experiments, 80 recordings at inter-stimulus intervals of 25 and 50ms were performed. 

After recording, the stimulation electrode was moved in order to make a small hole in 

the tissue to allow for easier tracking of the stimulated axon during post-hoc imaging.  

2.7 Analysis of electrophysiological recordings 

All analyses were performed by the experimenter blinded to genotype or plaque 

presence around the stimulated axon. Spontaneous currents were detected using the 

WinEDR software and only those responses which had a rise time shorter than 4 ms 
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and remained at an amplitude above 3 pA for longer than 2 ms were detected as 

currents. In all conditions, the dead time and the running mean period for the baseline 

were both set at 10 ms. Once responses were detected using the WinEDR software 

(version 3.9.1), they were all visually inspected to assure that the rise time was faster 

than the decay. The inter-event interval was used to determine the instantaneous 

frequency (1/interval). Responses were then further analysed using the WinWCP 

software to determine their amplitude which was measured as the magnitude from the 

average baseline to the maximal negative deflection (an average of 5 digitised points 

was taken). The amplitude for each recording was then considered as the median of 

the amplitudes of all events as previous work has demonstrated that the amplitudes of 

synaptic currents at central synapses do not follow a Gaussian distribution (Edwards, 

1995). Then, any complex currents were excluded, and an average trace of the leftover 

responses was produced. A single exponential curve was fitted to determine the decay 

time τ (time to decay by (1 – e–1) times the peak current). 

Evoked responses were analysed using WinWCP (version 5.5.5) The amplitudes of all 

first and second successful responses were acquired by taking the average of 5 

digitised points at the maximal deflection. Failures were considered responses with a 

deflection of less than 3 pA from baseline at the expected time of EPSC peak and these 

were considered to have an amplitude of 0. To determine the paired-pulse ratio (PPR), 

which is an indicator of presynaptic neurotransmitter release, all first and second 

responses (including failures) were averaged and the PPR was considered as the 

average amplitude of all 2nd responses over that of all 1st responses. the  

2.8 Post-hoc analysis of slices from electrophysiological 
recordings 

After patch-clamp experiments, slices were transferred to 2% PFA, in which they were 

left overnight at 4°C. The next day, slices were washed 3 times in PBS for 5 minutes 

each, after which they were placed in a PBS solution with 0.03% sodium azide and 

30% sucrose. Slices were left in a 24-well plate at 4°C until imaging. In order to 

visualize Aβ plaques in the slices on which patch-clamp recordings were performed, 

fixed slices were transferred to a solution containing the amyloid dyes luminescent 

conjugated oligothiophenes (LCOs) or the commercially-available equivalent 

Amytracker 520 (1:1000, EBBA Biotech AB, Sweden). In the current work, these will 

be referred to as LCOs. The two LCO variants, q-FTAA and h-FTAA, were used at 
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2.4 μM and 0.77 μM concentrations respectively (Nystrom et al., 2013). The former 

stains the core, whereas the latter stains the diffuse part of the amyloid-beta plaque. 

Slices were initially washed 3 times in PBS for 5 minutes and were then incubated in 

the LCO or Amytracker solution for 30 minutes at room temperature. After this, slices 

were washed twice and were prepared for mounting. 

Nail varnish was used to make a well on SuperFrost Plus slides (Fisher) to prevent the 

dye and the slice from being crushed during coverslip placement. Slices were then 

mounted using mounting media (ProLong Diamond Antifade Mountant with DAPI, 

Invitrogen), they were cover-slipped and were left to dry until imaging. 

Imaging of slices was usually performed on the day of mounting, in the same week in 

which electrophysiological experiments were performed. Imaging on 300µm slices 

following electrophysiological experiments was performed using a BioRad confocal 

microscope (Olympus BX50WI). The pixel to µm ratio was established to be 6.492 

px/1 µm. Stimulated axons visualised using DiI (maximal emission at a wavelength 

of 568 nm) and recorded cells visualised using Alexa 488 (maximal emission at a 

wavelength of 488 nm) were tracked and imaged using an Olympus 60x infinity 

corrected 0.9NA water objective. Subsequent Z-stacks of the stimulated area were 

scanned using the Lasersharp 2000 (Version 6.0) software. Z-stacks were obtained at 

50 lines per second (lps) speed, using a 1.5x optical zoom with 512x512 lines at a z-

interval of 0.5 μm. Imaging allowed to determine if the stimulated axon during 

electrophysiological recordings passed near a plaque in App knock-in mice. Axons 

passing within a 30 μm radius of a plaque were considered plaque-associated axons 

due to previous work highlighting that this is the area within which the plaque is most 

toxic (Jackson et al., 2019b; Koffie et al., 2009; Sauerbeck et al., 2020; Spires et al., 

2005) (see Figure 2.1A, B). 
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Figure 2.1. Illustration of the main methods employed in this work. 
(A) A schematic of DiI placement in acute hippocampal slices prior to electrophysiological
recordings. Two DiI crystals were placed in the hippocampus to label Schaffer collaterals – one in
the CA3 pyramidal layer and one in the stratum radiatum. During patch-clamp recordings, the patch
electrode was filled with Alexa Fluor 488 to allow for the subsequent visualisation of the recorded
cell. Images on the right are maximal projections of representative Z-stacks from 300µm thick acute
hippocampal slices taken at 60x on a confocal microscope. Images illustrate axons of CA3 pyramidal
cells labelled in red (using DiI), dendrites of CA1 pyramidal cells labelled in green (using Alexa
Fluor 488), and plaques labelled in green again (using LCOs). Asterisks indicate axons labelled as
“plaque-associated” due to their vicinity to plaques on the way to the recorded cell. (B) A schematic
illustrating the experimental setup of a patch-clamp experiment. In most cases, two recordings per
an individual axon were made: (1) a plaque was present around the CA3 axon on its way to the
recorded CA1 cell; (2) a plaque was not present around the CA3 axon on its way to the recorded
CA1 cell. (C) Electrophysiological traces from paired-pulse recordings indicating the different
amplitudes of the postsynaptic response upon stimulation. The yellow trace represents the response
to a minimal stimulation which was the experimental paradigm employed in this work.
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2.9 Immunohistochemistry 

The drop-fixed hemisphere of each mouse was sectioned transverse to the long axis 

of the hippocampus at 30 µm using a frozen sledge microtome (SM 2000-R, Leica). 

Serial sections from each hemisphere were collected in 24-well plates until the 

hippocampus was no longer visible (~4/well) and these were stored in PBS containing 

0.03% sodium azide until immunohistochemical experiments. Sections were washed 

once in PBS and then three times for 10 minutes each in a solution containing 0.3% 

Triton X-100 in PBS (PBST). After this, sections were incubated for 1 hour in 

blocking solution (3% goat serum – Novex, Catalogue number: PCN5000 – in 0.3% 

PBST). Sections were then incubated overnight at 4°C with the primary antibody 

prepared in the blocking solution (rabbit anti-Iba1, 1:1000, Wako, Catalogue number 

019-19741; mouse anti-GFAP, 1:1000, Sigma, Catalogue number: G3893). The next

day, sections were again washed three times in 0.3% PBST and were incubated in

secondary antibodies prepared in blocking solution for 2 hours in the dark at room

temperature (goat anti-rabbit Alexa Fluor 647, 1:1000, Invitrogen, Catalogue number:

a-21244; goat anti-mouse Alexa Fluor 594, 1:1000, Invitrogen, Catalogue number: a-

11032). After this, slices were washed once with PBS for 10 minutes and were

incubated with either LCOs (1:1000) for 30 minutes (Table 2.1). Slices were washed

again, incubated for 5 minutes in DAPI (1:10,000, Abcam, Catalogue number:

ab228549) to allow for nuclei staining, and were then mounted onto Superfrost Plus

glass slides (Fisher) by floating on PBS. Fluoromount-G medium (SouthernBiotech,

Alabama, USA) was then applied and coverslips placed.
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Table 2.1. Antibodies, dyes, and their respective dilutions used for immunohistochemistry. 

Antibodies Dilution Catalogue number 

Rabbit anti-Iba1 1:1000 Wako, 019-19741 

Mouse anti-GFAP 1:1000 Sigma, G3893 

Goat anti-rabbit Alexa Fluor 647 1:1000 Invitrogen, a-21244 

Goat anti-rabbit Alexa Fluor 594 1:1000 Invitrogen, a-11032 

Luminescent conjugated oligothiopene 
(LCO) or Amytracker 520 

1:1000 LCO donated by the Jörg 
Hanrieder lab at the University 
of Gothenburg; Amytracker 
bought from EBBA Biotech 

4′,6-diamidino-2-phenylindole 
(DAPI), 405 

1:10,000 Abcam, ab228549 

2.10 Imaging 

Following immunohistochemistry of 30µm slices, photomicrographs of the whole 

hippocampal area were obtained using a 20x objective on an epifluorescent 

microscope – EVOS FL Auto Cell Imaging microscope (Life Тechnologies). The pixel 

to µm ratio at this magnification was established as 2.64 px/1 µm, illustrating that both 

individual plaques and glia could be visualised with these settings. DAPI was detected 

at a wavelength of 356 nm, Amytracker/LCO at 520 nm, GFAP at 594 nm, and Iba1 

at 647 nm. Constant light intensity, gain, and exposure were used for image 

acquisition. A minimum of 3 sections were imaged and used as a mean for each 

animal. 

2.11 Image analysis 

Fiji (or ImageJ) (Schindelin et al., 2012) was used to determine plaque size and 

number. Briefly, the hippocampus was initially outlined on the DAPI channel. The 
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green channel image (representing plaque staining visualised with LCOs) was then 

converted to an 8-bit image and a thresholded value was determined for each slice to 

take into consideration each image’s individual background staining. The number of 

particles within each hippocampal area and their respective areas were obtained for 

each slice using the Analyze Particles function. The range of particles was set between 

10 µm2 and infinity as previous work in our lab has shown that particles smaller than 

10 µm2 are likely to be noise rather than real signal (Medawar et al., 2019), and even 

if plaques of areas smaller than 10 µm2 are present, their exclusion has little effect on 

the overall plaque coverage. 

Adobe Photoshop 2020 was used for counts of microglia and astrocytes. For these, 

several regions of interest from the hippocampus were selected: the CA3 layer 

subfields, stratum pyramidale, stratum lucidum, stratum radiatum (SR), and stratum 

lacunosum moleculare (SLM); the CA1 layer subfields, stratum pyramidale, SR, and 

SLM; and the dentate gyrus subfields, the stratum moleculare, stratum granulare, and 

the hilus (see Figure 2.2). Cells which were both DAPI+ and Iba+ or DAPI+ and GFAP+ 

were counted as microglia or astrocytes, respectively. To calculate the overall 

distribution of microglia and astrocyte for the whole hippocampus for each slice, an 

average of their distribution/mm2 in these areas was taken. For all image analysis, three 

slices were obtained and averaged to obtain the value for each mouse. 

Figure 2.2. Illustration of the regions of interest used for image analysis.  
Ten different regions were used for quantification of astrocytes and microglia. 
Four areas in the CA3 region were explored: stratum pyramidale, stratum lucidum, 
stratrum radiatum, and stratum lacunosum moleculare. Three different areas in 
the CA1 region were explored: stratum pyramidale, stratum radiatum, and stratum 
lacunosum moleculare. In the dentate gyrus region, the stratum moleculare and 
stratum granulare, and the hilus were explored. 
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2.12 Statistical analysis 

All data analyses were performed blinded to sex, genotype, or condition. Statistical 

analyses were performed using GraphPad Prism 9 (La Jolla, California, USA). Where 

multiple slices/recordings were obtained from one animal, these were averaged to 

obtain a mean for that animal which was then used for subsequent analysis. In cases 

when from one mouse one electrophysiological recording was considered as “no-

plaque” (there were no plaques around the stimulated axon) and the other as “plaque” 

condition (there was a plaque present around the stimulated axon), these recordings 

were considered as separate samples. If multiple cells were recorded from slices from 

one mouse and these were in the same condition, averages across cells for each animal 

were calculated for statistical analyses. Data points which were greater than 2x 

standard deviations from the mean were considered outliers and were excluded from 

further analysis. When comparisons between different genotypes were made, data 

from App knock-in mice were combined, regardless of plaque presence around the 

stimulated axon. For the 4-5 and 7-9-month groups, males and females were analysed 

separately, while they were grouped for the 18 months group due to insufficient 

number of animals at that age for statistical analyses. Data were analysed using one- 

and two-way ANOVAs, with Holm-Sidak used for post-hoc analyses. Cumulative 

probabilities were assessed using Kolmogorov-Smirnov tests. Data was assessed for 

normality using Shapiro-Wilk tests. Power analyses were performed using G*Power 

v3.1 to determine the required sample sizes for the analysis performed in this work. 

Importantly, despite the small sample sizes in some cases in the present thesis, post-

hoc power analysis revealed that the lowest power reached is 0.75, indicating that the 

sample sizes used in this work were large enough for examining statistical differences. 

Graphs show Mean ± SEM. All diagrams in this work are created either using 

Biorender.com or Microsoft PowerPoint. 
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Chapter 3: AppNL-G-F mice exhibit some plaque-

dependent differences in synaptic transmission, as 
well as gliosis in response to plaque pathology 

3.1 Introduction 

Alterations in synaptic activity are one of the earliest hallmarks observed in AD 

(Scheff and Price, 2006). These synaptic changes have been shown to occur before 

any noticeable cognitive decline, highlighting the importance of understanding the 

driving factors behind them. Numerous studies have demonstrated that Ab can have 

profound effects on synaptic activity through its effects on both the pre- and post-

synaptic compartments. Specifically, soluble Ab is able to increase presynaptic 

glutamate release by increasing Ca2+ in presynaptic terminals in physiological 

conditions (Abramov et al., 2009), and this has been suggested to be exacerbated in 

an AD environment. Ab can directly interact with proteins involved in the SNARE 

complex in the presynaptic space, including syntaxin-1 and synapthophysin-1 (Russell 

et al., 2012; Yang et al., 2015), and there have also been reports of a reduced 

transcription of genes related to synaptic activity in AD (Yao et al., 2003). 

Additionally, soluble Ab can also bind to glutamate transporters, in turn inhibiting 

glutamate reuptake and hence influencing excitability (Li et al., 2009; Zott et al., 

2019), and can additionally impair the insertion of AMPARs and NMDARs in the 

postsynaptic space, thereby altering postsynaptic activity. 

Several reports from our lab have shown that the above changes in presynaptic release 

probability occur before any noticeable Ab plaque pathology (Benitez et al., 2021; 

Cummings et al., 2015), arguing that soluble Ab rather than the plaques are the driving 

factor for synaptic changes. This has also been confirmed in vivo, with studies showing 

that prior to plaque formation, neurons in the CA1 region of the hippocampus of AD 

mice exhibit hyperactivity (Busche et al., 2012). Therefore, there is now consensus 

among the literature that soluble Ab has a key role in synaptic dysfunction (Barry et 

al., 2011; Cleary et al., 2005; Edwards, 2019). The specific mechanisms through which 

Ab results in increased release probability could be by inhibiting the interaction 

between VAMP2 and synaptophysin or by inhibiting glutamate reuptake, resulting in 
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mGluR activation, Ca2+-induced Ca2+ release and synapsin phosphorylation (Ovsepian 

et al., 2017; Russell et al., 2012; Zott et al., 2019). Both of these processes increase 

the number of primed vesicles for exocytosis, providing one explanation as how Ab 

can increase the release probability at these synapses. 

However, it is still unclear how the deposition of soluble Ab into plaques alters these 

effects of Ab on synaptic activity. For instance, one study showed that the Ab halo 

around plaques is the main driver of synaptic toxicity in these regions (Koffie et al., 

2009), however how the extent of these effects compares to regions solely containing 

soluble Ab remains to be determined. Some light has been shed on this mechanism by 

a recent study from our lab which explored the AppNL-G-F model that contains the Arctic 

mutation, which makes Ab particularly prone to aggregate and hence deposit into 

plaques rather than flowing through the neuropil (Benitez et al., 2021; Saito et al., 

2014). This study found increased release probability in earlier stages of pathology (2 

months), which disappears at moderate stages (4 months) and reappears at more 

advanced stages of pathology (9 months onwards). This is argued to be due to the fact 

that at earlier stages there are a very small number of plaques formed, yet high levels 

of soluble Ab are found in both the cortex and hippocampus (Latif-Hernandez et al., 

2020). Hence, the effects on release probability are very likely to be caused by soluble 

Ab acting on the SNARE complex in presynaptic regions. When there is moderate 

plaque pathology, because of the Arctic mutation within the Ab sequence, there is 

likely a shift towards deposition of Ab into plaques, decreasing soluble Ab in the 

neuropil and so no longer allowing for Ab to exert its effects on release probability. 

These reappear at advanced stages of pathology potentially because most of the 

synapses examined are likely to be in the vicinity of plaques and the soluble Ab 

surrounding them (Benitez et al., 2021). However, whether this is in fact the 

mechanism explaining this phenomenon remains to be established. Furthermore, it is 

important to note that findings from these mice should be taken with caution as it is 

hard to discern whether soluble Ab is freely present in the neuropil in this model due 

to the high propensity of Ab for fibrillation due to the Arctic mutation (Saito et al., 

2014). 

In this chapter, I aimed to explore the above mechanism at two different stages of 

pathology by examining the activity at CA3-CA1 synapses in the hippocampus of 
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AppNL-G-F mice. The hippocampus is a useful structure to explore specific alterations 

in synaptic activity due to its clear organisation and well-defined connectivity which 

has been thoroughly examined throughout the years (Andersen et al., 2007). I initially 

explored the plaque pathology, as well as gliosis, in these mice in order to understand 

what processes accompany some of the potential changes in synaptic transmission. I 

then explored electrophysiological changes in acute hippocampal slices to understand 

how synaptic activity is altered in these mice with pathology progression. These acute 

hippocampal slices can survive up to 8 hours in an oxygenated aCSF solution and 

hence allow for the examination of alterations in excitatory synaptic activity. The 

hippocampus is particularly vulnerable in the AD brain (Desikan et al., 2010), with 

studies in AD post-mortem tissue showing substantial loss of CA3 and CA1 neurons 

(Padurariu et al., 2012), as well as loss of dendritic spines (Spires et al., 2005) and 

altered morphology of CA1 neurons (Merino-Serrais et al., 2013). Therefore, this 

thesis aimed to examine the activity of CA1 neurons upon the stimulation of CA3 

axons as this would provide good insight into how synaptic transmission at CA1 

neurons is altered in App knock-in mice compared to wild-type animals. Importantly, 

here unitary excitatory postsynaptic currents (uEPSCs) which result from the 

activation of single synapses were recorded from these mice.  

However, although this would help understand how the presence of plaques and other 

toxic processes associated with AD affect the transmission of individual synapses, it 

would not answer the question as to whether soluble Ab oligomers present all over the 

hippocampus, or soluble Ab oligomers associated with plaque regions are the driving 

factor for the observed effects in these mice. Therefore, here, the effects of plaques on 

the transmission of individual axons were also examined to determine if axons in the 

vicinity of plaques exhibit differential activity compared to those away from plaques.  

3.2 AppNL-G-F mice develop robust plaque pathology and 
more smaller-sized plaques at later ages 

In order to understand the pathology found in AppNL-G-F mice at two different stages 

of pathology – moderate and heavy plaque load – mice at 4-5 and 7-9 months of age 

were examined. I initially stained hippocampal slices with either luminescent 

conjugated oligothiophenes (LCOs) or the commercially-available substitute 

Amytracker 520 to determine plaque load in the hippocampus of AppNL-G-F mice at 
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these two different pathology stages. These compounds bind to protein aggregates 

containing amyloid fibrils and protofibrils and hence are useful for the detection of 

Ab plaques (Nystrom et al., 2013; Rasmussen et al., 2017). Following 

immunohistochemistry, these slices were imaged using an epifluorescent microscope 

to examine plaque pathology. As mentioned in Chapter 2, the pixel to µm resolution 

(2.64/1) was low enough to allow for the visualisation of even the smallest plaques. 

The focus of this work was two-fold: to explore any genotype-related differences and 

also examine sex-related differences. This is an important, yet understudied avenue as 

previous AD research has primarily examined either only male or female mice, 

without taking into account the effects of sex. Interestingly, it has been demonstrated 

that female APP/PS1 mice exhibit higher plaque accumulation at more advanced 

stages of pathology than males (Wang et al., 2003). This suggests that there might be 

some differences in the brain response to pathology between the two sexes, 

highlighting the importance of exploring both pathology and synaptic differences 

between males and females. It has also been shown that microglia from females are 

distinct from those from males in both AD mice and human post-mortem tissue, with 

microglia from female mice upregulating genes associated with activation much more 

prominently (Guillot-Sestier et al., 2021; Zhao et al., 2020). The former study 

suggested that this can impair the phagocytic ability of female microglia, raising 

questions as to how this translates to AD mechanisms and compares to brain responses 

in males. Therefore, here both male and female AppNL-G-F mice were explored at both 

stages of pathology. 

In males, wild-types clearly demonstrated no amyloid staining at both ages, while 

AppNL-G-F mice exhibited robust hippocampal plaque pathology at 4-5 months, which 

becomes more pronounced at 7-9 months (Figure 3.1A). This is confirmed when the 

number of plaques was explored which showed that 7-9 month-old AppNL-G-F mice 

have more plaques than 4-5 month-old mice (p<0.01; unpaired t-test) (Figure 3.1B). 

Interestingly, the percentage of plaque coverage was not different between the two 

ages (p>0.05; Figure 3.1B). Further analysis of plaque area revealed a significant 

interaction between plaque size and age (p<0.0001; two-way ANOVA), with Sidak-

corrected post-hoc tests revealing that AppNL-G-F mice from the 7-9 month group 

exhibit a larger number of smaller-sized plaques (between 10 and 50 µm2), but not of 
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plaques bigger than 50 µm2, compared to 4-5-month old mice (p<0.0001; Figure 

3.1C).  

The above effects in males were replicated in females. Specifically, while wild-types 

exhibited no plaque pathology, AppNL-G-F mice demonstrated increasingly more 

plaques in the hippocampus with age (Figure 3.1D). This was confirmed through 

statistical analysis which found a significantly greater number of plaques in 7-9 

month-old compared to 4-5-month-old female AppNL-G-F mice (p<0.01; unpaired t-test; 

Figure 3.1E). Similarly to males, no difference in the percentage of plaque coverage 

was found in females (p>0.05), which likewise could be explained by the observation 

of a greater number of smaller-sized plaques, in older mice (Figure 3.1E, right panel). 

In particular, analysis of plaque area revealed a significant interaction between plaque 

area and age (p<0.0001). Replicating the findings in males, post-hoc analysis revealed 

that 7-9 month-old female AppNL-G-F mice exhibit a larger number of small plaques 

(between 10 and 50 µm2) than 4-5 month old mice (p<0.0001), while no differences 

were found in the number of larger plaques (Figure 3.1F). 
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Figure 3.1. Deposition of Ab plaques in male and female AppNL-G-F mice at 4-5 and 7-9 months. 
(A) & (D) Representative images of epifluorescent micrographs of the hippocampi of male and
female wild-type (WT) and AppNL-G-F mice stained with Amytracker (green) for Ab plaque labelling
and DAPI (blue) for nuclei labelling. Scale bar: 200µm. Pixel/µm=2.64. (B) & (E) Plaque number
and coverage in AppNL-G-F mice. Males and females: differences between the ages in plaque number
(p<0.01). (C) & (F) Frequency-size distribution of plaques in male and female AppNL-G-F mice.
Males and females: age x plaque size interactions (p<0.0001). Columns indicate mean ± SEM.
Sample sizes are marked within bars. Individual points represent individual animals and the mean
of three slices from each. T-tests and two-way ANOVAs followed by Sidak-corrected post-hoc
comparisons if there was an interaction are indicated by: **p<0.01, ****p<0.0001. Asterisks
between columns indicate post-hoc comparisons.
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3.3 Changes in microgliosis and astrogliosis in AppNL-G-F�

mice 

3.3.1 Microglial density changes in AppNL-G-F mice 

In addition to the more advanced plaque pathology observed with disease progression 

in AppNL-G-F mice, gliosis is another factor that is a feature of AD. Previous work on 

AD transgenic animals has demonstrated microglial and astrocytic activation in 

response to plaques, with both microglia and astrocytes responding to plaque presence 

by clustering around the Ab aggregates (Henstridge et al., 2019; Keren-Shaul et al., 

2017; Krasemann et al., 2017; Medawar et al., 2019; Sofroniew, 2005; Wyss-Coray et 

al., 2003). In AppNL-G-F mice, microgliosis, evidenced by an increased number of Iba1+ 

microglia and increased Trem2 expression per microglia, has been reported in the 

hippocampus at 9 months of age, when AppNL-G-F mice already exhibit advanced 

pathology (Benitez et al., 2021; Saito et al., 2014). However, whether there are any 

specific changes in the different regions of the hippocampus and whether these 

changes are accompanied with changes in astrogliosis have not specifically been 

examined. Therefore, here, the density of microglia and astrocytes was explored using 

Iba1 and GFAP immunostaining respectively to determine any differences between 

male and female AppNL-G-F mice at 4-5 and 7-9 months and age-matched controls. 

In order to confirm previous reports of increased microglial density at advanced stages 

of pathology in AppNL-G-F mice, the number of Iba1+ microglia which co-localised with 

a DAPI+ nucleus was quantified in both wild-types and App knock in mice. As 

demonstrated in Figure 3.2A below and as expected, microglia from ����PRQWK�ROG� 

male and female App knock-in mice tended to cluster around plaques, with their 

density clearly increased in plaque-associated regions (Figure 3.2Aii). The 

increased density was confirmed using a two-way ANOVA which found a main 

effect of genotype (p<0.05; Figure 3.2B), indicating that the density of microglia in 

AppNL-G-F mice is higher than that of wild-type microglia. When examining if 

there are any specific regional differences in microglial density in the 

hippocampus, main effects of region and genotypes were revealed for males 

(p<0.05), indicating that microglial densities differ by region and that, irrespective 

of region, male microglial densities are higher in AppNL-G-F mice. In females, a 

two-way ANOVA revealed a significant interaction EHWZHHQ�UHJLRQ�DQG�JHQRW\SH�
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Lndicating that different regions exhibit different microglial density depending on 

the genotype (p<0.05) (see Figure 3.2C). Post-hoc tests revealed that in both 

AppNL-G-F and wild-type mice, the stratum lacunosum moleculare (SLM) region in 

the CA1 subfield has more microglia compared to the CA3 cell layer and the 

stratum radiatum (SR) in the CA1 subfield (p<0.05). Additionally, in AppNL-G-F 

mice, the SLM also had more microglia than the CA1 cell layer (p<0.05).   

Similarly to 4-5 months, 7-9 month-old mice demonstrated robust microglial 

accumulation, particularly around plaques (Figure 3.2D), illustrating a typical for AD 

microglial response to the Ab aggregates. When this was quantified, an identical 

effect to the one observed at earlier ages was found and specifically, a higher 

microglial density in AppNL-G-F mice compared to wild-types, irrespective of sex 

(p<0.05; two-way ANOVA; Figure 3.2E). Interestingly, in comparison to the 4–5-

month-old group, there was no difference between the microglial density of the two 

genotypes in the different regions examined in this work (p>0.05; Figure 3.2F). This 

might suggest that, although microglia in the regions examined here show alterations 

in density depending on the genotype at earlier stages of pathology, these 

differences disappear at 7-9 months, likely because of the more spread-out plaque 

formation. Alternatively, in light of the high variability of microglial density in all 

regions at this age, the sample size might not have been large enough to elucidate 

these changes as AppNL-G-F mice still showed a trend for larger microglial density in 

all regions compared to wild-types. 

The similar microglial densities in both male and female AppNL-G-F mice at the ages 

examined here, despite clear increases in plaque number with age, suggests that small 

plaques, which are the driving factor for the observed increase in plaque number in 7–

9-month-old AppNL-G-F mice, might be less able to elicit changes in microglial density�

compared to larger plaques. Alternatively, it might be that after early proliferation in�

response to the AD environment, microglial changes in the AD environment are�

primarily reflected in movement towards plaques and damaged regions.
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Figure 3.2. Microglial density and distribution in the hippocampus of male and female AppNL-

G-F and wild-type mice at 4-5 and 7-9 months of age.  
(Ai) & (Di) Representative epifluorescent images of Iba+ microglia (white) and Ab plaques (green) 
at 4-5 and 7-9 months. Arrows point at individual Ab plaques. The different hippocampal regions 
examined in this analysis are also marked. Scale bar: 200µm. Pixel/µm=2.64. (Aii) & (Dii) Zoomed-
in images of the squares indicated in (Ai) and (Di), showing microglial clustering around plaques at 
the ages indicated above. Scale bar: 50µm (B) & (E) Microglial density in AppNL-G-F and wild-type 
mice. 4-5 months and 7-9 months: main effects of genotype (p<0.05). (C) & (F) Microglial 
distribution in the different hippocampal regions marked in (A) and (D). Columns indicate mean ± 
SEM. Sample sizes are marked within bars. Individual points represent individual animals and the 
mean of three slices from each. Two-way ANOVA followed by Sidak-corrected post-hoc 
comparisons if there was an interaction are indicated by: *p<0.05, **p<0.01, ****p<0.0001. 
Asterisks above columns indicate main effect of region. Asterisks beside columns indicate main effect 
of genotype. Asterisks between columns indicate post-hoc comparisons. 
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3.3.2 Changes in astrocytic density in AppNL-G-F mice 

Having established microglial density changes in AppNL-G-F mice, the density of 

astrocytes was also explored. This was done by quantifying the number of astrocytes, 

identified using GFAP staining, in the hippocampus of male and female App knock-

in mice and age-matched wild-type controls. Similarly to microglia and as expected, 

GFAP+ astrocytes from both male and female AppNL-G-F mice at the two ages examined 

appeared to cluster around amyloid plaques, although not as tightly as microglia, with 

mostly their processes ensheathing plaque regions (see Figure 3.3A, D). In addition to 

this, the GFAP intensity appeared stronger overall in the hippocampus of AppNL-G-F

mice compared to wild-types (Figure 3.3Ai, Di), with clear increases in astrocytes in 

the vicinity of plaques (Figure 3.3Aii, Dii). This is observed in the two sexes from 

both age groups and is indicative of an increased astrocytic activation in the presence 

of plaque pathology. 

At 4-5 months, when quantifying the astrocyte density in the hippocampus, a two-way 

ANOVA revealed no difference between the two genotypes or sexes (p>0.05; Figure 

3.3B). To see if this difference is not hidden in a difference between hippocampal 

regions, the astrocyte density in the above hippocampal regions was also explored. 

Although a two-way ANOVA revealed no differences between the two genotypes, it 

showed a significant effect of region (p<0.0001; Figure 3.3C) for both sexes, showing 

that astrocytic density differs in the different hippocampal regions explored here, 

regardless of genotype.  

Similarly to 4-5 months, female 7-9 month-old mice exhibited no differences in 

astrocyte number in the whole hippocampus (p>0.05; two-way ANOVA; Figure 

3.3E), nor in the different regions examined in this work (p>0.05; two-way ANOVA; 

Figure 3.3F). In comparison, males demonstrated a significant region x genotype 

interaction at that age (p=0.0012; two-way ANOVA; Figure 3.3F), suggesting that 

different regions show differential up or downregulation of astrocyte numbers 

depending on the genotype. Post-hoc tests showed that the CA3 cell layer exhibits the 

lowest astrocytic density compared to all other regions, regardless of genotype. This 

finding hints at potential differences between male and female AppNL-G-F mice and 

specifically, in their ability to trigger changes in astrocytic density at that age. 
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However, it is important to note that the measurements performed here do not directly 

correlate to astrogliosis as changes in astrocytic number might not reflect changes in 

the astrocytic transcriptional profile, which, however, was outside the scope of the 

current study. 
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Figure 3.3. Astrocyte density and distribution in the hippocampus of male and female AppNL-G-

F and wild-type mice at 4-5 and 7-9 months of age.  
(Ai) & (Di) Representative epifluorescent images of GFAP+ astrocytes (white) and Ab plaques 
(green) at 4-5 and 7-9 months. Arrows point at individual Ab plaques. The different hippocampal 
regions examined in this analysis are also marked. Scale bar: 200µm. Pixel/µm=2.64.  (Aii) & (Dii) 
Zoomed-in image of the squares indicated in (Ai) and (Di), showing astrocytic clustering around 
plaques at the ages indicated above. Scale bar: 50µm (B) & (E) Astrocytic density in AppNL-G-F and 
wild-type mice. (C) & (F) Astrocytic distribution in the different hippocampal regions marked in (A) 
and (D). Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual points 
represent individual animals and the mean of three slices from each. Two-way ANOVA followed by 
Sidak-corrected post-hoc comparisons if there was an interaction. Asterisks above columns indicate 
main effect of region. 
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3.4 The minimal stimulation paradigm recruited single 
synapses 

In order to determine if there are any changes in synaptic transmission between App 

knock-in animals and wild-types, wild-type and AppNL-G-F mice at the same stages of 

pathology as above were explored. Here, unitary excitatory postsynaptic currents 

(uEPSCs) were recorded from CA1 pyramidal cells in the presence of a GABAA

receptor blocker using a patch-clamp setup following the stimulation of a single, 

identified axon of a CA3 cell. To direct the stimulation electrode towards single CA3 

axons during recordings, the lipophilic dye DiI was placed in the CA3 region prior to 

electrophysiological recordings.  

To assure the stimulation of an individual axon, or at least the recruitment of only a 

small number of neighbouring axons around the stimulation site, a minimal 

stimulation paradigm was employed in this work. The use of minimal stimulation was 

important as it assured that only the axon visualised using DiI, or at least a small 

proportion of axons around it, were the ones stimulated during patch-clamp 

experiments, allowing for the examination of the properties of single synapses. 

Therefore, to ensure that this stimulation was truly minimal and resulted in uEPSCs 

(see Figure 2.1C), the recorded amplitudes of the successful first responses of male 

AppNL-G-F and wild-type mice were compared to those of miniature excitatory 

postsynaptic currents (mEPSCs) previously recorded in our lab by Dr Damian 

Cummings and which are also published in Benitez et al. (2021). Indeed, no 

differences in the postsynaptic amplitude of the previously recorded mEPSCs and the 

uEPSCs recorded in this work (Figure 3.4A) were observed at both ages and both 

genotypes examined in this chapter (p>0.05; two way-ANOVAs) (Figure 3.4B, C), 

supporting the idea that one or two release sites on only one axon, or that only a few 

axons were recruited during the minimal stimulation paradigm employed here.  
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Figure 3.4. Comparison of uEPSC and mEPSC amplitudes in wild-type and AppNL-G-F 

mice at 4-5 months and 7-9 months of age.  
(A) Representative uEPSC and mEPSC traces from 4–5-month-old wild-type and AppNL-G-F 

mice. mEPSC data represents data collected in Benitez et al. (2021) (B) & (C) There is no
difference between the amplitudes at either age or genotype. Columns indicate mean ± SEM.
Individual points represent the mean of all recordings taken from individual animals.

3.5 AppNL-G-F mice exhibit some differences in synaptic 
activity compared to wild-type mice 

Having confirmed the feasibility of using minimal stimulation to recruit individual 

axons, the postsynaptic activity of CA1 cells of both male and female AppNL-G-F mice 

and age-matched wild-type controls were examined. Although previous work has 

examined if AppNL-G-F mice exhibit alterations in synaptic transmission compared to 
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wild-types at different ages (Benitez et al., 2021; Latif-Hernandez et al., 2020), they 

have not explored what differences sex introduces to the observed changes. 

Furthermore, previous experiments were not performed at minimal stimulation 

intensities and hence did not examine the activity of single synapses, showing that the 

present study could elucidate some differences at the synaptic level which could have 

been masked in previous work.  

3.5.1 Changes in postsynaptic compartments in AppNL-G-F mice 

No differences in the uEPSC amplitude of the first response were found either between 

the two genotypes, or between the two sexes at 4-5 months of age (p>0.05 for both 

main effects and interaction; two-way ANOVA; Figure 3.5B). Importantly, there was 

no difference in the stimulation voltages required to evoke the uEPSCs (p>0.05; two-

way ANOVA; Figure 3.5C). The similar uEPSC amplitudes found between the two 

genotypes is consistent with the findings of previous work from our lab showing no 

differences in the amplitude of mEPSCs between male AppNL-G-F and wild-type mice 

at that age (Benitez et al., 2021). Furthermore, there were no differences in the decay 

time (p>0.05; two-way ANOVA; Figure 3.5D), suggesting similar receptor kinetics 

between the two groups. Altogether these results suggest that there are no alterations 

in the postsynaptic compartments in AppNL-G-F mice at that age. 

The same properties of uEPSCs were also explored in 7–9-month-old AppNL-G-F mice. 

Similarly to earlier stages of pathology, AppNL-G-F mice did not exhibit altered 

postsynaptic amplitudes compared to age-matched wild-types (p>0.05; two-way 

ANOVA; Figure 3.5E). This was also accompanied by no differences between the two 

genotypes and sexes in the stimulation voltage (p>0.05; two-way ANOVA; Figure 

3.5F). Interestingly, examining the decay times revealed a significant main effect of 

genotype (p<0.05; two-way ANOVA), with AppNL-G-F mice exhibiting longer decay 

times than wild-types (Figure 3.5G). Altogether these results suggest that AppNL-G-F

mice exhibit altered properties of the postsynaptic receptors and specifically, their 

closing kinetics. This could be arising from different subunit composition of 

postsynaptic AMPARs, leading to changes in their unbinding kinetics or 

desensitisation. This is plausible as previous work has demonstrated that oligomeric 

forms of Ab which are found in these mice can increase and decrease the number of 

GluA2- and GluA1- expressing AMPARs, respectively AMPARs (Reinders et al., 
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2016; Whitcomb et al., 2015). Alternatively, the different decay times could be driven 

by a difference in the diffusion of glutamate out of the synaptic cleft in App knock-in 

mice.  

Figure 3.5. Properties of uEPSCs recorded from male and female AppNL-G-F and wild-type 
mice at 4-5 and 7-9 months of age.  
(A)�Example uEPSC traces from male and female wild-type and AppNL-G-F mice at 4-5 months of�
age following a pair of stimuli 25 and 50 ms apart. (B) & (E) Median postsynaptic amplitudes of�
the successful first responses between male and female AppNL-G-F and wild-type mice in the ages�
indicated above. (C) & (F) The stimulation voltage used for recordings for all groups. (D) & (G)�
The mean decay time in both genotypes at the ages marked above. 7-9 months: main effect of�
genotype, with longer decay times in AppNL-G-F mice compared to wild-types (p<0.05). Columns�
indicate mean ± SEM. Sample sizes are marked within bars. Individual points represent the mean�
of all recordings taken from individual animals. Two-way ANOVAs indicated by: *p<0.05.�
Asterisks beside comparisons indicate main effect of genotype.
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3.5.2 Release probability alterations in AppNL-G-F mice 

Two pairs of stimuli were applied in the experiments performed here, with these being 

either 25ms or 50ms apart (see Figure 3.6A). Exploring differences in the ratio 

between the median amplitude of the second responses to that of the first response, 

which is called the paired-pulse ratio (PPR), can give an idea of the release probability 

of the examined synapses. The PPR is inversely proportional to the initial probability 

of release (Pr), with a facilitation of the second response (termed paired-pulse 

facilitation (PPF)) indicating low Pr and a reduction (termed paired-pulse depression 

(PPD)) indicating high Pr. After the first stimulation at synapses with low Pr, there is 

residual Ca2+ in the presynaptic space. This is additive to the Ca2+ influx triggered by 

the second stimulation, in turn leading to an enhanced vesicle release upon its arrival 

and a larger postsynaptic current. On the other hand, this residual Ca2+ is not able to 

enhance the release at synapses with high Pr due to а depletion of synaptic vesicles at 

the arrival of the first stimulation, resulting in a smaller postsynaptic current at 

subsequent stimulations (Regehr, 2012; Zucker and Regehr, 2002).  

CA3-CA1 synapses typically exhibit low release probability, however how this is 

altered in AppNL-G-F mice in comparison to wild-types, as well as between male and 

female mice, remains to be determined. Previous work from our lab found reduced 

PPR of AppNL-G-F mice at 2 months, no change in the PPR at 4 months, and a decreased 

PPR and hence increased release probability at 9 months where there is more advanced 

plaque pathology (Benitez et al., 2021). Therefore, as expected, a two-way ANOVA 

found no differences in the PPR at either interval at 4-5 months (p>0.05; Figure 

3.6Bi,ii). Further examination of the failure rate of the first responses revealed no 

differences between the two sexes and genotypes (p>0.05; two-way ANOVA), 

suggesting that the release probability is unaffected at this stage of pathology (Figure 

3.6C). 

In comparison to previous work, here no change in the PPR at either 25ms or 50ms 

was found at 7-9 months of age according to a two-way ANOVA (p>0.05; Figure 

3.6Di,ii). This finding is not entirely consistent with previous results which found 

increased release probability at more advanced stages of pathology (Benitez et al., 

2021). Interestingly, when the failure rate was examined, a two-way ANOVA revealed 
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a significant effect of genotype (p<0.05; Figure 3.6E), with AppNL-G-F mice showing 

lower failure rates than wild-types. The lack of changes in the PPR despite reduced 

failure rates might suggest that AppNL-G-F axons were more likely than wild-types’ to 

respond to the stimulation intensities used in this work, hinting at differences in axonal 

excitability in AD conditions. Additionally, it is possible that receptor desensitization 

had masked any changes in the PPR, despite there being potential alterations in release 

probability in App knock-in mice. This idea, however, warrants further investigation 

into neurotransmitter vesicle dynamics.  
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Figure 3.6. Release probability in male and female AppNL-G-F and wild-type mice at 
4-5 and 7-9 months of age.
(A) Representative averaged traces from AppNL-G-F and wild-type mice at 4-5 months. (B)
& (D) The paired pulse ratio (PPR) (amplitude of the 2nd response/amplitude of the 1st

response) at an inter-stimulus interval of (Bi) & (Di) 25 and (Bii) & (Dii) 50 ms. (C) &
(E) Failure rate of the 1st response at the ages indicated above. 7-9 months: main effect of
genotype (p<0.05), with AppNL-G-F mice displaying lower failure rates than wild-types.
Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual points
represent the mean of all recordings taken from individual animals. Two-way ANOVA
indicated by: *p<0.05. Asterisks beside comparisons indicate main effect of genotype.
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3.6 Plaque presence has some effects on synaptic efficacy at 
postsynaptic compartments 

As mentioned above, in addition to examining differences in synaptic transmission 

between wild-type and App knock-in mice, the present work also aimed to explore 

how the synaptic activity in App knock-in mice themselves is altered depending on the 

presence of a plaque around the stimulated axon. This would provide an idea as to 

whether the plaque, or even the plaque environment itself, has an effect on 

transmission. Therefore, here, AppNL-G-F mice were further divided into two groups – 

“plaque” and “no plaque” condition – depending on whether the CA3 axon on which 

the stimulating electrode was placed was passing near a plaque on its way to the 

recorded CA1 cell during voltage-clamp experiments. This was determined through 

post-hoc immunohistochemical staining of amyloid-b plaques using LCOs on the 

same slices used for electrophysiological experiments. Therefore, subsequent confocal 

imaging allowed the visualisation of the stimulated axon (using DiI placed prior to 

electrophysiological experiments), the recorded cell (which was filled with AF488 

during recordings), and the amyloid plaque (using LCOs following 

electrophysiological experiments). As this work used minimal stimulation during 

experiments, post-hoc tracing of the axon and the estimate of plaque presence around 

the stimulated axon in AppNL-G-F mice could be considered an accurate representation 

of the plaque load during transmission and could provide insight into how plaque 

presence affects synaptic activity. An axon was deemed “plaque-associated” in cases 

when a plaque was present within 30 µm of the stimulated axon, and “non-plaque-

associated” when plaques were outside of that region (Figure 3.7A). This distinction 

was based on previous studies which have demonstrated extensive synapse loss and 

axonal dystrophy within this radius (Koffie et al., 2012; Koffie et al., 2009; Sadleir et 

al., 2016). Thus, in cases when two recordings were made from the same animal and 

each belonged to a different condition, these were considered as separate samples in 

the present analysis. If, however, these recordings were both categorised in the same 

condition, an average for these was obtained to determine the average value for that 

animal.  
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3.6.1 Plaque presence effects on postsynaptic activity in AppNL-G-F mice 

Initially, the median of the amplitudes of the successful first responses was examined 

in plaque- and non-plaque associated recordings in male and female AppNL-G-F mice. 

Here, similarly to before, analysis was done separately for the two age groups, 

although differences between the two stages of pathology will also be discussed. At 

4-5 months of age, there was a trend for a significant main effect of plaque presence

on the median amplitude (p=0.06; two-way ANOVA), as demonstrated in Figure 3.7B

below. This suggests that the median amplitude is reduced in recordings when a plaque

was present around the stimulated axon in comparison to recordings when no plaque

was present. Interestingly, when comparing how many synapses were activated in both

conditions by taking into account the mEPSC recorded previously from male AppNL-

G-F mice at that age, it appears that while at plaque conditions the number of synapses

activated were on average 0.87 (calculated as uEPSC/mEPSC), for no-plaque

conditions it was 1.27, suggesting that there might be fewer active synapses at plaque

conditions. Despite differences in the postsynaptic amplitudes, no differences were

observed in the stimulation voltage used in these conditions according to a two-way

ANOVA (p>0.05; Figure 3.7C). Lastly, no difference in the decay time was observed

at that age (p>0.05; two-way ANOVA; Figure 3.7D).

At 7-9 months, there was no difference in the postsynaptic amplitudes, stimulation 

voltage, or decay times (p>0.05; two-way ANOVAs; Figure 3.7E, F, G). This suggests 

that the differences in postsynaptic amplitudes between the two conditions which were 

observed at 4-5 months are lost at more advanced stages of pathology. This might be 

because the levels of soluble Ab oligomers at this age are more similar in plaque and 

no-plaque conditions due to the high density of plaques and hence soluble Ab 

oligomers at that stage. These findings also demonstrate that the longer decay times 

observed in the earlier comparisons between AppNL-G-F and wild-type mice at that age 

are dependent on the AD environment itself rather than the presence of a plaque near 

the synapse.
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Figure 3.7. Properties of uEPSCs in response to the stimulation of axons near and away 
from plaques in male and female 4-5- and 7–9-month-old AppNL-G-F mice.  
(A) Representative images illustrating CA3 axons (red) passing near and away from a plaque
(green; indicated with asterisks) on its way to a CA1 cell (green; dendrites indicated with
arrows). Scale bar: 50µm. (B) & (E) Median uEPSC amplitude of successful first responses
of CA1 cells in response to the stimulation of CA3 axons at the ages indicated above. 4-5
months: trend for main effect of genotype (p=0.06). (C) & (F) Mean voltage used for
stimulation for all recordings. (D) & (G) Decay time of uEPSC recorded from all groups.
Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual points
represent the mean of all recordings taken from individual animals. Two-way ANOVAs. P-
values beside comparisons indicate main effect of plaque presence.



 100 

3.6.2 Release probability alterations at plaque-associated axons 

According to the two-way ANOVA, there were no differences in the PPR at 4-5 

months at either 25 ms or 50 ms (p>0.05; Figure 3.8Ai,ii), suggesting that the release 

probability is not differentially affected by the presence of a plaque. In accordance 

with this, no difference in the failure rate of the first response was observed at that age 

(two-way ANOVA; p>0.05; Figure 3.8B). Altogether these results show that soluble 

Ab oligomers around plaques do not increase the number of vesicles primed for 

exocytosis at that age in this model, as it has previously been demonstrated in other 

AD models. This suggests that either plaques in AppNL-G-F mice do not contain the 

same cloud of soluble Ab previously reported around plaques in transgenic models, or 

the Ab species found in plaque regions in this model might be different and exert 

different effects at synaptic regions. 

At 7-9 months, there were no changes in the PPR at either 25 ms or 50 ms (two-way 

ANOVA; p>0.05; Figure 3.8Ci,ii). Interestingly, when the failure rate of the first 

response was examined, a two-way ANOVA found a significant main effect of sex 

(p<0.01; Figure 3.8D). These results indicate that the earlier observation of lower 

failure rates in AppNL-G-F mice compared to wild-types was likely driven by the lower 

failure rates observed in female AppNL-G-F mice. Altogether, these results suggest that 

female axons are more likely to be activated than male axons, suggesting that the 

mechanisms occurring in this AD model exhibit some interesting sex-specific 

differences which affect axonal activation and which warrant further investigation. 
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Figure 3.8. Release probability at axons near and away from plaques in male and female 
AppNL-G-F mice at 4-5 and 7-9 months.  
(A) & (C) The paired pulse ratio (PPR) (amplitude of the 2nd response/amplitude of the 1st

response) at an inter-stimulus interval of (Ai) & (Ci) 25 and (Aii) & (Cii) 50 ms. (B) & (D)
Failure rate of the first response at the ages indicated above. 7-9 months: main effect of sex
(p<0.05). Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual
points represent the mean of all recordings taken from individual animals. Two-way ANOVA
indicated by: **p<0.01. Asterisks above comparisons indicate main effect of sex.
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3.7 Summary 

This chapter explored the plaque pathology of AppNL-G-F mice at 4-5 months and 7-9 

months, as well as changes in microglial and astrocytic density to understand the 

effects of the AD environment in these mice. Furthermore, I also examined synaptic 

changes at CA3-CA1 synapses caused by the AD environment itself in AppNL-G-F mice 

and how this transmission is altered when taking into account plaque presence around 

CA3 axons.  

With regards to plaque load, both male and female 7–9-month-old AppNL-G-F mice 

exhibited a larger number of plaques compared to 4-5-month-old mice, with this 

difference largely restricted to small plaques sized 10-50 µm2. Microglial density was 

higher in AppNL-G-F mice compared to wild-types at both sexes and ages, with some 

hippocampal regions showing higher microglial density at 4-5 months. Interestingly, 

the increased microglial density compared to wild-types was similar across the two 

ages, suggesting that after an initial increase in density in response to plaque 

pathology, microglia do not exhibit any further alterations in number. Therefore, one 

explanation for the heavier plaque load and larger number of smaller-sized plaques 

observed with age in AppNL-G-F mice could be that after an initial response to plaques 

at 4-5 months, microglia are no longer able to regulate the number of plaques as 

pathology progresses, ultimately leading to an accelerated formation of smaller 

plaques. However, it is important to note that the present work did not examine any 

gene expression changes in microglia and it is possible that although microglial 

numbers did not increase further with age, their signature could have changed, an idea 

which in need of further investigation. In comparison to microglia, no clear differences 

were observed in astrocytic density, with results showing different distribution in the 

hippocampal regions examined regardless of genotypes or age.  

I also found that merely exploring synaptic transmission changes brought about by the 

AD pathology seen in AppNL-G-F mice reveals subtle differences in comparison to wild-

type mice, with no changes in the postsynaptic amplitude, stimulation voltage used, 

or the paired-pulse ratio at either age examined here. However, AppNL-G-F mice did 

exhibit longer decay times at advanced stages of pathology (7-9 months) regardless of 

sex, suggesting altered receptor kinetics at this stage which could potentially be driven 

by different AMPAR subunits at the postsynapse previously reported in AD models. 
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Furthermore, potential differences in axonal excitability or receptor desensitisation 

were also highlighted as AppNL-G-F mice exhibited lower failure rates than age-matched 

wild-types at 7-9 months, while no changes in the PPR were observed. These results 

suggest that axons in AppNL-G-F mice might be more easily excitable than those of wild-

types, potentially illustrating interesting differences which occur in response to AD-

associated mechanisms.  

Examining how these properties are altered when the plaque presence around the 

stimulated axon is taken into account revealed a tendency for lower amplitudes of the 

first response at plaque- compared to non-plaque-associated synapses at 4-5 months, 

illustrating plaque-dependent alterations in postsynaptic compartments at this stage. 

These could be driven by either the soluble Ab oligomers which are tightly associated 

with plaques, or by surrounding microglia which many studies have shown tend to 

cluster around the toxic aggregates. Interestingly, no differences were observed for the 

stimulation voltage, decay times, PPR, and failure rates at 4-5 months. Furthermore, 

at 7-9 months, there were no differences between plaque and no-plaque conditions, 

with no changes in the postsynaptic amplitude, stimulation voltage, decay times or the 

paired-pulse ratio. However, lower failure rates were observed in females compared 

to males, suggesting that there are potential sex differences in axonal activation or 

release in AppNL-G-F mice which are independent of plaque presence. 
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Chapter 4: The effects of perturbed microglial 
functioning on the plaque pathology and glial 

distribution in AppNL-F mice 

4.1 Introduction 

Neuroinflammation in response to Ab pathology is a well-known feature of both the 

human AD brain and AD mouse models. A number of studies have demonstrated 

alterations in inflammatory markers and glial activation and distribution in the AD 

brain (Benitez et al., 2021; Medawar et al., 2019; Yuan et al., 2016). This has been 

confirmed by several GWAS which have further indicated that variants of 

inflammation-related genes, including CD33, TREM2, APOE, and clusterin, increase 

the risk of developing AD (Guerreiro et al., 2013c; Jansen et al., 2019; Ulland et al., 

2017). The first three of these factors are highly expressed in microglia and 

particularly in disease-associated microglia (DAM) (Keren-Shaul et al., 2017), 

whereas TREM2, APOEε4, and clusterin show elevated levels in astrocytes. This 

highlights that microglia and astrocytes play a key role in the early response of the 

brain to the AD environment and, interestingly, both of these cell types have been 

demonstrated to cluster around amyloid plaques (Henstridge et al., 2019). Although 

this demonstrates their active response to Ab pathology, their precise role in these 

regions is unclear.  

Microglial accumulation around Ab plaques has been suggested to serve several 

functions, including Ab phagocytosis (Baik et al., 2016; Fu et al., 2012), the formation 

of a protective barrier to limit Ab-associated toxicity (Yuan et al., 2016), the 

compartmentalisation of plaques (Clayton et al., 2021), as well as the phagocytosis of 

neighbouring synapses both as a protective and a detrimental mechanism (Edwards, 

2019; Hong et al., 2016). The possibility that microglia can carry all of these functions 

suggests that microglia might have a different role depending on the disease stage and 

this has been confirmed by more recent work which demonstrated disease-stage-

dependent effects of the microglial receptor TREM2 (Jay et al., 2017). This study 

demonstrated that although Trem2 knockout ameliorates plaque pathology early in 

disease, it has the opposite effects in later stages (Jay et al., 2017), indicating that the 
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microglial phenotypes over the course of the disease can have opposing effects on the 

properties of Ab plaques. Interestingly, previous work has also demonstrated that 

microglial association with amyloid plaques is reduced when Trem2 levels are lower 

and/or when the R47H variant of Trem2 is present, which is associated with an 

increased risk of developing AD (Song et al., 2018; Ulrich et al., 2014; Yuan et al., 

2016). This suggests that microglial association with plaques in the first stages of the 

disease is important and is likely to have a function in limiting plaque spread, while 

in later stages, there is a switch to another unknown function.  

In addition to microglia, astrocytes also show robust activation in AD conditions. This 

is classically characterized by the increased expression of GFAP, which recently has 

been shown to be a useful marker for the detection of people at increased AD risk 

(Chatterjee et al., 2021) and has even been shown to correlate with cognitive 

impairment in AD patients (Oeckl et al., 2019). Similarly to microglia, astrocytes also 

cluster around Ab plaques, with their role in these regions suggested to be Ab 

degradation owing to the fact that they can express two key Ab degrading enzymes, 

neprilysin and IDE, as well as several well-known Ab chaperones, including APOE 

and clusterin (Ries and Sastre, 2016).  However, astrocytes in these regions might also 

have other roles, including the regulation of plaque-associated synapses through the 

release of the “eat-me” signal C3 or through the release of glutamate which has been 

shown to modulate synaptic activity (Lian et al., 2015; Talantova et al., 2013). 

It is therefore clear that both microglia and astrocytes play an important function in 

AD, however their precise role in pathogenesis is still uncertain. The previous chapter 

elucidated some changes in gliosis and pathology, however because the AppNL-G-F

model exhibits a much faster plaque accumulation because of the Arctic mutation, it 

is possible that this did not allow for the sufficient build-up of processes dependent 

solely on soluble Ab. As AppNL-F mice begin exhibiting plaque formation around the 

age of 9 months of age, the much slower accumulation of Ab observed in this model 

gives enough time for processes which are solely dependent on soluble Ab oligomers 

to take place. Furthermore, it is still relatively unclear which of the mechanisms 

observed in AD mouse models are driven by soluble Ab oligomers, or by secondary 

processes such as microglial activation in response to plaque pathology. To understand 

this, the present chapter will explore AppNL-F and AppNL-F/Trem2R47H mice, the latter 
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of which exhibits perturbed microglial functioning. As both of these models display 

moderate plaque pathology at 18 months of age., it would be interesting to examine 

how glial responses and plaque pathology are altered when microglial functioning is 

perturbed during robust plaque accumulation. Importantly, as the AppNL-F/Trem2R47H

model has previously been shown to exhibit a perturbed microglial response due to 

the R47H variant of Trem2, as well as reduced levels of Trem2 (see Figure 4.1), 

examining this model will also provide interesting insight into how Trem2R47H affects 

plaque pathology, as well as the response of both glial cell types (Cheng-Hathaway et 

al., 2018; Liu et al., 2020; Xiang et al., 2018). The AppNL-F/Trem2R47H model has not 

been characterised previously, making the present work one of the first to understand 

how microglial disruption introduced by Trem2R47H, a mutation associated with an 

increased risk of developing AD in humans, affects the progression of plaque 

pathology and glial responses to that pathology. 

To accomplish the above, the present chapter quantified the number of Ab plaques, 

microglia, and astrocytes in the two models. Alterations in specific hippocampal 

regions were also explored to elucidate if specific areas are more susceptible to AD-

associated toxicity. Previous work has demonstrated that most of the changes in 

microglial density in the hippocampus of AppNL-F mice occur around 24 months of age 

(Benitez et al., 2021), yet it is unclear whether specific hippocampal regions exhibit 

these changes earlier and whether astrogliosis is a prominent feature in these mice. 

Furthermore, if any of this is altered in the presence of the Trem2R47H mutation also 

remains to be determined.  
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Figure 4.1. Schematic demonstrating the mouse models used in this chapter. 
Top panel: AppNL-F mice contain the Swedish and Iberian/Beyreuther mutations which 
together lead to increased Ab42 levels. The Trem2R47H model carries the AD risk variant and 
also exhibits reduced Trem2 expression and microgliosis, together resulting in a perturbed 
microglial response. Crossing these models results in the AppNL-F/Trem2R47H model which 
similarly to AppNL-F mice has robust plaque pathology at 18 months, but also exhibits an 
altered microglial response. Bottom panel: Plaque distribution (labelled with Amytracker in 
green) in the hippocampus of AppNL-F and AppNL-F/Trem2R47H mice at 18 months. Scale bar: 
200µm. 
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4.2 Perturbed microglial functioning has some effects on 
plaque density and the number of small plaques 

Similarly to in Chapter 3, slices were stained with LCOs to determine the plaque load 

in the hippocampus of APPNL-F and AppNL-F/Trem2R47H mice at 18 months of age. 

While sample sizes for the individual sexes are sometime small, the data from both 

male and female mice were distributed across the full range of the combined samples, 

suggesting that sex differences were unlikely. Hence, the data from the two sexes was 

combined for each genotype and this was used for analysis. However, as there could 

be some sex differences which could have arisen at larger sample sizes, as well as 

because previous work on AD has demonstrated that sex can have an effect on the 

microglial response and how AD pathology progresses (Guillot-Sestier et al., 2021; 

Wang et al., 2003), individual points for each genotype are also presented and each 

sex is indicated with a different symbol. 

As demonstrated in Figure 4.2A below, neither wild-type nor Trem2R47H mice 

exhibited any plaques, while both AppNL-F and AppNL-F/Trem2R47H mice demonstrated 

robust plaque pathology, particularly in the SR and SLM regions in the CA1 subfield. 

When the plaque density was compared between App knock-in mice and knock-in 

mice with perturbed microglial response, an unpaired t-test revealed that AppNL-

F/Trem2R47H mice exhibit a higher density of plaques in the hippocampus than AppNL-

F mice (p<0.01; Figure 4.2Bi). Exploring different-sized plaques revealed that this is 

driven by a larger number of smaller-sized plaques (10-50 µm2) in AppNL-F/Trem2R47H

compared to AppNL-F mice (p<0.0001; two-way ANOVA; Figure 4.2Bii). This 

suggests that a perturbed microglial response in  AppNL-F/Trem2R47H mice results in a 

larger number of smaller sized plaques, indicating that microglia might be essential 

for the clearance of smaller plaques while they do not have much of an effect on larger 

plaques. Alternatively, it is possible that that the previously shown barrier formation 

function of microglia (Condello et al., 2015) is lost in Trem2R47H-expressing mice, as 

previously demonstrated in mice lacking Trem2 (Yuan et al., 2016), resulting in an 

enhanced breaking off of smaller plaques from bigger plaques in AppNL-F/Trem2R47H

mice. Furthermore, u101nsurprisingly, given that only the number of smaller plaques 

was changed, the hippocampal plaque coverage was also found to be similar between 

the two genotypes (Figure 4.2C). 
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Previous work has also shown that microglia are important in compartmentalising 

plaques, with their ablation contributing to the formation of more diffuse plaques 

(Clayton et al., 2021; Spangenberg et al., 2019; Yuan et al., 2016). However, here 

when the plaque circularity was explored, no differences were found between the two 

genotypes (p>0.05; Figure 4.2D), suggesting that microglia might not be involved in 

keeping plaques compact in these models or at that stage of pathology.  

As mentioned above, in both AppNL-F and AppNL-F/Trem2R47H mice, plaques seemed to 

be mainly located primarily in the SLM, although also in the SR region. To determine 

if one region is more susceptible to plaque formation than the other, the plaque density 

in these regions was examined. Unsurprisingly, significant main effects of region 

(p<0.0001) and genotype (p<0.05) were found for both plaque density and plaque 

coverage using two-way ANOVAs (Figure 4.2Ei,ii). This suggests that in the App 

knock-in model examined here, plaques are preferentially formed in the SLM region, 

suggesting that the synapses there are likely to be particularly affected in this model. 

It is interesting to determine what makes that region susceptible for the formation of 

plaques. One possibility might be that microglia are differentially affected in this 

region, or that the synapses in the SLM, which are primarily inputs from layer III in 

the entorhinal cortex to CA1 pyramidal neurons, are particularly vulnerable in AD.  
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Figure 4.2. Deposition of Ab plaques in 18-month-old AppNL-F and AppNL-F/Trem2R47H mice. 
(A) Representative images of hippocampi from wild-type, AppNL-F, Trem2R47H, and AppNL-

F/Trem2R47H mice stained with Amytracker (green) for Ab plaque labelling and DAPI (blue) for
nuclei labelling. Scale bar: 200µm. (Bi) Plaque density for the two genotypes. Difference
between genotypes, with AppNL-F/Trem2R47H mice displaying  more plaques than AppNL-F mice
(p<0.01) (Bii) Frequency-size distribution of plaques. Plaque size x genotype interaction
(p<0.0001), with a larger number of smaller-sized plaques (10-50µm2 in AppNL-F/Trem2R47H

mice. (C) Total plaque coverage in the hippocampus for the two genotypes. (D) Plaque
circularity for the two genotypes. (Ei) Plaque density and (Eii) plaque coverage in the SR and
SLM in the CA1 subfield. Main effects of region (p<0.0001) and genotype (p<0.05). Columns
indicate mean ± SEM. Sample sizes are marked within bars. Individual points represent the
mean of three slices taken from individual animals. Empty circles refer to males, while filled
circles refer to females. Unpaired t-tests and two-way ANOVA followed by Sidak-corrected
post-hoc comparisons when there was an interaction are indicated by: *p<0.05, **p<0.01,
****p<0.0001. Asterisks beside comparisons indicate main effect of genotype, while asterisks
above comparisons indicate main effect of region.
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4.3 Changes in microgliosis and astrogliosis  

In order to determine if any of the above Ab plaque load changes are accompanied 

with changes in either microgliosis or astrogliosis, the density and distribution of glia 

were examined. Previous work has demonstrated that microglia and astrocytes are 

attracted to and cluster around Ab plaques (Henstridge et al., 2019) and this ability is 

impaired in the presence of the R47H variant of Trem2 (Cheng-Hathaway et al., 2018; 

Song et al., 2018; Zhong et al., 2018). Recent work from our lab demonstrated that 

AppNL-F mice only exhibit increased microglial density in the CA1 area of the 

hippocampus at 24 months of age and they do not demonstrate any increases in Trem2 

expression per microglia (Benitez et al., 2021). However, whether this is true for the 

different hippocampal regions or for astrocytic density, as well as for App knock-in 

mice with the Trem247H mutation remains to be determined.  

4.3.1 Microglial density changes 

Therefore, here the density and hippocampal distribution of microglia (Iba1+) and 

astrocytes (GFAP+) were examined. Slices were also stained with LCOs determine the 

relationship between glia and plaques in the hippocampus of these mice. The 

following analyses were performed using two-way ANOVAs with the App and 

Trem2R47H mutations being the two factors as this can provide insight into how each 

affects the glial response in these models. 

As expected, microglia from both AppNL-F and AppNL-F/Trem2R47H mice were clustered 

around amyloid plaques, although those from the latter mice did not seem as clustered 

as in AppNL-F mice (see Figure 4.3Ai,ii). This is in accordance with previous studies 

which have shown abnormal microglial clustering around plaques in the presence of 

Trem2R47H (Xiang et al., 2018). When the overall microglial density was quantified, a 

two-way ANOVA found no differences between the examined groups (p>0.05; Figure 

4.3B). However, when the different hippocampal regions were examined, a significant 

genotype x region interaction was determined (p=0.001; two-way ANOVA), with 

post-hoc tests revealing that AppNL-F mice exhibit higher microglial density in the SLM 

region in the CA1 subfield than all other genotypes (p<0.05; Figure 4.3C). It was also 

established that in the CA3 pyramidal layer, AppNL-F mice exhibit higher microglial 

density than AppNL-F/Trem2R47H mice (p<0.01). The fact that microglial density was 
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particularly increased in the SLM, a region the above analysis determined to exhibit 

robust plaque formation, suggests that microglia are more densely populated there 

because of plaque pathology. Furthermore, this increase in density was not evident in 

AppNL-F/Trem2R47H mice, demonstrating that the R47H variant in these mice precludes 

microglial migration towards plaque regions, in accordance with previous work. 
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Figure 4.3. Microglial density and distribution in the hippocampus of AppNL-F and AppNL-

F/Trem2R47H at 18 months in comparison to wild-type and Trem2R47H controls.  
(Ai) Representative images of Iba1+ microglia (white) and Ab plaques (green) at 18 months. 
Arrows point at individual Ab plaques. The different hippocampal regions examined in this 
analysis are also marked. Scale bar: 200µm (Aii) Zoomed-in images of the squares indicated 
in (Ai), showing microglial clustering around plaques. Scale bar: 50µm (B) Microglial 
density for all genotypes. (C) Microglial density in the different hippocampal regions. 
Genotype x region interaction (p=0.001). Columns indicate mean ± SEM. Sample sizes are 
marked within bars. Individual points represent the mean of three slices from individual 
animals. Empty circles refer to males, while filled circles refer to females. Two-way 
ANOVAs followed by Sidak-corrected post-hoc comparisons when there was an interaction 
indicated by: *p<0.05, **p<0.05.  
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4.3.2 Changes in astrocytic density 

Having established microglial density changes in AppNL-F and AppNL-F/Trem2R47H 

mice, the density of astrocytes was also explored. Similarly to microglia and as 

expected, GFAP+ astrocytes from both AppNL-F and AppNL-F/Trem2R47H mice appeared 

to cluster around amyloid plaques, although not as tightly as microglia, with their 

processes mostly ensheathing plaques (Figure 4.4A). According to a two-way 

ANOVA, there was a significant App x Trem2 interaction for astrocytic density 

(p<0.05; Figure 4.4B). This suggests that while AppNL-F mice exhibit higher astrocytic 

density than wild-type controls, the addition of the Trem2R47H mutation in AppNL-

F/Trem2R47H mice has the opposite effect on astrocytic density. This suggests that the 

overall astrocytic density is differentially affected in App knock-in mice in the 

presence of Trem2R47H, demonstrating that perturbed microglial functioning can 

further affect the response of astrocytes to the AD-associated toxic processes. 

However, when the different hippocampal regions were examined, a two-way 

ANOVA only demonstrated a main effect of region on astrocytic density (p<0.0001; 

Figure 4.4C). 
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Figure 4.4. Astrocyte density and distribution in the hippocampus of AppNL-F and 
AppNL-F/Trem2R47H at 18 months in comparison to wild-type and Trem2R47H controls. 
(Ai) Representative images of GFAP+ astrocytes (red) and Ab plaques (green) at 18 
months. Arrows point at individual Ab plaques. The different hippocampal regions 
examined in this analysis are also marked. Scale bar: 200 µm (Aii) Zoomed-in images 
of the squares indicated in (Ai), showing astrocytic clustering around plaques. Scale bar: 
50µm (B) Astrocytic density for all genotypes. App x Trem2 interaction (p<0.05). (C) 
Astrocytic density in the different hippocampal regions. Main effect of region 
(p<0.0001). Columns indicate mean ± SEM. Sample sizes are marked within bars. 
Individual points represent the mean of three slices from individual animals. Empty 
circles refer to males, while filled circles refer to females. Main effect of region in a two-
way ANOVA indicated by: ***p<0.0001. Asterisks above comparisons indicate main 
effect of region. 
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4.4 Summary 

In this chapter I examined plaque pathology and glial density in AppNL-F mice and 

whether these phenotypes are altered in the presence of the Trem2R47H mutation. 

Plaque pathology was indeed different in the presence of the R47H variant of Trem2, 

with AppNL-F/Trem2R47H mice exhibiting a larger number of plaques, and specifically 

smaller-sized plaques, than age-matched AppNL-F mice. Interestingly, in both models 

the plaque pathology in the SLM region was much more prominent than in the SR, 

highlighting this region as particularly susceptible to AD pathology. In order to 

understand if any of these plaque changes are driven by changes in glial density, 

microglial and astrocytic distributions were also examined. Although overall 

hippocampal microglial density was unchanged, AppNL-F exhibited higher microglial 

density in the SLM region in the CA1 subfield compared to wild-type, Trem2R47H and 

AppNL-F/Trem2R47H mice, suggesting impaired microglial migration to plaque-

associated regions in AppNL-F mice in the presence of the Trem2R47H mutation. This 

shows an interesting interaction between plaques and microglia in the SLM which 

warrants further investigation of the processes occurring in this region. Lastly, 

exploring astrocytic density changes revealed a significant App x Trem2 interaction, 

suggesting that the effects on astrocytic density of the App mutation are counteracted 

by the presence of the R47H variant of Trem2. Overall, these results provide an 

interesting insight into how perturbed microglial functioning can affect Aβ pathology, 

as well as microglial and astrocytic distribution. 
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Chapter 5: Synaptic changes in AppNL-F mice and 
mice with perturbed microglial response 

5.1 Introduction 

Microglia have long been pinpointed as important players in AD pathogenesis. Even 

Alois Alzheimer himself noted their involvement in AD (Alzheimer, 1907), with more 

recent studies highlighting microgliosis as a key disease process in AD (Beach et al., 

1989; Henstridge et al., 2019). Microglia are known for clustering around amyloid 

plaques in both AD post mortem tissue and AD mice (Condello et al., 2015; Meyer-

Luehmann et al., 2008; Yuan and Grutzendler, 2016), and these microglia have been 

suggested to constitute a completely different subset of microglia based on their gene 

expression profile, known as DAMs (Keren-Shaul et al., 2017). Some studies have 

suggested that this mechanism allows microglia to form a protective barrier to keep 

plaque-associated toxicity local, while others have suggested that this allows for 

microglia to phagocytose Ab species, thereby keep plaques more compact, reduce 

plaque burden, and protect surrounding neurons (Spangenberg et al., 2019; Yu and 

Ye, 2015). Yet, despite these suggestions, the precise role of microglia in these regions 

is still unclear. 

In addition to their interaction with plaques, microglia have been suggested to have 

direct effects on neurons and synapses specifically in an AD environment. In 

particular, microglia from both AD mice and human post-mortem tissue have been 

shown to recognise and phagocytose synapses in a complement-dependent manner 

(Hong et al., 2016; Tzioras et al., 2019), a microglial process which has been well-

established during development (Schafer et al., 2012; Stevens et al., 2007). This idea 

has been further supported by the fact that microglial ablation prevents the loss of 

spines seen in AD mice (Olmos-Alonso et al., 2016; Spangenberg et al., 2016), 

illustrating a clear link between microglia and synaptic changes in AD. However, it 

remains unclear whether this mechanism is detrimental to synapses, thereby impairing 

their function, or if it is a protective mechanism allowing microglia to phagocytose 

damaged synapses, in turn limiting the spread of toxicity and maintaining a relatively 

normal overall neuronal function (Edwards, 2019). 



 
 

 118 
 

It is clear that the interaction between microglia, Ab, and synapses is important in AD, 

however, in what ways these three key components drive disease progression remains 

to be determined. Chapter 3 explored how Ab plaques and soluble Ab in the neuropil 

affect synaptic transmission. However, it is important to note that the mouse model 

used there, the AppNL-G-F model, has several limitations which might make it hard to 

discern what specific mechanisms drive the observed effects. The biggest limitation 

of this model is perhaps the inclusion of the Аrctic mutation within the Ab sequence 

which makes Ab particularly prone to aggregate in non-physiological ways (Kamino 

et al., 1992; Nilsberth et al., 2001; Saito et al., 2014). This thus means that any changes 

observed in these mice could largely be attributed to Ab plaques rather than the soluble 

Ab species themselves, making it hard to discern which mechanism is the contributing 

factor to the observed effects on synaptic activity. Therefore, in this chapter, I aimed 

to explore how synaptic transmission is altered at single synapses in AppNL-F mice 

which only contain the Swedish and Iberian/Beyreuther mutations, in order to 

understand the relationship between soluble Ab and synaptic activity. Furthermore, 

here I also examined how this activity compares to that in AppNL-F/Trem2R47H mice, 

which exhibit a perturbed microglial response, in order to understand in what ways 

microglia contribute to the altered synaptic activity observed in AppNL-F mice. This 

will thus elucidate the specific role of microglia at individual synapses and provide 

some insight as to whether their role is protective or detrimental in moderate stages of 

pathology in AD mice, which is in fact considered early in terms of human disease. 

In addition to exploring genotype differences, this chapter, similarly to Chapter 3, also 

aimed to examine plaque-dependent effects on synaptic transmission in both AppNL-F 

and AppNL-F/Trem2R47H mice. The AppNL-F model is perhaps the more suitable knock-

in model for examining this due to its much slower plaque formation. In addition, 

AppNL-F mice also exhibit rapid accumulation of both Ab40 and Ab42 in the cortex 

between 6 and 24 months of age (Saito et al., 2014; Sato et al., 2021). This means that 

at 18 months, when there is a moderate plaque pathology in these mice (Benitez et al., 

2021; Saito et al., 2014), there is a high proportion of both soluble and insoluble Ab, 

allowing the examination of both plaque- and soluble Ab-dependent changes on 

synaptic transmission. In comparison to AppNL-G-F mice, AppNL-F mice would allow for 

an easier distinction between plaque and non-plaque associated regions as in the 
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AppNL-G-F model even at the earliest age examined in the previous chapter (4 months), 

these mice already exhibited a heavy plaque load. Hence, it is possible that some 

recordings from regions without plaques could have actually been associated with 

plaques due to the potential presence of a plaque in a previous or subsequent 

hippocampal section serial to the one recorded from. 

Therefore, it would be interesting to examine what synaptic transmission changes at 

single synapses are observed at 18 months in AppNL-F mice and in mice with perturbed 

microglial response. This would allow the examination of plaque- and microglia-

dependent effects on synaptic transmission. Therefore, here, unitary excitatory 

postsynaptic currents (uEPSCs), which are postsynaptic currents evoked from the 

activation of a single synapse upon stimulation, were recorded from CA1 pyramidal 

cells from 18-month-old AppNL-F and AppNL-F/Trem2R47H mice. These were elicited in 

the presence of a GABAA receptor blocker following the stimulation of a single, 

identified axon of a CA3 cell in the stratum radiatum using a patch-clamp setup. To 

direct the stimulation electrode towards single CA3 axons during recordings, similarly 

to in Chapter 3, the lipophilic dye DiI was placed in the CA3 region prior to 

electrophysiological recordings.  

5.2 Minimal stimulation recruited single synapses 

Similarly to Chapter 3, a minimal stimulation paradigm was employed in this work. 

To ensure that this stimulation was truly minimal and resulted in uEPSCs (see Figure 

2.1C), the recorded amplitudes of the successful first responses of 18-month-old male 

AppNL-F and wild-type mice were compared to those of mEPSCs from 20-month-old 

AppNL-F mice previously recorded in our lab (Figure 5.1A) (Benitez et al., 2021). 

Indeed, no differences in the postsynaptic amplitude of the previously recorded 

mEPSCs and the uEPSCs recorded in this work were observed in either wild-types or 

AppNL-F mice (p>0.05; two way-ANOVA; Figure 5.1B), supporting the idea that only 

one, or a few axons were recruited during minimal stimulation. 
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Figure 5.1. Amplitudes of uEPSCs and mEPSCs recorded from 18-20-month-old male 
wild-type and AppNL-F mice. 
(A) Representative uEPSC and mEPSC traces from wild-type and AppNL-F mice at 18-20 months
of age. (B) There are no differences in the postsynaptic amplitudes of the uEPSCs and mEPSCs
of CA1 cells in the two genotypes examined. Columns indicate mean ± SEM. Individual points
represent the mean of all recordings taken from individual animals.

5.3 Synaptic differences between AppNL-F mice and mice 
with perturbed microglial response 

5.3.1 Alterations in postsynaptic compartments 

Having established that the minimal stimulation paradigm indeed resulted in the 

recruitment of individual synapses, the postsynaptic activity of male and female 

AppNL-F and age-matched controls was examined. In addition to this, the activity of 

AppNL-F/Trem2R7H mice was also examined in order to address the main aim of this 

chapter, that is to determine how a perturbed microglial response alters any of the 

synaptic transmission properties of AD mice. Similarly to Chapter 4, here male and 

female data were combined and presented as separate points in the subsequent graphs. 

The first aim of this work was to determine if there were any differences in the 

postsynaptic response between the genotypes examined in this work. Hence, the 

following analyses were performed using two-way ANOVAs with the App and 

Trem2R47H mutations being the two factors examined in the genotype comparisons.  

There were subtle differences in the postsynaptic response of CA1 cells in the 

hippocampus upon the stimulation of individual CA3 axons. Specifically, the 
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amplitudes of the successful first responses were similar regardless of the presence of 

the App mutations or Trem2R47H (p>0.05; two-way ANOVA; Figure 5.2B), suggesting 

that the postsynaptic compartment is very little affected in the AD environment or 

upon a perturbed microglial response. Alternatively, it could be that the postsynaptic 

compartment is affected but homeostatic processes have masked these effects. 

However, in accordance with the lack of change in the postsynaptic amplitude, the 

voltage used for stimulations was also comparable between the genotypes (p>0.05; 

two-way ANOVA; Figure 5.2C). Interestingly, when the decay time was examined, a 

two-way ANOVA revealed a tendency for faster decay times in App knock-in mice 

regardless of the microglial response (p=0.07; two-way ANOVA; Figure 5.2D). This 

suggests that App knock-in mice exhibit alterations in receptor kinetics which are 

dependent solely on AD-associated processes and are not driven by TREM2 

signalling.
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Figure 5.2. Properties of the uEPSCs recorded from male and female wild-type, AppNL-F, 
Trem2R47H, and AppNL-F/Trem2R47H mice at 18 months of age.  
(A) Representative uEPSC traces from AppNL-F and AppNL-F/Trem247H mice with inter-stimulus
intervals of 25 and 50 ms. (B) The uEPSC amplitude of the successful first responses in all
genotypes. (C) Voltage used for stimulations for recordings in all genotypes. (D) Decay time
for all four genotypes. Trend for a main effect of the App mutation (p=0.07). Columns indicate
mean ± SEM. Sample sizes are marked within bars. Individual points represent the mean of all
recordings taken from individual animals. Empty circles refer to males, while filled circles refer
to females. Two-way ANOVAs; p-values beside comparisons indicate main effects of the App
mutations.
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5.3.2 Release probability alterations in App knock-in mice 

Two pairs of stimuli were applied in the experiments performed here, either at 25ms 

or 50ms intervals (see Figure 5.2A). The PPR is inversely proportional to the 

probability of release and how this is altered in AppNL-F and upon perturbed microglial 

response in AppNL-F/Trem2R47H mice remains to be determined. Previous work from 

our lab found reduced PPR and hence increased release probability in AppNL-F mice at 

7 months, which is before any evident plaque pathology in these mice, thereby 

suggesting that soluble Ab is the driving factor behind these effects (Benitez et al., 

2021). These changes continue to the latest age examined in the work by Benitez et 

al. (2021) – 20 months – suggesting that the levels of soluble Ab are likely continuing 

to rise and to exert their effects on release probability despite moderate plaque 

formation and increase in insoluble Ab (Saito et al., 2014). However, whether this 

release probability is in any way affected when microglial responses are altered has 

not been explored.  

Although two-way ANOVAs found no change in the PPR in either of the examined 

genotypes (Figure 5.3Ai,ii), App knock-in mice, regardless of the presence of the 

Trem2R47H variant, exhibited higher failure rates than their respective controls (p<0.01; 

two-way ANOVA; Figure 5.3B). This suggests that the effects on failure rates might 

be driven by factors other than reduced release probability, such as enhanced receptor 

desensitisation or reduced axonal excitability in App knock-in mice. 
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Figure 5.3. Paired-pulsed ratios of evoked unitary excitatory postsynaptic currents 
(uEPSCs) at CA3-CA1 synapses in 18-month-old mice.  
(A) The paired-pulse ratio (PPR) at an inter-stimulus interval of (Ai) 25 ms and (Aii) 50 ms.
(B) The failure rates of uEPSCs for all four genotypes. Main effect of the App mutation
(p<0.01). Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual
points represent the mean of all recordings taken from individual animals. Empty circles
indicate males, while filled circles indicate females. Significant main effects from two-way
ANOVAs indicated by: **p<0.01. Asterisks beside comparisons indicate main effect of the
App mutations.

5.3.3 Alterations in spontaneous activity 

In addition to evoked responses, I also wanted to examine if postsynaptic currents in 

response to the spontaneous release of neurotransmitters have altered properties in the 

genotypes examined here. Spontaneous currents refer to currents which either result 

from the random fusion of a presynaptic vesicle with the presynaptic membrane, 

meaning that they are miniature postsynaptic currents, or from spontaneous action 

potentials (APs) in the presynaptic neuron which trigger the neurotransmitter release 

from one or multiple presynaptic sites of a single axon, making them spontaneous 

postsynaptic currents. Most of the spontaneous postsynaptic currents CA1 pyramidal 

neurons in the hippocampus produce are actually inhibitory as the addition of a 

GABAA receptor blocker (SR95531 or also known as gabazine) results in the removal 

of large portion (90-95%) of these (Benitez et al., 2021; Cummings et al., 2015). 

Hence, here the currents recorded without gabazine in the solution were considered 

spontaneous inhibitory postsynaptic currents (sIPSCs), while those recorded in the 

presence of gabazine were referred to spontaneous excitatory postsynaptic currents 
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(sEPSCs). Examining changes in the amplitude, frequency, and decay times of sIPSCs 

and sEPSCs can give an idea of how both pre- and postsynaptic properties are altered 

in different conditions. 

5.3.3.1  Differential effects on sIPSC amplitudes in AppNL-F mice in the 

presence of Trem2R47H  

When the sIPSCs were examined (Figure 5.4A), there were no differences in the 

frequency nor in the decay times between the two groups (p>0.05; two-way ANOVA; 

Figure 5.4B, D). Interestingly, this was not the case for the postsynaptic amplitude of 

sIPSC as a two-way ANOVA found a significant App x Trem2 interaction (p=0.01; 

Figure 5.4C). Post-hoc tests revealed that AppNL-F/Trem2R47H mice exhibit a trend 

(p=0.07) for lower sIPSC amplitudes compared to Trem2R47H controls, while this is 

not the case for AppNL-F mice in comparison to their controls (Figure 5.4C). These 

findings suggest that although the release of inhibitory neurotransmitters is not altered 

in AppNL-F/Trem2R47H mice as there is no change in the frequency of events, the AD 

environment might result in a smaller number of available inhibitory postsynaptic 

receptors when the microglial response is perturbed. 

5.3.3.2  Differential effects on sEPSC frequencies in AppNL-F mice in the 

presence of Trem2R47H  
To isolate sEPSCs, gabazine was added to the solution and the same parameters as 

above were explored (see Figure 5.5A). A two-way ANOVA found a significant App 

x Trem2 interaction on the frequency of sEPSCs (p<0.05; Figure 5.5B), with post-hoc 

tests showing that AppNL-F mice have a higher uEPSC frequency than AppNL-

F/Trem2R47H mice (p<0.05). When the cumulative probability of the inter-event 

intervals was explored, a Kolmogorov-Smirnov test indicated that AppNL-F mice have 

significantly shorter intervals than AppNL-F/Trem2R47H mice across all events 

(p<0.0001; Figure 5.5C). This suggests that the presence of the Trem2R47H variant 

counteracts the increased frequency seen in the presence of the App mutations. In 

comparison, two-way ANOVAs found no difference in the amplitude or decay times 

of sEPSCs between the four genotypes (p>0.05), suggesting that the AD environment, 

a perturbed microglial response, or the combination of the two have no effect on the 

excitatory postsynaptic compartments (Figure 5.5D, E). Together these findings 
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suggest that a perturbed microglial response might counteract the change in frequency 

of excitatory transmission seen in AppNL-F mice. This hints at a change in the number 

of excitatory synapses available for spontaneous release which might be dependent on 

appropriate microglial function.   

Figure 5.4. Properties of spontaneous inhibitory postsynaptic currents (sIPSCs) in 
hippocampal CA1 cells.  
(A) Representative current traces recorded from AppNL-F and AppNL-F/Trem2R47H mice in aCSF.
(B) The instantaneous frequency of sIPSCs for all four genotypes. (C) The median amplitude of
sIPSCs. App x Trem2 interaction (p=0.01). (D) The decay time of sIPSCs. Columns indicate mean
± SEM. Sample sizes are marked within bars. Individual points represent the mean of all
recordings taken from individual animals. Empty circles indicate males, while filled circles
indicate females. Two-way ANOVAs followed by Sidak-corrected post-hoc comparisons when
there was an interaction indicated in graphs.
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Figure 5.5. Properties of spontaneous excitatory postsynaptic currents (sEPSCs) in 
hippocampal CA1 cells.  
(A) Representative current traces recorded from AppNL-F and AppNL-F/Trem2R47H mice in the
presence of gabazine. (B) The instantaneous frequency of sEPSCs. App x Trem2 interaction
(p<0.05). (C) Cumulative probability of the inter-event interval. Difference between AppNL-F 

and AppNL-F/Trem2R47H mice (p<0.0001). The median amplitude of sEPSCs (D) The decay time
of sEPSCs. Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual
points represent the mean of all recordings taken from individual animals. Empty circles
indicate males, while filled circles indicate females. Two-way ANOVAs followed by Sidak-
corrected post-hoc comparisons when there was an interaction indicated by *p<0.05.
Kolmogorov-Smirnov test indicated by ****p<0.0001.
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5.4 Effects of plaques and microglia on transmission 

As mentioned above, in addition to examining differences in synaptic transmission 

between wild-type and App knock-in mice, the present work also aimed to explore 

how the synaptic activity in App knock-in mice themselves is altered depending on the 

presence of a plaque around the stimulated axon. This would provide an idea as to 

whether the plaque, or even the plaque environment itself, have an effect on 

transmission. Therefore, here, similarly to Chapter 3, AppNL-F and AppNL-F/Trem2R47H 

mice were further divided into two groups – “plaque” and “no plaque” conditions – 

depending on whether the CA3 axon on which the stimulating electrode was placed 

was passing near a plaque on its way to the recorded CA1 cell during patch-clamp 

experiments (see Figure 5.6A). Similarly to Chapter 3, an axon was deemed “plaque-

associated” in cases when a plaque was present within 30µm of the stimulated axon, 

and “non-plaque-associated” when plaques were outside of that region (Figure 5.6A). 

Here, plaque presence and genotype were considered the two factors in the 

comparisons exploring plaque effects. 

5.4.1 The effects of plaque presence and perturbed microglial 
functioning on postsynaptic activity 

Examining the properties of uEPSCs in plaque and non-plaque conditions in AppNL-F

and AppNL-F/Trem2R47H mice revealed interesting differences in the synaptic activity 

between the two models and these were dependent on normal microglial functioning. 

In particular, a two-way ANOVA revealed a significant genotype x plaque presence 

interaction when examining the uEPSC postsynaptic amplitude (p<0.01). Sidak-

corrected post-hoc tests revealed that plaque-associated recordings in AppNL-F mice 

have lower amplitudes than non-plaque-associated recordings (p<0.05), while this was 

not observed in AppNL-F/Trem2R47H mice (p>0.05; Figure 5.6B). Furthermore, non-

plaque associated recordings in AppNL-F mice also led to larger postsynaptic 

amplitudes than recordings from the same condition in AppNL-F/Trem2R47H mice 

(p<0.05). Altogether these results suggest that normal microglial activity in AppNL-F

mice is the driving factor for the observed reduction in postsynaptic amplitudes in 

plaque conditions, suggesting that microglia potentially have a role in removing active 

synapses in these mice. 
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To determine if the amplitudes in plaque and no-plaque conditions are more similar to 

those typically found at single synapses in AppNL-F and wild-type mice, the uEPSC 

amplitudes of male AppNL-F mice in both conditions were compared to that of mEPSCs 

previously recorded in male mice (Benitez et al., 2021). Interestingly, a one-way 

ANOVA found a significant difference between the examined conditions (p<0.05; 

Figure 5.6C). Post-hoc tests revealed that this was driven by higher uEPSC amplitudes 

recorded in no-plaque conditions compared to the mEPSC amplitudes from wild-type 

mice, as well as a tendency for higher uEPSC amplitudes in no-plaque conditions 

compared to mEPSCs recorded from AppNL-F mice (p=0.07; Figure 5.6C). These 

results suggest that plaque-associated synapses have similar amplitudes to wild-type 

mice and the mEPSCs from plaque-associated axons are likely to be the main 

contributor to the mEPSC amplitudes previously recorded from AppNL-F mice at that 

age. Interestingly, when comparing how many synapses were activated in both 

conditions by taking into account the mEPSC recorded previously from male AppNL-F 

mice, it appears that while at plaque conditions the number of synapses activated were 

on average 1 (calculated as uEPSC/mEPSC), for non-plaque conditions it was 1.3, 

suggesting that there might be fewer active synapses in plaque conditions. Therefore, 

it might be that in AppNL-F mice plaque-associated microglia phagocytose 

neighbouring synapses potentially as a way to reduce hyperactivity to normal levels.   

The above changes in uEPSC amplitudes were not dependent on the stimulation 

voltage used, as a two-way ANOVA showed that it was similar between the four 

conditions (p>0.05; Figure 5.6D). Furthermore, no difference was observed when the 

decay time was explored (p>0.05; Figure 5.6E). This demonstrates that the above-

mentioned tendency for faster decay times observed in App knock-in mice compared 

to their respective controls is driven by the AD environment rather than plaque 

presence specifically. 
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Figure 5.6. Differences in the properties of postsynaptic uEPSCs in response to the 
stimulation of axons near and away from plaques in 18-month-old AppNL-F and AppNL-

F/Trem2R47H mice.  
(A) Representative images illustrating CA3 axons (red) passing near (left panel – axon passes
within 30µm of a plaque) and away (right panel) from a plaque (green) on its way to a CA1 cell
(green). A stimulating electrode was placed on an individual CA3 axon visualised using DiI. A
CA1 cell in close vicinity to the identified CA3 axon was voltage-clamped and synaptic currents
as single synapses (uEPSC) in response to minimal stimulation were recorded using a patch-
clamp setup. The cell was simultaneously filled with Alexa488. Following electrophysiological
experiments, plaques were labelled using LCOs and recorded synapses were identified and
imaged using a confocal microscope. Axons were deemed plaque- (plaque within 30µm) and
non-plaque-associated post-hoc. (B) The uEPSC amplitude of all successful first responses of
CA1 cells in response to the stimulation of CA3 axons. Genotype x plaque presence interaction
(p<0.01) (C) A comparison of uEPSC amplitudes of male AppNL-F in plaque- and non-plaque-
associated conditions with mEPSC recorded from male AppNL-F and wild-type mice. Difference
between groups (p<0.05). (D) The stimulation voltage used for recordings. (E) The decay time
of uEPSCs. Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual
points represent the mean of all recordings taken from individual animals. Empty circles indicate
males, while filled circles indicate females. One- and two-way ANOVA followed by Sidak-
corrected post-hoc comparisons if there was an interaction indicated by: *p<0.05.
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5.4.2 Release probability at plaque-associated axons and its dependence 
on microglial functioning 

In addition to the postsynaptic amplitude, here the PPR was also explored. When the 

two stimuli were 25 ms apart, there was no difference between the two genotypes 

(p>0.05; Figure 5.7Ai). However, at 50 ms, there was a trend for lower PPRs in 

plaque-associated recordings, regardless of genotype (p=0.058; Figure 5.7Aii), 

suggesting that axons passing in the vicinity of a plaque exhibit higher release 

probability than those away from plaques. This is in accordance with the idea that 

there is a halo of oligomeric Ab around Ab plaques which could exert its effects on 

neighbouring regions (Koffie et al., 2009), as well as the well-established role of Ab 

in promoting presynaptic glutamate release (Abramov et al., 2009; Kamenetz et al., 

2003). The fact that this is observed in both AppNL-F and AppNL-F/Trem2R47H mice 

shows that this effect is independent of normal microglial functioning and is indeed 

likely to be driven by the effects on surrounding Ab on the presynapse, for instance 

by increasing vesicle release probability by disrupting the VAMP2/Synaptophysin 

complex (Russell et al., 2012), or by impairing glutamate reuptake and activating 

presynaptic mGluRs (Marcaggi et al., 2009; Zott et al., 2019). Interestingly, however, 

this change in PPR was not accompanied with a change in the failure rate of the first 

response (p>0.05; Figure 5.7B), suggesting that processes other that changes in release 

probability such as impaired axonal activation might be contributing to the change in 

PPR.  
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Figure 5.7. Release probability at axons near and away from plaques in 18-month-old 
AppNL-F and AppNL-F/Trem2R47H mice.  
(A) The paired-pulse ratio (PPR) at an inter-stimulus interval of (Ai) 25 ms and (Aii) 50 ms. 50
ms: trend for main effect of plaque presence (p=0.058) (B) The failure rate of the first uEPSC
response. Columns indicate mean ± SEM. Sample sizes are marked within bars. Individual
points represent the mean of all recordings taken from individual animals. Empty circles indicate
males, while filled circles indicate females. P-values beside comparisons indicate main effect
of plaque presence.

5.5 Summary 

In this chapter I explored synaptic changes at CA3-CA1 synapses in App knock-in 

mice to determine which of the synaptic alterations are dependent on an appropriate 

microglial response. Here I examined AppNL-F mice, which harbour two mutations in a 

humanized Ab sequence; AppNL-F/Trem2R47H mice, which carry the AD risk variant 

Trem2R47H and exhibit reduced levels of Trem2; as well as wild-type and Trem2R47H

controls.  

There were no differences in the uEPSC amplitude or stimulation voltage between the 

examined genotypes, although both AppNL-F and AppNL-F/Trem2R47H mice exhibited a 

tendency for faster decay times. Furthermore, despite no changes in the PPR, AppNL-F

and AppNL-F/Trem2R47H mice exhibited higher failure rates than their respective 

controls, suggesting that the App mutations might make axons less excitable or alter 

receptor responses. Examining sIPSCs revealed no differences in the frequency or 

decay times between the examined genotypes, although AppNL-F/Trem2R47H mice 

exhibited a trend for lower sIPSC amplitudes than their Trem2R47H controls. This was 

not observed in AppNL-F mice, suggesting that a perturbed microglial response might 

enhance the amplitude of postsynaptic inhibitory currents and this is counteracted in 
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the presence of the App mutations. Examining the sEPSCs revealed no difference in 

the amplitude or decay time between the groups. In contrast, the frequency of sEPSCs 

was differentially affected depending on the Trem2 variant, suggesting that the 

Trem2R47H mutation counteracts the effects of the App knock-in mutations on 

increased sEPSC frequency observed in AppNL-F mice. 

Examining how the above is altered when the plaque presence around the stimulated 

axon is taken into account demonstrated that only AppNL-F mice exhibit reductions in 

uEPSC amplitudes in plaque compared to no-plaque conditions despite no changes in 

the stimulation voltage. uEPSC amplitudes from AppNL-F mice in plaque conditions 

were more similar to mEPSCs from age-matched wild-types, which suggests that 

plaque-associated microglia might be phagocytosing overly active synapses. In 

comparison, AppNL-F/Trem2R47H mice demonstrated no differences in the uEPSC 

amplitudes, indicating that the above is driven by a perturbed microglial function 

around synapses. Examining the PPRs revealed a reduction in plaque conditions 

regardless of genotype, while no differences in the failure rates were observed. These 

results suggest that the alterations in synaptic activity in these mice are dependent on 

both Ab and microglia, with the former primarily affecting presynaptic release and the 

latter having some effects on both the pre- and postsynapse. 

  



 
 

 134 
 

Chapter 6: Discussion 

Alzheimer’s disease is the most common form of dementia and it has affected millions 

of people worldwide. AD impacts on different aspects of an individual’s life and leads 

to extensive behavioural impairments, cognitive decline, and brain atrophy. Advances 

in our understanding of the molecular processes involved in AD development have 

highlighted some of the mechanisms which have a key role in disease pathology, 

including the activity of the non-neuronal cells in the brain. In particular, along with 

Ab accumulation, synaptic alterations, subsequent synaptic loss and gliosis have all 

been pinpointed as key early processes in AD. Furthermore, GWAS in the last decade 

have additionally highlighted that variants of several microglial genes, including 

TREM2, CD33 and CLU, are associated with an increased risk of developing AD 

(Guerreiro et al., 2013a; Jansen et al., 2019; Karch and Goate, 2015). Moreover, it has 

also recently been suggested that microglial activation is in fact a protective response 

to the synaptic alterations occurring early in disease and that mutations in these genes 

alter normal microglial function and exacerbate pathology (Edwards, 2019). This 

together suggests a potential beneficial role of these non-neuronal cells for normal 

brain functioning raising questions into their specific function in regions associated 

with heavy Ab plaque load. 

Therefore, in this thesis I aimed to explore in what ways Ab and microglia contribute 

to the synaptic alterations observed in AD. To address the first part of this aim, I 

examined two knock-in mouse models – AppNL-G-F and AppNL-F (Saito et al., 2014) – 

and initially characterized synaptic alterations at single synapses driven by the 

presence of three or two mutations within the App sequence in both male and female 

mice. Although previous work from our lab has tried to characterize the synaptic 

properties of these mice (Benitez et al., 2021), by examining individual synapses and 

looking at the two sexes, this work aimed to explore if any specific properties have 

been masked upon the examination of multiple synapses and if any of these are 

dependent on sex. I used both App knock-in models as AppNL-G-F mice exhibit specific 

alterations within the Ab sequence itself, which makes Ab much more likely to 

oligomerize and aggregate (Tsubuki et al., 2003). Hence, differences in the results 

between AppNL-G-F and AppNL-F mice could elucidate specific differences which are 
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driven by the potential lack of freely available soluble Ab throughout the neuropil in 

the former model. Following the pathology characterisation of these models, Chapters 

3 and 5 addressed the main aim of this work by examining how synaptic transmission 

is altered at synapses in the vicinity of plaques to further understand the specific effects 

of Ab on synaptic activity. This was an important consideration as some of the 

synaptic differences between plaque- and non-plaque-associated regions could have 

been hidden in previous work, as these regions have not been examined separately. To 

address the second aim of this thesis, I also examined AppNL-F/Trem2R47H mice which 

in addition to developing plaque pathology also exhibit a perturbed microglial 

response. Similarly to the other models, these were also explored for plaque-dependent 

synaptic changes and were compared to AppNL-F mice, which allowed me to discern 

between the specific effects of Ab and microglia on synaptic activity. Furthermore, 

examining changes in hippocampal plaque pathology and glial distribution between 

App knock-in mice and App knock-in mice with a perturbed microglial response also 

allowed me to understand in what ways microglia contribute to the hippocampal 

changes observed in the AD environment. 

Overall, the results of this work demonstrated that with age, AppNL-G-F mice exhibit a 

larger number of plaques and specifically, a larger number of smaller-sized plaques 

(plaques smaller than 50 µm2), which was similar to the effects observed AppNL-

F/Trem2R47H when compared to AppNL-F mice. The presence of the Trem2R47H mutation 

in AppNL-F mice also led to lower microglial density in the SLM region in the CA1 

subfield, where these mice exhibited the largest number of plaques, and also reversed 

the increased astrocytic density which was observed in AppNL-F mice. In terms of 

electrophysiological changes, I found alterations in the kinetics of the postsynaptic 

response, with longer decay times in 7-9-month old AppNL-G-F mice and a tendency for 

shorter decay times in 18-month old AppNL-F mice, regardless of the Trem2R47H

mutation. I also found that the App mutations lead to alterations in failure rates, with 

the three mutations in 7-9-month-old AppNL-G-F mice leading to reduced failure rates, 

while the two mutations in 18-month-old AppNL-F mice resulted in higher failure rates. 

These results suggest that either the presence of the Arctic mutation or age can have 

differential effects on the failure rates and the kinetics of the postsynaptic response, 

illustrating important differences between the two models. Examining spontaneous 

synaptic activity revealed reductions in the sIPSC amplitude in AppNL-F/Trem2R47H
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compared to Trem2R47H mice and a loss of the increased sEPSC frequency found in 

AppNL-F mice in the presence of Trem2R47H, suggesting altered excitatory/inhibitory 

balance in AppNL-F mice in the presence of Trem2R47H. Exploring electrophysiological 

changes in plaque-associated regions revealed that both AppNL-G-F and AppNL-F mice 

exhibit lower amplitudes in plaque compared to no-plaque conditions, while this effect 

was lost in AppNL-F/Trem2R47H  mice, indicating its dependency on a functioning 

microglial response. Furthermore, both AppNL-F and AppNL-F/Trem2R47H mice showed 

reduced PPR indicating enhanced release probability in plaque conditions, illustrating 

that these effects were likely driven by the plaque-associated Ab halo. 

6.1 Alterations in plaque pathology and gliosis in App 
knock-in mice with age and in the face of the Trem2R47H 
mutation  

It is well established in AD mouse models and post-mortem tissue from AD patients 

that with age, plaque pathology becomes much more pronounced in the brain. This 

increase in pathology is accompanied with extensive gliosis, with a number of studies 

demonstrating that several variants of microglial genes increase the risk of developing 

AD (Guerreiro et al., 2013a; Hollingworth et al., 2011; Jonsson et al., 2013; Naj et al., 

2011). This gliosis is characterized by the loss of homeostatic microglia and the switch 

to the so-called DAMs (Keren-Shaul et al., 2017), as well as astrocytic activation in 

the form of GFAP upregulation (Castillo et al., 2017; Liddelow et al., 2017), with both 

of these cells shown to cluster around amyloid plaques and in turn release cytokines 

and chemokines in these regions (Henstridge et al., 2019; Sofroniew, 2009; Wegiel, 

2001; Yuan et al., 2016).  

The present work made three main observations regarding plaque pathology and 

gliosis in the App knock-in mice examined here. First, with age AppNL-G-F mice 

exhibited heavier plaque load and specifically a larger number of smaller-sized 

plaques which was also observed in AppNL-F/Trem2R47H mice when compared to 

AppNL-F mice. This was accompanied with increased microglial density compared to 

wild-types at both ages in AppNL-G-F mice. Furthermore, AppNL-F mice showed 

increased microglial density in the SLM region where plaques were present, and this 

effect was lost in the presence of the Trem2R47H mutation. Second, the plaque 
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distribution between AppNL-G-F and AppNL-F mice was noticeably different, with the 

latter model showing plaque accumulation specifically in the SLM region in the CA1 

subfield of the hippocampus. Third, the increase in astrocyte density in AppNL-F mice 

was reversed in App knock-in mice with Trem2R47H, illustrating a potential interaction 

between microglia and astrocytes in this model, or suggesting that Trem2R47H also 

affects Trem2 expression in astrocytes and the astrocytic response to the AD 

environment (Clarke et al., 2018). 

6.1.1 Microglial density and plaque pathology changes in App knock-in 
mice 

Previous work on AppNL-G-F mice has demonstrated that mice exhibit pronounced 

amyloidopathy and microgliosis at 5 months of age, as measured using longitudinal 

positron emission tomography (Sacher et al., 2019). This was further confirmed in 

another study which demonstrated that at 5 months there are some gene expression 

changes in the cortex of AppNL-G-F mice, including upregulation of Gfap and S100b, 

and pronounced microgliosis (Castillo et al., 2017). Additionally, an altered microglial 

proteome has also been reported in 6-month-old AppNL-G-F mice, with upregulation of 

many of the markers associated with DAMs (Keren-Shaul et al., 2017; Sebastian 

Monasor et al., 2020). In accordance with the above, the present work found that at 4-

5 months of age, AppNL-G-F mice exhibited increased microglial density in the 

hippocampus compared to wild-types, with the same increased density observed in the 

7-9 month-old group. This was reported for both males and females, suggesting that 

microgliosis in the form of proliferation is not sex dependent. These results are, to 

some extent, consistent with previous work from our lab which found increased 

microglial density, as well as increased Trem2 per microglia in both males and 

females, though only in 9-month-old AppNL-G-F mice (Benitez et al., 2021). However, 

it is important to note that the work by Benitez et al. (2021) did find a tendency for 

higher microglial density at 4 months of age and because here the sample size was 

slightly higher, that might have allowed to reach significance for microglial density. 

Furthermore, as the age group examined in this thesis was 4-5 months, this might mean 

that microglial density changes perhaps become prominent during this one-month 

period. 
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Interestingly, the above increase in microglial density compared to wild-types was 

similar in the two ages, despite the finding that at 7-9 months of age, AppNL-G-F mice 

exhibit heavier plaque load and a larger number of smaller-sized plaques. This would 

suggest that microglia are less likely to react to smaller sized plaques and that only 

larger plaques are able to elicit changes in the microglial response. However, 

unpublished work from our lab done by a student I supervised – Ridwaan Joghee – 

showed that the microglial density is still increased even at the smallest-sized plaques 

in 18-month-old AppNL-F mice. This, together with the data presented in this work, 

suggests that after an initial increase in density in response to plaque formation, 

microglia do not exhibit additional increases in number with pathology progression. 

However, it is important to note that the unaltered density does not necessarily mean 

that the signature of microglia is unchanged. This is supported by the finding that at 

early stages of pathology (2 months of age), AppNL-G-F mice do not exhibit any 

alterations in Trem2 expression, which only becomes noticeable at 9 months of age 

(Benitez et al., 2021), despite evident increases in microglial density at 4-5 months, as 

presented in the present work. This is similar to what was observed recently in the 

same model, with microglial transcriptomic changes appearing much later after initial 

plaque formation, that is, at the moderate stages of plaque pathology found at 6 months 

(Sebastian Monasor et al., 2020). Together this suggests that microglia increase their 

density in response to pathology, though only their signature might be altered after a 

certain point.  

The change in microglial density could be limited to earlier stages of pathology 

because the protein makeup of the Ab plaques at different pathology stages might be 

different. Therefore, it might be that microglia are particularly responsive to certain 

Ab species which are found in plaques formed in early stages of pathology in AppNL-

G-F mice. Recent work using stable isotope labelling has demonstrated that Ab plaques 

initially form a dense-core made up of Ab1-42, followed by the subsequent deposition 

of Ab1-38 around that core (Michno et al., 2021). Hence, the Ab composition of 

different-sized plaques might be different and the microglial response might be highly 

dependent on this, an idea in need of further investigation. Although the idea that 

microglia are responsive to only initial plaque formations in AD mice is consistent 

with the present work, it is inconsistent with work on the 3xTg AD model which 

showed alterations in microglial density before plaque pathology and hence in 
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response to soluble Ab species (Rodriguez et al., 2010). This discrepancy could be 

explained by the overexpression of App found in the transgenic mouse model used in 

the above study as this likely resulted in high levels of soluble Ab to which microglia 

might react even before any plaque pathology. This suggestion is consistent with the 

findings of a recent study which showed that transgenic mice exhibit alterations in the 

microglial proteome at earlier stages of pathology when compared to AppNL-G-F mice 

(Sebastian Monasor et al., 2020). 

Some studies have argued that microglia are instrumental to the formation of plaques 

early in disease (Baik et al., 2016; Spangenberg et al., 2019), while others have 

proposed that microglia phagocytose Ab species (Lee and Landreth, 2010; Yu and Ye, 

2015), act as a physical barrier to compartmentalise Ab-associated toxicity (Clayton 

et al., 2021; Condello et al., 2015; Yuan et al., 2016), or actively phagocytose plaque-

associated synapses to limit the spread of damage (Edwards, 2019). The plaque-

associated microglia, DAMs, have their own specific transcriptional signature which 

is highly dependent on appropriate TREM2 functioning (Keren-Shaul et al., 2017; 

Krasemann et al., 2017) and this is impaired in the presence of the Trem2R47H mutation 

(Cheng-Hathaway et al., 2018; Zhong et al., 2018). When examining the plaque load 

in both AppNL-F and AppNL-F/Trem2R47H mice, I found that AppNL-F/Trem2R47H mice 

exhibit a larger number of plaques and particularly, smaller-sized plaques, similarly 

to what was observed with age in AppNL-G-F mice. This finding is consistent with the 

idea that appropriate microglial functioning is required for regulating plaque 

pathology. For instance, one possible mechanism for the observed results could be that 

microglia are acting as a protective barrier which prevents the breaking off of smaller 

Ab deposits from larger-sized plaques and this is impaired in the presence of 

Trem2R47H, or with age. Interestingly, this effect on an increased number of smaller-

sized plaques is in the opposite direction to what was previously observed in 10-

month-old AppNL-F and 4-month-old AppNL-G-F mice upon microglial ablation (Benitez 

et al., 2021). However, it is important to note that in the study by Benitez et al. (2021), 

even the remaining microglia upon partial ablation were still functional. In 

comparison, the microglia from the Trem2R47H mice used in the present study exhibit 

a dysfunctional response in the form of reduced Trem2 levels, the presence of the 

R47H variant in the remaining Trem2, altered microglial morphology, as well as a 

reduced number of CD68+ microglia (Jadhav et al., 2020; Liu et al., 2020). Hence, it 
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is clear that a dysfunctional microglial response could be the main driver for the 

observed increase in smaller-sized plaques. It is also possible that the same perturbed 

microglial response is observed at the heavier plaque load found in 7-9-month-old 

AppNL-G-F mice driven by the continuously increasing plaque burden, and this could 

have been instrumental to the observation of increased number of smaller-sized 

plaques in that model. Alternatively, it is also possible that microglia are only effective 

at phagocytosing small plaques and that once plaques grow past this size, microglia 

cannot remove them. Thus, it might be that although in 7-9-month-old AppNL-G-F mice 

microglia are continuously phagocytosing small plaques, due to their enhanced 

production, it is more likely to observe their increased number, yet not an increased 

number of larger sized plaques. 

In addition to forming a protective barrier, microglia have also been suggested to play 

an important role in compartmentalising Ab plaques. Specifically, microglia have 

been suggested to keep plaques more compact by preventing the breaking off of Ab 

deposits as their ablation in a number of studies has resulted in the formation of more 

diffuse-like plaques (Clayton et al., 2021; Spangenberg et al., 2019; Yuan et al., 2016). 

This role of microglia adds to their barrier function suggested in previous work as by 

reducing the surface area covered by the plaque, they are able to contain plaque-

associated toxicity to specific regions. The results of the current thesis argue against 

this idea as no change in the circularity of plaques, a measure used in previous studies 

(Clayton et al., 2021), was observed in the presence of the Trem2R47H mutation. 

However, in the work by Clayton et al., the authors showed that using different Ab 

antibodies might mask the differences in plaque circularity. Hence, it is possible that 

the use of such specific antibodies did result in an artefact in the above work by 

staining only one conformation of the amyloid plaque and in fact not revealing the 

whole deposit. This is plausible given that LCOs, the amyloid plaque marker used in 

this work, binds to any b-sheet conformation and is therefore able to bind to both the 

core and diffuse part of the plaque (Nystrom et al., 2013), labelling all conformations 

within it. Alternatively, the observations in Clayton et al. (2021) were made at a more 

advanced stage of pathology than the AppNL-F mice used in this work, suggesting that 

microglial compartmentalisation of plaques might be a process occurring at a later 

stage of pathology. 
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6.1.2  The SLM region is particularly vulnerable to plaque formation in 
AppNL-F mice 

During the course of the present study, I noticed that the plaque distribution in AppNL-

F mice was very different to that of AppNL-G-F mice. In particular, in addition to a less 

pronounced plaque pathology, AppNL-F mice seemed to exhibit an uneven plaque 

distribution across the hippocampus in comparison to AppNL-G-F mice, with plaque 

pathology appearing much heavier in the central areas of the hippocampus and 

specifically the SR and the SLM in the CA1 subfield (see Figure 3.1 and Figure 4.2). 

When I quantified this, it was clear that the plaque load in the SLM was significantly 

more pronounced than in the SR region, which raised questions as to what causes the 

SLM region to be especially vulnerable to plaque formation. I performed the 

electrophysiological experiments of this work by stimulating the Schaffer collaterals 

in the SR region as previous studies had established specific differences at these CA3-

CA1 synapses (Benitez et al., 2021; Cummings et al., 2015). However, it would be 

interesting to determine whether synapses in the SLM region, where CA1 cells receive 

inputs from layer III of the entorhinal cortex, exhibit alterations in synaptic 

transmission. One reason why the SLM region exhibits heavier pathology at that age 

could be the potential transfer of amyloid pathology from the entorhinal cortex, as 

previous work has shown that plaque formation first begins in the cortex (Latif-

Hernandez et al., 2020; Michno et al., 2021). This is a well-established theory of tau 

pathology (de Calignon et al., 2012), and could be happening with soluble Ab as well. 

This is idea supported by a study by Sheng et al. (2002) which showed that APP 

processed in the entorhinal cortex is the main source of Ab in the hippocampus in 

transgenic mice. Furthermore, another study showed that restricting Ab production to 

layers II and III of the EC results in the production of Ab deposits in the dentate gyrus, 

suggesting a transfer of Ab pathology through synaptically-connected regions (Harris 

et al., 2010).  

Alternatively, because these synapses are so far away from the CA1 cell bodies, their 

maintenance might be harder, in turn making the postsynaptic compartments in SLM 

regions more likely to become dysfunctional in the face of oAb. In accordance with 
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this idea, previous work on a transgenic mouse model has indicated that synapses in 

the SLM region exhibit alterations such as enhanced AMPAR expression and reduced 

synaptic boutons (Neuman et al., 2015). Lastly, it could be that EC (entorhinal cortex)-

CA1 synapses are much more active synapses in the in vivo hippocampus than CA3-

CA1 synapses, making them particularly vulnerable to Ab, especially given that Ab 

is released in an activity-dependent manner (Abramov et al., 2009; Dolev et al., 2013; 

Palop and Mucke, 2010). This idea is supported by the study of Kajiwara et al. (2008) 

who demonstrated that CA1 cells are more highly innervated by the perforant path and 

hence EC cells in comparison to neurons in the CA3 layer. Hence, it might be that that 

these synapses release the most Ab and this distribution is not observed in other 

models because of App overexpression in transgenic models, or because of the high 

tendency of Ab to deposit into plaques in AppNL-G-F mice. Interestingly, work on AD 

postmortem tissue has shown the absence of plaques in the SLM region (Furcila et al., 

2018), raising questions as to how relevant the pathology observed in the AppNL-F 

model is to that found in human disease. However, it is important to note that this 

study only looked at the brains of four AD patients, suggesting that the lack of plaque 

formation in the SLM region might not be reflective of common AD pathology in 

humans.   

The heavier plaque load in the SLM of AppNL-F mice was also accompanied with 

higher overall microglial counts there compared to all regions, however this increase 

was observed in all of the examined genotypes, including wild-types. This suggests 

that microglia are particularly attracted to the SLM in the hippocampus and hence 

might be driving the plaque formation in these regions, providing one suggestion as to 

why plaque formation was specific to the SLM in AppNL-F mice. Previous work has 

suggested that microglia are instrumental to the formation of initial plaques (Casali et 

al., 2020; Spangenberg et al., 2019). Hence their higher density in the SLM could 

inevitably result in a heavier plaque load in this region as a result of their potential 

role in depositing Ab into plaques. Microglial density in the SLM was also found to 

be higher in AppNL-F mice compared to both wild-types and AppNL-F/Trem2R47H mice. 

These alterations are likely driven by the increased accumulation of microglia around 

the plaques formed in the SLM region and it is clear that the Trem2R47H mutation 

impairs this ability of microglia in accordance with previous studies (Wang et al., 

2015; Xiang et al., 2018). 
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6.1.3 App knock-in mice with Trem2R47H exhibit altered astrocytic 
density 

The present work also examined alterations in astrocytic density and found no 

differences between AppNL-G-F mice and wild-types. Although this might suggest that 

astrogliosis is not observed in these mice, it is important to note that transcriptomic 

changes in specific astrocytic markers associated with astrogliosis were not 

specifically examined. This could also be extended to the microglia data as there only 

alterations in density were explored. Although density changes could provide some 

insight into how glial cells respond to the AD environment, they only examine one 

side of glial activation. For instance, it would be important to explore how astrocytic 

genes specifically associated with activation, such as Gfap and C3 (Liddelow et al., 

2017), as well as microglial markers, such as Trem2 and Cd68, are altered in these 

mice and specifically in plaque regions. Interestingly, unpublished transcriptomic data 

from our lab has demonstrated clear increases in these markers in the hippocampus of 

9-month-old AppNL-G-F mice and a tendency for an increase in 18-month-old AppNL-F 

mice (Figure 6.1). This shows that although there are no clear changes in the density

of glial cells, there is in fact an increase in their inflammatory profile at these stages.

Figure 6.1. Gene expression changes in AppNL-F and AppNL-G-F mice at different ages.  
Alterations in the expression of astrocytic (Gfap) and microglial markers (Cd68 and Trem2) 
associated with activation. Two-way ANOVAs revealed significant age x genotype 
interactions. Two-way ANOVA followed by Sidak-corrected post-hoc comparisons indicated 
by: **p<0.01, ***p<0.001. 
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Furthermore, it is well-established that the astrocytic processes are highly motile and 

although astrocytic density was unaltered in AppNL-G-F mice, it might be that astrocytes 

had extended their processes towards toxic regions. Indeed, it was observed that 

astrocytic processes were ensheathing amyloid plaques, indicating that looking at 

changes in their movement might be a viable avenue for future studies. Furthermore, 

the lack of an effect on astrocytic density could also be driven by the fact that AppNL-

G-F mice exhibit rapid plaque accumulation, which could have not given enough time 

for the build-up of astrocytic changes dependent on soluble Ab. 

When examining AppNL-F mice, I found increased astrocytic density in AppNL-F mice 

compared to wild-types which was not observed in AppNL-F/Trem2R47H mice. This 

finding introduces an interesting interaction between Trem2, microglia and astrocytes. 

It has previously been demonstrated that microglial activation is able to initiate 

astrogliosis (Liddelow et al., 2017), which suggests that the lack of microglial 

activation as a result of abnormal Trem2 functioning not only contributed to plaque 

formation in AppNL-F/Trem2R47H mice, but also impaired the appropriate response of 

astrocytes to the Ab aggregates. This idea has been confirmed by recent unpublished 

work from our lab done by Ridwaan Joghee which demonstrated a clear difference in 

the area occupied by astrocytes in the vicinity of plaques between AppNL-F and AppNL-

F/Trem2R47H mice, again suggesting that the Trem2R47H mutation can affect the 

response of both glial cells (Figure 6.2). 

Figure 6.2. Astrocyte area at different 
distances from a plaque in 18-month-
old AppNL-F and AppNL-F/Trem2R47H 

mice.  
Near plaques (until 30 μm) the area 
occupied by astrocytes is higher in AppNL-

F compared to AppNL-F/Trem2R47H mice. 
Two-way ANOVA followed by Sidak-
corrected post-hoc comparisons indicated 
by: *p<0.05, **p<0.01. Dashed lines 
indicate the astrocyte area found in wild-
type (black) and Trem2R47H (grey) mice. 
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6.2 The addition of the Arctic mutation to the two App 
mutations reverses their effects on decay times 

Alterations in the decay times can give an idea of the synchronicity of receptor closing 

in response to glutamate release. Here, 7-9 month-old AppNL-G-F mice showed longer 

decay times than wild-types regardless of sex. Interestingly, the opposite effect was 

observed in 18-month-old AppNL-F and AppNL-F/Trem2R47H mice in which the App 

mutations instead led to faster decay times. Although the effects on decay time could 

be caused by dendritic filtering, a process whereby the signal is reduced and its time-

course extended as it passes through the dendrite to the cell soma, there could be other 

mechanisms contributing to these.  

AMPA receptors (AMPARs) are the main receptors responsible for the fast excitatory 

transmission at CA3-CA1 synapses (Lu et al., 2009; Tang et al., 1989) and these have 

been shown to exhibit alterations under AD conditions (Guntupalli et al., 2016; Hsieh 

et al., 2006; Sheng et al., 2012). Therefore, one possible mechanism for the above 

effects on the decay time could be driven by alterations in AMPAR subunits, which 

in turn affect neurotransmitter unbinding kinetics, receptor desensitization, as well as 

glutamate clearance mechanisms from the synaptic cleft. In 9 month-old AppNL-G-F

mice, the mRNA levels of almost all of the AMPAR subunits commonly found in the 

hippocampus are reduced in both males and females according to unpublished 

transcriptomic data from our lab, presumably due to loss of synapses around plaques 

(see Figure 6.3 below). This is not the case for AppNL-F mice, suggesting that other 

mechanisms, such as changes in the receptor makeup of the postsynaptic membrane, 

could be contributing to the alterations in decay times observed in these mice. The 

idea that the AMPAR subunit composition could be altered in AppNL-G-F mice is 

supported by work on acute hippocampal slices from rats which demonstrated that the 

intracellular injection of oligomeric Ab can alter the AMPAR-mediated postsynaptic 

current through the insertion of GluA1-expressing AMPARs on the postsynaptic 

membrane (Whitcomb et al., 2015). On the other hand, oligomeric forms of Ab can 

also bind to the GluA2 and GluA3 subunits of AMPARs (Reinders et al., 2016; Zhao 

et al., 2010), in turn triggering the internalisation of GluA2/3-containing AMPARs 

and AMPAR-bound Ab. Hence, it might be that Ab can affect response kinetics and 
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the waveform of the postsynaptic response by altering the receptor makeup at the 

postsynaptic space in App knock-in mice.  

Figure 6.3. Gene expression changes in AppNL-G-F mice at different ages.  
The expression of Gria1, Gria2, and Gria3 is altered in AppNL-G-F mice.  Two-way ANOVAs 
followed by Sidak-corrected post-hoc comparisons when there was an interaction indicated by: 
*p<0.05, **p<0.01, ***p<0.001. Asterisks between groups indicated a main effect of genotype.

Alternatively, the effects on decay time could be driven by alterations in astrocytic 

clearance of glutamate from the synaptic cleft. It is possible that the astrogliosis 

triggered by the AD environment makes astrocytes in App knock-in mice less able to 

perform their homeostatic function of clearing glutamate and instead switch to an 

activated phenotype. Thus, if the astrocytes were permanently impaired that would 

result in the background build-up of glutamate, in turn affecting receptor kinetics. 

Interestingly, previous work has demonstrated that Ab can inhibit astrocytic glutamate 

reuptake by reducing the surface expression of the glutamate transporters GLT-1 and 

GLAST (Bicca et al., 2011; Scimemi et al., 2013), which have been shown to affect 

the time course of AMPA currents (Barbour et al., 1994). Furthermore, another study 

demonstrated that Ab can alter the activity of both glutamate transporters in primary 

rat cultures through the activation of the mitogen-activated protein (MAP) kinases 

(Matos et al., 2008). This has more recently been also shown in vivo by the study of 

Zott et al. (2019) which found similar effects of exogenously applied Ab and a 

glutamate transporter inhibitor on neuronal activity. Therefore, it is possible that the 

presence of Ab in the neuropil at moderate and advanced stages of pathology in both 

App knock-in models could have affected glutamate transporter activity, in turn 

leading to alterations in the available glutamate in the synaptic cleft and affecting 

decay times. Interestingly, work in human post-mortem tissue has demonstrated that 

cognitively normal individuals with AD pathology exhibit higher GLT-1 expression 
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in astrocytes in comparison to AD patients (Kobayashi et al., 2018), suggesting the 

important role of glutamate transporter activity for protecting against AD mechanisms.  

The different effects on the decay time between the two App knock-in models could 

be driven by a combination of the much later age at which AppNL-F mice were 

examined, as well as the Arctic mutation present in AppNL-G-F mice. Furthermore, at 

18 months AppNL-F mice exhibit much higher levels of both soluble and insoluble Ab 

compared to 9-month-old AppNL-G-F mice (Saito et al., 2014). This suggests that the 

faster decay times might be driven by the higher Ab levels but also by the processes 

initiated by such high Ab load. 

6.3 The App mutations lead to alterations in failure rates 

Although there were no differences in the PPR at either age in AppNL-G-F mice, there 

was a reduced failure rate in AppNL-G-F compared to wild-type mice at 7-9 months of 

age. Furthermore, I found that females exhibited lower failure rates compared to males 

and this was independent of plaque presence. Therefore, it appears that this reduced 

failure rate is a global effect to female CA1 cells in AD, raising questions as to what 

the contributing factor to the higher likelihood of a postsynaptic response found in 

females is. When examining AppNL-F and AppNL-F/Trem2R47H mice, I similarly found 

no alterations in the PPR, although I did find increased failure rates in the presence of 

the App mutations – an effect which was the opposite to what was observed in AppNL-

G-F mice at advanced stages of pathology.  

The fact that the above changes in failure rates in both App knock-in models were not 

accompanied with a change in the PPR suggests that mechanisms other than release 

probability contributed to the observed effects. For instance, it could be that some 

axons are more readily excitable than others, with female AppNL-G-F mice showing 

higher excitability than males, illustrating some sex differences in the axonal response. 

In the case of AppNL-F mice, they could exhibit reduced excitability which could be 

driven by age- and AD-related effects. For instance, previous work has demonstrated 

that the axon initial segment of CA3 neurons in 18-month-old AppNL-F mice is 

dystrophic (Sos et al., 2020), and if that dystrophy does spread along the axon, it could 

have led to changes in the likelihood of axonal activation. Alternatively, it is possible 
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that the number of silent synapses is higher in AppNL-F mice. Silent synapses are 

synapses which do not express AMPARs but only NMDARs on the postsynaptic 

density, and hence only depolarisation can remove the Mg2+-mediated blockage of 

these receptors and elicit a response (Kullmann, 1994). Thus, these synapses are 

essentially silent – that is not responsive – in normal stimulation scenarios. This idea 

is consistent with one study which demonstrated that rats injected with amyloid fibrils 

show impaired activation of silent synapses in CA1 cells (Bie et al., 2018). Hence, it 

could be because AppNL-F mice exhibit much higher levels of both soluble and 

insoluble Ab than AppNL-G-F mice (Saito et al., 2014), the number of silent synapses is 

lower than in the latter model, leading to the observed differences in failure rates.  

The lack of changes in the PPR in both models is not consistent with previous work 

in both transgenic and knock-in models. Specifically, it has previously been shown 

that the TASTPM model exhibits reduced PPR and hence increased release probability 

at 4 months of age (Cummings et al., 2015). This is before these mice develop any 

plaque pathology (Howlett et al., 2004) which is why the authors attributed this effect 

to soluble Ab acting on presynaptic mechanisms rather than to plaques themselves 

(Cummings et al., 2015). Furthermore, recent work from our lab demonstrated that at 

2 months of age, AppNL-G-F mice exhibit reduced PPRs which is likely driven by 

soluble Ab exerting its well-established effects on enhancing neurotransmitter release 

(Abramov et al., 2009; Benitez et al., 2021; Russell et al., 2012). This effect is lost at 

4 months of age potentially due to the high deposition of Ab into plaques, but 

reappears again in 9-month-old AppNL-G-F mice, suggesting that rising levels of soluble 

Ab might be continuously exerting their effects on presynaptic mechanisms. 

Additionally, the same work also demonstrated that 18-month AppNL-F mice exhibit 

reduced PPR compared to wild-types, which similarly to AppNL-G-F mice was argued 

to be driven by the effects of Ab on enhancing presynaptic release (Benitez et al., 

2021). 

The discrepancy between the present findings and the study by Benitez et al. could be 

explained in several ways. First, the present work examined a much larger age range 

for AppNL-G-F mice – 7-9 months – while the work by Benitez et al. (2021) focused 

only on 9-month-old mice. Hence, the point at which the effects on the PPR could re-

emerge might be very specific to the end of the 7-9 month window, providing one 
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reason as to why they were not observed here. Second, the work by Benitez et al. 

(2021) did not explore female mice and hence although male AppNL-G-F mice in the 

present thesis did show a trend towards increased probability of release compared to 

wild-types (see Figure 3.6D), this was not the case for females. Third, two different 

stimulation paradigms were used in the two studies. In particular, I used a minimal 

stimulation paradigm as individual synapses were my main focus, while the work by 

Benitez et al. (2021) employed near-minimal stimulation intensities which likely 

recruited several synapses during stimulation. Hence, it is possible that the recruitment 

of more synapses allowed for examining a much bigger sample, unmasking effects 

which would have not otherwise been observed at the single synapses recorded here. 

Alternatively, perhaps the use of higher stimulations in the work by Benitez et al. 

(2021) recruited even the less excitable axons which would not have been activated in 

the present work due to the smaller intensities used. Hence, it could be that although 

there might an effect on the PPR at that age, they could have been masked because 

these axons were not activated in the present work due to the high failure rate of axonal 

firing. This idea is supported by the finding that when plaque- and non-plaque-

associated synapses were examined in AppNL-F mice, a change in the PPR did indeed 

emerge, with plaque conditions showing reduced PPRs compared to no-plaque 

conditions. 

6.4 Trem2R47H affects the excitatory/inhibitory balance in 
AppNL-F mice 

In addition to evoked responses, I was also interested in examining alterations in 

spontaneous excitatory and inhibitory activity. Given that the AppNL-F/Trem2R47H 

model is a new model which has not been characterised yet, examining alterations in 

the properties of excitatory and inhibitory transmission can provide important insight 

into whether microglial functioning has a global effect on such activity. Previous work 

on Trem2R47H rats which also produce human Ab demonstrated that the Trem2 

mutation results in reduced GABAergic transmission, evidenced by increased PPR 

and reduced postsynaptic amplitudes of inhibitory currents (Ren et al., 2020a). The 

authors argued that microglia from Trem2R47H rats enhance the excitatory/inhibitory 

balance through the increased release of TNF-α which previously has been shown to 

promote the exocytosis of AMPARs, increase the spine size of dendritic branches, as 
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well as promote the endocytosis of GABA receptors (Barnes et al., 2017; Beattie et 

al., 2002; Ren et al., 2020a; Stellwagen et al., 2005). This has been supported by 

previous work which found enhanced excitatory synaptic transmission in the same 

model, with TNF-α inhibitors reversing these effects (Ren et al., 2020b).  

Although I found no changes in the frequency or decay times of sIPSCs, I did observe 

an App x Trem2 interaction on sIPSC amplitudes. In particular, while no changes were 

observed in AppNL-F mice, AppNL-F/Trem2R47H mice showed a trend for reduced sIPSC 

amplitudes compared to Trem2R47H controls, thereby reaching amplitudes more similar 

to AppNL-F and wild-type mice. Furthermore, when examining sEPSCs, I also found 

that the increased frequency observed in AppNL-F mice is no longer present when 

Trem2R47H is introduced. These results present an interesting insight into the effects of 

App and Trem2 on the excitatory/inhibitory balance in mice.  

The observed reduction in sIPSC amplitudes is somewhat contradictory to the findings 

presented by Ren et al. (2020a) as the opposite effect was expected. However, it is 

important to note that the reduction in the inhibitory currents found in the study by 

Ren and colleagues was also reported in the presence of human App and hence human 

Ab, while the increased amplitude presented here is found in mice only expressing 

Trem2R47H. Furthermore, these rats also exhibit normal Trem2 splicing, meaning that 

the effects are most likely due to the presence of the R47H variant rather than reduced 

Trem2 levels, which is characteristic of the Trem2R47H mice used in the present work 

(Cheng-Hathaway et al., 2018; Liu et al., 2020; Xiang et al., 2018). Therefore, it could 

be that reduced Trem2 levels rather than the presence of Trem2R47H increase the 

number of GABA receptors in the postsynaptic membrane, in turn leading to enhanced 

amplitudes of sIPSCs. Furthermore, the work by Ren and colleagues also examined 

rats at 6-8 weeks of age, meaning that perhaps the effects would have been observed 

in younger mice to the ones examined in the present work. Interestingly, the App 

mutation which is introduced in AppNL-F /Trem2R47H mice, makes the neuronal 

environment slightly more similar to that found in the Trem2R47H rats used in the work 

by Ren et al. (2020a) as these mice produce human Ab, although at much higher levels, 

and also have Trem2R47H. This can explain why the increase in inhibitory amplitudes 

is reversed in AppNL-F /Trem2R47H mice as microglia in these mice, similarly to the 

microglia in the rats examined by Ren et al. (2020a), might exhibit enhanced TNF-α 
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release which in turn enhances GABA receptor endocytosis. Additionally, given that 

enhanced production of TNF-α is a well-known feature of AD found in both AD 

mouse models (McAlpine and Tansey, 2008) and AD patients (Swardfager et al., 

2010; Zhao et al., 2003), this might mean that its levels are even higher in AppNL-F

/Trem2R47H as a result of Trem2R47H, further affecting inhibitory transmission. 

As mentioned above, I also found that AppNL-F mice exhibit enhanced frequency of 

sEPSCs which is no longer observed in the presence of Trem2R47H. This suggests that 

microglia in the AD environment are able to enhance the activity at excitatory 

synapses and that this ability is lost with dysfunctional TREM2. Previous work has 

demonstrated that activated microglia release ATP which triggers astrocytic release of 

glutamate, which then enhances excitatory transmission by binding to presynaptic 

mGluR5 receptors (Pascual et al., 2012). Hence, it is possible that the AD environment 

initiated the activation of microglia, in turn increasing sEPSC frequency, while the 

presence of Trem2R47H prevented microglial activation, thereby exerting no effects on 

excitatory transmission. Alternatively, it is well established that Ab can increase the 

release probability (Abramov et al., 2009; Kamenetz et al., 2003) with previous work 

showing similar to this work’s findings of increased sEPSC frequency in response to 

soluble Ab (Wang et al., 2017). Although this might be a process also occurring in 

AppNL-F/Trem2R47H mice, it has also been suggested that an impaired microglial 

response can reduce the release probability at excitatory synapses because of impaired 

microglia-neuron signalling (Basilico et al., 2019). Therefore, it might be that this 

latter process overrides the effects of Ab, in turn resulting in reduced sEPSC frequency 

in the presence of Trem2R47H. The present observations on increased frequency of 

sEPSCs in AppNL-F mice have not been reported before in the work by Benitez et al. 

(2021). However, it should be noted that this is likely because the sample size here is 

much larger due to the combination of recordings from the two sexes, as well as 

because of the possibility that female AppNL-F mice have potentially shifted the 

frequency towards an increase. Nonetheless, the above suggests an important role for 

microglia and TREM2 specifically in regulating the inhibitory/excitatory balance in 

the AD brain. 
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6.5 Plaque-specific effects on synaptic transmission 

6.5.1 Plaque-associated regions exhibit reduced postsynaptic amplitudes, 
and this is dependent on normal microglial functioning 

Although I found no effects on the postsynaptic amplitude when comparing AppNL-G-

F and AppNL-F mice to wild-types, I did find changes in these parameters when the 

presence of a plaque around the stimulated axons was taken into account. In particular, 

the amplitude of the first uEPSC response showed a tendency for being lower in plaque 

compared to no-plaque conditions at 4-5 months of age, though these differences 

disappeared at the more advanced pathology stage of 7-9 months, suggesting the age- 

or pathology-dependency of these plaque-specific effects. Furthermore, 18-month-old 

AppNL-F mice also exhibited similar to the 4-5-month-old AppNL-G-F mice reductions in 

the uEPSC amplitude, and this effect was lost with the introduction of Trem2R47H. The 

clear distinction between the synaptic effects observed at plaque and no-plaque 

regions at that age in the postsynaptic amplitude is consistent with previous work 

showing that the loss of synapses observed in 18-month-old AppNL-F is limited to 

within 25 μm from the plaque region (Sauerbeck et al., 2020).  

The above results in AppNL-G-F mice are in keeping with previous work which has 

demonstrated extensive loss of synapses in the vicinity of plaques in both AD patients 

and AD mouse models (Koffie et al., 2012; Penzes et al., 2011; Sauerbeck et al., 2020; 

Spires et al., 2005). However, the reason behind this synapse loss remains unknown. 

It could be caused by the toxic effects on the postsynaptic density of oligomeric Ab 

(oAb) in these regions as it has been demonstrated that Ab can alter the make-up of 

the postsynaptic density. For instance, one study showed that oAb can specifically 

bind to GluA1-containing AMPARs and can thus inhibit their exocytosis (Tanaka et 

al., 2019). Furthermore, oAb has also been shown to disrupt AMPAR trafficking by 

binding to GluA2-containing complexes or by interfering with CaMKII activity, in 

turn impairing phosphorylation-dependent trafficking (Gu et al., 2009; Zhao et al., 

2010), potentially leading to alterations in uEPSC amplitudes.  

Alternatively, however, it could be that mechanisms other than the activity of Ab are 

contributing to the effects on uEPSC amplitudes observed in this study. For instance, 
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it is now very well-established that microglia rapidly cluster around Ab plaques in 

both post-mortem tissue and AD mouse models (Baron et al., 2014; Condello et al., 

2015; Matarin et al., 2015; Meyer-Luehmann et al., 2008; Serrano-Pozo et al., 2013; 

Town et al., 2005; Yuan et al., 2016). Therefore, it is possible that plaque-associated 

microglia are phagocytosing postsynaptic densities in this region, contributing to the 

reduced uEPSC amplitudes observed in this work in plaque regions. A role for this 

phagocytosis around that stage of pathology is supported by a study by Pauls et al. 

(2021) which demonstrated that genes associated with microglial phagocytosis are 

significantly upregulated at 6 months of age in AppNL-G-F mice.  

The above idea was further supported by the fact that AppNL-F mice showed lower 

amplitudes in plaque compared to no-plaque conditions, while AppNL-F/Trem2R47H 

mice exhibited no such differences. This suggests that these reductions in uEPSC 

amplitudes are dependent on the normal functioning of plaque-associated microglia 

rather than on Ab. Interestingly, comparing both plaque- and non-plaque associated 

uEPSC amplitudes to mEPSCs previously recorded from wild-types revealed that this 

reduction of uEPSC amplitudes in plaque regions made them more similar to those of 

wild-type mice. Hence, it seems that plaque-associated microglia are indeed protective 

as they reduce the activity of overactive synapses to basal conditions potentially 

through phagocytosis. Phagocytosis of synapses is something which has been 

observed previously in work from both AD mice and AD patients (Hong et al., 2016; 

Tzioras et al., 2019). Microglial phagocytosis is accomplished in a complement-

dependent manner, with C1q tagging synapses for engulfment and the microglial 

receptor C3R recognising these – a process similar to what has been observed during 

development (Stevens et al., 2007). Previous work has also demonstrated that the 

removal of microglia prevents the reduction of postsynaptic densities (Spangenberg et 

al., 2016) and the loss of synaptic genes observed in AD mice (Spangenberg et al., 

2019). Therefore, the fact that the above effect on postsynaptic amplitudes is not 

observed in AppNL-F/Trem2R47H mice suggests that introducing the R47H variant of 

Trem2 results in similar effects on the postsynaptic density as microglial removal as it 

confers a loss of function for microglia (Song et al., 2018). This is consistent with the 

finding that Trem2R47H mice exhibit reduced number of CD68+ microglia, indicating 

an impaired phagocytic ability of microglia in this model (Liu et al., 2020). This thesis 

has therefore provided valuable insight into the functional role of microglial 
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phagocytosis on the activity of neurons at moderate stages of pathology, illustrating 

that the role of microglia might indeed be protective to the hyperactivity driven by 

plaque-associated Ab species (Figure 6.4) (Busche et al., 2012; Busche et al., 2008). 

Interestingly, it has previously been demonstrated that if microglia become 

dysfunctional, astrocytes become activated and take over their phagocytic role 

(Konishi et al., 2020). This might suggest that astrocytic activity aims to compensate 

for the perturbed microglial functioning in AppNL-F/Trem2R47H mice, providing one 

explanation as to why plaque and no-plaque regions exhibited similarly low 

postsynaptic amplitudes in these mice. Specifically, although astrocytes do cluster 

around plaques in AD (Henstridge et al., 2019), they do not migrate as closely as 

microglia, which means that the effects of their phagocytic ability might not be limited 

to the 30 μm used as a distinction between plaque and no-plaque regions in the present 

study. This compensatory role of astrocytes would be an interesting idea for future 

studies to focus on. 

6.5.2 Increased release probability in plaque-associated regions in AppNL-

F mice 

Although the present work found no changes in the PPR in AppNL-G-F mice, it did find 

reduced PPR in plaque compared to no-plaque conditions in AppNL-F mice which, 

however, was not accompanied with a change in the failure rates. Thе fact that this 

effect is in fact in the same direction as to what has previously been observed in AppNL-

F mice in comparison to wild-types (Benitez et al., 2021), suggests that previous 

experiments done at near-minimal stimulation conditions were likely made up 

primarily of recordings from synapses in the vicinity of plaques, or because of the 

higher stimulation intensities used, almost always resulted in the recruitment of 

plaque-associated axons. This is plausible since AppNL-F mice have a moderate plaque 

pathology at that stage (Saito et al., 2014). These results could be attributed to the fact 

that in plaque-associated regions, the halo of soluble Ab, which is tightly associated 

with insoluble Ab and has also been shown to be damaging to the surrounding network 

(Koffie et al., 2012; Koffie et al., 2009; Yang et al., 2017), is able to exert its effects 

on the presynapse. In particular, numerous studies have demonstrated that Ab is able 

to enhance synaptic activity (Abramov et al., 2009; Benitez et al., 2021; Busche et al., 
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2008; Medawar et al., 2019; Ovsepian et al., 2017). This could be accomplished 

through the effects of Ab on SNARE proteins which are involved in vesicle trafficking 

and release from the presynaptic site. For instance, Ab has been shown to enhance 

Ca2+ influx in the presynaptic space which in turn could increase the phosphorylation 

of synapsin I, enhancing the availability of synaptic vesicles for neurotransmitter 

release (Marsh et al., 2017). Additionally, Ab is also able to disrupt the interaction 

between synaptophysin and VAMP2, increasing the number of vesicles for exocytosis 

(Russell et al., 2012). In accordance with this idea, recent work by Hark et al. (2021) 

showed that the turnover of presynaptic proteins, including SNAP25, VAMP1 and 

STX1B, is impaired in the hippocampus of App knock-in  mice at moderate stages of 

pathology. Alternatively, it has been shown that Ab can also disrupt glutamate 

reuptake of astrocytes, leading to presynaptic mGLuR1 activation, again resulting in 

enhanced vesicle release probability (Ovsepian et al., 2017; Zott et al., 2019). This 

means that the presynaptic mechanisms are potentially enhanced, likely driven by the 

rapid increase of soluble Ab at that age (Latif-Hernandez et al., 2020; Saito et al., 

2014). Furthermore, unpublished transcriptional data from our lab has also 

demonstrated reduced Vamp1 and Stx1b levels in the hippocampus of 9-month-old 

AppNL-G-F mice, further supporting altered presynaptic mechanisms in this model. 

However, although the above could explain the observed effects, it is unclear if the 

levels of soluble Ab are in fact higher in plaque conditions in these mice, with future 

studies needed to examine this idea. Therefore, another mechanism for the observed 

increase in release probability in plaque conditions could be the influence of activated 

microglia in these regions. In particular, previous work from our lab has shown that 

partial microglial depletion leads to an increased release probability which is 

suggested to result from the activity of the remaining activated microglia (CD68+) 

(Benitez, 2021). Hence, because activated microglia are likely to be primarily 

clustered around amyloid plaques, this could be another main contributor to the 

observed changes in the PPR, at least in AppNL-F mice where microglia are functional. 

The fact that the above effect was present in AppNL-F but not in AppNL-G-F mice could 

be explained by the presence of the Arctic mutation in the latter model which makes 

Ab much more likely to oligomerise and shift towards deposition. In particular, at 4-

5 months, Ab in AppNL-G-F mice is likely to be already incorporated into plaques, 
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leaving very little soluble Ab in plaque regions to exert its effects on presynaptic 

release. In comparison, at 7-9 months, due to the extensive plaque pathology, it is 

likely that plaque- and no-plaque regions will be more similar to one another due to 

the possibility that even a non-plaque-associated region might contain a plaque in a 

previous or subsequent hippocampal section serial to the one recorded from. Hence, 

at both stages of pathology in AppNL-G-F mice, the two regions are probably quite 

similar in terms of soluble Ab levels, making it hard to see any changes in the release 

probability.  

6.6 Limitations of the AppNL-G-F model and relevance of the 
AppNL-F model 

Although the results from AppNL-G-F mice provided some insight as to how the presence 

of a plaque affects synaptic activity, this model does have several limitations which 

are worth noting. First, the presence of the Arctic mutation in this model, which makes 

Ab much more prone to aggregate (Tsubuki et al., 2003), means that the plaques found 

in these mice might not be representative of the plaques found in sporadic AD. Hence, 

it is unclear whether these plaques exhibit the halo of oligomeric Ab which previous 

studies have highlighted as an important contributor to the toxicity observed in plaque 

regions, making it hard to interpret plaque-associated changes. Additionally, the rapid 

shift towards deposition into plaques found in these mice might not give enough time 

for the build-up of processes which are dependent on soluble Ab accumulation. This 

is one explanation why, for example, AppNL-G-F mice did not exhibit any of the 

alterations in astrocytic density which were observed in AppNL-F mice. Finally, the 

heavy plaque load in these mice made it hard to discern between plaque- and non-

plaque-associated regions, particularly in the 7-9 month group.  

In sporadic AD, plaque development begins much earlier than the first signs of 

cognitive impairment, and only when the plaques are combined with other AD-

associated processes such as inflammation, synaptic loss and network activity 

changes, do the clinical symptoms begin to emerge. Therefore, the rapid deposition of 

plaques observed in AppNL-G-F mice might result in effects which are very different to 

those observed in human AD as they are not resultant from the slow build-up and 

gradual interaction of the above processes. Hence, to understand the above processes 



 157 

better, I performed the second set of experiments in my thesis using the less aggressive 

App knock in model – AppNL-F – which exhibits much higher soluble Ab levels than 

the AppNL-G-F model (Saito et al., 2014). Though this model still harbours two 

mutations within the App sequence, it is not as aggressive as the AppNL-G-F model, with 

plaques beginning to form as late as 9 months of age, with mice at 24 months of age 

exhibiting just a moderate plaque pathology compared to AppNL-G-F mice at 9 months 

of age (Benitez et al., 2021). This gradual increase in plaque number makes this model 

more relevant to the human AD brain as it allows for processes dependent on the slow 

accumulation of soluble Ab oligomers to take place. Although this model does have a 

much higher Ab42/Ab40 ratio than the one found in humans (Karran et al., 2011; Saito 

et al., 2014), the fact that Ab does not directly deposit into plaques means that 

processes which are dependent on soluble Ab are likely to take place in this model. 

Furthermore, it is important to note that neither of the two App knock-in models 

produce tau tangles which are common to human AD. However, although this 

questions their relevance to all of the processes occurring in the human condition, they 

nonetheless serve as a good model for understanding the early mechanisms that 

happen in the AD brain which are only dependent on soluble Ab and its downstream 

processes. Importantly, using the AppNL-F model allowed for easier distinction between 

the mechanisms dependent on plaque presence, in turn shedding important light on 

which synaptic changes only occur in the vicinity of plaques, such as increased release 

proabibility and reduced postsynaptic amplitudes. Furthermore, the use of the App-NL-

F /Trem2R47H model additionally provided insight into which of the alterations 

observed in AppNL-F mice are due to the AD environment and plaque presence, and 

which are dependent on appropriate microglial functioning. 
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6.7 Proposed mechanisms occurring at synapses near and away from plaques in AppNL-F mice 

Figure 6.4. The effects of microglia and Ab 
on the synaptic activity at plaque-associated 
regions in AppNL-F and AppNL-F/TremR47H 

mice. 
Schematic depicting the proposed mechanism 
of how microglia and Ab affect the activity at 
synapses in the vicinity of plaques in both 
models. Amyloid plaques (green) have a halo 
of oligomeric Ab which is able to enhance the 
presynaptic release of neurotransmitters at 
CA3-CA1 synapses potentially through its 
interaction with SNARE proteins, or by 
inhibiting astrocytic glutamate reuptake, in turn 
activating presynaptic mGluR1 and enhancing 
vesicle release. Microglia, on the other hand, 
primarily phagocytose parts of the postsynaptic 
densities as a protective mechanism in order to 
reduce the activity of the postsynaptic cell to 
basal levels. The ability of microglia to 
phagocytose the postsynaptic density in plaque-
associated regions is lost in AppNL-F/TremR47H

mice, while Ab is still able to exert its effects 
on release probability, ultimately resulting in 
neuronal hyperactivity. 
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6.8 Conclusions 

In this study I examined the effects of Ab and microglia on the synaptic activity of 

CA1 hippocampal cells in App knock-in mice. Overall, the results of this thesis 

demonstrate an important role for both Ab and microglia in synaptic transmission, 

providing valuable insight into how microglia can react to the AD environment. I 

found that Ab primarily exerts its effects on the presynapse, while microglia have 

profound effects on the postsynaptic response and proposed a mechanism wherein, by 

phagocytosing postsynaptic densities, plaque-associated microglia are protective, at 

least at moderate stages of pathology, and balance the hyperactivity introduced by Ab 

(see Figure 6.4 above and Table 6.1 below).  

Although the models used in this work do have their limitations, including the fact that 

they only represent one aspect of AD pathology as they do not develop tau tangles, 

the results provide interesting insight into what is happening in the human brain in 

early AD. It appears that the activity of microglia in response to the early changes 

occurring in the disease could be in fact protective, postulating the immune cells of 

the brain as important therapeutic targets for future research. Until recently clinical 

trials were primarily focused on addressing one aspect of the disease, however it is 

clear from more recent work, including from the data presented in this thesis, that AD 

is a multifactorial disease involving multiple pathways, brain cells and synergistic 

interactions. In fact, recent work has indicated that microglia are important regulators 

of both amyloid and tau pathology, with the loss of this function conferred by the loss 

of Trem2 contributing to an increased Ab load, tau tangle formation and neuronal 

death (Hardy and Salih, 2021; Lee et al., 2021). Therefore, understanding the 

interaction between microglia, plaques and synapses will be invaluable to the early 

detection of AD and this can elucidate future therapeutic targets. 

6.9 Future directions 

It would be interesting for future work to examine transcriptional changes in both 

microglia and astrocytes in the AppNLF and AppNL-F/Trem2R47H models in order to 

understand in what ways their ability to respond to the AD environment is impaired in 

the presence of the Trem2R47H mutation. The present work did show that astrocytic 
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activation in the form of density changes is impaired in Trem2R47H-expressing AppNL-

F mice, suggesting that examining markers such as C3 and Gfap which are tightly 

associated with astrogliosis would be an interesting avenue for future work. 

The present work also revealed that the SLM region in the hippocampus is particularly 

vulnerable to plaque formation in AppNL-F mice, however the mechanism behind this 

susceptibility is unknown. Therefore, it would be interesting for future studies to 

examine how the EC-CA1 synapses are affected in this model and whether they 

exhibit hyperexcitability, which might make them more likely to produce excessive 

amounts of Ab, in turn resulting in robust plaque accumulation. Given that at the age 

examined here – 18 months – plaque accumulation was particularly prominent in these 

regions, future work should focus on exploring these changes in synaptic activity at 

the earliest signs of or even before any plaque pathology is evident in these mice, as 

this could elucidate which synaptic changes are driven by the early accumulation of 

soluble Ab. 

Furthermore, there were some interesting differences between both App knock-in 

models in the decay times of the postsynaptic response, as well as the failure rates. 

Therefore, examining changes in the kinetics of the postsynaptic response at the 

dendrite specifically would provide interesting insight into how receptors are 

differentially affected by the two or three mutations in App.  

The present work also revealed some interesting effects of plaque presence on synaptic 

activity. However, recording solely from the soma of CA1 cells did provide only 

limited insight into how plaques affect synaptic transmission. It is currently known 

that Ab can increase release probability, however it is unknown how plaque-associated 

Ab affects the ability of axons to transmit their signal. Hence, future work could use 

techniques like Ca2+ or voltage imaging to determine how the activity of axons is 

altered in the vicinity of plaques. This will provide a much better spatial resolution 

and help us understand whether axonal activity remains intact as it passes near a 

plaque, or if the signal is deteriorated as a result of the toxic cloud near plaques. This 

was something I planned to examine through a collaboration with a lab at the 

University of Oxford, but which the Covid-19 pandemic and the lockdown situation 

prevented me from doing. 
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Table 6.1. Summary of key findings of the present study 
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